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ABSTRACT 

T H E DETERMINATION O F T R A C E M E T A L S BY 

C A P I L L A R Y E L E C T R O P H O R E S I S 

By Simon Andrew Hardy BSc (Hons.) 

The development of a capillary electrophoresis ( C E ) method for the determination of 
inorganic and organo mercury species as their dithizone sulphonate (DzS) complexes 
using coated capillary columns is described. The complexes were pre-formed before 
injection and detection was by direct measurement of the visible absorbance of the 
complexes. Dithizone sulphonate was used in place of cysteine to separate methyl 
mercury in the final stage of a simplified Westoo extraction procedure. The method 
was than applied to the analysis of methyl mercury in a crab and several fish meat 
samples. Good quantitative performance is demonstrated by spiking experiments and 
analysis of DORM-1 certified reference material. The method was found to be very 
sensitive and a detection limit of 2 |ig Kg' ' could be achieved for a lOg sample of fish 
fiesh. 

A C E method for the determination of uranium (VI) as the arsenazo I H complex was 
developed and the effect of interfering metal ions was studied. The calibration was 
found to be linear from 10 jig 1"' -10 mg 1"' using gravity injections and a detection 
limit of less than I | ig l ' was achieved with electrokinetic injection. 
A study was made of injection techniques and their applicability to the enhancement 
of sensitivity in synthetic standards and environmental samples. 
The effect of capillary surface chemistry on the peak shape of the migrating uranyl-
arsenazo I I I was also studied using fused silica capillaries with two different internal 
coatings and three polymeric capillaries. 

A study was also carried out on the construction and investigation of a post-capillary 
reactor for the determination of trace metals by UV-Vis absorption after formation of 
intensely absorbing coloured complexes. The main principle of operation was based 
on the infusion of the colorimetric reagent into a small 50|xm gap between the 
separation capillary and the reaction capillary. The gap was enclosed by a permeable 
membrane and the flow of reagent was achieved by the application of a slight pressure 
to the post-capillary reactor cell. Two reagents were studied, namely, xylenol orange 
(XO) and 4 (2-pyridylazo) resorcinol (PAR), for the separation and detection of 
copper (U), cadmium (II), cobalt (II), nickel (11), zinc (II), and manganese (11). Lead 
(II) was also included in the XO system. 
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CHAPTER 1. INTRODUCTION. 

1.0. Introduction. 

The term electrophoresis was first used by Michaelis in 1909 [1] to describe the process of 

separating ionic species in a conducting background under the influence of an applied electric 

field. The separation occurs due to differences in the movement of the ions when exposed to the 

electric field. The passage of current through the support medium is provided by an electrolyte 

solution, which is also buffered to provide precise pH control. The technique is able to separate 

an extensive range of solutes with a wide range of molecular size, from small inorganic ions to 

high molecular weight proteins. 

Traditionally these separations were performed in a semisolid gel medium supported on a glass 

plate. The purpose of the gel is two fold, providing physical support and mechanical stability for 

the electrolyte solution. Cellulose acetate and paper are also used to provide support for the 

electrolyte. Gels may also take part in the separation process itself providing a molecular sieve, 

which impedes the passage of larger molecules [2, 3]. 

1.1. Electrophoresis in a Capillary. 

Capillary electrophoresis (CE) is a group of related analytical techniques employing small-bore 

capillaries, usually, though not exclusively, made from fused silica, with internal diameters usually 

between 25-IOO|am. The technique has to some extent evolved from a merging of conventional 

electrophoresis and high performance liquid chromatography (HPLC). 

The principal reason for performing electrophoresis in a capillary is that gels are no longer 

required as the capillary walls provide physical support for the electrolyte. Very high separation 

efficiency and resolution are achievable with rapid analysis times. Heat dissipation is more 

efficient in narrow bore capillaries allowing the use of higher electric field strengths. Since the 

speed of the separation is directly proportional to the field strength, analysis times are reduced. 



The high efficiency obtainable with CE is due to the flat flow profile generated by electroosmotic 

flow in comparison with the laminar flow profile produced by an HPLC system. There is no 

substrate as with an HPLC system, which can contribute to a reduction in the separation 

efficiency and resolution owing to interactions with the substrate. However, capillary wall 

interactions may also play an exaggerated role in CE due to the high surface to volume ratio 

inherent in very narrow bore capillaries. 

There are several other advantages of performing electrophoresis in a capillary. Detection can be 

performed on-line with data acquisition producing an output similar to that of HPLC. Sample 

injection is easily automated, a necessary step in order to produce reproducible injections. In fact 

most commercial capillary electrophoresis instruments available today are fully automated. Very 

small sample volumes are required in CE. This is easily illustrated when considering the entire 

volume of a capillary with a total length of 65cm and an internal diameter (ID) of lOO îm is only 

5.1|il. In addition, reagent use is also very low, a factor of importance as the cost of reagent 

disposal in addition to its consumption is of increasing concern. 

In recent years the technique has found considerable favour in the separation of biological 

macromolecules. 

In the separation of small ions the technique has been allied to and compared with ion 

chromatography (IC). Although there has been considerable interest in the separation of small 

ions by CE, the technique has yet to be adopted for routine analysis. The main reason for this, in 

spite of numerous papers describing methods for the separation and determination of small ions, 

many producing impressive separations, very few have been applied to the determination of real 

samples. This is principally due to an overall lack of robustness in CE, particularly in respect to 

the pH and ionic strength of the sample matrix, which are far more critical than in IC. 

Unfortunately, real samples, particularly those from environmental sources, often contain vastly 

disparate concentrations of ions and may occur in high ionic strength matrices. Sample extraction 



and preparation methods can also result in samples ending up in matrices at extremes of pH or in 

organic phases that may be unsuitable for injection into a capillary. Ideally for analysis by 

capillary electrophoresis the samples need to be of very low ionic strength and at moderate pH. 

Samples containing highly different concentrations of ions may also cause problems with some 

detection methods due to masking of low concentration peaks by larger high concentration peaks. 

1.1. Instrumentation. 

Although the theoretical aspects concerning CE have been around for nearly a century, the first 

direct precursor to CE was developed by Hjerten in 1967 [4] using 3mm ID fiised silica capillaries 

internally coated with methylcellulose. In this system the capillary was rotated about its 

longitudinal axis to reduce problems with convection currents due to heat production. In 1979 

Mikkers et al. [5] produced a separation of 16 anions using 0.2mm [D PTFE tubing and a 

potential gradient detector. The use of smaller ID capillaries improved heat dissipation and 

allowed the use of higher field strengths without the need to rotate the capillaries. Previously in 

early capillary electrophoresis work sample injection had proved a significant problem and in 1981 

Jorgenson and Lukacs [6] described the first use of electrokinetic injections. This work used 

SOpm ID borosilicate glass capillaries separating dansyl and fluorescamine derivatives of amine 

containing compounds detecting by fluorescence. 

Commercial instruments have become available since 1988. This is principally due to 

improvements in the physical engineering aspects allowing reproducible injection, accurate control 

of voltage or current, highly sensitive detectors and the manufacture of small internal diameter 

(ID) capillaries with precise and constant internal diameters. 

The basic instrumentation for CE, shown in Figure 1.0 is relatively simple, requiring a high 

voltage power supply connected across the capillary, with a means of introducing the sample into 

the capillary and a detection system. The power supply is connected across the capillary by 



electrodes that are immersed in 

vials containing an electrolyte. 

Filling the capillary with the 

electrolyte and immersing an end 

in each vial completes the circuit. 

It is important that the vials are 

placed at the same level to prevent 

hydrodynamic flow between them. 
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The detector is normally situated ^'^"*^ Schematic Diagram of a Capillary 
Electrophoresis System having both Positive and 

towards one end of the capillary Negative Power Supplies 

thus allowing the use of greater field strengths. 

This is because the voltage is applied across the entire length of the capillary and excess capillary 

after the detector only serves to decrease the field strength experienced by the solutes in the 

capillary. Raising the voltage would increase the field strength but excessive voltage can lead to 

short-circuiting or arcing as the insulation capacity of many materials begins to break down at 

extreme voltages. Insulation is one of the reasons that commercial instruments are fitted with 

power supplies producing a maximum of 30,000V. 

1.2. The Electroosmotic Process 

1.2.1. Conduction in Fluid. 

The conductivity in a solution results fi^om the independent migration of ions when an electric 

field is applied to an ionic solution, where anions migrate towards the anode and cations migrate 

towards the cathode in equal quantities. Electroneutrality is always maintained as a result of the 

ionisation of water molecules. The conductivity of a fluid is determined by two factors, the 

concentration of ionic species and the mobility of those species when exposed to an electric field. 



The higher the concentration or the greater the mobility of the ions, the greater the conductivity. 

Conduction in fluid solution can be described by Ohm's Law, which is given in Equation 1.0. 

y = !R Equation J. 0 

Where, V is the Voltage, / is the Current and R is the Resistance. 

However, since the strength of the electric field experienced within the capillary is dependent on 

the total length of the capillary as well as the magnitude of the applied voltage, applied field (E) 

provides a more appropriate term for CE. Electric field strength can be calculated using Equation 

1.1. 

Equation 1.1 

Where U is the total length of the capillary in centimetres, and E is expressed in V cm '. In 

capillary electrophoresis, conductivity is provided by the background electrolyte, also termed the 

buffer, since the electrolyte is usually buffered to provide control of the pH during the separation. 

1.2.2. Electrophoretic Mobility and Velocity. 

The separation in capillary electrophoresis occurs due to differences in the mobility of specific 

solutes, under the influence of an applied electric field. 

The electrophoretic velocity of an ion is a fijnction of its electrophoretic mobility and the field 

strength to which it is exposed. In solution, an ion becomes mobile when exposed to an electric 

field and begins to migrate with a velocity (vep). Velocity is influenced by the electrophoretic 

mobility (m,) of the solute and the magnitude of the applied electric field 

^^=Mcp ^ Equation. 1.2 

The velocity of an ion can also be experimentally determined using Equation 1.3. 

V - — Equation. 1.3 
CP / 



Where La is the length of capillary to detector (cm), is the observed migration time (s) and Vep is 

expressed in cm s"V 

The electrophoretic mobility (/a.^) of an ion is a fixed property and is independent of the field 

strength to which it is exposed. The electrophoretic mobility of an ion in solution is determined 

by its charge to size ratio, being proportional to the charge of the ion and inversely proportional 

to the fiictional forces acting against it. The forces (F) acting on an ion given in Equation 1.4, 

where q is the ionic charge. 

F = qE Equation 1.4 

The frictional forces (Fr) acting against the ion can be expressed by Stokes Law and are given in 

Equation 1.5. 

F^=- tnifcv^p Equation 1.5 

Where 7] is the viscosity of the electrolyte, r is the ionic radius and Vcp is the ionic velocity. 

During electrophoresis these two forces are in opposition. Equation 1.6. 

qE = STTTJT Equation 1.6 

The electrophoretic mobility ( | i^) of an ion is given in Equation. 1.7 and is obtained by 

substituting Equation 1.6 into Equation 1.2, solving for velocity and rearranging for mobility. 

Equation i. 7 
^ 67irir 

Where q is the charge of ion and is expressed in cm^ V ' s"V 

The size of an ion is determined by its mass, physical shape and degree of solvation. The mobility 

of an ion is not always predictable based on charge and ionic radii alone, even with simple ions 

such as the alkali metals shown in Table 1.0. In this instance, the reversed order of mobility is due 

to a greater degree of hydration with the smaller ions. 



Table 1.0 Ionic radii and mobiliiies of the alkaline earth metals. 

Metal Ionic radius (pm) Hydrated radius (pm) Mobility ( 1 0 ' W s'*) 

Li 
Na 
K 
Rb 
Cs 

86 
112 
144 
158 
184 

340 
276 
232 
228 
228 

40.1 
51.9 
76.2 
79.2 
79.8 

Although electrophoretic mobility can be calculated using Equation 1.5 it is far easier and more 

usually obtained from experimental observation using equation 1.8. 

cp Equation 1.8 

It important to note that Equation 1.6 defines the observed mobility. In order to calculate the true 

mobility a correction for electroosmotic flow must also be applied. 

Since the mobility of an ion is also dependent on its charge the pH of the electrolyte may also 

influence the mobility of an ion, Figure 1.1 

illustrates this showing the change in mobility 

for citric and phosphoric acids. An extreme 

example of the influence of pH on mobility is 

the analysis of zwitterions, which are cationic 

at low pH but eventually become anionic as 

the pH of the electrolyte is increased. 

Conversely, CE may also be used as a tool for 

the determination of pi and pKa values. 

L3. Electroosmotic Flow. 

Figttre 1.1. Change in mobility with pH. 
(^p=W^ cm/Vsec) 

The data points indicate the three pKa values 
of: - boxes; citric acid and stars; phosphoric 
acid. 

Electroosmotic flow is the bulk flow of solution through the capillary and as such is the 

fundamental driving mechanism of capillary electrophoresis. Electroosmotic flow is often 



considered analogous to the pump in HPLC. Electroosmotic flow enables the separation of 

cations, neutrals and anions in a single run with the migration order being cations, neutrals then 

anions. Figure 1.2(a) shows a representation of the injected sample in a matrix such as water. In 

figure 1.2 (b) a voltage is applied across the capillary causing the sample zone to be drawn 

towards the cathode by the electroosmotic flow. Cations migrate out of the sample zone and 

move rapidly towards the detector. Neutral species remain in the sample zone and are swept 

along by the electroosmotic flow. Since the neutral species have no charge they are not separated 

from each other. Anions migrate out of the sample zone but their resultant mobility is towards the 

detector due to the electroosmotic flow. Highly mobile anions will not be detected i f their 

mobility approaches or exceeds that of the electroosmotic flow since their mobility is opposite to 

that of the flow, preventing them from passing the detector. 

— Sample 

(a) 

Anode ^ /-^ ^ < n ^ Cathode 

(b) 
Figure 1.2. The Separation of Cations, Anions and Neutrals with Electroosmotic Flow, 
(a) Sample Zone at Time of Injection, (h) Migration of Ions under the Influence of an Electric 
Field. (Black arrows indicate the individual mobility of the ion. Red arrows indicate the actual 
velocity of the ion due to electroosmosis and electrophoresis). 

Electroosmotic flow was first reported by Helmholtz in 1898 whilst studying the effects of an 

electric field on a glass tube filled with an aqueous salt solution. This flow occurs due to the 

formation of an electrical double layer on the surface of the tube. When an external electric field 

is applied across the tube, ions in the double layer are induced to migrate towards the 



corresponding electrode. These ions drag water molecules with them giving rise to the bulk flow 

of fluid, which is referred to as electroosmosis. 

Electroosmotic flow was defined by Smoluchowski in 1903 and is given in Equation 1.9. 

v = E Equation 1.9 
CO ^ 

Where veo is the electroosmotic flow, e is the Dielectic constant, r| is the Viscosity of the Buffer 

and C is the Zeta Potential. 

1.3.1. The Electrostatic Double Layer. 

When any solid is immersed in an electrolyte solution, an electrostatic double layer is formed at 

the solid-liquid interface [7]. On immersion in the electrolyte, electrons in the solid are drawn 

towards the surface, causing the build up of a negative charge. The double layer is created when 

counter-ions in the electrolyte are attracted towards the surface in an attempt to neutralise the 

surface charge. When an ionisable surface is immersed in an electrolyte, the effect is more 

pronounced due to the increased charge of the surface attracting a greater number of 

compensating counter-ions. The double layer is so called, since in the simple Helmholtz model it 

was presumed to consist of two parallel layers of opposite charge. The exact structure of the 

double layer is still contested [7] but is generally depicted using the Gouy-Chapman-Stem-

Grahame (GCSG) model, illustrated in Figure 1.3. In the model the double layer is depicted as 

being composed of an ion bonding layer, also termed the Stem layer, and a diffijse layer, 

alternatively referred to as the Gouy-Chapman layer. Ions in the Stem layer are strongly attracted 

to the surface and essentially immobile. This region is further divided into two zones by the Inner 

Helmholtz Plane (IHP), with counter-ions in the inner zone stripped of their solvation sheathes 

whilst those in the outer zone remain solvated. 

The diffuse layer consists of a region of mobile ions. Close to the surface, the electrolyte has 

considerable ionic character due to the attraction of counter-ions, but as the distance from the 



wall increases the electrolyte becomes electrically neutral as the charged surface becomes 

shielded. 

Inner Outer 
Helmholz Helmholz 
Plane Plane 

Polential 

Hydrated 
cations 

Difluse layer 

Distance from the Capillar)' Wall' 

Figure 1.3. Potential distribution in the Gouy-Chapman-
Stern-Graham Model of the Electrostatic Double Layer 

The Stem and diffuse layers are 

separated by the Outer 

Helmholtz Plane (OHP), which 

is essentially the plane of shear 

between immobilised and 

mobile ions. 

The charged surface acting on 

counter-ions in the electrolyte 

solution induces a potential 

difference, which decreases 

with distance from the surface. 

In the Stem layer, the potential 

decrease is linear with the sharpest decrease occurring between the wall and IHP. In the diffuse 

layer, the potential decrease is exponential. The decrease in potential with distance from the wall 

is shown in Figure 1.3. The resulting potential at the OHP is termed the zeta potential (Q and has 

an important influence on the generation of electroosmotic flow. The distribution of charge and 

potential in the Stern layer has a direct influence on the zeta potential. The potential distribution 

in the Stern layer is dependent on the surface charge, the concentration of counter-ions in the 

electrolyte and the geometric arrangement of these ions. 

The arrangement of the ions in the Stern layer is determined by their size and the short-range 

interactions between them. Since size of an ion is finite, this imposes a limit to the maximum 

concentration at the surface; in addition the electric field encountered in this region may also 

orient the dipoles of the solvent, altering their arrangement. 
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The electric field strength in this region is extremely high, with ftjsed silica capillaries the depth of 

the inner region is typically less than Inm. Assuming a potential drop of around 100 mV, the field 

strength would be in excess of 10̂  V cm\ A potential of this magnitude is vastly in excess of any 

electric field applied across the capillary and cations in the stem layer remain statically bonded to 

the capillary wall. 

L3.2. Generation of Electroosmotic Flow in Fused Silica Capillaries. 

The pi of fijsed silica is in the region of 1.5 and as the pH increases above this value silanol 

groups on the capillary surface begin to ionise, resulting in the build up of an increasingly negative 

charge. Cations in the electrolyte solution are attracted towards the surface in an attempt to 

neutralise the surface charge, forming the electrical double layer. When a potential is applied 

across the capillary, cations in the diffuse layer are drawn towards the cathode, resulting in the 

bulk flow of solution towards the cathode. Although the diffuse layer is only in the region of 

lOnm deep, electroosmotic flow is transmitted throughout the entire diameter of the capillary. 

The reason for this is not well understood, but is generally attributed to hydrogen bonding 

between water molecules and van der Waals interactions between buffer constituents. Very 

strong electroosmotic flow rates can be achieved in capillaries due to the high surface to volume 

ratio. 

Because the electroosmotic flow is generated uniformly down the entire length of the capillary, 

the radial flow profile is uniform across the capillary, apart from very close to the capillary wall, 

where the flow rate becomes zero, (Figure 1.4(a)). This radial flow profile accounts for the very 

high efficiencies achievable by CE. Figure 1.4(b) show the effect of electroosmotic and laminar 

flow on two equal length sample zones. From the figure it can be seen that the boundaries of the 

sample zone remain flat during electroosmotic flow. Whereas with laminar flow the sample zone 

becomes distorted due to fiictional interaction with the sides of the capillary, which causes the 

sample zone to become broadened. 

11 
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Figure 1.4. (a) Laminar and Electroosmotic Flow Profiles, (b) Sample Zone Shape During 
Laminar and Electroosmotic Flow. (Lsampic is the total length of the sample zone during flow) 

1.4. Effect of Electrolyte Composition on Electroosmotic Flow. 

1.4.1. The pH of the Electrolyte. 

As previously mentioned in section 1.3 the 

rate of the electroosmotic flow is 

dependent on the electrolyte pH, which is 

related to the degree of ionisation of the 

surface silanol groups. Therefore lowering 

the pH of the electrolyte produces a 

decrease the rate of the electroosmotic 

flow. Figure 1.5 shows the effect of pH on 

the electroosmotic flow in a fused silica 

capillary. At a pH value of 3 electroosmotic 
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Figure 7.5. Changes in the Velocity of the 
Electroosmotic Flow (Vco - cm sec') with pH 

flow is minimal, as the pH rises, the flow increases exponentially until pH 7 when it follows a 

limited growth pattern, reaching its maximum flow at about pH 8. Hysteresis effects have been 

i2 



noted [8,9] where the direction of approach to a particular pH value produces a different 

electroosmotic flow. 

Since the mobility of an ion is dependent on its charge, the pH of the electrolyte can also be used 

to alter the selectivity of a separation by changing the mobility of a solute. 

1.4.2. The Ionic Strength of the Electrolyte. 

The electroosmotic flow is influenced by the ionic strength of the electrolyte. The electroosmotic 

flow decreases in proportion to the square root of the electrolyte concentration. This is due to 

modification of the thickness of the stem layer, which in turn influences the zeta potential. 

1.4.3, The Size and Charge of Electrolyte Ions. 

The choice of electrolyte co-ion can also be used to manipulate the electroosmotic flow. This is 

because the size and geometric arrangement of the ions in the Stem layer determine the zeta 

potential. Small highly charged ions form a dense tight layer, which produces greater shielding 

the capillary wall, reducing the zeta potential and therefore the electroosmotic flow. 

1.4.3. Viscosity Modifiers. 

The addition of long chain polymeric additives such as hydroxypropylmethylcellusose can be used 

to slow the electroosmotic flow by increasing the viscosity of the buffer, retarding the migration 

of ions by the creation of a physical barrier. The relationship between viscosity and 

electroosmotic flow is shown in Equation 1.9. 

Viscosity modifiers can also be used to increase the resolution of solutes, especially cationic 

components, by retarding not only the electroosmotic flow but also the migration of the solutes 

themselves. The relationship between viscosity and mobility is shown in Equation 1.7. 

L.4.4. Organic Solvents. 

The addition of organic solvents can be used to modify the viscosity of the electrolyte or the zeta 

potential of the capillary wall. In general linear alcohols such as methanol or ethanol decrease the 
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electroosmotic flow, whilst solvents such as acetonitrile produces a small increase. Organic 

solvents can also be used to modify selectivity and aid solubility. 

1.5. Joule Heating. 

Although the efficiency o f a separation improves with the use o f higher field strengths, the 

passage o f excessive currents leads to the generation o f resistive heat that in turn may decrease 

the separation efficiency. The generation o f this heat is one o f the principal reasons for carrying 

out electrophoresis in a capillary, due to the more effective heat dissipation obtained from the 

higher surface to area ratio, allowing the use o f higher separation voltages. 

Joule heating is the result o f frictional collisions between mobile ions and electrolyte constituents. 

One o f the major limitations on the speed and resolution o f an electrophoretic separation is the 

inability to efficiently dissipate heat through the capillary wall. Joule heating can adversely affect 

the efficiency and resolution o f a separation in two ways, due to the development o f natural 

convection and radial thermal gradients. 

Natural convection is the flow o f fluid due to differences in density. The viscosity o f most fluids 

decreases with increasing temperature, causing lower density fluid to 'float ' above the cooler 

more dense fluid. Natural convection is more o f a problem with capillary electrophoresis in wide 

bore capillaries and traditional electrophoresis where gels are used to provide a physical barrier to 

convection currents. 

Since heat is only lost through the capillary wall, the rate o f dissipation will be lower at the centre 

of the capillary and this can lead to the formation o f a radial thermal gradient. 

As the viscosity o f the electrolyte effects the electroosmotic flow and the electrophoretic velocity 

of a solute, temperature wil l also influence these factors by altering the electrolyte velocity. When 

a thermal gradient develops the electroosmotic flow becomes greater at the centre of the capillary 

than at the wall, resulting in a flow profile similar to that o f hydrodynamic flow. The 
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electrophoretic velocity o f the solutes is also influenced by temperature. Reduction in the 

viscosity o f the electrolyte reduces the frictional drag and allows the ions to migrate with greater 

velocity at the centre o f the capillary, causing zone broadening. In severe cases, the buffer may 

boil resulting in interruption o f the electric field. 

Joule heating can be reduced by decreasing the applied field, although this decreases the mobility 

o f ions and hence the speed and efficiency o f the separation. An alternative method is to use a 

narrower bore capillary, this has two effects, a decreased cross-sectional area means there are less 

ions present for the passage of current and also an increased surface to area ratio, improving heat 

dissipation through the capillary wall. 

Alternatively, the capillary can be mechanically cooled by the flow o f either fluid or air through an 

external jacket. 

Joule heating can be detected by performing an Ohms Law test on the electrolyte during method 

development. This entails 'ramping' the voltage across the capillary and plotting the current 

obtained. The current increase will be linear until joule heating begins to become apparent. 

1.6. DifTusion in Capil lary Electrophoresis. 

The major attraction o f CE over other separation techniques is the very high separation efficiency 

attainable. Under ideal circumstances, where molecular diffijsion is the only source o f zone 

broadening, the separation efficiency is proportional to the applied voltage and the migration 

distance from the injection point to the detector, producing plate numbers in the order o f several 

hundred thousand or more [10]. In reality broadening due to convection, electrodifflision and 

wall effects may exceed that caused by molecular diffusion, resulting in lower plate numbers than 

predicted [5] . 

1.6.1. ElectrodifTusion. 
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With the analysis o f metal ions complexed with hgands additional diffusion may also be 

encountered due to the instability o f the complexes. Complex stability equilibria consider only 

thermodynamics, it is also assumed that an equilibrium between the complex and the free metal is 

reached. In reality, the kinetics o f a complexation reaction may not be fast enough for equilibrium 

to be reached during electrophoretic migration. When this takes place the observed migration 

velocity o f the metal complex is not composed o f a single velocity attributable to the complex 

alone but composed o f the combined velocities o f all the species present in the sample zone. This 

leads to the introduction o f an additional element o f zone broadening, which is termed 

electrodifflision. Electrodiffusion is defined by Equation 1.10 and is additional to the standard 

diffusion coefficient. 

E^A^ik^k , Equation 1.10 

Where E is the electric field strength, A | i is the difference between the effective mobility and the 

mobility o f an ion in non-equilibrium, ki is the reaction rate for complex formation and k2 is the 

rate o f complex dissociation. 

In equation 1.10 only the kinetics o f the complex formation and dissociation are considered, when 

side reactions with the electrolyte constituents or impurities are involved in reactions with the 

metal or ligand, the migration mode o f the complex becomes very complicated and 

electrodiffusion can be increased. The passage o f current through the capillary generates some 

heat and the rate o f loss wil l never be as efficient from the centre o f the capillary as the edge. The 

generation o f heat is usually considered to be within tolerable levels until it begins to cause peak 

broadening. But since the rate o f a reaction is temperature related even a small amount o f heat 

will result in an increase in the rate o f the reaction. This leads to the possibility that a complex 

that is stable under standard conditions may not be stable during electrophoresis. 
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In many cases, electrodiffusion can provide a much greater contribution towards zone broadening 

than other forms of diffusion. During either method o f direct detection slow reaction kinetics play 

a major part in the ability o f a complex to survive electrophoresis and slow kinetics o f formation 

can lead to serious electrodiffusion, to the point that the peak becomes totally lost. 

Kinetics has been used as a method of manipulating the selectivity o f a separation using what was 

termed the kinetic differentiation mode o f CE [11-15] Pre-formed PAR complexes o f Co^^, V^", 

Fê "̂ , Cu^*, Ni^"^, were separated in an electrolyte devoid o f the ligand. Cd^\ Zx?^ and Mn^"" totally 

dissociated and were not detected. In this mode, it is highly likely that the thermodynamics 

stability o f the complexes wil l also play a role in their detection. In addition, the sensitivity o f the 

complexes that are detected is likely to be compromised to some extent by dissociation. 

Ideally for electrophoretic migration a metal complex should have high thermodynamic stability, 

the kinetics o f the reaction should be fast in the forward reaction and slow in the reverse. A 

stoichiometric ratio o f 1:1 is also preferred as his reduces the number o f possible species and thus 

the contribution to zone broadening from electrodiffusion. 

1.7. Cnpillnries fo r Capil lary Electrophoresis. 

Fused silica, a highly cross hnked polymer o f silicon dioxide (Si02X is the most common material 

used in the manufacture o f capillaries for CE. Fused silica has become widely used for CE, partly 

due to the ready availability o f technology developed in the manufacture o f capillary columns used 

in gas chromatography (GC) and in part due to its properties o f U V transparency, zeta potential, 

high tensile strength and durability, when externally coated with polyamide. 

The surface characteristics o f the inner wall o f a capillary can be highly influential on the 

efficiency and resolution o f a separation, even a small amount o f interaction between the solute 

and wall can cause a significant reduction in resolution and efficiency, particularly with large 

molecules [16]. The choice o f material for capillary construction is therefore o f great significance. 
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Ideally, the internal wall o f the 

capillary should be chemically inert 

to the solute; however, in this 

respect fijsed silica is far from being 

an ideal material for CE capillaries. 

The surface o f fijsed silica is very 

difficult to quantify, being composed 

of siloxane groups and at least three 

? 
H 

Isolated Silanol Vicinal Silanol 

Geminal Silanol Siloxane 

Figure L 6. Silica Groups on Fused Silica 
Capillary Walls [17]. 

surface silanol groups. Figure 1.6 [17]. The exact nature and density o f these groups can vary 

considerably, as can be seen fi-om the pKa values quoted in the literature, which range from 5.3 to 

6.3. Deprotonation o f these surface groups creates an active anion exchange surface, which is 

responsible for the creation o f electroosmotic flow, however, this surface is also available for 

interactions with cationic solutes. Cations may also bind to the capillary walls by methods other 

than electrostatic attraction, which are not well understood [18]. In addition, there appears to be 

phase-related interactions where hydrophobic molecules can adsorb onto the wall, particularly at 

low p H [ 1 9 ] . 

A variety o f polymeric capillaries have also been used by several workers but as yet have not 

become a viable alternative to fijsed silica. Available in a range o f materials with varied surface 

characteristics and chemistries, which include polystyrene, Poly(vinylidene fluoride) (PVDF), 

Polypropylene [20-22] and polybutylene terephthalate [21]. One o f the main reasons these 

capillaries have not become widely used is due to the poor uniformity o f the internal diameter. 

This can be due to the manufacturing process, but also may occur during handling due to the 

ductile nature o f the materials. Localised heating can cause the capillaries to melt and the electric 

field generated within the capillaries can cause them to be attracted to metal parts o f the 

instrument resulting in short-circuiting and melting. 
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l.S. Capillary Coatings. 

A wide variety o f methods have been developed with the purpose o f reducing poor reproducibility 

o f migration times due to variation in the electroosmotic flow and to improve the efficiency o f 

separations by counteracting solute-wall interactions. 

In certain circumstances, electroosmotic flow can be a disadvantage, particularly with the analysis 

o f mobile anions. It is possible to reduce, stop or even reverse the electroosmotic flow by 

modification o f the inner wall o f the capillary. The electroosmotic flow can be altered in several 

ways, usually being accomplished by masking the capillary surface with a coating. These coatings 

can be subdivided into two fields, bonded coatings and dynamic coatings. Bonded coatings can 

be regarded as those that are permanent and include chemical derivatization o f the capillary wall. 

Dynamic coatings are temporary and need continually or routine regeneration, these coatings 

usually take the form o f additives to the electrolyte. 

Surface modification by bonded coatings or electrolyte additives can also be used to eliminate or 

reduce solute wall interactions and in many instances, this is the primary motivation for their use. 

1.8.1 Dynamic coatings 

1.8.1.1. Adsorbed coatings 

These coatings are used either as electrolyte additives or physically adsorbed onto the capillary 

wall by flushing through the capillary between runs. Coatings o f this type are usually non-ionic 

surfactants such as Brij-35 [23] and Carbowax [24]. Towns and Regnier [25] studied the 

adsorption o f variety o f non-ionic surfactants including Brij-35, Brij-78, Tween-20, Tween-4 and 

Tween-60 to CIS bonded capillaries. These coatings work by adsorption onto the capillary 

surface physically masking the ionised surface groups. 

1.8.1.2. Cationic Additives 

Low concentrations o f cationic surfactants such as cetyltrimethylammonium bromide (CTAB) and 

other tertiary ammonium salts, form ion pairs with anionic silanoate groups on the capillary wall, 

19 



masking the negative charge o f the wall. In low concentrations, cationic surfactants reduce 

electroosmotic flow, but as the concentration is increased electroosmotic flow can be eliminated 

as more or the silanoate ions are masked. Higher concentrations still, result in the formation o f 

hemi-micelles along the capillary wall giving the capillary wall a net positive charge and reversal 

of the electroosmotic flow, as shown in Figure 1.7. The formation o f hemi-micelles most likely 

occurs prior to the total masking o f all the 

silanoate groups on the capillary wall. This „ .„ .,r .. Negaiively Charged 
Cap,lbryWall SilSol Group. 

results in the surface being made up o f a "\ ^ \ \ 
o. o. o. o. o. o. 

1 

number o f negative charges compensated 

by a number o f positive charges, which \ ^ 
Cationic Surfactant 

could Still result in wall effects. 

. I . 1 L J u - u I I Figure 1.7. Charge Reversal of the Capillary A non-covalently bound mgh molecular „ * „ ^ r. ^ ^ ^ 
Wail using Cationic Surfactants. 

weight coating was used by Chiu et al. [26] 

to create positively charged capillary wall for the separation o f cationic proteins. The coating was 

reported to be stable for several days and easily regenerated by treatment with dilute solutions o f 

polyarginine. Cordova et al. [27] examined four cationic polymers, polybrene, polyethylenimine, 

poly(methoxyethoxyethyl)ethylenimine and poly(diallyldimethylammonium chloride) to stabilise 

electroosmotic flow and reduce the adsorption o f proteins. 

These additives are primarily used to reduce solute adsorption and stabilise the electroosmotic 

flow rather than suppress it. The most frequently used compounds used for this purpose are a 

variety o f relatively low molecular weight amines and amino acids [28, 29]. 

1.8.2. Bonded Capil lary Coatings 

A wide range of bonded phase capillary coatings have been developed. The production o f these 

capillaries usually involves chemically bonding a variety o f polymers to the capillary wall to 

produce a wide range o f properties, which include hydrophilicity, hydrophobicity and charge. 
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Many o f these phases are derived from technology developed for the production o f stationary 

phases for HPLC and gas chromatography (GC) columns. Although many of coatings have been 

developed with the purpose o f preventing the adsorption o f cationic biopolymers on the wall o f 

fused silica capillaries, there are many other situations in capillary electrophoresis when the quality 

of a separation can be improved by the use o f coated capillaries. 

1.8.2.1. Non-Ionic Phases. 

These coatings are generally used to eliminate electroosmotic f low by reducing the charge on the 

capillary wall and increasing the viscosity at the electrolyte wall interface. Although the charge on 

the wall may be entirely eliminated by polymer coatings, in the case of hydrophilic coatings an 

electroosmotic f low may be present, caused by ions in the electrolyte becoming adsorbed on the 

polymers thus creating a potential [4]. The major factor concerning the elimination o f 

electroosmotic flow then becomes the increase in the viscosity at the capillary wall caused by the 

polymer. Non ionic coatings are also frequently employed to prevent the adsorption o f cationic 

solutes such as metals, proteins and peptides. 

1.8.2.l.(i). Polyacrylamide Coatings. 

Of the non-ionic phases Polyacrylamide has been the most widely investigated for the creation o f 

neutral capillary coatings. Polyacrylamide has been extensively used for the gel electrophoresis o f 

biopolymers, principally because it is hydrophilic and does not interact with these molecules, thus 

making it an obvious choice for the production o f neutral capillaries for protein and peptide 

analysis. There a several methods o f attaching polyacrylamide to the surface o f capillaries 

published in the literature. The main variation in these procedures is the method used to create 

the bond between the wall and polymer. The first near zero flow capillaries coated with linear 

polyacrylamide were produced by Hjerten in 1985 [30]. This method is the basis o f the 

commercially available BioCAP capillaries supplied by Bio Rad, with the polyacrylamide being 

attached to the capillary wall with a Si-O-Si-C bond using y-methacryoxypropyltrimethoxysilane. 
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An alternative method reported to provide greater stability o f the coating at high pH was 

developed by Cobb et a/. [231]. In this method the attachment o f the polyacrylamide was 

achieved by Si-C bond, this was reported to be less prone to hydrolytic cleavage at higher pH 

values than the Si-O-Si-C bond. The capillary surface was first chlorinated with thionyl chloride 

then reacted with a Grignard reagent (vinyl magnesium bromide) and subsequently linear 

polyacrylamide attached. 

Kohr and Engelhardt [32] vinylated the capillary surface using trichiorovinylsilane prior to 

bonding the polyacrylamide with azobisisobutyronitrile and thermal polymerisation. In order to 

overcome the unpredictable character o f the surface o f bare fused silica, Schmalzing et al. [33] 

produced a cross-linked polyacrylamide capillary coating with a double layer. The surface was 

first treated with cross-linked Polyvinylmethylsiloxanediol to create a stable under layer with a 

high density o f bonding sites. Linear polyacrylamide was then grafted on to the double bonds o f 

the siloxanediol and cross-linked with formaldehyde. A coating procedure for linear and cross-

linked polyacrylamide capillaries was developed by Huang et al. [34]. Fused silica capillaries 

were pre-treated with 7-oct-l-enyltrimethoxysilane and then statically coated with 

polyacrylamide. Methylene bisacrylamide was added in the preparation o f the cross-linked 

coating. This method of bonding the polyacrylamide to the capillary wall with hydrophobic 

alkylsilanes was expanded by Huang et al. [35] to include allyltrimethoxysilane (C3) and 

methyltrimethoxysilane (CI ) , in addition to the 7-oct-l-enyltrimethoxysilane (C8) already used. 

The authors reported the greatest stability o f the coating was achieved when combinations o f the 

different length alkylsiianes were used. 

Cifijentes et al. [36] describe a method for the preparation o f fijsed silica capillaries with a cross-

linked polyacrylamide coating bonded to the internal wall, which was used in conjunction with 

caiionic additives to the electrolyte in order to mask any residual negative charges on the capillary 

surface. Chen and Cassidy [37] bonded C I and C8 linear alkyl chains to the capillary wall with 
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Irimethylchlorosilane and dimethyloctadecylchlorosilane. Chiari ei al. [38] separated proteins 

using capillaries modified with poly(acryloylaniinoethoxyethanol. The polymer was covalently 

attached to the capillary surface, which had been modified with an a-methacryloxylpropyl 

fijnctionality. High efficiency and resolution were reported using this coating. 

I.8.2.1.(ii). Carbohydrate Coatings. 

Carbohydrates have also been used for capillary coatings due to their neutral, hydrophilic 

properties. 

Methylcellulose and dextran coated capillaries were prepared by Hjerten and Kubo [39] 

covalently bonding allyl derivitised polymers to the wall which was activated with y-

methacryoxypropyltrimethoxysilane. The methylcellulose capillaries were reported to be stable 

for upto 16 days at pH 12 and 10 days at pH 0.3. Liao et al. [40] fabricated a hydrophilic coating 

that strongly suppressed electroosmotic flow by covalently coupling a hydroxyl group o f 

methylcellulose to the epoxy group o f a-glycidoxypropyltrimethoxysilane. Huang et al. [41] 

describe a stable low flow cellulose derived capillary coating in which hydroxypropylcellulose and 

2- hydroxyethyl methacrylate were statically coated onto a hydrophobic alkyl-silane under layer 

created from 7-oct-l-enyltrimethoxysilane. The capillaries were reported to be stable for several 

weeks in the pH range 2-10, the authors concluded that the hydrophobic under layer protected the 

Si-O-Si linkage between the under layer and the capillary wall from hydrolysis at high pH. 

Bruin e/ al. [42] modified capillary surfaces with carbohydrate coatings for the separation o f 

proteins. Epoxy-diol coatings were created by bonding y-glycidoxypropyltrimethoxysilane to the 

surface followed by acid hydrolysis o f the epoxide group using 0. I M HCl. A maltose coating was 

prepared by first derivitising the surface with 3-aminopropyltriethoxysilane. The capillaries were 

compared with polyethylene glycol (PEG) modified capillaries, the efficiency o f the coated 

capillaries was reported to be lower than that obtained from the PEG modified capillary and the 

epoxy-diol coating was found to be unstable above pH 5. Chiari et al. [43] coated fijsed silica 

23 



capillaries were with ( (N- acryloylamino)ethoxy)ethyl-beta-D-glucopyranose (AEG) to produce a 

coating with pronounced hydrophilicity. The coating was reported to give very stable migration 

times with RSD values o f around 0.5%. Smith and El Rassi [44] produced zero flow capillaries 

by bonding high molecular weight hydroxypropyl cellulose to the inner surface o f fused 

capillaries. A two layer approach was used, the capillary surface was first activated with y-

glycidoxypropyltrimethoxysilane, the first layer consisted o f covalently bonded medium molecular 

weight hydroxypropyl cellulose (M.Wt. 30,000 - 50,000) and the second layer contained highly 

cross-linked large molecular weight hydroxypropyl cellulose ( M . Wt. 150,000 - 400,000). The 

capillaries were reported to exhibit virtually zero flow until pH 8.5 when a slight flow was 

detected. A simple method for producing coated capillaries by adsorption o f thin-film coatings o f 

cellulose acetate, cellulose triacetate or cross-linked hydroxypropylcellulose was detailed by 

Busch et al. [45]. However, these coatings were reported to be unstable above pH 7*5. Mechref 

and El Rassi [46] fabricated hydrophilic capillaries with reduced electroosmotic flow by covalently 

attaching high molecular weight branched dextrans to the inner surface o f fijsed silica capillaries. 

The dextrans were subsequently crosslinked with diepoxypolyethylene glycol. The coating was 

reported to exhibit reduced electroosmotic flow and was stable over a wide range of conditions 

including high and low pH. 

Bentrop et al. [47] fabricated capillaries coated with poly (methylglutamate) by thermal 

polymerisation o f the N-carboxyanhydride o f glutamic acid-5- methylester, the authors reported 

that total shielding o f surface silanols was not achieved. 

1.8.2.1.(iii). Polymer Oxide Coatings. 

Ng et al. [48] coated capillaries with triblock copolymers made up o f polyethylene oxide-

polypropylene oxide-polyethylene oxide (PEO-PPO-PEO). The capillaries, which were pre-

derivitised with dichlorodimethylsilane and copolymers, were statically coated on the wall. 

Various copolymers made up from different PEO-PPO-PEO ratios were assessed for deactivation 
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of the capillary surface. Iki and Yeung [49] developed a simple method to coat PEO onto the 

inner wall o f a bare fused-silica capillary via hydrogen bonding to the surface silanol groups. The 

capillary was filled with 1 M HCI solution, then flushed with 0.2% poly (ethylene oxide) solution 

containing 0.1 M HCI. The coating was reported to be stable in the pH range 3-7 and easily 

regenerated. 

Towns et al. [50] prepared surface deactivated capillaries by pre-derivitised with 

glycidylpropyltrimethoxysilane, followed by deposition o f a film o f multifunctional oxirane, which 

was polymerised using either boron trifluoride or a tertiary amine. The coatings were reported to 

reduce protein adsorption but still allow sufficient electroosmotic flow to carry both positive and 

negative species past the detector. 

l.8.2.1.(iv). Glycol Coatings. 

Bruin et al. [51 ] separated proteins in hydrophilic polyethylene glycol (PEG) modified capillaries. 

The capillary was first silylated using y-glycidoxypropyltrimethoxysilane prior to grafting with 

PEG600. Huang et al. [52] bonded polyethylene glycol (PEG) and polyethylene imine (PEl) onto 

the capillary surface pre-derivitised with a highly crosslinked polysiloxane. Zhao ei al. [53, 54] 

developed a simple one step method for producing capillaries coated with Superox 0*6 and 4 

(PEG) and Ucon (polyethylene-propylene glycol). The capillary surface was derivitised with 

hexamethyldisilaxane and the polymer immobilised with dicumyl peroxide, both steps being 

performed simultaneously, the polymers were then cross-linked by slow heating to 150 °C. 

A simple method for producing a stable neutral surface coating was developed by Ren ei al. [55] 

the capillaries were coated with a thin film o f epoxy resin to which polyethylene-propylene glycol 

was bonded. The coating was reported to be stable in the pH range 4-11. 

1.8.2.l.(v). Octadecylsilane Coatings. 

Towns and Regnier [25] prepared hydrophilic capillaries by derivatization o f the silica surface 

with octadecylsilane followed by the deposition o f a layer o f non-ionic surfactant from an aqueous 
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solution above the critical micelle concentration. The coating was reported to be o f sufficient 

thickness to reduce electroosmotic flow 5-8 fold and the resultant flow was relatively constant 

throughout the pH range 4-11. 

1.8.2.1. (vi) . Polyether Coatings. 

Fused-silica capillaries with hydroxylated polyether coatings were produced by Nashabeh and El 

Rassi [56]. The two layer coatings consisted o f a glyceropropylpolysiloxane sub-layer covalently 

attached to the inner surface and a polyether top layer. In a second approach, the capillary wall 

was coated with polysiloxane polyether chains and both ends o f the monomeric units covalently 

attached to the capillary surface. The coatings were reported to yield capillaries with different 

electroosmotic flow characteristics. The relatively long polyether chains shielding the unreacted 

surface silanols, reducing solute-wall adsorption. 

L8.2.1.(vii) . Poly (v inyl alcahol) Coatings. 

Gilges et al. [57] describe a simple method for the preparation o f a water insoluble, permanent 

coating for fused silica capillaries by thermal immobilisation o f Poly(vinyl alcohols) (PVA). A 

dynamic wall coating was also created using PVA as an additive to the electrolyte. The 

immobilised coating was reported to provide greater stability over a wider pH range than the 

dynamic coating. 

1.8.2.2. Ionic Phases. 

These coatings can be used to prevent solute-wall interactions by producing surfaces with a 

charge opposite to that o f the solutes causing repulsion. Ionic coatings can also be used to 

stabilise electroosmotic flow and produce a flow that is independent o f pH. The flow can be 

created in either direction dependant on the charge imparted to the capillary wall a switchable 

flow can also be created by the use o f zwitterionic polymers. 

1.8.2.2.(i). Cationic Coatings. 
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A hydrophilic positively charged capillary coating was developed by Towns and Regnier [58] in 

which polyethyleneimine (PEI) was adsorbed onto the capillary wall and subsequently cross-

linked with ethyleneglycol diglycidyl. Physically adsorption o f PEI onto the capillary wall was 

also used by Erim et al. [59] to produce coated capillaries with anodal flow. The capillaries were 

used in a pH range o f 3- I I and during long term stability tests, migration times were reported to 

increase by 3% over 60 hours leading the authors to conclude that the adsorption o f PEI was 

almost completely irreversible. Smith and El Rassi [44] modified zero flow hydroxypropyl 

cellulose capillaries by bonding polyethyleneimine to the inner surface o f capillaries to produce a 

pH independent anodal flow, a polyether layer was then covalently attached to reduce solute-wall 

interactions. The resulting anodal flow was reported to be relatively weak due to the high 

viscosity produced by the hydroxypropyl cellulose layer. Smith and El Rassi [44] also produced 

capillaries with relatively strong and constant anodal electroosmotic flow by chemically 

derivitising the inner capillary surface with methylated polyethyleneimine hydroxyethylated. 

Polyether chains were then covalently attached to the hydroxyl groups o f the polymeric coating to 

produce a permanently charged coating with pH independent anodal flow and minimal solute-wall 

interactions. 

Liu et al. [60, 61] developed capillaries with anodal electroosmotic flow by chemically bonding 

cationic groups to the capillary wall, the polymers used were poly (2-aminoethyl methacrylate 

hydrochloride) and poly (diallyldimethylammonium chloride). 

A capillary surface derivitised with a quaternary amine was prepared by Huang et al. [62] to 

produce a capillary with anodal flow. The capillary surface was first silylated with 

iodopropyltrimethoxysilane, and then poly (4-vinylpyridine-co-butylmethacrylate) was 

immobilised through a reaction between the carbon-iodo bonds and the pyridine groups o f the 

polymer, forming quaternary amine functionalities. 

27 



Chiou and Shih [63] bonded the macrocyclic polyether cryptand-22 to fijsed silica capillaries. A l 

pH below 7, cryptand-22 is protonated and its behaviour is similar to that o f quaternary 

ammonium salts forming complexes with anions, resulting in a reversal o f the electroosmotic flow. 

Sun et al. [64] coated fijsed silica capillaries with the natural polymer chitosan by ionic interaction 

between the amino group o f the polymer and the silanoate anion o f the capillary surface. The 

cationic property o f chitosan below pH 6.5 created an anodal electroosmotic flow in the capillary, 

even at low pH. The coating was reported to be stable for unto 20 hours at pH 2.49 - 5. Cheng 

et al. [65] separated metal ions in a positively charged capillary coated with 3-

aminopropyltrimethoxysilane. Improved separation efficiency was reported due to reduced 

interaction between the cations and the capillary surface. Cordova et al. [27] evaluated four non-

covalently bound poiycationic coatings o f differing molecular weight for the separation o f 

proteins. The capillary coatings used were PEl ( M . Wt. 15,000) poly (methoxyethoxyethyl) 

eihyleneimine ( M . Wt. 64,000) Polybrene ( M . Wt. 25,000) poly (diallyldimethylammonium 

chloride) ( M . Wt. 10,000). 

1.8.2.2.(ii). Anionic Coatings. 

An anionic capillary coating with a pH independent flow was produced by Huang et al. [62]. The 

capillary was silanized with 7-oct-I-enyltrimethoxysilane followed by copolymerisation o f 2-

acryloylamido-2-2-methylpropanesulphonic acid and acrylamide mixtures onto the treated surface. 

The rate o f flow could be altered by varying the ratio o f the two polymers. The coating was used 

in electrolytes ranging from pH 3 - 10 and the variation in flow was reported to be within 2% over 

80 injections. 

Sun et al. [47] also used immobilised sulphonic acid groups to create a negatively charged wall 

with a pH independent flow, the method was based on that developed by Hjerten [30]. A 

combination o f acrylamide and 2-acrylamido-2-methyl-l-propanesulphonic acid (AMPS) were 
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bonded to the wall, by varying the ratio o f acrylamide to AMPS the degree o f charge could be 

controlled, producing different rates o f flow. 

1.8.2.2.(iii). Coatings w i th Switchable Charge. 

Smith and El Rassi [66] developed fijsed silica capillaries with switchable electroosmotic flow. A 

multifijnctional surface consisting o f unreacted silanol groups, positively charged quaternary 

ammonium fiinctions, and a hydrophilic layer o f long polyether chains was created. The net 

charge o f the capillary surface could be varied from positive to negative by altering the pH o f the 

electrolyte whilst the long polyether chains shielded biomacromolecules ft-om the charged capillary 

surface. Cryptand moieties were immobilised onto the capillary surface through a cross-linking 

reaction o f a cryptand-containing polymer and co-polymerisation o f a cryptand-containing 

monomer by Huang et al. [62]. The resultant coatings provided switchable electroosmotic flow 

from low to high pH due to the complexing ability o f the cryptand moieties with the metal ions 

from the buff^er solution. 

Guo et al. [67] fabricated a capillary coated with aminopropyltriethoxysilane having switchable 

electroosmotic flow. The net charge at the surface o f the coating being dependent on the degree 

of protonation o f the amino groups and the degree o f ionisation o f the silanol groups. At pH 6.0 

or below, the coating was reported to have a net positive charge, which resulted in anodal flow 

and at pH 6.5 or above, the coating was negatively charged with flow towards the cathode. 

1.8.3. Polymeric Capillaries. 

Liu et al. [21] coated hollow fibres made from polypropylene and polybutylene terephthalate with 

polyacrylamide. Surface modification was reported to significantly improve the performance o f 

the capillaries. A later paper [68] details new procedures involving surface activation and in situ 

polymerisation, using dynamic and static coating o f reagents to produce both linear and cross-

linked polyacrylamide modified surfaces 
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Polypropylene hollow fibres modified with ionic ftinctional groups were developed by Ren ei al. 

[22]. Polymeric surface coatings containing sulfianic acid and quaternary amine ftjnctionalities and 

a novel polyphosphazene were bonded to the polypropylene surface. The authors report that 

varying the concentration or mixture o f these coatings could be used to change the direction or 

magnitude o f the electroosmotic flow. The authors also developed a hydrophilic zero flow 

capillary for the separation o f basis protein mixtures by modifying polypropylene hollow fibres 

with hydroxypropylcellulose [69]. Fridstrom et al. [20] used polypropylene hollow fibres as 

columns for micellar electrokinetic capillary chromatography, reporting stable but enhanced 

electroosmotic flow in the pH range 5.0 -12.0. The surface was also modify with polyacrylamide 

and charged 2-acryloylamido-2- methylpropane sulfonic acid to lower the strength o f the 

electroosmotic flow. Bayer and Engelhardt tested Polybutyleneterephthalate, ethylene-

vinylacetate, polymethylmethacrylate, and nylon, assessing these materials for the reduction o f 

protein adsorption [70]. 

1.9 Sample introduction. 

The use o f very narrow bore capillaries leads to certain difficulties involving the introduction o f 

the sample into the capillary. To be o f analytical merit, any method of sample injection must be 

highly reproducible. This requires the precise control o f the quantitative aspects o f the sample 

being introduced into the capillary. 

Owing to the extremely small volumes o f sample injected overloading o f the sample onto the 

capillary can cause a significant increase in band broadening and a reduction in the separation 

efficiency [71]. 

Three methods o f sample introduction have been developed for used in capillary electrophoresis 

1.9.1. Hydrostatic Injection 

With this method o f sample introduction the sample is introduced by immersing the capillary inlet 
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into the sample vial and applying a positive pressure to the sample vial. Alternatively, a vacuum is 

applied to the destination vial drawing the sample into the capillary. 

The volume o f sample injected can be described by Poisseuille's law and can be estimated using 

Equation l . I I . 

APD^TT 

I 2 8 T I L , 
Equation J. 11 

Where Vt is the volume injected per unit o f time in nL s*', AP is the pressure difference between 

the inlet and outlet o f the capillary, D is the internal diameter o f the capillary, r\ is the viscosity o f 

the sample and U is the total length o f the capillary. 

Hydrostatic injection requires precise control o f the pressure or vacuum being applied and o f the 

duration that it is applied for. It is important that when the injection is finished that any residual 

pressure or vacuum is quickly dissipated to prevent further injection o f the sample. The method 

also requires the use o f capillaries with internal diameters within certain constraints (between 25 

and 100 ^m). With wide bore capillaries the flow rate is too great for precise control requiring 

very low pressures, conversely very narrow bore 

capillaries require high pressures to inject the 

sample. Figure 1.8 shows a plot o f D against Vt, 

data being calculated using 1. 11. From Equation 

1.11 it can be seen that V, is also influenced by 

the viscosity o f the sample being injected, 

consequently the viscosity o f the samples and 

standards needs to be matched. 

Figure J. 8. Plot of the Volume of Sample 
Injected with Time 

1.9.2. Hydrodynnmic Gravity Injection. 

Gravity injection is a relatively simple method of sample introduction in which the capillary inlet is 

immersed in the sample vial and then elevated above the level o f the destination vial, allowing the 
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sample to siphon into the capillary. With this method of sample introduction some means of 

physically elevating the sample vial to a definable height for a set period o f time is required. 

Since gravity can be considered a constant, this leaves two variables that need to be controlled 

during a hydrodynamic injection; the height to which the sample vial is raised; the length o f time it 

is elevated. The raising and lowering o f the vial also needs to be precisely controlled, as the 

sample wil l begin to siphon as soon as the vial begins to rise. 

The volume o f sample injected into the capillary can be estimated fi-om Equation 1 . 1 1 by 

exchanging the expression AP to take into account the effect o f gravity, the height difference and 

the density o f the sample to give Equation 1 .12 . 

pgAhD^r Equation !.}2 
1 2 8 T I L , 

Where p is the density o f the sample being injected, g is the gravitational constant and Ah is the 

height difference between the capillary inlet and outlet. 

As with hydrostatic injection methods gravity injection is also constrained to a range of capillary 

internal diameters. With narrow bore capillaries the length o f the injection rises exponentially as 

the capillary diameter decreases. This is not a problem with the capillaries in common usage at 

the present but may become so i f the trend for using narrower bore capillaries continues. 

1.9.3. Electrokineticlnjection. 

As with the other methods o f injection, the capillary inlet is first immersed in the sample vial, a 

voltage is then applied across the capillary and sample ions are induced to migrate into the 

capillary. With regard to instrument design this is the simplest injection method, needing only a 

controllable high voltage power supply to perform the injection and this is an integral part o f the 

instrument. Because the sample is introduced into the capillary using electophoretic or 

electroosmotic migration, the more mobile sample components are preferentially migrated into the 

capillary over the less mobile, this creates a bias towards the more mobile components o f the 
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sample [72]. Consequently, a sample loaded using this method is not quantitatively representative 

of the sample, unlike hydrostatic or gravity injections, which do not alter the composition o f the 

sample. 

The quantity o f sample introduced into the capillary is dependent on several parameters, the most 

important being the electroosmotic f low and the mobility o f the sample components. As 

previously mentioned electroosmotic flow is dependent on the composition o f the electrolyte, its 

pH, ionic strength, and the mobility o f its constituents. In addition, the pH and conductivity o f 

the sample matrix wil l also have an influence on the quantity o f sample introduced. A lower 

quantity o f ions will be introduced into the capillary when a high ionic strength sample matrix is 

used due to the decreased velocity o f the sample ions as a result o f the reduced field strength they 

experienced within the sample vial. This bias can be compensated by the use o f standard 

calibrations, although it is very important that the pH and conductivity o f the samples and 

standards are closely matched. This bias created during an EK injection can be used to enhance 

the detection sensitivity o f highly mobile ions. 

The amount o f sample injected per unit o f time can be estimated from the Equation 1.13 [6] 

= Lquation 1.13 

Where is the conductivity o f the background electrolyte Xs is the conductivity o f the sample and 

Cs is the concentration o f the sample. 

1.9.4. Sample Stacking. 

One of the major problems associated with CE is the relatively poor detection limits that are 

achieved, to a greater extent this is caused by the low volumes o f sample that can be injected into 

the capillary. Simply increasing the volume of sample injected onto the capillary may improve the 

sensitivity but often at the expense o f the separation efficiency. Sample 'stacking' is a term used 
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to describe methods o f injecting larger sample volumes, which subsequently become concentrated 

into narrow bands, minimising the effects on efficiency. 

Stacking is accomplished by hydrostatic or hydrodynamic injection o f a sample made up in a 

lower ionic strength matrix than that o f the separation electrolyte. When a voltage is applied this 

results in a zone o f high field strength in which the ionic velocity o f the injected sample ions will 

be accelerated, once these ions migrate out o f the injection zone into the separation electrolyte 

they encounter a lower field strength and their velocity slows. Meanwhile, ions within the sample 

zone still experience the high field strength and continue to move with accelerated velocity, 

causing them to catch up and stack into a narrow band. Buffer co-ions and counter-ions will also 

experience the high field strength as they migrate through the injection zone. In the case o f an 

injection at the cathodic side, anions wil l stack up in front o f the injection zone, cations will stack 

up behind the injection zone, and when electroosmotic flow is suppressed cations will migrate out 

of the capillary into the source vial. 

Stacking can be used to inject larger sample volumes into the capillary, significantly increasing 

detection limits, with minimal losses o f efficiency. Maximum stacking can be achieved by using a 

high ionic strength separation electrolyte and low ionic strength sample. However, the ionic 

strength o f the separation electrolyte is limited by joule heating and the injection o f large volumes 

of low ionic strength samples may result in flow disturbances, resulting in poor reproducibility. 

Ideally, samples should be made up in the lowest possible ionic strength matrix, such as de-ionised 

water. Since the measured electroosmotic flow is actually the average flow of all zones and as 

there is an inverse relationship between the ionic strength o f a buffer and the zeta (Q potential o f 

the capillary wall, the electroosmotic flow in the sample zone wil l be greater than that o f the 

electrolyte. The effect o f this is to introduce a hydrodynamic component to the electroosmotic 

flow, causing band broadening and a reduction in efficiency. Where electroosmotic Flow is 

suppressed, for example by using neutrally coated capillaries, this effect is less noticeable due to 
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the virtual absence o f any kind o f flow and lower ionic strength injections are possible. Chien and 

Burgi [73-78] developed a technique o f stacking they termed Afield amplified stacking', in which 

the entire capillary was filled with sample. However this technique requires electroosmotic flow 

and the ability to switch voltage polarity during the run. 

Stacking techniques can also be applied to electrokinetic injections, the principle is the same as 

with hydrostatic injections. The sample is made up in a low ionic strength matrix, when a voltage 

is applied ions in the sample vial rapidly migrate into the capillary where they encounter the higher 

ionic strength separation electrolyte and slow down, stacking into a narrow band. The major 

disadvantage o f this injection method is that it is not reliably quantitative. This is because the 

number o f ions migrating into the capillary is in part a function o f time but also strongly 

influenced by the ionic strength o f the sample. Therefore, i f the ionic strength o f each individual 

sample varies, then the number o f ions migrating into the capillary will be different for each 

sample. This is a very real possibility when dealing with real samples and calibrating using 

synthetic standards. 

1.10. Detection in Capillary Electrophoresis. 

Along with injection problems, sensitive detection has also proved a problem for CE. Although 

impressive mass limits o f detection can be achieved, the concentration limits o f detection are 

relatively poor. The low concentration limits o f detection are in part due to the very small volume 

of sample injected but also due to physical problems with the detectors themselves. 

The most common detection method o f detection is based on molecular absorption 

spectrophotometry, where achieving good sensitivity for trace analysis is a major problem. Most 

commercially available instruments are fitted with on-column photometric detectors as standard. 

These can contribute to detection problems due to the very short optical pathlength and the poor 

optical characteristics o f the cylindrical capillary surface. The optical pathlength in CE is typically 
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between 25 and 100 | im, compared with 5 to 10mm for standard HPLC detectors. The sensitivity 

lost by the short path length is compensated to some extent by the very high efficiencies o f CE 

separations. 

Fluorescence and laser induced fluorescence detectors are available on some instruments and 

highly sensitive conductivity detectors are now available. Capillary electrophoresis has also been 

interfaced with mass spectroscopy and most recently ICP-MS 

The Dionex CESl is fitted with a variable wavelength dual beam UVA^is detector. The 

instrument is fitted with tungsten and deuterium lamps capable o f producing wavelengths between 

190 and 800nm in Inm steps. The light source is delivered to the optic bench via fibre optic 

cable, which is divided to produce the signal and reference beams. The signal beam is composed 

of seven optical fibres vertical aligned with the capillary window. Light collection is by 

photodiode placed in close proximity immediately behind the capillary window. The detector 

employed a smoothing algorithm to reduce detector noise and the user adjustable parameter, the 

rise time, was set to 0.3 seconds. 

One method o f increasing the sensitivity o f absorption detectors is to increase the optical 

pathlength. This can be achieved by the use o f bubble cell capillaries. Figure 1.9 (a) or the use o f 

*Z' cell capillaries. Figure 1.9 (b) With these 

U V u v 

( a (b 

Figure 1.9 Schematic Diagrams of Bubble 
cell and 'Z' Cell capillaries 

types o f capillaries detector sensitivity is offset 

to some extent by a reduction in the separation 

efficiency. Rectangular capillaries with 

improved surface optical characteristics have 

also been tried. 

Unlike HPLC where all solutes pass the 

detector window at the same speed, in CE, 

separation is based on differences in the speed o f each solute therefore each solute passes the 
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detection window with a different velocity and the width o f the peaks become progressively 

broader as the run proceeds. Provided the run to run reproducibility o f the migration time is 

good, this does not pose a serious problem. However, the migration time o f a solute can be 

influenced by several factors including electrolyte viscosity, temperature, sample ionic strength 

and modification o f the capillary wall. When this occurs, variations in the electroosmotic flow 

rate and migration time o f solutes can effect the quantitative aspects o f the data obtained. The 

height o f a peak is unaffected by the speed o f its passage past the detector window but the 

integrated area under the peak is. A simple correction can be applied to the data to compensate 

for any differences in the velocity o f the solute. The simplest method of correction is to divide the 

area under the peak by the migration time in seconds producing a time compensated ratio. 

1.10.1. Indirect Photometric Detection. 

Up until 1995 the majority o f the literature regarding the separation o f cations was concerned 

with indirect detection methods. With this method an electrolyte additive, termed the probe, 

generates an UV absorbing background at a wavelength at which solute absorption does not 

occur. Thus when the solute migrates past the detector window a decrease in absorption is 

detected. The probe must migrate in the same direction as the ions being determined and should 

also have a similar mobility. This is in order to produce good peak shapes. Although it is not 

possible to match the mobility o f the probe to every solute, a mobility o f somewhere between is 

acceptable. Solutes migrating with a velocity greater than the probe produce fronted peaks and 

those migrating with velocities lower than the probe have tailing peaks. The degree o f fronting or 

tailing depends on the difference between the migration velocity o f the detected ion and the probe. 

In order to keep the electrolyte conductivity low whilst maintaining its buffering capacity, the 

probe should i f possible be the electrolyte co-ion. 

The main advantage o f this approach is that it provides a universal detection system for analytes 

sharing the same displacement mode, thus exploiting the separation power o f capillary 
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electrophoresis. Against is the relatively poor detection limit due to the signal to noise (S/N) 

ratio. The absorbance limit o f detection deteriorates as background absorbance increases, since 

less light reaches the photodiode. The maximum concentration CLOD can be calculated using 

Equation 1.14. 

C, nn = — — — Equation I. J4 
TR X DR 

Where DR is the dynamic range - the ability to measure a small change on top of a large signal 

and equal to the S/N ratio o f the background signal. Cm is the Concentration o f the probe. TR is 

the Transfer Ratio - the number o f molecules o f the probe displaced by each solute molecule. 

Ideally the TR should be 1:1, but surface and equilibrium effects lower the TR. Increasing Cm 

does not improve sensitivity because the DR is related to Cm, although increasing Cm can be 

usefijl for extending the linear calibration range. 

One o f the problems o f indirect detection is that in order to produce the separation o f very large 

numbers o f ions within relatively short times the concentration o f each ion offen needs to be 

manipulated. This is because a high concentration o f one ion may produce a peak that masks 

another. Unfortunately, many real samples offen contain vastly disparate concentrations o f ions 

leading to the possibility that a separate method may need to be developed for each individual 

sample that differs in ionic concentration. The short analysis time is in part a product o f the 

requirement for the ions to all migrate at a similar velocity as the visualising co-ion in order to 

maintain the shape o f the peaks. 

Although unselective indirect detection is capable o f determining a large number o f metal species 

in a single run, but very low detection limits are prevented by the relatively high background noise 

caused by the probe. 

1.10.2. Direct Photometric Detection. 

An alternative approach the indirect detection o f metal ions by CE is to use direct absorbance 
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measurement. With this method the lower background noise in comparison to indirect methods 

should produce better detection limits. For metal ions the direct approach normally involves the 

formation o f a strongly absorbing metal complex, usually with a chelating dyestuff, formed either 

pre-column or on-column. For example, 4-(2-pyridyla2o resorcinol) (PAR) and derivatives have 

been studied by a number o f workers for the direct detection o f metal ions [12, 13, 15, 79, 80]. 

However, a major drawback to this technique is the potential instability o f metal complexes during 

electrophoretic migration and many complexes completely dissociate before they reach the 

detector [81, 82]. It appears therefore that the complex must have a large stability constant 

preferably coupled with relatively slow kinetics o f dissociation. 

The direct detection o f metal ions is accomplished by complexing the metal ion with a ligand to 

produce an absorbing complex and directly detecting this complex. Direct detection offers several 

advantages over indirect detection. These are principally related to sensitivity and selectivity. 

The sensitivity o f the separation is only limited by the extinction coefficient o f the complex. 

Consequently, very highly absorbing metal complexes can be used to improve the limit o f 

detection. 

There is extensive literature concerning the colorimetric determination o f metals, which can be 

applied to the separation and detection o f metal ions by CE. 

Two methods o f complexation can be used in the direct detection o f metal ion complexes, being 

differentiated by where the complexation reaction takes place. Direct detection can be achieved 

by the injection o f pre-formed complexes or by on-capillary complexation. 

With the injection o f pre-formed complexes the stability o f a complex is o f great importance. This 

is because the metal ion and ligand do not share the same migration mode, the metals being 

cationic have a positive mobility and the ligands being anionic or neutral will have a negative or 

zero mobility, therefore should they dissociate they will migrate away from each other. This 

problem can be alleviated to some extent by the addition o f a small concentration of the ligand to 
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the electrolyte; this then introduces an element o f on-capillary complexation to the migration o f 

the metal complex. With the addition o f reagent to the electrolyte the mode o f complexation will 

become increasingly due to on-column complexation the more labile the complex. 

With on-capillary complexation the ligand is present in the background electrolyte and the sample 

containing the metal ions is injected onto the capillary, where it becomes complexed. With this 

method o f complexation a relatively high concentration o f the ligand is required to ensure an 

adequate supply for the complexation reaction. Unless the absorption o f the free reagent is 

significantly different from that o f the complexes, a loss o f sensitivity will result due to the high 

background; consequently some reagents wil l not be suitable to this method o f complexation. 

Throughout on-column complexation highly labile ligands and metal ions will continuously 

dissociate and reform causing a retardation o f their migration velocity. Even when complexed 

with anionic ligands, the overall migration velocity o f highly labile complexes may be towards the 

cathode. Macka et ai [83] reported that the migration o f strontium was cathodal when 

complexed with the anionic ligand sulphonazo Lll. 

1.11. Related Techniques. 

Capillary Electrophoresis is a group o f related techniques than can be applied using a CE 

instrument. 

I . l l . l . Capillary Zone Electrophoresis ( C Z E ) . 

Capillary Zone Electrophoresis, also referred to as free solution electrophoresis, is the simplest 

and most commonly used form o f CE. Separations take place in an homogeneous electrolyte with 

the principal separation mechanism being differences in the electrophoretic mobilities o f individual 

solutes. The parameters governing the conditions used in CZE separations have already been 

discussed and so wil l not be repeated. 
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1.11.2 Micellar Electrokinetic Capillary Chromatography ( M E C C ) . 

One o f the limitations o f CZE is the inability to separate neutral compounds. MECC can be used 

to solve this problem by the addition o f a pseudo-stationary phase to the electrolyte to produce 

separations similar to those obtained using reversed-phase LC. MECC was first introduced in 

1984 by Terabe et al. [84]. This technique allows the separation o f neutral solutes based upon 

differences in their distribution between the electrolyte and the pseudo stationary phase. 

Separation in HPLC is based on differences in the partitioning o f solutes between two phases. 

These phases are descriptively referred to as the stationary and mobile phases, the stationary 

phase being the chromatographic column packing and the mobile phase being the eluent. 

Although, referred to as the stationary phase there is no requirement for this phase to be static and 

in MECC the stationary phase is created by the addition o f a surfactant to the electrolyte. The 

mobile phase is the electrolyte. 

Surfactants are long chain hydrocarbons with polar head groups attached to one end. The polar 

head group imparts a degree o f solubility to an otherwise insoluble molecule. In aqueous solution 

the polar group is solvated but the hydrophobic chain remains unsolvated. In solution at low 

concentration, the hydrophobic tails o f the surfactant are attracted towards each other by van der 

Waals forces, whilst the polar head groups are repulsed from each other. As concentration 

increases, the molecules come together to form what is termed premicellar assemblies. As the 

concentration rises above a specific level, termed the critical micelle concentration (CMC), 

surfactant molecules assemble to form spherical aggregates called micelles. The exact structure 

and shape of these micelles is contested, but this is o f little concern in this instance. Repulsion o f 

the head groups and Van der Waals attraction o f the tail groups determine the shape of the micelle 

produced. The choice o f surfactant for MECC is a balance between solubility in aqueous solution 

and lipophilicity. With carbon chain lengths o f 14 or more, solubility can become a problem. 

Shorter chain lengths produce smaller micelles o f lower lipophilicity. Sodium dodecyl sulphate 
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(SDS) (Ci2H250S03Na) an anionic surfactant is the most commonly used surfactant for MECC 

satisfying these requirements in most circumstances. In solution, a double layer similar to that on 

the capillary wall forms on the surface o f the micelle. 

l .H.2.1. Separation Mechanism 

With fused silica capillaries electroosmotic flow is towards the cathode but SDS micelles are 

anionic and migrate towards the anode. At neutral to alkaline pH the electroosmotic flow is o f 

sufficient velocity to carry the micelles towards the cathode but with a retarded velocity. An 

uncharged solute that remains in the electrolyte will migrate with a velocity equal to that o f the 

electroosmotic flow, but a solute that has a greater affinity for the micelle wil l migrate with a 

lower velocity. Therefore, solutes with greater affinity for the micelle migrate with lower 

velocities than those that spend more time in the aqueous electrolyte. 

Ionic solutes can also be separated by MECC with the migration order being anions, neutrals then 

cations. This reversed migration order is because anions are repulsed by the anionic surfactant, 

neutrals are separated by hydrophobicity and cations migrate last due to ion pairing with the 

micelles. 

1.11.2.2. Choice of Surfactant. 

Both cationic and anionic surfactants can be used in MECC with cationic surfactants the 

electroosmotic flow is reversed and therefore the polarity must also be reversed. Mixed micelles 

o f ionic and non-ionic surfactants can be used. Mixed micelles have a lower surface charge to 

size ratio and therefore migrate at lower velocities than the corresponding ionic micelle creating a 

shorter separation window. Resulting in shorter analysis times at the expense o f reduced 

resolution. 

1.11.3. Capillary Isotachophoresis ( C I T P ) . 

This technique, also referred to as displacement electrophoresis, is the separation of solutes in a 

discontinuous electrolyte system. CITP can be used for the determination o f both cationic and 
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anionic species, although not simultaneously. The term isotachophoresis literally means migration 

at uniform speed, which is exactly what happens. Commercial instruments for CITP have been 

available since 1974, but despite this, the technique has failed to become widely accepted in 

analytical laboratories on a global scale, although the technique has found some favour within 

academic establishments particularly in Czech Republic. 

The basic principles governing separations by CITP have already discussed in section 1.2 and will 

therefore only be outlined here. 

The electrophoretic velocity (v) o f a solute is proportional to the electric field strength that it 

encounters and since field strength is inversely proportional to conductivity, Equation ! . I 5 , 

the electrophoretic velocity o f an ion will decrease as conductivity (K) increases. 

I Equation 1.15 

Consequently, when an ion migrates from a region o f low conductivity to a region o f higher 

conductivity, the field strength it encounters would be lower causing its velocity to decrease. 

When the sample itself becomes the conducting electrolyte the independent migration o f ions will 

result in the formation o f zones. These zones, consisting o f ions o f a specific velocity wil l also 

have a specific conductivity. 

As with other CE modes the 

separation is based on 

Sample 

_l_ Terminating 
Electrolyte 

Leading Electrolyte 

differences in the mobilities o f 

ions. Two electrolytes o f 

differing mobility are used 

these are referred to as the 

leading and terminating 

Sample 

+ 
Terminating m Leading Electrolyte 
Electrolyte 

1; m 
Leading Electrolyte 

Figtire I. JO. Schematic Diagram of a Four 
Component Cationic Separation by CITP. 

electrolytes. The co-ion o f the leading electrolyte must have a mobility greater than that o f any o f 
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the solutes to be separated and the co-ion o f the terminating electrolyte must have a mobility o f 

less than that o f any o f the sample components. To perform the separation, the capillary and 

destination vial are filled with the leading electrolyte and the source vial is filled with the 

terminating electrolyte, the sample is then injected into the capillary at the source end, between 

the leading and terminating electrolytes as shown in Fig 1.10. When a voltage is applied across 

the capillary, ions in the capillary begin to migrate towards the corresponding electrode, according 

to their individual mobilities. 

As migration proceeds the ions begin to form into bands based on differences in their ionic 

velocity. However, as the zones develop, the field strength in each zone becomes altered by the 

ions migrating into it. The more mobile ions create a lower field strength since they are more 

conductive and since field strength is inversely proportional to conductivity, as a result the 

velocity o f the ions decreases. On the other hand, the less mobile ions create a higher field 

strength causing their velocity to increase. Eventually a steady state develops in which all the 

zones migrate with the same velocity. Once the zones are created they remain focused, should an 

ion diffijse into a adjacent zone its velocity will be altered by the field strength it encounters 

causing it to migrate back into its own zone. 

Since the conductivity o f a solute is not just a function o f its mobility but also its concentration, it 

is necessary that the concentration in each zone is uniform. However, there is no requirement for 

the concentration o f each component to be matched at the time o f injection, as dilute zones cause 

high field strengths, resulting in normalisation o f the concentration in the zone by compression o f 

the zone into a narrow band. This feature is one o f significance for the enrichment o f trace 

constituents. 

As the separation does not take place in an homogenous electrolyte, electrical continuity through 

the capillary is maintained by the components in the sample zones, as a result each zone must 

remain in contact with those either side o f it. 
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Leading 
Electrolyte 

Since each zone has its own specific 

conductivity, detection is easily achieved by 

conductivity detection with the output 

Terminating appearing as a series o f decreasing steps, 

Electrolyte 
illustrated in Fig. 1.11. This means that the 

Time 

Figure J.JO. Schematic Diagram of 
Conductivity Detector Output in a Four 
Component Cationic Separation by CJTP. 

detected zones do not appear as the 

conventional peaks seen in HPLC or other 

modes o f CE but as a series of steps. The 

implication o f this may have some significance on the lack o f general acceptance of this mode o f 

CE. 

With CITP separations electroosmotic flow is a disadvantage and is usually suppressed. 

1.11.4. Capillary Isoelectric Focusing (CBEF) 

CIEF is technique used to separation o f zwitterionic solutes in a pH gradient. The technique is 

widely used for the separation o f proteins and peptides. 

The basic principle behind CE separations is mobility. As previously stated mobility is due to the 

charge to mass ratio o f a solute, consequently, should this ratio be altered the mobility o f the 

solute will also be altered. Correspondingly, i f the charge o f the solute is reduced to zero during a 

run then its mobility wil l also be reduced to zero. 

The charge o f a zwitterion is pH dependent, at its isoelectric point (pi) the charge is neutral, 

above this value the charge is negative and below the charge is positive. The charge distribution 

of a neutral amino acid, above, below and at its pi is shown in figure 1.12. 

Due to the pH dependency o f charge, a zwitterion encountering a pH greater than its pi wil l have 

a negative charge and migrate towards the anode and a zwitterion encountering a pH of less than 

its p i wil l have a positive charge and migrate towards the cathode. These zwitterions will 
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continue to migrate in their respective directions until they reach the point where their pi value is 

equal to that of the pH of the solution and at this point their mobility will be zero. 

CIEF utiHses this 

relationship between the pH 

and charge to separate the Acidic Solution 

molecules. The pH 
Figure 1.12. The pH dependent charge of a zwiiterion. 

gradient is created by filHng 

the capillary with a mixture of zwitterions, termed the carrier ampholytes, having a range of pi 

values, the pH of the solution at this point is an average of the mixture. When a voltage is applied 

across the capillary, carrier ampholytes with a pi value of less than the pH of the solution will 

have a positive charge and migrate towards the cathode, while those with a pi value greater than 

the pH of the solution will have a negative charge and migrate towards the anode, Figure 1.13. 

Consequently, the pH at the anodic end of the capillary will decrease and the pH at the cathodic 

end will increase. The pH of the anodic vial 
needs to be lower than the pi of the most acidic 

ampholytes and likewise the pH of the cathodic 

vial must be greater than the pi of the most 

basic ampholytes to prevent them migrating out 

of the capillary. The choice of carrier 

ampholytes is important, obviously the mixture 

t 
pH 

Distance olor^ capilfairy 

Anode 

+ 

Cothodc 

Figure J. 13. The Creation of the pH 
gradient in CIEF 

should cover the pH range of the solutes to be separated, but also the prevention of joule heating 

is an important consideration. For this purpose the conductivities of the carrier ampholytes need 

to be reasonably matched to provide a uniform field strength and prevent the formation of hot 

spots (caused by joule heating due to differences in the field strength). 
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Were the carrier ampholytes to form tight bands, (this would result in them being sandwiched 

between low conducting zones of water) the result would be partitioning of the carrier ampholytes 

between low conducting zones of water, giving rise to a series of hot spots along the capillary due 

to ohmic resistance. However, due to diffusion, the concentration of the carrier ampholytes in 

each pH band follows a gaussian distribution, with concentration decreasing away from the mid 

point this still gives rise to some joule heating. As the ampholytes continue to migrate, the 

changing pH causes their charge to alter. Eventually the charge will be reduced to zero and the 

ampholyte will cease migrating. 

The separation is achieved by filling the capillary with the carrier ampholytes and sample, the 

capillary ends are then immersed in the appropriately buffered run vials and a voltage applied 

across the capillary. The carrier ampholytes and solutes will migrate until a steady state is reached 

when the mobility of the carrier ampholytes and solutes reaches zero, at this point the observed 

current will also approach zero. Once the components are focused they remain within their zones, 

diffusion causes them to drift out of the zone but as they leave it they acquire a charge which 

causes them to become refocused. Once focusing is complete it is necessary to mobilise the 

focused zones past the detector window. The most common type of detector used is an LTV 

absorption detector. There are three methods of mobilisation of the focused zones 

The first method, hydrodynamic mobilisation, is a relatively simple method in which a pressure 

[85] or vacuum [86] is applied to the appropriate run vial after focusing. The contents of the 

capillary can then be eluted past the detector. Band broadening during elution can be minimised 

by maintaining the focusing voltage. 

The second method, electrophoretic mobilisation, is accomplished by the addition of salts [85] or 

zwitterions [87] to the buffer vial. In order to create the pH gradient the components in the 

capillary contain basic groups (BhT) (e.g. NHs"") and acidic groups (A") (e.g. COO" S O 3 " ) . The 

electroneutrality condition is represented by Equation 1.16. 
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* ^ H - ^ ^ ^ B H - ^ O H - + ^ * ^ A - Equation LJ6 

Where C is the concentration in equivalents liter'* 

I f a salt is added to the cathodic vial as shown in Figure 1.14 (a) it provides a source of anions 

which compete with OH" for electromigration into the capillary. Equation 1.17 shows Equation 

1.16 with the addition of the salt. 

* ^ H - ^ ^ B H - = ^ O H - + ^ ^ A - + ^x- Equation 1.17 

where is an anion with a charge of n 

In order to balance Equation 1.17, maintaining electroneutrality, the addition of will result in a 

decrease in OH". With less OH" entering the capillary the pH will decrease causing ampholytes 

and solutes previously focused at their pi's, to become positively charged and migrate towards the 

cathode. 

^ ^ ^ B H - ^ Y " ^ = *^0H- + ^ ^ A - Equation 1.18 

Where y°^ is a cation with a charge of n. 

Similarly, as depicted in Fig 1.14 (b) and Equation 1.18, i f the salt is added to the anodic vial, it 

produces a source of cations 
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Figure 1.J4. Mobilisation in CIEF, (a) cathodic Migration 
and (h) anodic Migration. 

Y"* which compete with 

migrating into the capillary, 

resulting in an increase in 

pH. Consequently, 

previously focused 

ampholytes and solutes 

become anionic causing them 

to migrate towards the anode. 

48 



Increasing the concentration of the added salt induces the component mixture to migrate faster 

but at the expense of increasing joule heating. 

The Third method, electroosmotic mobilisation, occurs simultaneously with the focusing step. 

This is achieved by slowing the electroosmotic flow by the addition of a viscosity modifier such as 

methylcellulose to the ampholyte mixture. This slows the electroosmotic flow sufficiently to 

ensure focusing occurs before the solutes migrate past the detector window. 

1.11.S. Capillary Gel Electrophoresis (CGE) 

Slab-Gel electrophoresis is the principal technique use for the separation of biological 

macromolecules such as proteins, peptides and polynucleotides. CGE is a direct transfer of this 

technique to capillaries. With slab-gel electrophoresis, the gel needs to be sufficiently viscous to 

prevent it flowing off the plates, permitting the prepared plates to be handled, but with CGE the 

capillary wall provides mechanical support for the gel allowing the use of lower viscosity gels. 

The gels used in slab-gel electrophoresis, such as agarose and polyacrylamide, can be applied to 

CGE. Low viscosity gels can be refreshed between runs but high viscosity gel filled capillaries are 

usually polymerised in situ and must be discarded when the gel deteriorates. 

As with slab-gel electrophoresis the separation mechanism for CGE is based on molecular sieving, 

capillaries are filled with a polymeric gel matrix and solutes are induced to migrate through the gel 

by the application of an electric field across the capillary. Small molecules pass through the 

matrix relatively unimpeded but as molecular size increases, their passage through the gel 

becomes increasingly hindered. Under properly controlled conditions the solutes mobility is 

inversely proportional to its size. 

Due to their shape and charge, proteins need preparation prior to analysis by gel electrophoresis. 

This involves reduction of disulphide bonds and unfolding of the coiled helix. This is 

accomplished by heating the proteins in a solution of sodium dodecyl sulphate (SDS) and a 

reducing agent (usually mercaptoethanol or dithiothreitol). The SDS binds to the proteins by 
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electrostatic and hydrophobic interactions providing the molecules with a negative charge so they 

all migrate in the same direction. 

CGE is the most recent of all the related CE techniques, but has suffered with several problems 

such as unexpected gel failures and problems with high viscosity or rigid gels, and has had little 

success in replacing the more traditional slab-gel electrophoresis. 

1.11.6. Capillary Electrochromatography (CEC). 

Capillary electrochromatography is technique that combines CE and HPLC for the separation of 

solutes in capillaries packed with conventional HPLC packings, using electroosmotic flow to 

generate the flow of the mobile phase. Although the technique was first demonstrated by 

Pretorius et i7/.[88] in 1974, there has been little interest in CEC until quite recently and the 

technique is still very much in its development stage. The main advantages of CEC are the 

increased separation efficiencies achievable, the simplicity of the pumping system, the small 

quantity of reagents consumed and the requirement of very small sample volumes. The separation 

mechanism is a combination of electrophoresis and chromatography (the differential partitioning 

between two phases). CEC can be used to separate neutral and charged solutes. For neutral 

solutes, selectivity is the same using CEC or HPLC. However, with charged solutes selectivity 

will differ between CEC and HPLC, as the solutes migrate according to their individual mobilities 

under the influence of the applied electric field. Standard fijsed silica capillaries are used to create 

the separation columns. These capillaries are used because ionisation of the capillary wall and 

packings allows the generation of high mobile phase flow rates and the capillaries possess 

sufficient tensile strength to withstand the high pressures used to pack them. The most widely 

used packings are silica based reversed-phase particles, held in place with retaining frits. The frits 

are made from silica particles [89] or the stationary phase itself [90], fiised in place with heat. 

Fritless columns have also been produced using chemically bonded charged gels [91]. 
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The parameters influencing the choice of mobile phase for CEC are similar to those in CZE. 

Separations usually take place under conditions of high pH, when silanol groups of the packing 

and the capillary wall are ionised to ensure adequate flow rates. Buffering is essential for 

reproducible separations as variations in the electroosmotic flow will alter the elution times. The 

ionic strength of the electrolyte must also be controlled to prevent joule heating. The addition of 

non-aqueous solvents such as methanol or acetonitrile can be used to increase the solubility of less 

polar solutes. These can also be used to reduce the conductivity of the electrolyte but will also 

affect the zeta potential and electroosmotic flow. 

The major theoretical advantage for using CEC is the increased separation efficiency that can be 

achieved when compared with HPLC separations. This is in part due to the flat flow profile 

through the particles imparted by electroosmotic flow and the ability to use smaller particles in the 

column packing. Over the years smaller particle diameter column packings have increase the 

efficiency and improved the resolution of HPLC separations. As the particle size has become 

smaller, the pressure required to drive the mobile phase through the packings at similar velocity 

increases proportionally to the square of the inverse of the particle size. At particle sizes below 

3|im the back-pressure becomes a limiting factor [92]. In CEC, the mobile phase is electrically 

driven and there is no increase in back-pressure to impede the passage of the mobile phase 

through the packing, allowing the use of smaller particle size packings. However, the particle size 

used in packings for CEC columns appears to be limited to a diameter of 40 times the double 

layer thickness [89]. Smaller sized particles were reported to result in overiap of the double layer 

on the surface of the particles causing a reduction in the electroosmotic flow rate. This means 

that smaller particles can be used with higher ionic strength electrolytes, by reason of the thinner 

double layer, but at the expense of a greater current or reduced electric field. 

With packed capillaries, electroosmotic flow is generated by the electrical double layer on the 

capillary wall and the surface of the stationary phase particles. Furthermore, the ftits may also 
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contribute towards the electroosmotic flow. The maximum efficiency that can be attained from a 

packed bed column using a pressure driven system is limited by the particle size that can be used. 

Smaller particles produce higher efficiency, but at the expense of increased back-pressure and a 

greater pressure drop across the packed bed. With an electrically driven system, the flow is 

independent of particle size, theoretically allowing the use of sub-micron particle sizes; in 

addition, there is no pressure drop across the packing. 

Dittman et al. [93] compared the contributions to band broadening in HPLC and CEC. Values 

were assigned to each of 

the contributory factors (a) 
Particle • Q _ _ 

Channel 
a 

and applied to models 

with the same stationary 

phase, particle size, 

mobile phase and flow 

rate. The authors 

Velociiy Profile 

(b) 

Panicle 

Channel 
C I 

a 
Velocity Profile 

a 

concluded that any factor ^^^^^ ^ Diffusion and Velocity Profiles in (a) 
. , ^ HPLC and (h) CEC 
independent of flow 

profile would be the same in either system and therefore the major difference between the systems 

was a reduction in eddy diffijsion in CEC due to the electroosmotic flow profile. Eddy diffusion 

occurs due to unevenness in the packing in the column, resulting in pore sizes of different 

diameter. In a pressure driven system, the flow velocity is influenced by the channel width, with a 

wider channel allowing a greater flow, as illustrated in Figure 1.15 (a). These flow inequalities 

and the parabolic velocity profile contribute towards eddy diffusion. Whereas, with an 

electroosmotically driven system. Figure 1.15 (b) flow is generated uniformly throughout the 

packing (except where the channel through the particles is so small that the double layers of 

adjacent particles overiap) resulting in a uniform velocity profile and a reduction in eddy diffusion. 
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One of the major problems with CEC is the formation of bubbles within the column when a 

voltage is applied. Bubble formation is thought to occur due to the heterogeneous nature of the 

column causing variation in local field strengths, differences in the electroosmotic flow rates and 

joule heating. The heterogeneity of the columns is due to the unpacked sections, frits and inequity 

in the distribution of the packing material. Pressurising the capillary prevents bubble formation 

but at the expense of complicating the system. 

Sample introduction can also present a problem owing to the high back-pressure exerted by the 

packed column. This back-pressure restricts the use of hydrodynamic injection, and requires high 

pressures or longer injection times with hydrostatic injection. Electrokinetic injection is 

unaffected by the back-pressure but as previously mentioned introduces a bias with ionic solutes. 

1.12. Theory of Coordination Chemistry. 

This project concerns the study of the separation and determination of metal ions by capillary 

electrophoresis. Most of this will be based on the formation of metal complexes with special 

electrophoretic and spectroscopic characteristics. Consequently, it will be usefiji to set out the 

basic principles of metal coordination. 

A coordination compound or complex is formed by association between a metal ion or atom and 

an anion or polar molecule, termed a ligand. The concept of metal complexes originated from the 

work of Swiss chemist Werner (1891) who proposed that metal ions (in particular transition 

metals) had two types of valence termed the principal and auxiliary valences. The principal 

valence is based on the oxidation state of the ion while the auxiliary valence represents the number 

of ligands bonding to the ion and relates to the coordination number. 

Ligands donating a single pair of electrons such as water, ammonia and the halide ions are termed 

monodentate. Ligands donating more than one pair of electrons are referred to as multidentate. 

Examples of multidentate ligands include ethylenediamine, which donates two pairs of electrons 
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and is termed bidentate or ethylenediaminetetraacetic acid (EDTA), which donates six pairs of 

electrons and is termed hexadentate. When a multidentate ligand bonds to a metal ion, a ring 

structure of four or more members is produced, this ring structure is called a chelate. 

1.12.1. Bonding in Metal-Ligand Complexes. 

A simple representation of the nature of the bond between the metal and ligand regards the metal 

as an electron pair acceptor and the ligand as an electron pair donor. The metal acts as a Lewis 

acid, while the ligand acts as a Lewis base and the donation of an electron pair by the ligand to the 

metal creates a coordinate bond. 

Trends in the stability of metal complexes can be explained using the Principle of Hard and Soft 

Acids and Bases (HSAB Principle) [94]. In the HSAB Principle, acids and bases are classified as 

either 'hard' or 'soft'. Hard acids have acceptor atoms that usually possess high positive charge 

and small size with no unpaired electrons in the valence shell. Soft acids have acceptor atoms of 

low positive charge, small size and often have unpaired electrons in the valence shell. Hard acids 

are not very polarisable whereas soft acids are easily polarisable. The terms hard and soft are 

derived prom the polarisability of an acid or base. Polarisability relates to deformation of the 

electron cloud and the ability to become deformed can imply softness, accordingly polarisable 

acids or bases are referred to as soft and non-polarisable acids or bases are referred to as hard. 

Chemical hardness or softness is not an inherent property of an acid or base but can be influenced 

by the substituent atom. For example tri-valent boron is borderiine between hard and soft but the 

addition of three fluoride ions makes it a hard acid. Conversely, the addition of three hydride ions 

softens the boron. 

The general concept of the HSAB Principle is that hard acid prefer to coordinate with hard bases 

and soft acids prefer to coordinate with soft bases. Table 1.1 displays a list of metal ions 

classified as hard or soft acids and Table 1.2 classifies a range of ligands as hard or soft bases. 

Soft acids tend to form covalent bonds with soft bases and hard acids form ionic interactions with 
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hard bases. Although, there are many examples of strong bonds between mismatched pairs and 

other factors which determine bond energies must be taken into account, such as the charges and 

size of the acids and bases, the electronegativities of the donor and acceptor atoms, orbital 

overlap and steric repulsion. However, the HSAB Principle refers to an additional stabilisation of 

hard-hard and soft-soft, or destabilisation of hard-soft pairs [94]. 

Table 1. J. Classification of Metal Ions as Hard or Soft Acids [95]. 

Hard Soft 
H" Li", Na", K", Rb", Cs' 
Be'*, Mi\ Ca'\ Sr^^ Ba ' \ Râ * 

L2^\ C^'\ Gd'^ L u ' ^ Th^" 
\ f \ U02^\ vu'\ i r , Zr'\ m'* 
VO'", Cr'*, Cr*\ MoO'*, WO'* 
Mn'", Mn'", Fe'\ Co^', BFj, BCI3 
a P ^ AICI3, Ga'" Sr, Su*' 

pd ^\ pt '^ pt 
Cu*, Ag\ An\ Cd^\ Hg\ Hg'' 
CHjHg^ BH3, Te ' \ i r . 

Borderline 
Cr'^ Fe'^ Co'^ N i ' \ Cu'^ Zn'^ Rh^* 

Ru'\ Os'^ Sn^^ Pb'\ Sb'\ Bi'^ 

Table J. 2. Classification of Ligands as Hard or Soft Bases [96] 

Hard Soft 
H2O, OH", F R, C2H4, CeH ,̂ CN", RNC, CO 
CH3COO*, P04^', SO4'' SCK, R3P (R0)3P, R3AS 
Cr, C03^ CIO4", N03' R2S, RSH, RS-, S203'' 
ROH, R0-, R2O, 0^ r, R-, H-
NH3, RNH2, N2H4 

Borderline 
C6H5NH2, C5H5N, N3', N2 

N02-, SOs'-, Br" 

In aqueous solution soft acids and bases tend to form stable complexes but hard acids form only 

moderately stable complexes, even with hard bases. This is because water acts as a hard 

molecule, both as an acid and as a base, competing with the ligand. 
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1.12.2. Stability ofMetal Complexes. 

A quantitative description of the extent to which an aqueous metal ion bonds to a ligand can be 

gained by using the appropriate equilibrium constants. 

In aqueous solutions, metals exist in the hydrated form, consequently when a ligand bonds to a 

metal (M) it has to displace a water molecule. For a monodentate ligand ( L ) the formation of the 

complex proceeds in a stepwise manner with successive replacement of water molecules, as in 

Equation L 1 9 - L 2 0 , (for simplicity the charges of the metal and ligand have been omitted). 

[M(H20), ] + L — [ML(H20)x -1 ] + H2O Ecfuation J. 19 

[ML(H20)^ . i ] + L —= [ML2(H20)^.2 + H2O Equation 1.20 

The reaction continues until the coordination number of the metal is reached. For reactions in 

dilute aqueous solution, the activity of water remains essentially constant and is therefore usually 

omitted fi-om equations defining stability constants. 

1.12.2.1. Concentration Stability Constants. 

For a mononuclear complex, assuming the resultant complex does not precipitate, the 

coordination of a metal and ligand can be described by the equilibrium expressions in Equation 

1.21- 1.23. 

M+L=ML K = Equation 1.21 
[ M ] [ L ] 

A / L + A = M L 2 K = ^^'^ Equation 1.22 
' [ M L ] [ L ] ^ 

MLn., + L =MLn K „ = ' ^ ^ " ^ Equation 1.23 
[ M L „ _ , ] [ L ] 

These reactions continue until the number of ligands equals the coordination number of the metal 

ion. K i , K2 Kn are the stepwise formation constants for each reaction. There are n 

equilibria for each reaction where n represents the coordination number of the metal ion M , for 
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the ligand L. The coordination number of the metal may vary according to the ligand to which it 

is coordinated. For example, the coordination number of aluminium (IH) is 4 when complexed 

with the chloride ion and 6 when complexed with the fluoride ion forming the complexes AlCU' 

and A1F6^ respectively. 

An alternative way of expressing the equilibrium relationship is shown in Equation 1.24 - 1.26 

M^L=ML 6 = - O ^ ^ i Equation 1.24 
[ M ] [ L ] 

A/ + 2L = ML2 = J ^ l t l L Equation 7.25 
[M1[L] 

M + nL = MLn = ' ^ ^ " ^ Equation 1.26 
" [ M ] [ L ] " 

P values are termed the overall formation constants. The relationship between K values and P 

values can be expressed as Pi = K i , P2 = K i X K2 and P3 = K i X K2 X K3 and the general 

relationship is expressed in Equation 1.27. 

p„ =KiK2K3 K„ = l f f Ki Equation L27 

1 = 1 

Table 1.3 shows the values for the stepwise and overall formation constants for a variety of metals 

complexed with ammonia and ethylenediamine. Expressed as a logarithm, the value for K usually 

decreases with each progressive step. 

Table 1.3. Stability Constants of Metal Ions Complexes with Ammonia and Ethylenediamine 

Metal Ligand LogK, LogK2 LogKs LoglCi LogKs LogK^ Logp 
Ag^ N H 3 3.30 3.89 7.19 

N H 3 2.59 2.32 2.00 1.70 8.61 
Cu'* N H 3 4.28 3.59 3.00 2.17 13.04 
Ni-" N H 3 2.80 2.23 1.73 1.18 0.74 0.04 8.72 
Cû ^ en 10.70 9.30 20.00 

en 7.52 6.28 4.25 18.05 
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This can be simply explained in statistical terms. The ligands approach to the metal ion is a 

random event. As each water molecule is replaced, the number of sites on the coordination 

sphere where a ligand can attach decreases. As more sites become occupied the probability of 

finding an unoccupied site decreases. 

Determinations of the stepwise stability constants are usually made in solutions of constant ionic 

strength, usually though not exclusively in 0. I M solutions. These constants are referred to as the 

concentration stability constants. The value of the concentration equilibrium constant varies with 

the ionic strength of the medium in which it is measured, due to this a conversion factor may be 

needed to compensate for reading taken at different ionic strengths. Figure 1.16 shows the 

approximate conversion factor for converting activity constants to concentration constants. From 

Figure 1.16, it can be seen that the correction for the I ^ metal ions measured in 0.1 M solution 

and those measured in 0.5 M 
1.2 

1.0 

0.8 
OX) o -J 0.6 
< 

0.4 

0.2 

0 

: A -̂

: A2-

M^: A-

y ^ 1 1 
t s : = ^ 1 1 

I 

0.1 0.2 0.3 0.4 0.5 

solution is minimal. For metals 

with higher charge the 

correction for constants 

measured at different ionic 

strength is much larger and 
Figure 1.16. Diagram giving the Approximate Conversion 

usually needs to be taken into of Activity Constants into Concentration Constants. [97] 

account. With increasing 

dilution, the concentration stability constant becomes the same as the activity constant. 

1.12.2.2. The Chelate EfTect. 

Chelates tend to be more stable than metal complexes with monodentate ligands. From Table 1.3 

it can be seen that the stability constants for ethylenediamine are much higher than those for 

ammonia. Using nickel as an example, in both complexes the number of ligand-acceptor bonds is 
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the same and both involve nitrogen groups, yet the Nien3^^ complex is approximately IO'^ times 

more stable than the ammonia complex. This increased stability is termed the chelate effect. 

[ N i C H 2 0 ) j ' ^ + 6 N H 3 = N i ( N H 3 ) ^ ^ + 6 H 2 0 Log pe =8.7 Equation 1.28 
N° of Particles: 1 + 6 1 + 6 

[N'(H20)6]^"' +3en = [Ni(en)32-' +6H2O l o g p3 = IS.OEc/uation J.29 
N° of Particles: 1 + 3 1 + 6 

When a monodentate ligand such as N H 3 displaces a water molecule fi-om the coordination sphere 

of Nî " ,̂ (Equation 1.28) the entropy change (AS°) is small (same number of particles on each side 

of the equation). When a three bidentate ligands such as ethylenediamine displace six water 

molecules as in Equation 1.29 a large increase in entropy is encountered (four particles on the left 

yield seven on the right). 

A simple explanation is that when an ammonia molecule dissociates from the complex it is free to 

diffuse away or reform the complex. On the other hand when one of the nitrogens from the 

ethylenediamine molecule dissociates from the complex it is held in place by the second nitrogen 

bond and the probability of the complex reforming is much higher. 

L.12.2.3. Conditional Stability Constants. 

The effect of then ionic strength on the stability constant is often insignificant compared to the 

effect of competing side reaction from other ligands present in the solution. The stepwise and 

overall formation constants assume that the reactants, or products, are in one form, but in reality 

the amount of metal or ligand available for complexation may be lower due to these side reaction 

from 'interfering' ions. Common side reactions are those caused by hydrogen ions, hydroxide, 

buffer constituents and impurities. 

Due to interference from side reactions the concept of the conditional stability constant, (K') 

defined in Equation 1.30 has been developed [98]. 

K ' = : K m v = ^ Equation 1.30 
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Where [M' ] represents the concentration of not only the free metal ion but also all the metal in 

solution that has not reacted with the ligand and [L ' ] denotes the concentration of the ligand and 

the concentration of all species of unbound ligand in the solution. The conditional constant gives 

the relationship between the concentration of the product formed [ML] and the total 

concentration of uncomplexed metal [M' ] and the total concentration of uncomplexed ligand [L ' ] . 

The total concentration of uncomplexed metal is in relation to the primary reaction and includes 

all metal complexed by the competing ligands. For example, shown in Equation 1.31, when zinc 

is titrated with EDTA (H4Y) in an ammonia-buffered solution, NH3 and OH" will enter into side 

reactions with the zinc and FT will have side reactions with the EDTA, Equation 1.32 (the 

charges are omitted from the equations for simplicity). 

[Zn T = [Zn] + [Zn(NH 3 ) ] + [Zn(NH 3 ) 4 ] + [Zn(OH)] + + [Zn(0H)4 ] Equation 1.31 

[ Y > [ Y ] + [HY] + [H2Y] + [H3Y] + [H4Y] Equation 1.32 

The conditional constant is not a real constant, 

but depends on the experimental conditions, 

especially the concentrations of other species in 

the solution. In the above example, at a 

constant temperature, the pH and concentration 

of ammonia in the solution will determine the 

value of K' (Kzn v-). Conditional stability 

constants can be used to predict the stability of 
10 13 M 

metal complexes in the presence of competing Figure 1.17. Conditional stability 
cons/ants, KM L O/ various metal EDTA 

ligands and under different pH conditions and complexes as functions ofpH [99]. 

produce species distribution plots using computer 

programs such as Mineql. For example, Figure 1.17 shows the stability of various metals 
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complexed with EDTA as a fiinction of pH, calculated using conditional stability constants, Km l -

[99]. 

1.13. Review of Metal Ion Determination by Capillary Electrophoresis. 

The determination of metal ions by CE is a comparatively new area of study and the quantity of 

published work is relatively small, but is sufficient to provide a basis for the work developed here. 

The capillary electrophoresis separation of metal ions is based on the differences in the 

electrophoretic mobilities of the ions. However, a problem with metal ion analysis is that in some 

cation groups the electrophoretic mobilities of the individual hydrated metal ions are similar, due 

to equal charge and similar radii. To achieve the separation it is necessary to introduce additional 

chemical interactions to the system, forming complexes to modify the mobilities of the different 

metals. Direct and indirect absorption detection can then be used depending on the spectroscopic 

properties of the ligand. 

1.13.1. Indirect detection 

Foret et al. [100] used creatinine as the background electrolyte, with a-hydroxyisobutyric acid 

(HIBA) as the complexing agent, separating fourteen lanthanides. 4-methylbenzylamine has been 

widely used as the electrolyte probe and is patented by Waters (Millford, MA) under the brand 

name UV-cat 1. Jandik et al. [101] first used 4-methylbenzylamine as an electrolyte in 1991 with 

HfBA as the complexing agent to separate alkali and alkaline earth metals. Since then 4-

methylbenzylamine has been used by several other workers. Shi and Fritz [102] used 4-

methylbenzylamine with lactic acid and l8-crown-6 as the complexing agents. Riviello and 

Harrold [103] used an electrolyte consisting of cupric sulphate, formic acid and 18-crown-6 to 

separate common inorganic cations and low molecular mass amines. Yang et a/. [104] used an 

imida2ole-H2S04 buffer with HIBA to optimise the separation of alkali and alkaline earth metals 

in the presence of high sodium concentrations. Simunicova et a/. [105] used benzimidazole with 
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tartaric acid and l8-crown-6. AJuminium ions were sensitively detected in the presence of other 

metals by Barger ei ai [106] using ephedrine as the probe and H I B A as the complexing ion. 

Chen and Cassidy [107] assessed a range o f chromophoric reagents, creatinine, benzylamine, N -

methylbenzylamine, N-l-naphthylenediamine dihydrochloride, benzyltrimethylammonium chloride, 

N,N-dimethylbenzylamine and naphthene methylamine, with the best results gained using N , N -

dimethylbenzylamine and HtBA. Beck and Engelhardt [107] reported a system for the separation 

of some transition metals using 4-aminopyridine and HIBA. Vogt and Werner [108] determined 

arsenic and selenium species by indirect detection at 254nm using chromate as the probe. 

Gross and Yeung [109] used indirect laser induced fluorescence detection using quinine sulphate, 

in the separation and sensitive detection o f alkali and alkaline earth metals. Bachmann et ai. [110] 

used cerium ( I I I ) as the background fluorescing agent in the separation o f alkali and alkaline earth 

metals. Recently, Desbene ei al. [ I l l ] reported the indirect laser induced fluorescence detection 

o f Ba(II), Ca(ll) , Mg(n), Fe(ai), Zn( l l ) and Cu(n) using fluorescein (as sodium salt), the 

separation was optimised using ethylenediaminetetraacetic acid (EDTA). 

1.13.2 Direct detection 

T. Saitoh et al [80] separated metal chelates o f 4-(2-pyridlya2o)resorcinol (PAR) by micellar 

electrokinetic capillary chromatography (MECC). D. Saitoh et al. [112] also investigated the 

MECC separation o f porphinato chelates o f Mn(I l ) , Cu(n), Co ( l i l ) and Mn(in), with direct 

detection at 422nm. Highly stable complexes were formed using a,P,y,5-tetrakis(4-

carboxyphenyl)porphine and a minimum detectable amount o f 4.8x10''^ moles was found for the 

zinc chelate. 

Chen et a/.[113] separated transition metal complexes o f PAR using modified capillaries 

containing NH2 and COOH fianctional groups with direct visible detection at 520nm. Regan et al. 

[79] investigated the separation o f PAR chelates o f Co(Il) , Fe(Il), Cu(n) and Zn(I l ) using pre

formed complexes and on capillary complexation methods. Lower detection limits were obtained 
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with on capillary complexing using trace enrichment by peak stacking, IxlO*^ M for Co, Fe and 

Zn, although greater linearity and precision were obtained by pre-capi!lary complexation. 

Timerbaev et ai [114] reported the separation and direct UV detection o f transition and alkaline 

earth metals as pre-formed chelates o f 8-hydroxyquinoline-5- sulphonic acid (8-HQS) 

K. Saitoh et ai. [115] separated electrically neutral acetylacetonato complexes o f Cr(II) , Co(Ll), 

RJi(lTI), and Pt( l l ) or Pd(in) by MECC, with direct UV detection at 230nm, in another paper 

[116] they report the separation o f Sc(m), V(rV), Cr(II) , Mn(ni), Fe( l l l ) , Co(inX and Cu(l l ) by 

the same method. 

Timerbaev etal. [117] determined Co(n), Cu(Ll), Cd(l l ) , Fe(m), Hg( l l ) , Mo(Vl). Sc(l l l ) , U(V1), 

V ( V ) , Y(m) and Zn(II) after chelation with 2,6-diacetylpyridine bis(N-

methylenepyridiniohydrazone) and direct UV detection at 254nm. Separation was aided by the 

addition o f a surfactant, and detection limits were in the mid ppb range. Timerbaev et a/. [118] 

examined a range o f aminopolycarboxylic acids as chelating reagents for the determination and 

direct UV detection o f metal ions. Pre-formed complexes o f lanthanoid metal ions and 

nit ri I otri acetic acid (NTA) , ethylenediaminotetraacetic acid (EDTA), 

cyclohexanediaminotetraacetic acid (CDTA), diethylenetriaminopentaacetic acid (DTPA) and 

triethylenetetraaminohexaacetic acid ( T T H A ) were tried. CDTA provided the optimum 

separation conditions, separating thirteen o f the lanthanoids (not Pm), yttrium and scandium. 

Timerbaev et al. [119] also separated and detected lanthanoid metals as PAR and Arsenazo 111 

complexes, only a limited number o f metals were separated due to loss o f labile complexes during 

the electrophoresis conditions. 

Motomizu et ai [82] used the visible light absorbing chelating agent 2-(5-bromo-2-pyridylazo)-5-

(N-propyl-N-sulphopropylamino)phenol to separate fourteen metals with direct visible detection 

at 550nm. Iki et ai [120] separated pre-formed chelates o f A](m), Co(m), Cr(ni) and Fe(m) 

with 2,2'-dihydroxyazoben2ene-5-5'-disulphonate. The separation and direct UV detection o f 
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negatively charged cyanide complexes o f Fe(ll), Fe(ni) and Zn(n) in metal plating solutions was 

reported by Aguilar et aL [\2\] 'm ]989. 

Buchberger c/ a/. [122] also report the separation o f cyanide complexes o f Fe(Ln), Fe(II), Cu(Ll), 

Ni ( I I ) . Cr(ni), Hg(n), Pd(II), Ag(a),Cd(Il), Zn(n) Co(n) and Co(m), with direct UV detection 

at 214nm. 

Medina el al. [123] determined organic mercury species as cysteine complexes by direct UV 

detection, the technique was applied to real samples and reference materials producing reasonable 

results. 

Swaile and Sepaniak [81] separated zinc, calcium and magnesium using 8-HQS in the background 

electrolyte with on column complexation and direct fluorescence detection. 

1.14. Aims and Objectives. 

One of the main problems of capillary electrophoresis is the relatively poor concentration limits o f 

detection that are achieved. In addition, o f the publications detailing the separation o f metal ions 

by capillary electrophoresis very few have been applied to real samples. 

Indirect photometric detection provides an universal detection method for ions sharing the same 

displacement mode. With this method the maximum sensitivity o f the separation can be calculated 

using Equation 1.14. However, this theoretical sensitivity is not realistically attainable due to wall 

effects and diffusion. In addition, the maximum theoretical sensitivity only applies to ions with 

mobilities closely matched to that o f the probe. Ions migrating with velocities o f either greater 

than or less than that o f the probe produce fronted or tailing peaks respectively, causing a 

reduction in their sensitivity. The lack o f selectivity inherent in this mode o f detection makes it 

difficult to apply to environmental samples. Due to these limitations this work wil l concentrate on 

the direct detection o f highly absorbing metal ion complexes. 
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The direct detection o f metal complexes has several advantages over indirect detection. The 

technique is potentially more sensitive due to the lower background adsorption o f the electrolyte. 

The limit o f detection with direct detection methods is essentially limited by the extinction 

coefficient o f the metal complex and the greater the absorption o f the complex the greater the 

sensitivity o f the separation. Direct detection also offers greater selectivity over indirect 

detection, which should make the separation methods more applicable to the analysis o f a wider 

range o f environmental samples. The major disadvantage o f this detection strategy is due to the 

instability o f the metal complexes during electrophoretic conditions, although several workers 

have used this as a means o f enhancing selectivity in what is referred to as kinetic differentiation 

mode. 

The main aim o f this study was to investigate the spectroscopic and electrophoretic properties o f 

a range of metal ions complexed with selected chelating dyestuffs with the objective o f developing 

highly sensitivity methods for the separation and detection o f metal ions in a range of samples. 

The work wil l involve an investigation into the stability o f metal ions complexed with chelating 

dyes, the optimisation o f direct photometric methods and the application the most successful o f 

these methods to the analysis o f environmental samples. 

Post column reaction detection is commonly used as a method of detection in the ion 

chromatographic separations o f metal ions. This work will also involve an investigation into the 

transfer o f this approach to a capillary electrophoresis system and the development o f a post

capillary reaction trace metal detection system for capillary electrophoresis. 
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CHAPTER 2.0. T H E SPECIATION OF MERCURY. 

2.0 Introduction 

The environmental behaviour and toxicity o f a metal are often related to the specific form or 

species in which it occurs [125]. It is generally recognised that the organometallic species o f 

certain metals are far more toxic than the inorganic forms due to their greater biological 

compatibility [126]. The determination o f total metal concentrations do not reflect this 

important information and this has led to the need to distinguish between the different species. 

There has been a continuing interest in the speciation o f mercury for a number of years now 

owing in part to the high toxicity o f methylmercury and the tendency towards bio-

magnification as it passes through the food web [127]. This bio-magnification is particularly 

large in marine ecosystems and leads directly to human exposure through the fish food chain. 

2.0.1. Mercury in the Environment. 

The occurrence o f mercury in the environment is widespread. An estimated average o f 3,000 

tons o f mercury is released into the atmosphere by natural degassing from the earth's crust and 

oceans [128]. A further 3,600 to 4,500 tons are contributed to the annual atmospheric loading 

by anthropogenic activities which represents some 50-75% o f the annual total input from all 

sources [128]. This atmospheric mercury can be transported great distances resulting in a 

wide distribution. Point sources, particularly industrial eflnuent discharges, can lead to 

localised increases far greater than those o f natural background levels giving rise to potentially 

dangerous levels. 

2.0.2. Chemistry of Mercury. 

With a melting point o f - 3 8 . 8 7 ° C mercury is the only metal that exists as a liquid at room 

temperature or below. It has a density o f 13.59 g cm'' and a low vapour pressure (0.001201 
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mm Hg at 20°C) [129]. 

Mercury has two principal oxidation states +1 and +2. Mercury (1) forms the diatomic ion 

with a metal-metal covalent bond, Hg2̂ ^ and mercury (11) forms the ion, Hĝ "*". 

Mercury forms amalgams with many other metals, some of which are o f commercial value, the 

principal uses being in dental amalgam and the gold extraction industry. Mercury and 

organomercury species are soft acids and tends to form covalent bonds with soft ligands. 

Table 2.0. The stability of various ligands with methyl mercury and protons fJ 30J. 

Ligand Coordinating atom pK (CH3Hg^- pK(ir)^ 
r F 1.5 2.85 
c r CI 5.25 -7.0 
Br- Br 6.62 -9.0 
r 1 8.6 -9.5 

OH" 0 9.37 15.7 
HP04" 0 5.03 6.79 

S 21.2 14.2 
SCN s 6.05 4.0 
S03'" s 8.11 6.79 
NH3 N 7.6 9.42 

(CH3CH2)3P P 15.0 8.8 
CK c 14.1 9.14 

• p K ( C H 3 H g - ) = log ^ ^ " ^ ^ g ^ J and pK ( H ^ ) = log 
[CH3Hgn[B-] [HnCB] 

From Table 2.0, it can be seen that methyl mercury tends to form very stable complexes with 

sulphur containing ligands, as do other mercury species. The sulphide ion forms very strong 

complexes with the methyl mercury cation, it also forms a stable bond with protons but the 

mercury bond is greatly favoured. Phosphorus can also forms stable complexes with mercury 

as shown by the high stability constant for triethylphosphine in Table 2.0. Cyanide bonds 

through the carbon atom to form a stable complex with methyl mercury. The stability o f the 

mercury-carbon bond gives rise to the large number o f organic mercury compounds. Methyl 

mercury also forms complexes with the halides with the exception o f fluorine, which is a very 
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hard base. The hydroxide is a relatively strong base with regard to the methyl mercury but 

vastly stronger towards the proton. 

Equation 2.0 explains the complexation o f methyl mercury with in terms o f the HSAB 

principal. The sulfonate is a soft base towards the methyl mercury whereas chloride acts as a 

hard base. 

C H j H g C l + HSO; > C H j H g S O j + HCl Equatiou 2.0 

Soft - hard Hard - soft Soft - soft Hard - liard 

2.0.3. Methylation ofMercury in the Environment. 

Mercury is methylated in a wide variety o f environments with much of the focus o f research 

being on fresh water and estuarine environments [128]. Mono-methyl mercury is the only 

organic species detected in freshwater but in open oceanic environments, di-methyl mercury 

has been detected in significant concentrations. Mono and di-methyl mercury are both formed 

by similar processes, with di-methyl mercury being formed from Hg (11) and mono-methyl 

mercury by demethylation o f the dimethyl mercury. Although it is not known i f mono-methyl 

mercury is the final product o f bacterial methylation, or whether di-methyl mercury is the final 

product, which then rapidly demethylates to mono-methyl mercury [131]. The greater 

concentration o f mono-methyl mercury over di-methyl mercury at the sediment water interface 

and in water column is thought to be due to its greater stability [132]. In the aquatic 

environment sulphate-reducing bacteria have been identified as the principal mercury 

methylating organisms [133] and methylcobalamin (CH3-Co(Ln)-5,6-dimethyl benzimidazoyl-

cobamide) as the main source o f the methyl group [134]. Mercury is also demethylated by 

mercury resistant microbial species. This demethylation occurs mainly at the oxic/anoxic 

interface and the total concentration o f methyl mercury in the water column is an equilibrium 

between methylation and demethylation. 
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The methylation o f mercury occurs in both aerobic and anaerobic conditions, with the latter 

being more favourable. The pH o f the system also influences speciation o f organo-mercury, as 

methyl mercury is more stable in neutral to acidic conditions, whereas di-methyl mercury is 

more stable in basic conditions. This may explain why di-methyl mercury is detected in 

seawater and mono-methyl mercury is the only species detected in freshwaters, which tend to 

be more acidic. A low pH has also been noted to correlate with the release o f mono-methyl 

mercury from the sediment surface [131] in lacustrine systems. A reduction o f the pH at the 

aerobic/anaerobic water sediment interface was reported to produce a two to three fold 

increase in the rate o f methyl mercury production [135,136]. Acidification o f lakes has also 

been reported to promote methylation o f mercury in the water column [131]. This was 

thought to be due to sedimentation o f dissolved organic matter as aluminium complexes. This 

results in the loss o f Hg^^ binding sites and promotes the methylation o f mercury in the water 

column due to the greater availability o f inorganic mercury. 

The concentration o f mercury in an aquatic environment can influence the production o f 

methyl mercury. Furutani and Rudd [137] reported that in non mercury contaminated lakes 

the production o f methyl mercury was 10 times faster than in mercury contaminated lakes. 

This increase in production was ascribed to the absence mercury resistant bacteria in the 

pristine lakes and it is these microbes that are responsible for the demethylation the mercury. 

Sulphide concentrations can also influence methyl mercury production, with high sulphide 

concentrations being reported to reduce the rate o f methylation. This was thought to be due 

to precipitation o f the stable HgS making it unavailable for methylation [138,139]. 

The methylation o f mercury was reported to increase with temperature to an optimum of 35°C 

[140]. The colder climate o f the Northern Hemisphere, particularly during the winter, does 

not favour microbial activity. However, the production o f methyl mercury continues 

throughout the year, suggesting that the methylation o f mercury may also be abiotically 
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mediated. The main sources o f abiotic methylation are reported to be humic substances [141, 

142] and rain [143, 144]. 

2.0.4. Bio-accumulation of Mercury and Methyl Mercury 

Mercury methylated by bacterial activity in sediments can be absorbed or ingested by benthic 

organisms. This methyl mercury is then passed on to and accumulated by fish feeding on these 

organisms. Methyl mercury is also released into the water column from the sediment where it 

may be absorbed as it passes through the gills o f fish. 

The bio-magnification o f MeHg in the marine ecosystem is generally thought to result from its 

lipophilic character. However, the prevalence o f MeHg in fish muscle rather than in fat tissue 

indicates its adsorption may not be entirely controlled by lipid solubility [145]. Although, the 

lipophilicity o f methyl mercury is likely to play an important role in its preferential absorption 

across the gut wall when compared with inorganic mercury [146]. 

/// vitro studies have shown that both inorganic and organic mercury accumulate in 

phytoplankton by passive diffijsion across the cell membrane, however, zooplankton feeding 

on the phytoplankton tend preferentially accumulate methyl mercury rather than inorganic 

mercury [147]. This is because methyl mercury passes into the cytoplasm o f the 

phytoplankton whereas the inorganic mercury tends to be retained in the cell membrane, most 

likely through thiol bonding [148]. Zooplankton feeding on the phytoplankton digest the 

cytoplasm but defecate the cell membrane. Consequently, this first step in the food chain is 

highly significant with regard to the bioaccumulation o f methyl mercury in preference to 

inorganic mercury. 

Nearly all species o f fish contain trace amounts o f methyl mercury but in regions with elevated 

mercury levels either from natural sources or form industrial pollution the levels o f mercury in 

fish may pose a threat to humans. The US Food and Drug Administration (FDA) limit in fish 
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flesh for human consumption is Ippm and in general, methyl mercury levels in most fish range 

from 0.01 ppm to 0.5 ppm. In a few species o f fish the FDA limit is reached or exceeded, 

usually in top predatory species such as shark, swordfish and some large species o f tuna. 

The data in Table 2.1 shows the correlation between elevated mercury concentration and fish 

size, a good indication o f the age o f the fish. This data can be interpreted as a good indication 

of bioaccumulation in these top predatory species. 

Table 2.1 Mercury Levels in Commercial Marine Species [i49J 

Species Size in lbs Mean Mercury concentration (mg Kg"') 
Swordfish Under 50 0.55 

5 0 - 100 0.86 
Over 100 1.08 

Bluefm Tuna Under 10 0.37 
10-30 0.51 

Over 30 0.89 
Yellowfm Tuna Under 70 0.21 

Over 70 0.62 
Skipjack Tuna Under 9 0.17 

Over 9 0.21 

2.0.5. Analysis ofMercury Speciation 

A great deal o f effort has been put into developing methods to differentiate and determine 

organomercury species in biological and environmental samples. Analytical methods for the 

determination o f mercury speciation up to 1994 have been critically reviewed by Puk and 

Weber [150]. In general, methods for the speciation o f mercury can be divided into two major 

fields, selective reduction and chromatographic methods. 

2.0.5.1. Selective reduction Methods. 

Selective reduction methods are based on the procedure proposed by Magos [151], which 

makes use o f the differing reduction behaviours o f inorganic and organo-metallic species in the 

presence o f reducing agents. Hg(n) is reduced to Hg(0) by stannous chloride alone whereas 

alkylmercury compounds are only reduced to Hg(0) by stannous chloride in the presence of 
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cadmium chloride. The mercury vapour generated is then detected by cold vapour atomic 

absorption spectrometry (CVAAS) [152-154] and cold vapour atomic fluorescence 

spectrometry (CVAFS) [155]. There are several variations to this method, mainly differing in 

the choice o f reductants [151, 155, 156]. A major drawback to this method is that it only 

distinguishes between inorganic and organic mercury and does not differentiate the individual 

organic species. 

2.0.5.2. Gas Chromatographic Methods 

The other common approach for the determination o f methylmercury is based on the gas 

chromatographic (GC) method originally developed by Westoo [157, 158], with detection o f 

the organomercury halide by electron capture detection. Initial GC work utilised packed 

columns and suffered problems with low column efficiencies, sample loss and severe peak 

tailing leading to poor reproducibility [159]. These problems were principally due to 

interactions between the organomercury compounds and the chromatographic support and 

have been solved to some extent by the use o f column conditioning [160] and capillary 

columns [161]. 

High performance liquid chromatography (HPLC) methods have also been developed using a 

variety o f detection systems including reductive electrochemical [162], inductively coupled 

plasma mass spectrometry (ICPMS) [163], UV/Vh [164, 165] and CVAAS [166]. 

2.0.5.3. Capillary Electrophoresis Methods. 

Lai and Dabekzlotorzynska [167] developed a method for speciation o f mercury using pulsed 

amperometric detection, although this method was not applied to the determination o f methyl 

mercury in fish flesh. 

Medina et al. [123] developed a CE method for the determination o f organomercury species 

based on the direct measurement o f the UV absorbance o f cysteine complexes at 200nm. This 
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technique has been further investigated with respect to sample stacking [168] and validation 

[169] by Carro-Diaz et al. Although good results were obtained in this work, a detection 

wavelength o f 200nm is not ideal since many inorganic and organic species absorb strongly in 

this region. This may result in problems when applied to real samples due to interference and 

high baseline noise, especially when extraction from large sized samples for the purpose o f 

pre-concentrating the methyl mercury. This ultimately could affect the measurement o f 

samples with very low concentrations o f MeHg. 

The work described here uses a similar approach, but involves mercury complexes that are 

highly absorbing in the visible region. This approach should be less prone to interference by 

organic impurities, providing some potential for an improvement in the detection sensitivity. 

2.0.6. Dithizone Sulphonate. 

Dithizone is one o f the most studied chelating dyestufTs and forms intensely coloured and very 

stable complexes with a wide range o f metals including the heavy elements. A fijrther 

important characteristic o f dithizone is its ability to form strong complexes with 

organometallic species, particularly organo mercury compounds [170]. Most dithizone 

complexes are uncharged and insoluble in water making them unsuitable for CE separation. 

Tanaka et al [171] described the synthesis o f a water soluble derivative o f dithizone called 

dithizone sulphonate (DzS). Being soluble in aqueous solution, DzS was considered to be 

highly favourable for application to the 

Q N = N — ) ) — S 0 3 N a 
direct detection o f metal species by CE, / 

H S — C . 
with particular attention paid to mercury 

N - N — ) ) — S O s N a 
species because of the environmental | 

H 
concern discussed above. The free acid o f 

Figure 2.0. The Structure of Disodium 
DzS was reported to be unstable but the Dithizone Sulphonate. 

Q 
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disodium salt, shown in Figure 2.0, was reported to be stable in aqueous solution and the dry 

state. 

2.0.7. Extraction of Methyl Mercury from Fish Flesh. 

The Westoo extraction procedure [156, 157] for environmental samples is well established and 

a number o f modifications have been published since its first use in the late 1960s. For fish 

flesh, it is essentially based on a three-stage solvent extraction process. The first stage results 

in release o f the MeHg as the halide from the fish flesh in strong acid, with extraction into 

toluene. In the second stage, MeHg is back extracted into an aqueous layer as the 

ihiosulphate or cysteine complex to isolate it from the large quantities o f fat that will also be 

extracted into the toluene. Finally, in the third stage, the complexed organomercury species 

are back extracted into toluene ready for gas chromatographic analysis. Since CE is mainly 

applied to aqueous samples, the third stage may not be necessary, as long as the methyl 

mercury complex is stable and can be detected. Medina et al. [123] used a simplified two-

stage extraction procedure for their determination o f organo mercury species in fish flesh by 

CE. 

2.1 Experimental 

2.1.0 Instrumentation and separation conditions. 

All experiments were carried out on a Dionex CES 1 capillary electrophoresis system 

(Dionex, Sunnyvale, CA) equipped with a reversed polarity power supply. Sample injections 

were performed hydrostatically at the cathodic side from a height o f 100mm for a period o f 30 

seconds. A constant voltage o f -25kV was used throughout. Detection was carried out by 

on-column spectrophotometric measurements at 480 nm. Fused silica capillaries o f lOO^m 

internal diameter were supplied by Dionex (Dionex LFK, Camberley, Surrey.) Data was 
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recorded by a Dionex ACI computer interface, and processed using Dionex A1450 automated 

chromatography software, sampling at a rate o f 50H2. 

2.1.1. Reagents and Solutions. 

A 1000 ^g ml'* mercury (11) nitrate standard was obtained from B D H (British Drug Houses, 

Poole, Dorset). Methyl mercury, ethyl mercury and phenyl mercury, as the chloride salts, 

were obtained from Shell UK. 1000 ^g ml ' ' standard solutions o f each was prepared by 

dissolving the appropriate amount in Mil l iQ water, with dissolution aided by sonification. Al l 

mercury standards were stored in the dark and fresh solutions prepared monthly. Sodium 

acetate, sodium hydroxide, acetic acid and hydrochloric acid were o f Aristar Grade and 

obtained from B D H (Poole, Dorset, UK) . HPLC grade Toluene was obtained from B D H . 

Acrylamide, potassium persulphate, N,N,N' ,N' , tetramethylethylenediamine (TEMED) and y-

methacryloxypropyltrimethoxylsilane were obtained from Sigma (St. Louis, MO) . Dithizone 

sulphonate was manufactured in house, using a modified method based on that developed by 

Tanaka et al. Al l water used was 18-MQ cm'' obtained from a Mil l iQ high purity water 

system (Millipore, Bedford, M A ) . A variety o f samples o f tinned tuna, salmon and crab meat 

samples were obtained from three national supermarkets, samples o f locally caught fresh cod 

and haddock samples were also obtained from a local fish monger. A certified reference 

material, D O R M 1 was obtained, which is freeze-dried dogfish muscle distributed by the 

Canadian National Research Council. 

2.1.2. The Preparation of Coated Capillaries. 

The capillaries were coated using a procedure based on that developed by Hjert6n [30]. Fused 

silica capillaries with detection windows 5 cm from the end were flushed with 1 M NaOH for 

30 minutes, then rinse with Mil l iQ water for 15 minutes. The capillaries were then filled with 

a 1% (v/v) y- methacryloxypropyltrimethoxylsilane solution, adjusted to pH 3.5 with acetic 
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acid. The silane solution was allowed to react at room temperature for 1 hour, the capillaries 

were then rinsed with Mil l iQ water for 15 minutes. A 3% (w/v) solution o f acrylamide was 

prepared by dissolving 0.3g acrylamide in 10 ml water, this was degassed by sonification and 

helium sparging. 10 ng o f potassium persulphate and 10 ^1 o f TEMED were added to the 

degassed acrylamide solution and thoroughly mixed. The capillaries were filled with the 

acrylamide solution, both ends sealed, and placed in an oven at 40°C for 1 hour. At the end o f 

this period unbound polyacrylamide was removed from the capillaries by flushing them with 

water, using an HPLC pump. The coated capillaries were then dried by allowing nitrogen to 

flow through them overnight. The dried capillaries were sealed by joining the two ends 

together using a short length o f 0.3mm ID PTFE tubing and stored until required. 

2.1.3 Fish Sample Preparation. 

2.1.3.1. Freeze-dried Samples. 

Excess liquid was drained from a I85g can o f tuna, which was freeze dried and ground to a 

fine powder using a mortar and pestle. 

2.1.3.2. Wet Canned Samples. 

Excess liquid was drained from the can, the contents then emptied into a beaker and 

thoroughly mixed using a spatula. An aliquot o f this was then used for the extraction. 

2.1.3.3. Fresh Fish. 

A sample o f fish muscle (ca.30g) was skinned and finely ground using a hand held 

homogeniser, an aliquot o f this was then used for the extraction. 

2.1.4. Extraction Procedure. 

The extraction procedure was based on the classical method o f Westoo [156], with the 

exception that a two-stage extraction was used and DzS was used in place o f cysteine to back 

extract the methyl mercury from the toluene. 
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The procedure for wet fish samples is outlined below and in Figure 2.1. 20ml water and 10ml 

HCI were added to a beaker, a weighed sample o f fish flesh was added to the beaker and the 

contents homogenised for 5 minutes using an homogeniser. The contents o f the beaker were 

transferred to a 100ml conical flask and 40ml o f toluene was added. The flask was then 

placed in a Gallenkamp flask shaker and shaken for 5 minutes. The contents o f the flask were 

transferred to a glass centrifuge tube, which was sealed and centrifliged at 3000 rpm for 5 

minutes. An aliquot o f the supernatant was then transferred to a conical flask containing I ml 

of 500 mg r' DzS. The flask was shaken for 2 minutes, the aqueous layer was then removed 

by pipette and transferred to a 2 ml glass centrifuge tube and centrifuged at 3000 rpm for 5 

minutes. 0.5 ml o f the dye was removed and analysed by CE. The procedure for freeze-dried 

samples was essentially the same, differing only in that the homogeniser was not used. 

Ig Freeze Dried Sample 
or lOg Fresh Sample 
lOml HC! + 20ml Water 
40ml Toluene 

Shake 5 minutes, 
Centrifuge 3000rpm 
for 15 minutes 

Shake 2 minutes. 
Centrifuge 3000rpm 
for 5 minutes 

Toluene layer 35-37ml 
+ I ml SOOppm DzS, 
(Aqueous) 

Direct Analysis of aqueous layer. 
(After filtration tlu-ough 0.45mm 
PTFE membrane if emulsion fonns). 

Figure 2.1. Schematic diagram of the extraction proceedure. 
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2.2. Results and discussion. 

2.2.1. Optimisation of the CE separation 

Throughout this work, the DzS metal complexes were pre-formed prior to CE separation. 

On-column complexation was used since the injection o f pre formed complexes was a 

requirement o f the proposed extraction procedure. Four mercury cationic species were 

investigated, namely, inorganic mercury (Hg (11)), methyl mercury, ethyl mercury and phenyl 

mercury. Al l the mercury DzS complexes were found to be highly stable even in strong acid 

conditions. However, the dye itself was unstable below pH 4, though it did not begin to 

degrade rapidly until below pH 3. The stability o f the dye at low pH values did not preclude 

the use o f mildly acidic separation conditions provided the metal complex in the sample vial 

was not made up in the low pH electrolyte. 

Initial studies were carried out with uncoated fused silica capillaries. The initial attempts at 

separation were conducted using a sodium acetate electrolyte at pH 5. At this pH, the 

electrophoretic velocity o f the complexes was insufficiently different from the velocity o f the 

electroosmotic flow. Since the direction o f migration o f the complexes was opposed to that o f 

the flow, the sample zones migrated away from the detector and no peaks were detected 

within a reasonable time frame. A lower pH of 3 was then tried since the electroosmotic f low 

is much reduced due to minimal ionisation o f the surface silanol groups on the capillary wall. 

An example o f the separation obtained is shown in Figure 2.2. Under these conditions, a good 

separation o f the three organo-mercury complexes was achieved, although a ^bridge' was 

observed between the ethyl and phenyl complexes. Injection o f either the ethyl or the phenyl 

complex individually did not produce any significant tailing or fronting and it was assumed this 

was an interaction between the two complexes. The separation o f the methyl and ethyl 

mercury complexes was better than expected, given their equal charge and relatively small 
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difference in molecular weight. This gives some indication that the stability o f the complexes 

may also be playing some role in their separation. From the electropherogram it was clear that 

the dye was not very pure, producing a large number o f impurity peaks. However, these 

impurity peaks were not found to be a serious problem since they were sufficiently well 

separated from the organomercury complexes. 
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Figure 2.2. Electropherogram showing the separation of inorganic and organo mercury 
species (I pg mt' each) as the DzS complexes. Separation conditions: Eiectrolyte lOmMSodium 
acetate pH 3; Capillary fused silica Lj 50cm lOO/mi ID; Voltage - 25ky; Detection 480nm. Key: I inorganic 
mercury, 2 DzS (20 ftg mf'), 3 methyl mercury, 4 ethyl mercury and 5 phenyl mercury. Unlabeled peaks due 
to dye impurities. 

The plotted calibrations curves were linear, with high correlation coefficients, although a large 

negative intercept was found for ail the organomercury species, shown in Figure 2.3. Since 

the calibration was linear, the negative intercept seemed to indicate that a constant subtraction 

from each sample was occurring. This loss was noted to significantly decrease the sensitivity 

o f the separation to the point that ethyl and phenyl mercury complexes could not be detected 

at concentrations below 200 j ig 1"'. The reduction in sensitivity was noted to correlate with 
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increasing migration time and the size o f the complex, with methy mercury being the least 

effected and phenly mercury the most. 
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Figure 2. i . Calihraiion of Organo Mercury Species at pH3. Separation Conditions; Voltage 
25kV; Capillary, Fused Silica 55cm Ld, lOO^n ID; Electrolyte. IOmM Sodium Acetate. Detection, 480nm 
Key: O MeHg • EtHg A PhHg 

2.2.2. Losses of Organomercury Species. 

The capillary surface was a constant factor in each separation and it was thought that capillary 

wall interactions might be a possible cause of the loss. Interactions between the capillary wall 

and solutes are a common problem in CE but are usually accompanied by tell tale signs such as 

peak tailing, but this did not appear to be the case. The dye should be repelled by the wall, as 

it is anionic, although the mercury species may themselves be attracted to the wall. In general, 

mercury has little attraction for oxygen containing ligands but it was thought that there might 

have been some ionic interaction with the wall. Increasing the ionic strength o f the electrolyte 

should suppress wall interactions by increasing the quantity o f the sodium ion, which should 

force the equilibrium away from the mercury species, Equation 2.1 

RHgSiO + Na^ ^ SiONa + RHg^ £^„a / /o / ,2 .y 

However, increasing the ionic strength o f the electrolyte was found to cause an increase in the 

negative intercept, seriously decreasing the sensitivity. Figure 2.4 (squares). Whereas 
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reducing the ionic strength o f the electrolyte caused a decrease in the negative intercept and an 

improvement in sensitivity (Figure 2.4, diamonds). The results o f this experiment seemed to 

discount wall interactions, certainly those o f an ionic nature. Although at this pK, 

hydrophobic interactions between the wall and either the organomercury species or the DzS 

could not be ruled out completely. 

The influence o f the ionic strength o f the electrolyte on the negative intercept was thought to 

be due to trace metal impurities in the electrolyte, which were exchanging with the DzS 

mercury complexes. This would produce a constant subtraction o f a small amount o f the 

mercury species over the whole calibration range, resulting in a negative intercept. 
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Figure 2.4. The Effect of the Ionic Strength of the Electrolyte on the Negative Intercept 
Obtained for Methyl Merairy. 
Separation Conditions; Voltage -25ky; Capillary, Fused Silica 55cm Ld lOOpni ID; Electrolyte, Sodium 
acetate pH 3. Key ; O = i tnM. A = /O niAi. • = 20 mM. 

Lowering the concentration o f the electrolyte would decrease the concentration o f the 

impurities and therefore the degree o f competition. Low concentrations o f impurities in the 

electrolyte would have an exaggerated effect owing to their opposing mobility, which would 

essentially provide a constant steam of metals migrating from the destination vial into the 

sample zone. On entering the sample zone, these metals would accumulate due to the 

retardation or reversal o f their electrophoretic velocities upon complexation with the excess 
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DzS. Some o f the dye impurity peaks shown in Figure 2.2 may be due to this factor. Further 

evidence o f this theory may be attributable to the fact that the losses are greatest with PhHg 

and least with MeHg. As the PhHg zone would be the first that the metal impurities 

encountered, retardation o f their migration would mean it would take longer for them to reach 

the next zone. This would result in a smaller effect on the EtHg and still lesser effect on the 

MeHg. The areas used in Figure 2.3 are not corrected for migration velocities so an increase 

in area under the peak might be expected due to the slower passage past the detection 

window. 

Even Aristar Grade sodium hydroxide and acetate contain relatively high levels o f metal 

impurities. In order to reduce the impurity levels to a point where they no longer interfere in 

the separation, the electrolyte concentration would have to be reduced to less than I m M . It 

should be noted that in terms of overall system sensitivity, low ionic strength electrolytes 

should be avoided due to the decreased stacking effect and low buffering capacity. An 

alternative solution to the problem is the addition o f a low concentration o f DzS to the 

electrolyte. This would have the effect o f complexing the metal impurities in the electrolyte 

preventing them from accumulating in the migrating sample zones. 

Dissociation o f the metal complex was also considered a potential problem since the DzS and 

uncomplexed mercury species have an opposite charge and therefore opposing mobilities. 

When they are first injected, the organomercury complexes are in an excess o f DzS but when 

the voltage is applied across the capillary, the DzS migrates with a greater velocity than the 

complexes leaving them behind. When dissociation o f the complex within the sample zone 

occurs, the mercury species wil l reverse their mobility moving away from the detector and the 

free DzS wil l move with an accelerated velocity towards the front o f the sample zone. When 

this happens, the organomercury ion wil l rapidly encounter another dye molecule, reform the 

complex and begin migrating towards the detector again. However, at the rear o f the 
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migrating sample zone, mercury species migrating out o f this zone would not encounter any 

dye molecules and are free to continue migrating away from the detector. Conversely, free 

DzS at the front o f the sample zone would not encounter any more metal ions and continue to 

migrate with accelerated velocity. The loss o f the organomercury species would not be 

constant but dependent on the concentration o f the mercury species in each sample zone. 

Consequently, the calibration would be linear, though biased. 

The addition o f small concentrations o f DzS to the separation electrolyte should also be 

effective in preventing this problem since the mercury species would always encounter a 

constant supply o f DzS molecules migrating into the sample zone. 

When 5mg L ' ' o f DzS was added to the electrolyte, the negative intercept was virtually 

eliminated while still maintaining linear calibrations. Nonetheless, adding DzS to the 

electrolyte gave rise to another problem connected with its instability at low pH values. 

Whereas instability was not a problem with pre-column formation o f the complexes, having 

DzS in the electrolyte for long periods at pH 3 resulted in significant degradation within a few 

hours, reducing its eff*ectiveness in eliminating the negative intercept. Increasing the pH to 

reduce the degradation o f DzS would solve this, but at the expense o f increasing the 

electroosmotic f low significantly increasing the separation time. Suppression o f the 

electroosmotic f low using coated columns appeared to be the solution. 

2.2.3. Separations using Coated Capillaries. 

There are two methods o f capillary coating routinely use in CE, dynamic coatings and bonded 

coatings. With dynamic coatings, suppression o f the electroosmotic f low is achieved by the 

addition o f low concentrations o f trimethylalkyl ammonium salts to the electrolyte [172, 173]. 

0.2mM hexadecyltrimethylammonium bromide was added to a lOmM sodium acetate buffer at 

pH 5 and a series o f methyl mercury standards were injected into the instrument. This 
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approach proved to be unsuccessful, possibly due to an electrostatic interaction between the 

positively charged surfactant coating the capillary wall and the negatively charged dye and 

complexes. It was therefore decided to investigate chemically coated capillary technology. 

Capillaries coated with neutral hydrophilic coatings have been developed in the field o f protein 

separations [30, 58, 31, 32]. These have been designed to suppress EOF and eliminate surface 

interactions. A polyacrylamide coating was chosen for its neutral charge, relatively 

hydrophilic properties and the comparative ease o f in-house manufacture. 

A series o f experiments were performed using polyacrylamide coated capillaries prepared as 

described in the Experimental (Section 2.1.2). A sodium acetate electrolyte at pH5 with the 

addition o f 5mg 1"* DzS was used throughout. These capillaries were found to give very good 

separations (Figure 2.5). 
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Figure 2.5. Electropherogram showing the separation of inorganic and organo tneratry 
species (I fig nil-1 each) as the DzS complexes, with inset of organomercury separation. 
Separation conditions: Electrolyte I OniM Sodium acetate pH 5 containing 5^g mC' DzS; Capillary 
polyacrylamide coated fused silica 65cm L„ 60cm Lj lOO^i ID; Voltage -25kV; Detection 480nm. Key: IDzS 
(20 /jg ml-1), 2 inorganic mercury, 3 methyl mercury, 4 ethyl mercury and 5 phenyl mercury. Unlabeled 
peaks due to dye impurities. 
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The coated capillaries and higher pH electrolyte produced an improvement in the separation o f 

the organo mercury cations from the dye and its impurities. The increased pH appeared to 

cause a further deprotonation o f the DzS, producing an increase in its migration velocity. The 

migration velocity o f the organomercury complexes was largely unaffected by the increased 

pH. The inorganic mercury although still not fiiliy resolved from the impurity peaks was 

sufficiently resolved to obtain quantitative information. 

2.2.4. Quantitative Performance. 

All the mercury DzS complexes exhibited similar lambda (k) max. values close to 480nm. The 

absorbance spectrum o f DzS and its impurities seriously overlapped those o f the mercury 

complexes, but this was not a problem as long as they were all separated from each other 

during electrophoresis. Calibration curves were found to have excellent linearity for all four 

species. Peak areas have been used for quantitative data calculations throughout. Although 

peak height generally gives greater precision, it has been observed that at concentrations 

above Img a non-linear response to concentration has been reported [174]. For the low 

range calibration, a slight negative intercept was found showing the inclusion o f DzS in the 

electrolyte did not entirely solve this problem. Nevertheless, this did not prevent 

determinations down to low ^g f ' levels as can be seen in Figure 2.6 for methylmercury giving 

a negative intercept o f 5.5 ^g 1"'. 

This negative intercept was probably due to overlap in the absorption o f the mercury 

complexes and the DzS in the electrolyte. The possibility o f the formation o f an 

organomercury complex with one o f the DzS impurities could not be entirely ruled out. This 

could result in a small net subtraction from each sample. Increasing the concentration o f DzS 

in the electrolyte was found to increase the negative intercept, although this would be 

expected in either o f the above cases. 
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Figure 2.6. Low level methyl merairy caUhration. Separation conditions: Electrolyte IOntA4 Sodium 
acetate pH 5, containing 5fjg mr' DzS; Capillary polyacrylamide coated fused silica Lj 60cm WOfvn ID; 
Voltage -25kV; Detection 480nm. 

Figure 2.7 shows the improved calibrations for the ethyl and phenyl mercury. 
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Figure 2.7. Calibration of Organomercury complexes at pH5 Electrolyte. Separation 
conditions: Electrolyte 1 OmM Sodium acetate pH 5. containing 5/jg mr' DzS; Capillary polyacrylamide 
coated fused silica Lj 60cm lOOpmi ID; Voltage -25kV; Detection 480nm. 

2.2.5. The Migration of Organo-mercury DzS Complexes. 

It was initially assumed that the organomercury complexes were highly stable during 

electrophoresis but the excellent resolution o f these complexes suggests that this may not have 

been the case. Had these complexes been inert it is highly unlikely that the MeHg and EtHg 
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would have been fully resolved. The separation o f ions is based on the differences in their 

charge to mass ratio. Although a simplistic view, in this case it should be applicable since the 

shape o f the molecules is not significantly different. Since all the organomercury complexes 

have the same charge, separation would be effected purely by differences in their mass. 

However, the masses o f MeHg, EtHg and PhHg complexes are 6 2 0 , 6 3 4 and 6 8 2 respectively. 

The mass o f MeHg is 9 8 % o f that o f EtHg with a tn, o f 3 3 0 seconds this would give a peak to 

peak difference o f only 7 seconds, whereas the observed difference is nearer to 2 0 seconds. 

Again with PhHg the predicted difference between the MeHg and PhHg peaks is 3 0 seconds 

but the observed difference is around 5 0 seconds. This apparent retardation o f the migration 

velocity o f the organomercury complexes was more apparent when compared to that o f the 

free DzS. The charge to mass ratio o f the DzS and MeHg was 1 : 2 0 2 and 1 : 3 1 0 respectively. 

Consequently, the tm o f 1 8 8 seconds for DzS would translate to a tm o f 2 9 0 seconds for the 

MeHg complex but the observed tm for MeHg was 3 3 0 seconds. This calculations should not 

be taken a absolute but provide a useful guide since it is assumed that the charge on the dye 

was exactly minus 2 although this may not have been the case. 

The migration o f these metals is a function o f an equilibrium between the dye and metal ion. 

Because the metal ion spends at least some time in an uncomplexed state, its mobility is 

continually reversing causing the complex to migrate with an overall retarded velocity. 

The peaks were slightly broader than expected indicating that electrodiflfusion as well as 

standard diffrision was occurring. Wall interaction, probably o f a phase-related nature, as 

indicated by the greater broadening o f the phenyl mercury may also have been responsible. 

2.2.6. Limit of Detection. 

The background noise was found to be exceptionally low in all studies emphasising the 

potential advantage o f direct absorbance methods over indirect methods. This is cleariy seen 
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in Figure 2.5 with organomercury concentrations at the 1 mg 1"' level and also in Figure 2.8 

showing mercury and methyl mercury at the 0.01 mg 1"' levels, close to the limit of detection. 

The noise levels were found to be ± 0.00002 absorbance units coupled with very flat baselines. 

In fact, the limit o f detection in this case was controlled by the extent o f the negative intercept 

rather than the noise. Thus, the detection limit found for methyl mercury was less than 0.01 

| ig ml '. 
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Figure 2.8. Electropherogram of inorganic mercitry and methyl mercury near the limit of 
detection. Separation conditions are the same as in Figure 2.5. Hg^^ concentration = 
0.0 Img l' andMeHg concentration = 0.0 J mg f'. 

2.2.7. Electrophoretic Properties of DzS and its Mercury Complexes. 

DzS is relatively new and unstudied and there is no data concerning stability or acid 

dissociation constants. Tanaka et al. [171] reported that Hg (11) formed a complex with a 

mole ratio o f 1:2 (M:2L) and it was assumed the dye formed a l : i complex with the organic 

mercury species. This appeared to be confirmed by experimental observations. 

88 



From the observed electrophoretic velocities o f the dye and its complexes at pH 3, it was 

estimated that the dye had a charge o f approximately minus one and formed the following 

complexes with the mercury species at pH 3. 

Hg^-" + 2HL- ^ HgL^2 + 2 H ^ and RHg^ + HL ' — RHgU + Eqtiation 2.2 

Based upon the electrophoretic velocities o f the dye and its complexes at pH 5 it was 

estimated that the dye had a double negative charge and co-ordination with the mercury 

species gave the following complexes. 

H g ' ^ + 2 H L ' - = ^ HgL '2 -+2H^ and RHg^ + HL' - — RHgL'" + Equation 2.3 

As with dithizone it was assumed the mercury species bonded to the sulphide group rather 

than the sulphonic acid groups due to the greater stability o f this bond over the latter. 

Although the formation o f a chelate between inorganic mercury and the sulphonic acid groups 

may increase this stability, this complex was discounted due to the resultant charge o f the 

migrating complex. 

2.2.8. Other Metals Complexing with Dithizone Sulphonate. 

A brief study was carried out involving the CE of other metals as their DzS complexes which 

might produce potential interference in the determination o f mercury species. Ag, Au, Bi, Cd, 

Co, Cu, In, N i , Pb, Pd, Mn, Tl and Zn were investigated. Most were found not to show any 

peaks at all even at the lOppm level, indicating that complete dissociation had taken place 

before the detector. Some o f the metals Ag, Au, Cd, Co and Pd gave distorted peaks close to 

inorganic mercury but well away from the organomercury peaks which are the main ones o f 

interest for this work. 
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2.3. The determination of Methyl mercury in Real samples. 

Despite numerous papers describing separation by capillary electrophoresis the technique has 

failed to become accepted as a tool for routine analysis. One o f the major reasons for this lack 

of acceptance is the general lack o f robustness o f capillary electrophoresis when applied to the 

analysis o f real samples. The resolution and detection sensitivity are highly influenced by a 

number o f parameters among which include the ionic strength and pH o f the sample. One o f 

the principal advantages o f this work is that the methyl mercury is isolated from any ionic 

sample constituents during the sample preparation therefore the samples are low in ionic 

strength and more importantly are easily matched to the ionic strength o f the calibration 

standards. 

Although methylmercury is the only mercury species expected to be present in biological 

samples, it is important to show that a clear separation o f different organometallic forms is 

possible. The method was found to be quantitative and very sensitive, due not only to the 

highly absorbing DzS complexes, but also the extremely low and stable absorbance 

background. The detection limit o f less than 10 ^g f* for methyl mercury was more than 

adequate for the investigation o f marine organisms. All results were calculated from 

calibrations obtained by adding DzS to aqueous organo mercury standards. 

2.3.1. Extraction Efficiency. 

All solvent extraction processes involve losses, whether due to less than 100% partition 

efficiency or reduction in volume due to emulsion formation etc. It is therefore important to 

obtain a reliable overall extraction efficiency and to assess the reproducibility o f the technique. 

The extraction efficiency was determined by adding I j i g MeHg to a solution containing 20ml 

M Q water and 10ml HCI. 40ml o f toluene was added to this and placed in a flask shaker for 5 

minutes. The mixture was then transferred to a 100 ml glass centrifuge tube, sealed and 
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centrifuged at 3000rpm for 5 minutes. An aliquot o f the toluene layer was transferred to a 

conical flask containing I ml o f DzS and placed in the flask shaker for 2 minutes. The mixture 

was then centrifuged at 3000rpm for a further 5 minutes and 0.5ml o f the DzS layer was 

analysed. This procedure was replicated 15 times giving a mean recovery o f 82.5%, with a 

standard deviation o f 1.63 and relative standard deviation (RSD) o f 1.98%. It was considered 

that the extraction efficiency could have been improved by extracting the toluene layer a 

second time. However, this was found to reduce the reproducibility o f the extraction 

technique without producing any significant increase in the overall efficiency. It was decided 

to use a single extraction in this work as the recovery was sufficiently high and that good 

reproducibility was more important for the application to real samples. To assess the 

concentration o f DzS to use in the extraction, a series o f injections o f increasing reagent 

concentration were made. There was some concern that very high concentrations o f dye may 

produce interference problems due to impurity peaks that went undetected at lower 

concentrations. However, the lack o f interference in region o f interest allowed the use o f a 

vast excess o f DzS, which was hoped, would increase the efficiency o f the transfer o f 

methylmercury from the organic phase. 

2.3.2. Fish and Crab Meat Results 

The types and properties o f samples analysed are summarised in Table 2.3. Canned fish 

samples, where possible, were obtained in brine owing to the higher solubility of MeHg in 

vegetable oils. It was thought that oil might leach out some o f the MeHg making it necessary 

to analyse the oil portion as well. All samples were extracted from the wet fish sample, except 

tuna number four which was freeze dried prior to extraction. Canned tuna is principally 

composed o f the smaller species o f tuna such as skipjack and albacore. These species tend to 

have much lower levels o f methyl mercury, averaging only about 0.17 ppm, than the larger 
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species which tend to be sold as fresh tuna meat and steaks [175]. It was intended to analyse 

fresh tuna or swordfish steak in addition to the canned samples but unfortunately, these were 

unavailable at the time. 

Table 2.3. Origin and characteristics of samples analysed 

Sample Origin o f Can Matrix in Can 
Tuna Fish 1 Philippines Spring Water 
Tuna Fish 2 Thailand Brine 
Tuna Fish 3 Spain Brine 
Tuna Fish 4 Philippines Vegetable Oil 

Crab Thailand Brine 

Salmon Alaska None 

During the extraction, certain samples caused the formation o f persistent emulsions between 

the aqueous and organic phases. In the worst cases an emulsion also developed between the 

toluene and dye. The formation o f an emulsion between the acidified aqueous layer and 

toluene was not a problem since not all the toluene layer was removed. During the 

development o f the extraction procedure, it was found that the total recovery o f the toluene 

layer was not feasible. This was in part due to diffrculties in pipetting from the relatively broad 

surface o f the centrifuge tube and losses due to the formation o f emulsion. Attempts at total 

recovery were not always possible and time consuming resulting in evaporation o f the toluene 

making it impossible to quantify the recovered volume. It was far easier to rapidly remove a 

quantifiable volume, ca. 30 ml and use this for the extraction. 

The formation o f an emulsion between the toluene and DzS layers was more o f a problem. 

Initially a small volume o f methanol was found to disperse the emulsion. Although this 

method was very successful at dissolving the emulsion it was realised that it introduced a 

quantitative problem. Although a known volume of methanol was added to the sample, it was 

not known how much o f the Methyl mercury DzS complex was partitioning into the toluene 

due to the addition o f the methanol. An alternative solution to the problem of emulsion 

formation in the sample was found by filtration o f the DzS layer through a 0.45 | im PTFE 
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membrane. This additional step was not found to affect the overall recovery o f the extraction 

procedure. However, a significant correlation was found between the formation o f this 

emulsion and the higher residual standard deviations (RSD) obtained with some samples. 

With the freeze-dried samples, very little emulsion was formed, resulting in greater precision 

than the wet samples. It was assumed that the freeze-drying process may remove some of the 

more volatile organic components o f the samples. The greater physical quantity o f methyl 

mercury in the freeze-dried sample may also have influenced the precision with these samples, 

since a greater RSD would be expected when approaching the limit o f detection. 

During the extraction efficiency experiments no emulsion was produced and it was thought 

that the emulsion formed during the extraction o f real samples might adversely effect the result 

The effect o f the matrix on the extraction procedure was assessed by spiking lOg portions o f a 

tuna sample (No. 3)-with 2.5|ag o f MeHg. The results displayed in Table 2.4 show good 

quantitative recoveries were obtained. 

Table 2.4. Recovery results for a tuna sample spiked with 2.5 pgof MeHg. 

Sample Mass o f Spike Found Sample Amount Recovered % 
Spiked Sample (g) Hg Kg-' (Hg Kg-') {\xg Kg-') (^g Kg-') Recovery" 
Tuna 3 10.20 245 435 193 242 98.7 
Tuna 3 10.04 249 455 193 262 105.2 
Tuna 3 10.12 247 444 193 251 101.6 

' 82.5% extraction efficiency taken into account. Mean Recovery = 102 ± 3.2% 

A certified reference material was also investigated to assess the overall accuracy o f the 

technique. DORM 1 is freeze-dried dogfish muscle with a MeHg value o f 731 ± 60 j ig kg' ' . 

Four extractions were performed using 0.5 g o f D O R M I for each. The results gave an 

average of 714 +/- 12 | i g K g ' (1.7% RSD). Although this value is slightly lower than the 

certified mean value, the concentrations found were well within the certified range. 
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The fish and crab results are summarised in Table 2.5. From the data it can be seen that as 

expected the tuna contains the highest concentration o f MeHg. These levels are within the US 

Food and Drug Administration action level o f 1000 | ig Kg"' (wet weight) for Hg in fish and 

the 500 ^g K g ' limit set in Canada [176]. The concentration o f methyl mercury found in the 

freeze dried tuna was surprisingly low, considering this relates to approximately 45 j ig Kg"' 

wet weight. The low result is possibly due to losses o f MeHg to the oil in the can, but 

unfortunately the oil was discarded and could not be analysed. A more likely source o f any 

loss was the fi-eeze drying process, which could cause volatilization o f the MeHg. Losses o f 

up to 60% have previously been reported during fi-eeze drying [177]. 

Table 2.5 MeHg concentrations found in fish and crab meat 

Sample Mean mass Mean Concentration" Standard Replicates RSD % 
(g) (us K R - ' ) Deviation 

Tuna Fish 1 10.33 113 3.86 4 3.4 
Tuna Fish 2 10.62 218 11.5 4 5.5 
Tuna Fish 3 10.53 193 9.5 4 4.9 
Tuna Fish 4 10.51 469' 4.5 4 0.95 

Cod 21.02 70 0.5 2 1.4 
Haddock 23.47 58 3.5 2 6.0 

Crab 10.26 2.8 0.1 2 3.5 
Salmon 10.19 3.7 0.1 2 2.7 

' Assuming 82.5% extraction efficiency. ^ Dry weight (Freeze dried sample) 

The levels found in the cod and haddock are lower, consistent with their position in the food 

chain. Figure 2.9 shows the electropherograms o f methyl mercury in cod and haddock meat. 

These electropherograms illustrate the high efficiency and good peak shapes obtained for 

methyl mercury, which were well separated fi-om the dye impurity peaks. 
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Figure 2.9. Electropherograms showing the MeHg peaks obtained after extraction of cod 
and haddock meat. Separation conditions: Electrolyte JOmM sodium acetate pH 4.5.containing 5^g /;;/"' 
DzS; Capillary, poly aery I amide coated fused silica 65cm Lt, 60cm Lj lOOfjni ID; Voltage -25kV; Detection 
480nm. Key: (A) - cod, (B) - haddock, (C) - blank. 

The impurity peaks shown in the electropherogram were almost exclusively derived from the 

DzS, with few i f any resulting from the extractions. These impurities are constant for a 

particular batch o f DzS and have a fixed relationship to the mercury species in terms of 

migration time. Interestingly, they actually help by acting as "markers" for the inorganic and 

organo mercury positions. This can be seen in Figure 2.10 which shows the 

electropherograms for salmon and crab meat where the MeHg peaks are a constant 0.4 

minutes from an impurity peak. 

The methyl mercury concentration of the salmon was surprisingly low considering its 

predatory nature, but may reflect its relatively short life span. MeHg was even detected in 

crabmeat, which has been used as a control sample in the past, as the methylmercury 

concentration is usually below the detection limit o f the method used [170]. This is an 

indication o f the very high sensitivity o f the method, where the base line is flat even when the 

sensitivity control is increased so that the clipped digitised noise is seen. The average peak to 
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peak noise was 0.00004 absorbance units and defining a detection limit as twice this figure, 

corresponds to a minimum detectable concentration o f 2 | i g Kg'* MeHg for a lOg sample. 
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Figi/re 2. JO. Ekctropherograms showing the MeHg peaks obtained after extraction of 
sahnon and crabnieat. Separation conditions: Electrolyte lOnihi sodium acetate pH 4.5.containing 5fjg 
mf' DzS; Capillary, polyacrylamide coated fused silica 65cm Lt, 60cm Lj lOO/jm ID; Voltage -25kV; 
Detection 4S0nm. Key: (A) - salmon, (B) - crab, (C) - blank. 

2.4. Summary. 

A good quality separation o f inorganic and three organo mercury species as their dithizone 

sulphonate complexes was achieved using coated capillary columns. The complexes were pre

formed before injection and detection was by direct measurement o f the absorbance o f the 

complexes. Good linear calibration curves were obtained for all the mercury species studied 

and the exceptionally low background noise and straight base lines meant that detection limits 

in the low ^g f ' range could be obtained. 

Dithizone sulphonate (DzS) was used in place o f cysteine to extract methyl mercury from fish 

flesh in the final stage o f a simplified Westoo extraction procedure. The intensely absorbing 

methyl mercury DzS complex was then separated by CE using a coated capillary and 
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determined by direct absorption measurement at 480nm. Good quantitative performance was 

demonstrated by spiking experiments and the analysis o f DORM-1, a certified reference 

material. Values found ranged from 18 j i g Kg*' for a tuna fish to 2.8 j ig Kg'* for a crab 

sample. The very stable base line and lack o f interfering peaks meant that a low detection limit 

o f 2 | i g Kg"' could be achieved for a lOg sample. The method developed here should also be 

suitable for the determination o f methyl mercury in other environmental samples, such as 

sediments. However, the method is not suitable for the direct determination o f di-methyl 

mercury without prior demethylation o f the di-methyl mercury to mono-methyl mercury, since 

di-methyl mercury does not form a complex with the dithizone sulphonate. 
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CHAPTER 3. T H E DETERMINATION OF URANIUM. 

3.0 Introduction. 

3.0.1. Environmental Occurrence, Toxicity and Uses of Uranium. 

Uranium (U) is a member o f the actinide series o f elements. It is a radioactive metal 

with a high specific gravity o f 18.7 g cm'^. It was first discovered in the mineral 

pitchblende by Martin KJaproth in 1789 and was named after the planet Uranus. 

Naturally occurring uranium consists o f a mixture o f three isotopes in the following 

proportions; ^ ^ U 99.27%. ^ ^ U 0.72 % and ^**U 0.0057%. With ^ ^ U being the only 

naturally occurring fissionable element. The half lives in years o f these isotopes are; 

^ ' U 2.48 x 1 0 ^ ^ ^ U 7.13 X 10^ and ^ ^ U 4.51 x 10^ [178]. 

Uranium is the forty-eighth most abundant element in the earth's crust, with an 

estimated concentration o f 2.4 | ig g' ' [179], which is similar to that o f tin, tungsten and 

molybdenum. In excess o f 150 uranium-bearing minerals have been identified, the 

primary sources being uraninite (A complex mixture o f the oxides, UO2 and UO3 with 

a formula ranging fi-om UO2.25 to UO2.67, commonly expressed as the simplified 

formula UsOs), pitchblende (a fine-grained variety o f uraninite), brannerite (a complex 

oxide o f uranium, lanthanides, iron and titanium) and coffinite (uranium silicate). With 

the principal source o f the worid's uranium being produced ft"om pitchblende ores. The 

most important secondary minerals are camotite (potassium uranium vanadate), 

autunite (calcium uranium phosphate), davidite (a complex mix o f metal oxides 

principally iron, titanium, uranium and lanthanide metals), gummite (uranium and 

thorium oxides), torbemite (copper uranium phosphate) and uranophane (calcium 

uranium silicate) [180]. Major global uranium deposits occur in the former Soviet 
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Union, Canada, Australia, South Africa and the USA. Global production o f uranium 

was 34,400 tonnes in 1992 (equivalent to 40600 tonnes \J3Os) with the former Soviet 

Union accounting for 32%, Canada 27%, Africa 2 1 % , Australia 7%, France 6% and 

the USA 5% [181]. 

Uranium is widely distributed throughout the environment and human exposure is 

inevitable. Table 3.0 shows the distribution and isotopic abundance o f uranium in the 

marine environment. The approximate mean concentration o f uranium in seawater is 3 

Table 3.0. The Isotopic Abundance of Uranium in the Marine Environment.[182] 

Isotope Range o f concentrations found Range of concentrations found in 
in the ocean f ig f ' oceanic sediments ng kg' ' 

234y 0.00016-0.00021 0.024 - 4.9 
0.019-0.025 2.8 - 580 

238^ 2 .7-3 .4 400 - 80,000 

Typical concentrations o f uranium in the terrestrial environment are: river water -0.5 

f ig \ ' \ soil 3.4-10.5 \ig g'* dry weight and granite rock 15-80 | ig g** [179]. 

Uranium and its compounds are toxic to humans by virtue o f both their chemical 

toxicity and radiological toxicity. Uranium daughter products are mostly alpha 

emitters and are also potentially hazardous to humans. The most notable being radon 

gas, which has a sufficiently long half life to permit it to permeate from the soil where 

it can build up to dangerous concentrations in buildings without adequate ventilation 

[183]. The oral toxicity o f uranium was reported to be low [178]. The toxicity o f 

inhaled uranium compounds was reported to be fatal to several laboratory species 

when exposed for one month at a concentration o f 20mg m""* although inhalation o f 

0.05mg m'*̂  resulted in no histological damage. The intravenous toxicity o f uranium 

was reported to be very high [178]. The critical organ in uranium toxicity is the 

kidney, which is the major route o f excretion. The radio toxicity o f uranium has not 
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been well established due to difficulties in differentiating between radiocarciogenisis 

and metallocarcinogenisis in laboratory studies [178]. Uranium tends to be deposited 

in skeletal tissue accounting for 66% o f the body burden, which has been estimated at 

between I00-125|ig for a standard human [184]. The major source o f uranium and its 

compounds in humans is fi^om diet, with the average intake in the UK estimated at 1.2 

j ig per day [184]. Table 3.1 show the distribution o f uranium in human tissue. 

Table 3.1. Uranium in Human Tissue [183]. 

Tissue Average Burden (ng g*' wet tissue) 
Liver 0.23 
Lung 1.08 

Kidney 0.44 
Blood 0.46 
Muscle 0.19 
Heart 0.16 
Spleen 0.42 
Gonad 0.60 

Fat 0.60 
Bone 25.0 

Table 3.2 gives the average concentration o f uranium in some important dietary 

groups. 

Table 3.2. Uranium Concentrations in Food Groups [184] 

Food Group Average Uranium Concentration ng g' ' 
Sea Fish * 2 L 0 
Table Salt 40.0 

Tea 5.0 
Coffee 6.0 
Thyme 90.0 
Parsley 60.0 
Meat 0.4 

Vegetables / fruit 0.8 
M i l k 0.01 
Eggs 0.4 

* [185] 

A study in the USA by Welford and Baird [186] concluded that potatoes, meat, fish. 

vegetables and bakery products contributed over seventy percent o f annual uranium 
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intake in humans. This study found that the concentration o f uranium in tap water was 

negligible. 

The principal use o f uranium is as the fijel in nuclear power reactors to generate 

electricity. Uranium is also used in the manufacture o f radioisotopes used in the 

production o f nuclear weapons and as radiolabelled tracers. 

The natural abundance of uranium isotopes has been used to estimate the age o f the 

earth and to date rocks and minerals [187]. 

Uranium oxides are also used in small quantities to produce pale yellow and green 

coloured glass, which fluoresces in UV light and similarly coloured ceramic glazes. 

Depleted uranium, a form of recycled radioactive waste is used in the cones o f armour 

piercing shells capable o f piercing all known tank armour. An estimated 25 tonnes o f 

depleted uranium was used in the Gulf war [ 179]. 

3.0.2 Chemistry of Uranium 

Uranium has four known oxidation states, (+111), (+1V), (-i-V) and (+V1), with the ions 

formed being U^^, U ' ' ^ U02^ and U02^'^ respectively. In the environment, uranium 

exhibits only two principal oxidation states, and U02^^. Oxidation-reduction 

reactions between U '̂̂ and if* or U02^ and U02^'" are rapid, since these reactions only 

involve the transfer o f an electron. Whereas, the oxidation o f U*"" to U02^'^ is much 

slower as this reaction involves a structural reorganisation around the metal ion. 

In aqueous solution, U02^'^ is the most stable form. Û "*" is oxidised, slowly by water, 

but rapidly by air, to U***, which is itself slowly oxidised to U02^* by air. U02^ is a 

transient species and disproportionates to U**̂  and U02^'^. 

The standard reduction potentials (E^N) for uranium are shown in Figure 3.0 below. 
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Figure 3.0. The standard Reduction Potentials for Uranium II8HI 

The radioactive decay series of "^'^U ends in a stable isotope of "*^Pb. shown in Figure 

3.1, whereas the decay series of 

'^^U ends i n - " V b [187]. ^^^U 

is of special importance since 

this isotope undergoes nuclear 

fission with slow neutrons to 

yield enonnous amounts of 

energy. The fission process of 

"^''U may produce other 

aclinides, and the neutron 

capture of '.^^U in the system 

can be used to produce '^'Pu 

[1891. 
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Figure 3.1 "^^U Radioactive Decay Series. (The 
diagonal arrows represent a-partU le emissions and the 
horizontal arrows represent P- emissions). 

3.0.3 Methods f o r the Determination of Uran ium. 

Numerous methods for detennination of uranium have been described in the 

literature. Owing to the low concentrations of uranium and the presence of high levels 

of interfering ions, many of these methods employ separation or pre-concentration 

techniques prior to analysis [190] including solvent extraction techniques [191] and 

pre-concentration on ion exchange resins [192]. A large number of 
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spectrophotometric methods have been described using among others, Arsenazo I I I 

[193-196], Chlorophosphonazo [197-199], Malachite Green [200] and PAR [201]. 

More recently a wide range o f instrumental methods have also been developed 

including, HPLC [192, 201 202], f low injection analysis [190, 204], isotope dilution 

mass spectrometry [205], X-ray fluoresence [206], inductively coupled plasma atomic 

emission spectrometry (ICP-AES) [207], inductively coupled plasma mass 

spectrometry (ICP-MS) [207] and laser ablation - ICP-MS [208]. 

Uranium has also been determined by capillary electrophoresis. Colburn et al. [209] 

injected pre-formed uranyl-Arsenazo I I I complex and a detection limit o f 10 fig 1"' was 

achieved using the field amplified sample stacking technique developed by Chein and 

Burgi [78, 74, 210]. This method used bare ftjsed silica capillaries but failed to 

separate the uranyl complex from the excess reagent. 

Macka et al. [24] used on-capillary complexation for the detection o f the uranyl and 

lanthanide Arsenazo I I I complexes. This method used gravity injections into a 

capillary dynamically coated with carbowax 20M, the detection limit for uranium was 

reported to be 60 | i g 1"'. 

Liu et al. [211] separated pre-formed uranium, thorium and lanthanide metal 

complexes o f 2-[(2-arsenophenyl)-azo]-l ,8-dihydroxy-7-[(2,4,6-tribromophenyl)azo]-

naphthalene-3,6-disulfonic acid. This method used bare ftised silica capillaries and 

hydrostatic injections. The lanthanide metals were not resolved from each other but 

were separated from uranium and thorium. Detection limits o f 200 | ig f ' and 40 ^ g 1'* 

were reported for uranium and thorium, respectively. From the above it appears that 

Arsenazo i n requires a more detailed study for the capillary electrophoresis 

determination o f trace metals. 
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3.0.4. Arsenazo Til 

Arsenazo 111 has been reasonably well documented as a spectrophotometric reagent 

forming complexes with wide range o f metals notably, Ca, Ba, Sr, Fe, Cu, A l , Th, U, 

Zr, Pd, Sc and the lanthanide metals [212, 213]. Arsenazo I I I reacts with the acid 

hydrolyzing metals Hf, Np, Pa, Pu, Th, U( IV) and Zr in strongly acidic solution. 

Arsenazo ITT is relatively soluble in aqueous solution. In acid solution the reagent is 

red/pink but begins to turn blue at pH values above 5. 

The dye is usually impure, although a highly purified product can be obtained, the main 

impurity being Arsenazo I . There are numerous inconsistencies in the literature, 

regarding the stoichiometry o f metal complexes with Arsenazo I I I [214]. These 

discrepancies have been attributed to the impure state o f the reagent and recent studies 

on lanthanide metals indicate these metals only form 1:1 complexes [214, 215]. 

Arsenazo 111 forms a stable complex with the uranyl cation, with a molar ratio o f 1:1, 

. the structure o f the complex 

sO,H / \ Q H203AS^ ^ ^ ^ ^ ^ p . ^ ^ ^ 3 ^ 

^ ^ — N = N — ^ y ^ — N = N — ^ ^ kinetics o f the complexation 

S03 ' -^^^^^^^^^^^^^S03" reaction was reported in the 

Figure 3.2. Structure of Uranyl-arsenazo III complex ^'^erature to be fast for the 

formation o f the complex 

but slow for the dissociation reaction [212]. The dye is also reported to form 1:1 and 

1:2 complexes with quadrivalent metal ions such as Th and U(1V) [216]. 

Literature values o f the protonation constants o f Arsenazo I I I also show considerable 

variation, as illustrated in Table 3.3. The source o f this variation is also thought to be 

due to the impurity o f the reagent [215]. 
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Table 3.3. Literature Vahtes for the pKa Values of Arsenazo III 

pKn [217] [218] [219] [220] [221] [222] 
1 -2.6 -1.3 0.60 1.89 0.8 <1.3 
2 0 -0.6 0.80 2.96 2.9 <l .3 
3 2.4 3.8 1.60 3.64 3.5 2.60 
4 2.4 5.2 3.40 5.05 5.0 4.29 
5 5.3 7.1 6.27 6.77 7.0 6.70 
6 5.3 9.0 9.05 7.64 8.4 8.79 
7 7.5 11.7 11.98 9.30 10.2 10.58 
8 12.3 14.6 15.10 11.85 12.4 10.99 

More recently, the absorbance changes o f a standardised solution o f the free reagent 

were determined as a function o f pH in the range 1- 11, by Rohwer and Hosten [215], 

This data, shown in Table 3.4, was used to calculate acid dissociation constants from 

the absorbance changes. 

Table 3.4. pKa and e Values of Arsenazo III [215]. 

e ( I O ' mol"' cm"') 
Species pKn 536nm 565nm 605nm 650nm 

LH„ 3.91 3.33 0.559 0.061 
LHn-I 3.36 3.93 3.56 0.756 0.099 
LHn.2 4.32 3.99 3.66 0.818 0.188 
LHn.3 7.77 2.97 3.03 1.38 0.384 
LHn^ 10.38 2.86 3.34 2.89 1.54 

Unfortunately, the correlation between the data in tables 3.3 and 3.4 is relatively poor, 

and little confidence can be used when estimating the charge o f the reagent at different 

pH values. 

The charge o f the free 
S 

reagent and the metal- % 

Arsenazo I I I complexes 1§ 

were estimated from Figure 

3.3 which shows a species 

100 

50 
\ L H ^ y 

5 6 
pH 

Figure 3.3 Distribution Diagram of Arsenazo III as a 
distribution diagram o f the function of pH. [222] 
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different protonation states o f Arsenazo I I I between pH 2 and 9. The diagram was 

constructed using the Log P values given by Nemcova et al. [222]. 

Preliminary experiments showed that a number o f metal ions, notably U(V1) formed 

complexes with Arsenazo m which were stable enough to survive separation by 

capillary electrophoresis and the following study focuses on the development o f a 

capillary electrophoresis method for the determination o f uranium as U(VI) . 

3.1 Experimental. 

3.1.1 Instrumentation. 

All experiments were carried out on a Dionex CES 1 capillary electrophoresis system 

(Dionex, Sunnyvale, CA) using the reversed polarity power supply. Sample 

introduction was performed by either gravity or electrokinetic injection from the 

cathodic end o f the capillary. Detection was carried out by on-co!umn 

spectrophotometric measurements at 654nm unless otherwise specified. Data was 

recorded using a Dionex ACI computer interface, and processed using Dionex Peaknet 

automated chromatography software, sampling at a rate o f up to 50Hz. 

Fused silica capillaries o f 100|im, 75 | im and 50^m internal diameter were supplied by 

Dionex (Dionex UK, Camberiey, Surrey.) and internally coated with polyacrylamide 

using the method described in Chapter 2. A 100|im capillary internally coated with an 

unspecified neutral hydrophilic polymer and polymeric capillaries manufactured fi'om 

polyacrylimide with an internal diameter o f 0.004", polystyrene and poly(vinylidene 

fluoride) (PVDF) with 0.003" internal diameters, were a gift from Dionex (Sunnyvale, 

CA). 
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3.1.2. Reagents and Solutions. 

All reagents used were o f analytical grade or better. 1000 mg P' standard solutions o f 

uranium ( V I ) and thorium ( IV) were obtained fi-om May and Baker (Dagenham U.K. 

1000 mg r' standard solutions o f lanthanide metals obtained from Johnson and 

Matthey. 

A 1000 mg r* Spectrosol standard solution o f Iron 111 was obtained fi-om B D H (British 

Drug Houses, Poole, Dorset, UK). Sodium acetate and acetic acid were of Aristar 

Grade also obtained from B D H . Al l water used was IS-MQ cm'' obtained from a 

Mill iQ high purity water system (Millipore, Bedford, M A ) . Arsenazo m (2,7-Bis(2-

arsonophenylazo)chromotropic acid) o f 98 % and approximately 60% purity was 

obtained from Aldrich (Gillingham, Dorset) and 95% purity Arsenazo 111 was obtained 

from ICN ( ICN Pharmaceuticals, Basingstoke, UK) . Tartaric, citric and ascorbic acids 

and sulphur dioxide solution were obtained from B D H (British Drug Houses, Poole, 

Dorset, UK) . Hydroxylamine hydrochloride was purchased from Aldrich (Gillingham, 

Dorset). 

3.2. Results and Discussion. 

3.2.1. Capillary Wall Chemistry. 

The electroosmotic flow generated by bare ftised silica capillaries can be detrimental to 

the detection o f anions and anionic chelates, due to increased analysis times or the 

possibility o f ionic interactions between metal ions and the capillary wall. For these 

reasons, neutral hydrophilic coated capillaries were chosen for the analysis o f the 

Arsenazo lll-uranium complexes. Although these capillaries should suppress ionic 

interactions, phase related interactions could become significant. Uncoated fijsed silica 

capillaries are known to have hydrophobic interaction sites and when using very large 
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organic reagents such as Arsenazo I I I , adsorption o f the reagent onto the capillary wall 

could result in the formation o f a chelating surface. It was considered that a 

hydrophilic coating should reduce any phase related interactions between the reagent 

and the capillary surface. While possessing many advantages, coated fused silica 

capillaries are more expensive than bare fused silica or time consuming to manufacture. 

The coatings have limited durability and are susceptible to damage by electrolyte 

additives or extremes o f pH. The surface characteristics may also be altered by the 

precipitation o f solutes or electrolyte components. For this reason, polymeric 

capillaries were also investigated since these are available with a range of surface 

properties and are relatively cheap. 

An alternative method o f suppressing or reversing the electroosmotic flow is the use o f 

dynamic coatings. These can be used either as electrolyte additives, such as cationic 

[223], or fluorinated surfactants [224], or for preconditioning the capillary prior to a 

run using either cationic [225], or non-ionic surfactants [24]. 

Dynamic coatings were not investigated in this study because it was thought that the 

use o f surfactants might increase the possibility o f interactions between the Arsenazo 

I I I and the capillary wall. It was considered that dynamic coatings requiring the pre

conditioning o f the capillary between runs would add an additional step to the 

procedure and unduly increase the analysis time. On the other hand, a significant 

advantage o f using these types o f dynamic coatings is that the capillary surface is 

renewed prior to each run. 

3.2.2. The Coniposition of the Electrolyte. 

Initially a sodium acetate electrolyte was investigated for the determination o f uranium 

in the presence of interfering ions. With a pKa value o f 4.76 sodium acetate buffers 
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within the region o f interest and with a maximum mobility o f -42.4 x 10'̂  cm^ V * s"' 

produced a relatively low current, allowing the use o f high separation field strengths. 

Furthermore, the pH range o f this buffer can be easily extended to pH 2.5 or less by 

the addition o f HCl or chloroacetic acid. 

Tartrate and citrate electrolytes were also investigated for the separation o f uranium 

and thorium, the pKai values are 3.04 and 3.13 and the pKa2 values 4.75 and 4.76 

respectively. Both these buffers are more complexing than acetate and produce greater 

currents due to their greater charge and mobilities. In addition, phosphate and KCI -

HCl electrolytes were investigated for the determinations o f thorium in the pH range 

2 .2 -3 . 

The uranyl complex was found to be sufficiently stable to survive the electrophoretic 

conditions without the addition o f reagent to the electrolyte. However, the addition o f 

5 mg r' (6.09 X 10'̂  M ) Arsenazo I I I to the electrolyte was found to produce a 

marginal improvement in peak efficiency. Although photometric absorption o f the 

Arsenazo I I I and its uranyl complex is different by almost lOOnm, a slight increase in 

the background would be expected due to the inclusion o f the dye in the electrolyte. 

The sensitivity o f the uranium peak was found to be largely unaffected by the inclusion 

o f reagent in the electrolyte and was possibly offset by the gain in peak efficiency. 

Lanthanide and alkaline earth metals failed to produce any peaks without the addition 

o f reagent to the electrolyte. The thorium complex although detectable at 

concentrations above 2ppm was greatly improved by the inclusion o f reagent. 

The concentration o f reagent added to the electrolyte was increased to 50 mg f ' (60.9 

X 10'̂  M ) for on-column complexation studies. 
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3.2.3. Determination of Uranium. 

3.2.3.1. Initial Conditions. 

The detection o f uranium is most sensitive as the uranium ( I V ) Arsenazo IH complex 

in strongly acidic solutions (>3M HCI). Unfortunately, these conditions are far from 

ideal for CE, owing to the very 

high conductivity o f the 

electrolyte. Uranium ( V I ) 

forms a stable complex with 

the reagent at pH values 

between 1-5, although at these 

pH values several other metals 

0.005 AU 

0"̂  
2 3 

Minutes 

also form complexes which Figure 3.4. Electropherogram of Uranium using low 
Purity Arsenazo III. Seporotion conditions. Electrolyte, lOmM 

may interfere. Sodium acetate, pH 3.5 with 5 mg r' Az lU; Voltage, -30 kV; 
Injection Gravity, 100mm, 30 second; Detection 660nm; Capillary 

Initially, the 60% purity 65cm L, 100mm ID. Key: Lower Trace, Az III. Upper Trace Az III 
and uranium 

Arsenazo I I I was injected 

onto the capillary and a series o f injections were made using lOmM sodium acetate 

electrolyte at pH values from pH 2.5 -5. Using a detector wavelength o f 660nm the 

dye was found to produce two main peaks, these were assumed to be Arsenazo 111 and 

Arsenazo I . Injection o f the uranium complex was found to produce a single peak 

poorly resolved from the reagent, shown in Figure 3.4. These complexes failed to 

resolve from the free reagent peaks until the electrolyte pH was increased above 4. 

Although manipulation o f the electrolyte pH could be used to resolve the uranyl-

Arsenazo I I I complex the formation o f the uranyl-Arsenazo 1 complex presented a 

serious problem to the sensitivity o f the method due to the large proportion o f the 
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uranium that was being complexed by the Arsenazo I . The high purity reagent was 

obtained and used for all subsequent work. 

3.2.3.2. High Purity Arsenazo HI 

The 98% purity reagent was found to produce a single peak but unfortunately this dye 

was found to be very expensive, a separate source o f 95% purity dye was located at a 

much reduced cost from ICN ( ICN Pharmaceuticals, Basingstoke, UK). Although the 

95% purity reagent was found to contain an impurity that produced a small peak, this 

did not interfere with the separation and did not appear to complex with the uranium. 

3.2.3.3. EfTect of Electrolyte pH and Concentration 

At pH values below 3.5 the uranyl-complex and free reagent were found co-migrate 

although the complex appeared as a separate sharp peak on the shoulder o f the free 

reagent, shown in Figure 3.5. This peak was found to be both reproducible and 

quantitative. 
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Figure 3.5. Electropherogram showing the Arsenazo III and Uranyl complex at pH 3. 
Separation conditions: Electrolyte, lOmMSodium acetate pH 3 with 5 mg t' Az III; Voltage, -25 
kV; Injection Gravity, 100mm, 30 second; Detection 654nm; Capillary 50cm Lt 100mm ID 
acrvlamide coated. 
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When the pH o f the electrolyte was increased above 4 the uranyl-complex and the free 

reagent peaks were fully resolved. Reducing the pH below 3 was found to reduce the 

mobility o f both the reagent and the complex but had no influence on their resolution. 

Figure 3.6 shows the effect o f pH on the mobility o f the free Arsenazo 111 and the 

uranyl-Arsenazo I I I chelate. From the Figure it can be seen that the free reagent 

become progressively more mobile with increasing pH, whereas the mobility o f the 

complex was far less influenced throughout the pH range examined. The increase in 

the mobility o f the reagent was attributed to increasing ionisation o f the molecule. The 

lower susceptibility o f the complex to changes in pH was thought to be because the 

complexation reaction itself caused the deprotonation o f the group responsible for the 

increase in the mobility o f the free reagent. 

The chelate would always be expected to have a lower mobility than the reagent 

considering the increase in size and decrease in the overall negative charge. 

Consequently the co-migration o f the chelate and free reagent was somewhat 

surprising. The chelate was expected to have a charge o f n-l, where // is the charge o f 

the free reagent, which coupled with the greater size o f chelate it should give a lower 

mobility. Assuming that the 

chelation reaction causes 

deprotonation o f the arsenic 

acid and phenolic groups 

(Figure 3.2) then the charge o f 

the chelate may be similar to 

Figure 3.6. Changes of mobility as a function of 
that o f the protonated reagent, pH. ii = Free arsenazo III and 0 = uranyl-

arsenazoIII complex 
although co-migration is still 

unlikely due to the greater size o f the chelate. The co-migration o f the uranyl-complex 
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and the free reagent remains unexplained and could not be ascribed to lower stability o f 

the complex at pH 3, since this would result in the complex migrating with a cathodal 

mobility. The formation o f the 1:2 complex was also though unlikely as this would still 

result in a molecule with a lower charge to mass ratio than the free reagent. 

The data in Figure 3.6 was obtained from a new capillary using a lOmM sodium 

acetate electrolyte containing no Arsenazo lU . When this experiment was repeated 

with a previously used capillary, the mobility o f the free reagent was found to remain 

relatively constant and the mobility o f the uranyl chelate was found to decrease as the 

pH increased. The reason for this was put down to the development o f a cathodal 

electroosmotic flow, which would be opposed to the mobility o f the sample zones. 

Previous workers have shown that acrylamide coated capillaries generate some 

electroosmotic f low [226, 227] and with long-term use this f low has been noted to 

increase due to degradation o f the coating, particularly at high pH. However, in this 

instance the generation o f electroosmotic f low was attributed to adsorption o f 

Arsenazo I I I onto the wall. Evidence o f wall adsorption was ascertained by 

performing a series o f repeat injections into a new acrylamide coated capillary using a 

pH 5 sodium acetate electrolyte containing no Arsenazo I I I . The migration times o f 

the uranium and Arsenazo 111 peaks were noted to be relatively constant, but when 50 

mg r ' Arsenazo I I I was added to the separation electrolyte the migration time o f the 

uranium-Arsenazo IH peak was found to progressively lengthen. Adsorption o f the 

reagent onto the capillary wall would be expected to cause significant broadening and 

loss o f sensitivity, as dissociated uranium would be chelated by the adsorbed Arsenazo 

ILL Although some loss o f sensitivity and broadening was found this was not a 

significant as might be expected, possibly due to the high stability or favourable 

kinetics o f the uranyl-Arsenazo I I I chelate. 



The optimum peak resolution was obtained using an electrolyte o f between pH 4.0 and 

5.0. In terms o f sensitivity and peak efficiency there was little difference between the 

different electrolytes in this range. A lOmM electrolyte at pH 5 produced 36-38|iA o f 

current from a 30kV separation voltage. Although this current was greater than that 

obtained from the lower pH electrolytes and getting towards the upper limit before 

joule heating would become a problem, it was still usable and there was no advantage 

to be gained from using the lower pH electrolytes. 

The photometric absorption o f the Arsenazo I B at 654 nm increases rapidly above pH 

5 and begins to overlap with that o f the uranyl-complex causing an increase in the 

background absorption and corresponding reduction in sensitivity. 

The ionic strength o f the electrolyte was varied to find a compromise between buffer 

capacity, field strength and efficiency. Low ionic strength electrolytes allow the use o f 

high field strengths, but peak efficiency may be compromised due to a reduction in the 

stacking effect when large injection volumes are used. Sodium acetate electrolytes o f 

5, 10 and 20mM and pH 4.5 were used for a series o f injections o f the pre-formed 

uranium-Arsenazo I I I complex. The current obtained using the 20mM electrolyte 

necessitated a reduction in the separation voltage. As a result o f this the expected 

increase in peak efficiency was not experienced. The lower ionic strength o f the 5mM 

electrolyte did not produce any advantage, since the maximum voltage o f the 

instrument (30kV) could be used with the lOmM electrolyte. Consequently, the 5mM 

electrolyte was rejected due to its lower buffering capacity and stacking ability. A 

lOmM sodium acetate electrolyte at a pH o f 4.5 - 5 was found to produce the best 

results with respect to resolution, separation current, peak shape, and sensitivity, 

consequently this was the principal electrolyte used for the analysis o f uranium. 
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3.2.3.4. Quantitative Performance. 

Figure 3.7 shows the separation o f the uranyl-Arsenazo i n complex from the free 

reagent. This separation was performed using the 98% purity reagent and shows the 

very flat baseline achieved and the absence of interference peaks. 

Good symmetrical peak shapes were obtained for the uranyl-complex and peak 

efficiencies o f in excess o f 500,000 plates per meter could be obtained with new 

capillaries. The peak efficiency o f the capillaries was noted to decline during the first 

week o f use but then remained constant for several weeks. Batches o f fresh capillaries 

were frequently made and used as required. Linear calibrations were obtained for the 

uranyl-Arsenazo m complex from 2 mg f ' down to 0.01 mg l ' with correlation 

coefficients (r) o f 0.999 or higher. Using a detection limit twice the base line noise a 

concentration o f 0.01 mg was obtained with gravity injections o f 30 seconds at a 

height o f 100mm. 
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Figure 3.7. Electropherogram of Uranium Separation. Separation conditions Electrolyte, 

I0niA4Sodium acetate pH 5 with 5 mg r' AZIll; Voltage, -25 kV; Injection Gravity, 100mm, 30 

second; Detection 654nm; Capillary 65cm L, 100mm ID Key (a) Img r' and (b) 0.01 mg t' 
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3.2.4. Improvement of the Limit of Detection. 

3.2.4.1. Gravity Injection. 

In CE an increase in the detection limit can be achieved by the injection o f very large 

sample volumes onto the capillary. The samples can be 'stacked' into narrow bands by 

injection o f the sample in a low ionic strength matrix. The degree o f stacking is 

proportional to the ratio o f the resistivities between the sample matrix and the 

separation electrolyte. Consequently, a sample made up in water and injected into a 

column filled with high ionic strength buffer should achieve maximum stacking. With 

these methods, the maximum volume of sample that can be injected into the capillary is 

principally limited by f low disturbances. These flow disturbances are caused by a local 

increase in the electroosmotic f low velocity within in the sample zone. 

The use o f coated capillaries, where electroosmotic f low is absent or at least 

significantly reduced, can be a significant advantage in sample stacking techniques. 

This is because the injected water plug remains immobile or at least moves with a 

much reduced velocity, thus allowing larger volumes o f sample to be injected without 

significantly effecting the efficiency or resolution o f the separation. This supposition 

was tested by performing a series o f gravity injections o f increasing injection time 

whilst maintaining a constant height. Figure 3.8 shows the effects o f increasing the 

injection volume by gravity injection. Al l injections were performed at a fixed height 

of 100mm and only the time was varied. The Figure shows that the increase in the 

integrated area under the peak with increasing injection time is linear, but peak height 

follows a limited growth pattern, increasing in a reasonably linear manner up to 60 

seconds but then falling off. Peak efficiency declines rapidly with increasing injection 
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time but peak resolution is not significantly affected, as even with a 240 second 

injection the peak width at the base line was only 9 seconds wide. 

Some loss o f efficiency 

was considered an 

acceptable trade o f f 

against an increase in < 

detection sensitivity. In 

terms o f sensitivity, peak 

height was considered the 

Figitre 3.8. The Effect of increasing the injection time 
most important parameter. q „ pQ^j^ response and efficiency using gravity 

injection. Wliere O = peak height, • =integrated area under 
From Figure 3 .8 it can be the peak and = Plate number per 7 5 I D . 50cm 

capillary. Uranium concentration 0.5mg /"'. 

seen that was little gain in 

sensitivity beyond a 60 second injection. The peak height obtained with an injection o f 

60 second was found to be three times that o f a 15 second injection. Whereas, the 

height obtained with a 240 second injection was found to be only 1.5 times that 

obtained for 60 seconds. The integrated area under the peak although significantly 

increased was o f little consequence in the improvement o f detection sensitivity, due to 

the increased broadening o f the peaks. 

3.2.4.2. Electrokinetic Injection. 

The electrokinetic injection o f samples has also been used as a means o f sample pre-

concentration in CE by injecting samples prepared in low ionic strength matrices [76, 

228]. Referred to as field amplified injection by Chien and Burgi [76] the method can 

yield several hundred fold increase in the number o f ions injected. The increased field 

strength encountered in the low ionic strength sample causes an increase in the velocity 



o f ions. Differences between field strength encountered in the sample and separation 

electrolyte cause the sample ions to stack into a narrow band once they encounter the 

higher conductivity o f the separation electrolyte inside the capillary. 

In the absence o f electroosmotic flow, ions migrate into the capillary solely under the 

influence o f their own mobility and therefore only one type o f ion can be injected at a 

time. The quantity o f ions migrating into the capillary is primarily a function o f the 

length o f the injection time and the field strength they encounter in the sample zone, 

with the field strength being determined by the ionic strength of the matrix and the 

applied voltage. 

Figures 3.9 (a)-(d) show the results for the electrokinetic injection study. In each 

study a fixed injection voltage was used and the length o f the injection time varied. 
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Figure 3.9. Effect of increasing the injection time on peak response and efficiency 
with electrokinetic injection. Where O = peak height (A U xJ Cf^), O =integrated area under the 
peak and i^j = Plate number per 50/mi ID, 50cm Lj capillary. Uranium concentration 0. Img C 
^Injection Voltages; (a) 5Kv, (b) lOKv, (c) 15Kv, (d) 20Kv. 
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It can be seen from each figure that increasing the injection time results in an increase 

in the detector response. The most significant increase in peak height was obtained 

using 10 second injections, above this time the increase in response was found to 

decline. The figures also show that as the injection voltage is increased there is also a 

gain in response, but to a lesser extent than that due to injection time. The plate 

number was found to reduce with injection time but not to such an extent as with 

gravity injection. With respect to injection time, voltage and plate number, 10 second, 

10 kV injections were found to be best compromise. Injection times of greater than 20 

seconds resulted in a rapid falling o f f in the increase in peak area and height at alt 

voltages. A detection limit o f less than 0.001 mg P' could be obtained using 

electrokinetic injection. Figure 3.10 shows a comparison o f the peaks obtained by 

gravity and electrokinetic injection for uranium at a concentration o f 0.01 mg 1"'. 
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Figure 3.10. Electropherograms showing a Comparison of Gravity and 
Electrokinetic injection of 0.01 mg VOi^. Separation conditions: Electrolyte, lOmA^ 

Sodium acetate pH 4.5 with 5 mg r' AZ III; Voltage, -30kV; Detection 654nm; Capillary 60cm L, 

100mm ID Key (a) and Upper Trace, 100mm, 30 second Gravity Injection. Lower Trace, lOkV, 10 

second Electrokinetic injection. 
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3.2.4.3. Peak Splitting During Electrokinetic Injections. 

Initially, injections o f over 10 seconds, at voltages o f l 5 k V and above were found to 

produce split peaks for the uranyl-Arsenazo 111 complex and free reagent peaks. This 

was a curious phenomenon and not fully understood although it was remedied 

relatively easily by providing mixing in the sample vial or repositioning the electrode. 

Mixing in the sample vial was accomplished by running a separate 100 pim I D capillary 

parallel to the separation capillary and extending this to the bottom of the sample vial. 

Helium was then bubbled through this capillary during the sample injection. 

The position and shape of the electrode with respect to the capillary entrance was also 

found to be influential in the formation o f these split peaks. In general practice the 

ends o f the electrode and capillaries are aligned. However, when the capillary end was 

raised above the level o f the electrode tip, the split peaks were no longer formed. 

Bending the electrode to form a loop through which the capillary was inserted was also 

found to eliminate the formation o f the split peaks. 

The peak splitting appeared to be caused by rapid localised depletion o f ions in the 

high field strength region between the electrode and capillary entrance. I f this were the 

case, mixing o f the sample vial would provide replenishment o f the zone between the 

capillary tip and electrode. By placing the capillary higher up the electrode, or creating 

a loop, the electrode may increase the size o f the pool from which ions were drawn. 

That is from both above and below the capillary tip in the case o f the repositioned 

capillary or all around the capillary tip with the looped electrode. However, with all 

these methods, peak splitting still occurred intermittently when using 25kV injections 

o f over 10 seconds. The frequency o f the peak splitting was noted to be worst when 

repeat injections were made fi-om the same sample vial with no mixing o f the sample 

between injections. 
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3.2.5. Interferences. 

At the pH values optimal for the determination o f uranium several other metals also 

form complexes with Arsenazo 111: Under the conditions used for the determination o f 

uranium, the calcium-Arsenazo 111 complex was found to be extremely labile and 

could only be detected by reversal o f the power supply, as the migration mode o f the 

calcium complex was cathodal. Although a pre-formed complex was injected, the 

detection o f calcium was essentially due to an on-column complexation reaction. 

Without the addition o f dye to the electrolyte, the calcium and dye, having opposing 

mobilities, would migrate away from each other and the calcium would not be 

detected. 

Complexes o f intermediate stability, such as lead were lost through diffusion and only 

iron and the lanthanide metals were found to produce a response. The mobility o f the 

lanthanide metal complexes was lower than that o f the uranyl complex producing 

peaks significantly later that did not interfere. This behaviour was predicted, since a 

1:1 complex with a 3+ metal would be expected to have a lower anionic charge than 

the uranyl complex. Although all the lanthanide metals injected produced a response, 

the peaks were severely broadened and unsuitable for quantification. Under the 

conditions used for the uranium analysis, the lanthanide chelates were all found to have 

similar mobilities and were not resolved. 

3.2.5.1. Separation of Iron and Uranium 

Figure 3.11 shows the separation o f the uranyl and iron (HI)-Arsenazo H I chelates. 

Like thorium, the iron I E complex was found to migrate with a greater velocity than 

that o f the free Arsenazo HI . Also, in common with thorium, iron produced a broad 

response composed o f more than one peak. The chemistry o f iron is highly 
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complicated and it is known to form polymeric hydroxide species. It was considered 

that the broad, highly anionic response for iron was probably due to the inclusion o f 

hydroxide ions in the coordination sphere. 
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Figure 3.11. Separation of Uranium andiron III. Separation conditions: Electrolyte, 
I OtriM sodium acetate pH 4.5 and 5 mg F' arsenazo III; capillary, lOOfjm ID 65 cm Lt; applied 
voltage 30kV; Sample Fe^^ & UO^^ 2mg r'; injection, gravity, 30 seconds @!00mm. 

The iron response was well separated from the uranium peak and was not found to 

interfere in the determination o f uranium provided that the concentration o f the iron 

did not exceed 2ppm. Unfortunately, real samples containing uranium, particularly 

those o f geological or biological origin, tend to contain iron in vastly greater 

concentrations, with up to six orders o f magnitude difference in concentration not 

unusual. 

Although the iron peaks did not interfere in the determination o f uranium, excessive 

Fe ^ in the sample was found to cause the formation a dark blue precipitate. The speed 

o f formation o f the precipitate was noted to be a fijnction o f the concentration o f iron 

present in the sample and the concentration o f the dye added. When concentrations o f 
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2 mg or less Fê "̂  were present in the sample the complex remained in solution for at 

least 24 hours and no loss o f signal for uranium was detected within eight hours. At 

concentration o f 200 mg I '* Fe^^ the precipitation reaction was virtually instantaneous. 

Significantly, the uranium appeared to have been co-precipitated with the Fe^^ 

arsenazo complex as subsequent analysis o f precipitated samples resulted in total loss 

of the uranium peak. The addition o f more Arsenazo 111 to the sample prior to analysis 

still failed to produce a response for uranium confirming that the uranyl-arsenazo 

complex was being co-precipitated and not just starved o f reagent. 

The injection o f uranium and iron (111) in concentrations above 1 mg 1"' also caused a 

reduction in the response o f uranium using on-column complexation. This technique 

was only briefly investigated owing to modification o f the capillary surface by the 

precipitation and subsequent adsorption o f the Fê "̂  complex. This resulted in a 

significant reduction in the efficiency o f the capillary and the capillary had to be 

discarded. 

Many methods for the determination o f uranium use a sample pre-treatment step to 

remove interferences. However, this adds a ftjrther time consuming step to the 

analysis, therefore several attempts were made to eliminate interference from iron 

without the need for a separate sample clean up step. Unfortunately, these attempts 

were only met with limited success. 

The simplest method that was used to minimise the impact o f iron was by the addition 

o f low concentrations o f Arsenazo H I to the mixed U02̂ '̂  and Fê "̂  standards. I t was 

hoped the stability o f the uranium complex might be sufficiently larger than that o f the 

iron to cause an equilibrium shift allowing the uranium to be complexed in preference 

to the iron. No reagent was added to the electrolyte to prevent the iron from 

becoming complexed on-column. Although this method was found to significantly 
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reduce the iron response, the uranium peak was also reduced, seriously affecting the 

detection limit. 

3.2.5.2. Reduction oflron with Sulphur Dioxide. 

An alternative strategy used in an attempt to improve the iron tolerance o f the system 

was by reduction o f the Fe^* to Fe^ .̂ Although Fe^^ also forms a complex with 

Arsenazo I I I , the complex was found to be more soluble than the Fe^* complex and 

might solve the problems o f precipitation. The choice o f reducing agent is important 

since it needs to be sufficiently powerful to reduce the Fê "̂  to Fê "" but not \J02^^ to 

Initially, the iron was reduced by the addition o f SO2 solution to the sample vial and a 

low concentration added to the electrolyte to prevent re-oxidation o f the iron. 

Although the solubility o f the iron-Arsenazo I I I complex appeared to be significantly 

improved by this, the addition o f I m M SO2 solution to the electrolyte caused an 

increase in the conductivity o f the electrolyte, necessitating the use o f lower separation 

voltages. The addition o f lOmM SO2 solution to the sample also caused a significant 

increase in the ionic strength o f the sample resulting in serious broadening o f the 

uranium peak and a reduction in sensitivity. Despite these problems, the iron was 

found to produce a single very sharp peak migrating slightly in front of, but unresolved 

from, the free Arsenazo HI . Although reduction o f the iron with SO2 increased the 

iron tolerance o f the system to 50 mg \ ' \ unfortunately the detection limit for uranium 

was raised to 0.1 mg I 'V 
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3.2.5.3. Reduction of Iron U l with Ascorbic acid. 

Ascorbic acid has been reported to reduce U02 '̂̂  to U**"̂  [229] but under the conditions 

used here, this was not found to be the case. Figure 3.12 illustrates an 

electropherogram o f the separation of the reduced iron and uranium at concentrations 

of 50 mg r ' and 1 mg 1'* respectively. As with the SO2 solution iron n produces a very 

sharp peak migrating slightly ahead o f the free Arsenazo I I I . 
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Figure 3.12. Separation of I ppm Uranium and 50 ppm Iron III. Separation conditions: 
Electrolyte, lOmMsodium acetate pH 4.5 + ImM ascorbic acid and 5 mg arsenazo lU; capillary, 
lOO^i ID 65 cm L , ; applied voltage 25kV; sample, 1 mg r' U02^*and 50 mg r' Fe^* made up in 10 
mhi ascorbic acid; injection, gravity, 30 seconds @100mm. 

Using ascorbic acid the uranium peak was also detected and in terms o f peak height 

the results were in reasonable agreement with those obtained without the addition o f 

ascorbic acid to the sample or electrolyte. However, the uranium peak was broader 

and plate numbers were approximately one third o f those obtained without the 

reducing agent. The reduction o f the iron did not totally solve the problems of 

precipitation but a concentration of 50 mg f ' o f iron was found to be the tolerable. 
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Even with 10 mM ascorbic acid in the sample, precipitation of the iron complex began 

to occur at a concentration of 100 mg \ ' \ Increasing the concentration of ascorbic acid 

in the sample resulted in a decline in the uranium sensitivity due to broadening of the 

peak. Although ascorbic acid has a low mobility, an increase in the separation current 

was noted limiting the concentration in the separation electrolyte to 2mM. 

The limit of detection for this system was found to be 0.05 mg 1"'. This somewhat 

unsatisfactory value was the result of the reduced separation efficiency and the inability 

to resolve a small broad peak migrating with a velocity slightly greater than that of the 

uranium peak. 

3.2.5.4. Masking of Iron with 1, 10 Phenanthroline. 

Many spectrophotometric methods utilise masking agents to eliminate interferences 

and this technique was applied to the CE method. Iron n forms strong complexes with 

1,10 phenanthroline, which may be stable enough to prevent the iron from complexing 

with the Arsenazo 111. A further advantage of 1, 10 phenanthroline was that the iron 

complexes would also be cationic and therefore would migrate out of the capillary. A 

series of standards containing 1 mg f ' U02^^ and Fê "̂  at concentrations between 0 -

200 mg r ' were made up. The Fê "" was reduced to Fê "̂  by the addition of ascorbic 

acid, which is reported to reduce the iron but not the uranium. The reduced iron was 

then pre-complexed with 1,10 phenanthroline. The iron-1,10 phenanthroline reaction 

is kinetically much slower than the Arsenazo IE reaction therefore the standards were 

left to stand for 1 hour before the addition of the Arsenazo 111. ImM 1,10 

phenanthroline was also added to the electrolyte to help maintain the stability of the 

iron complex. Although the addition of this reagent was unlikely to have much effect 

it did not contribute to the ionic strength of the electrolyte and therefore did not 
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increase the current. The addition of Arsenazo III to the standards caused the colour 

to change to blue although either the uranium or the iron could have caused this. 

The injection of the standards containing the reduced and pre-complexed Fê ^ and 

UOi'^* produced a single very broad hump on the baseline, which started at around 5 

minutes and was over 3 minutes in width. No peaks were detected for either the free 

Arsenazo I I I or the uranyl-Arsenazo III complex. This broad peak was thought to be 

due to the formation of a ternary complex, between the iron, Arsenazo 111 and 1,10 

phenanthroline resulting in an anionic complex which appeared to be only moderately 

stable as indicated by the severe broadening of the peak. Injection of Arsenazo I I I and 

the uranyl-Arsenazo III complex, made up in the same way as the iron-uranium 

standards, produced peaks that appeared to be largely unaffected by the addition of 

1,10 phenanthroline. However, these peaks were found to be slightly broader than 

those obtained without the addition of the 1,10 phenanthroline to the sample and 

electrolyte. 

3.2.6. The Separation of Uranium and Thorium 

Figure 3.13 illustrates the separation of uranium, thorium and the free Arsenazo 111 as 

the pre-formed complexes. Thorium produces a broad hump with several peaks that 

were only partially resolved from the free Arsenazo III peak. 

The shape of the thorium peak was highly influenced by the concentration of thorium 

being injected onto the capillary. At a concentration of 1 mg 1'" or greater, three small 

peaks (labelled as 1, 2 and 4 in Figure 3.13) and one main peak (labelled as peak 3) 

were detectable. Below this concentration, the thorium peak deteriorated extensively 

and was detectable as little more than a hump on the baseline. Figure 3.14 shows that 

increasing the thorium concentration above I mg 1"' caused a significant increase in the 
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response of peak 3. The smaller peaks labelled 2 and 4, either side of peak 3 were also 

noted to increase proportionally. 
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Figure 3.13. Electropherogram of Uranium and Thorium Separation, with inset 
giving detail of the four thorium peaks. Separation conditions: Electrolyte. lOniM sodium 
acetate pH 4.5 and 5 mg r' arsenazo III; capillary, lOOfmi ID 65 cm L,: applied voltage -25kV; 
injection, gravitv, 30 seconds @ 100mm. Detection, 654 nm. Sample, I mg C' t/O/^flwrf 2 mg C' 

Leaving the thorium complex to stand for several hours prior to injection was found to 

increase the size of peak 1. This may have been an indication that this peak was due to 

the 1 ;2 complex and that the formation of the 1:1 complex was fast (a colour reaction 

was obtained instantly the metal and reagent were mixed) but the formation of the 1:2 

complex was relatively slow. 

The greater mobility of the thorium over the free Arsenazo I I I , indicated that the 

complex carried a very high negative charge. This negative charge could not be 

attributed solely to the thorium-Arsenazo [U complex due to the high positive charge 

of the thorium. Assuming the Arsenazo I I I carried a charge of minus four at pH 5, the 

1:2 complex with thorium would then have a charge of minus four but with a mass of 

over twice that of the Arsenazo I I I . In order for the complex to have a greater 
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mobility than the free reagent it would need to have a negative charge of greater than 

2.25 X that of the free reagent. 
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Figure 3.14. The Effect of the Injected Concentration of Thorium on Peak Shape, 
Separation conditions: Electrolyte, lOmMsodium acetate pH 4.5 and 5 mg r' Arsenazo III; capillary, 
lOO^i ID 65 cm L,; applied voltage 30kV; injection, gravity, 30 seconds @I00mm; metal 
concentrations, (a) 2 mg r' (b) 4 mg r'(c) 6 mg t'. 

The high mobility of the thorium complex cannot be explained in terms of complex 

stoichiometry. The formation of a 1:3 complex was not reported in the literature and 

seemed unlikely due to steric hindrance. It seemed most likely that electrolyte 

constituents were involved in the thorium complex, with the smaller side peaks being 

attributable to the to the formation of mixed ligand complexes containing acetate or 

hydroxide. 

The effect of changing the electrolyte to one containing a competing ligand forming 

stronger complexes than acetate was investigated to see the effect on these side peaks. 

Figure 3.15 (a) shows that some improvement in the peak shape was produced using a 

sodium tartrate electrolyte, with a single tailing peak being detected. The separation 

between the free reagent and the thorium peak was observed to be greater using this 

electrolyte, implying that the tartrate was involved in the complex. Figure 3.15 (b) 

shows an electropherogram of thorium using a sodium citrate electrolyte. As with 

tartaric acid a single tailing peak was detected although this peak was less well 
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separated from the free reagent, signifying that the mobility of this peak was lower 

than that of the thorium - Arsenazo 111 - tartrate peak. 
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Figure 3.75. Effeci of competing ligand on the thorium peak. Separation conditions, 
capillary, lOOfjjn ID 65 cm Lt: injection, gravity, 30 seconds @J00mm; metal concentrations 2 mg r'. 
Electrolyte, (a) 5mMsodium tartrate pH 4.5 and 5 mg Arsenazo III; applied voltage 30 kV (b) 
5mh4 sodium citrate pH 4.5 and 5 mg r' Arsenazo HI; applied voltage 25 kV. 

Under these conditions both ligands have the same charge. The ternary complex 

involving the citrate would be expected to 

have the greater mobility due to its higher 

stability constant, although this could be 

offset by the larger size of the citric acid, 

which may be subject to more steric 

hindrance. Although a minor 

improvement of the thorium peak could be 

gained this experiment points to the 
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involvment of other ligands in addition Figure 3. J 6. Effect of electrolyte pH on the 
thorium peak. Separation conditions: Electrolyte, 

to the Arsenazo HI in the formation of 5mA4 KCl pH 2.2 and 5 mg r' arsenazo Ill-
capillary, lOOfnn ID 65 cm Lu applied voltage 

the thorium complex. '^J^^^'^^' S^^'^' -̂ ^ ^^^onds ©lOOmm; 
metal concentration, 2 mg F . 
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The peak shapes also indicated that the stability of the thorium complex was also a 

problem. 

A lower pH electrolyte was tried since the thorium-Arsenazo HI complex is reported 

to be more stable under acidic conditions [230]. Figure 3.16 shows an 

electropherogram of thorium at pH 2.2. A reduced pH should provide some indication 

to the extent at which hydroxide is involved in the formation of the complex. 

Although some improvement in peak shape was obtained, a much lower pH appeared 

to be needed before any significant improvement could be obtained. However, the use 

of a lower pH electrolyte was found to be impractical owing to the very high current 

obtained. 

3.2.7. The Analysis of Uranium in Real Samples. 

The low tolerance to iron in the CE determination of uranium made it impractical for 

the analysis of certain types of environmental samples, without some form of sample 

pre-treatment to isolate the uranium. The detection limits achieved with this method 

although good by CE standards were too high for the direct analysis of many real 

samples without some from of pre-concentration. To test the performance of the 

method in the analysis of real samples, a mineral and a tap water sample were spiked 

with uranium. Although this was not as good as the analysis of an environmental 

sample containing uranium, the mineral water was high ionic strength and gave some 

indication of the robustness of the method. 

3.2.7.1. Sample Preparation. 

3 X 10ml of tap water and Badoit Mineral water samples were titrated to pH 4 with 

0. I M HCI. 100 [iL of Img f ' uranium standard was added to the samples giving a 

final concentration of 0.0Img 1'*, followed by 100 ^iL of 500mg f ' Arsenazo I I I 
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solution. Tap and mineral water blanks containing only the reagent were also made up. 

The samples and blanks were injected onto the capillary using 30 second 100mm 

gravity and lOkV 10 second electrokinetic injections. 

3.2.7.2. Spiked Sample Results. 

The averaged data for the gravity injections is shown in table 3.5 and the data for the 

electrokinetic injections is shown in table 3.6. The number of replicates was three in 

all cases. 

Table 3.5. Data for Spiked Water Sample by Gravity Injection. 
Sample RSD % Recovery 

Tap Water 
Mineral Water 

6.98 
12.72 

93.2 
86.7 

Table 3.6. Data for Spiked Water Sample by Electrokinetic Injection. 
Sample RSD % Recovery 

Tap Water 
Mineral Water 

19.80 
32.75 

56.8 
34.6 

From the data in Tables 

3.5 and 3.6 it can be 

seen that gravity 

injection was the better 

injection technique 

being far less susceptible 

to differences in the 

ionic strength of the 

sample and standards. 

Some peak broadening 

was observed with the 
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Figure 3.17. Comparison of Tap Water Sample 
and Tap Water Spiked with 0.01 mg f' VOi^. Separation 
conditions: Electrolyte, lOmM sodium acetate pH 4.5 and 5 mg 
arsenazo III; capillary, lOOfjm ID 50 cm Li^ applied voltage 30kV; 
injection, graxnty, 30 seconds @I00mm; Lower trace Spiked tap 
water. Upper trace, Sample blank. 
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gravity injections, particularly the mineral water which was higher in ionic strength 

than the tap water sample and this is reflected by the lower recovery and greater RSD 

obtained with this sample. Figure 3.17 shows an electropherogram of the spiked tap 

water and tap water injected by gravity injection. 

The recoveries and reproducibility of the electrokinetic injections was poor despite the 

potentially lower limits of detection that can be obtained from this method under ideal 

circumstances. Consequently, this method of injection would not be quantitative when 

applied to the analysis of environmental samples. Making up the samples and 

standards in a buffer was found to reduce this bias but increased the detection limit to 

almost 100 ^g I'V 

3.3. Capillary Study. 

The high stability of the uranyl - Arsenazo 111 complex during electrophoresis made it 

ideal to assess the suitability of a variety of capillaries with differing internal 

chemistries for the separation of metal chelates. 

Two internally coated fused silica capillaries and three polymeric capillaries were 

assessed for the determination of the uranium-Arsenazo in complex. In so far as 

possible all the conditions used to assess the different capillaries were kept constant, 

the only exception being the internal diameter of the capillaries. The electrolyte was 

lOmM sodium acetate at pH 4.5 containing 5 mg 1'* Arsenazo m. A constant voltage 

of - 30kV was used throughout. Gravity injections of a pre-formed 1.0 mg 1"' uranyl-

Arsenazo 111 complex were performed at a height of 100mm for 30 seconds. The data 

presented in Tables 3.7-3.10 was obtained from three runs and the efficiency is given 

as plates per 60 cm Ld (65cm L|) column. Peak heights are given in absorbance units 

(AU). Area under the peak is given in arbitrary units and corrected areas under the 
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peak are peak areas divided by the migration time to give data that is independent of 

mobility. Comparison of the plate numbers obtained fi-om fijsed silica and polymeric 

capillaries should only be taken as a guide. This is because the precision of the internal 

diameter of fijsed silica capillaries is reported to be far more accurate than that of 

polymeric capillaries, in which case there may be considerable variation fi-om one 

polymeric capillary to the next. The source of this imprecision is in part due to the 

manufacturing processes and also the ductile nature of the capillaries. 

3.3.1. Polyacrylamide Coated Fused silica Capillaries. 

Polyacrylamide coated fused silica capillaries had been used for the bulk of the uranium 

study prior to the acquisition of the polymeric and hydrophilic coated capillaries. The 

coating is moderately hydrophilic and provided the best results of all the capillaries 

tested. The internally coated polyacrylamide capillaries used for this study were 65cm 

Li and 100 |im internal diameter. Although good results were obtained using these 

capillaries, a reduction in efficiency became evident with long term use, indicating that 

the coating was either being degraded or subject to solute adsorption. The coating 

was known to have limited durability, but in this situation solute adsorption was 

suspected since the reduction in efficiency was accelerated when using high 

concentrations of dye in the electrolyte during an on-column complexation study or 

when injecting high concentrations of dye during the iron (HI) study. Typically, new 

capillaries produced plate numbers in the region of 450,000 plates per 60 cm (Ld) 

capillary and a detection limit of 5/ig f ' using 30 second gravity injection at a height of 

100mm for the uranyl-chelate. Some variation in the efficiency of the new capillaries 

was found, with 'good' capillaries giving peak efficiencies of greater than 600,000 

plates per 60 cm (La). The capillary used in this study had been previously used for 
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nearly one month and the separation efficiency was lower than that obtained when 

new. However, the capillary was still functioning well and a 10//g 1'' uranium peak 

was easily detected. The data obtained using this capillary is presented in Table 3.7. 

The capillary gave good precision in terms of migration time and peak height. 

Table 3.7. Polyacrylamide Coated Fused Silica Capillary Data. 
Polyacryamide tm Peak Area Corrected Peak Area Peak Height Efficiency ( N ) 

Mean 4.79 1071.0 223.3 905.8 349542.0 
St Dev 0.03 81.8 18.6 33.8 38069.4 
RSD 0.66 7.6 8.35 3.7 10.9 

3.3.2. Neutral hydrophilic coated fused silica capillaries. 

The exact polymer coating used in this capillary was unknown, but was stated by the 

donor to be considerably more hydrophilic than polyacrylamide. A hydrophilic coating 

was chosen to try to assess the degree of hydrophobic adsorption of the Arsenazo 111 

onto the capillary wall. The data obtained from this capillary is shown in Table 3 .8. 

These capillaries produced poor results in terms of sensitivity and efficiency. The 

peaks were found to be symmetrical but broader, with peak areas similar to those 

obtained using acrylamide capillaries but much lower peak heights. The precision of 

migration times and peak heights were also found to be similar to those obtained using 

the acrylamide coated capillaries. 

Table 3.8. Neutral Hydrophilic Coated Fused Silica Capillary Data. 
NHP tm Peak Area Corrected Peak Area Peak Height Efficiency ( N ) 
Mean 4.63 1237 266.2 223.3 14423 

St Dev. 0.07 117 21.62 5.8 1604 
RSD 1.5 9.5 8.1 2.6 11.1 

3.3.3. Polystyrene Capillaries. 

These capillaries were supplied with an internal diameter of 0.003" (76|im). The 

capillaries were highly ductile and difficult to install in the instrument, particularly with 
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regard to threading the capillary through the injection head. The capillaries were 

reasonably transparent to visible light and there was no need to create a window. A 

major problem with these capillaries became apparent when a voltage was applied 

across the capillary. The voltage created a strong electrostatic field around the 

capillaries causing them to be strongly attracted to the metal injection arm of the 

instrument. Contact with the arm eventually resulted in a short circuit, which blew a 

hole in the capillary wall with a loud report. High detector noise in the early stages of 

a run seemed to indicate that the capillaries were earthing through the detector. A 

reduction in this noise was found to correlate reasonably well with the capillary coming 

into contact with the injector arm, which may have provided better earthing. A shield 

was placed around the injection arm to prevent the capillary coming into contact with 

it. However, the shield did not always remain in place due to the movement of the arm 

during an injection. The flexible nature of the capillary made it difficult to prevent it 

from coming into contact with some part of the instrument and invariable the 

capillaries blew within a few runs. For this reason long term studies could not carried 

out on these capillaries. 

From the data in Table 3.9 it can be seen that the polystyrene capillaries produced poor 

results, with migration times far greater than expected and sensitivity of approximately 

one order of magnitude lower than that obtained using the polyacrylamide coated 

capillaries. The decreased sensitivity is most likely due to a high level of capillary 

surface interaction that would also account for the increased migration times due to the 

generation of electroosmotic flow. 

Table 3.9. Polystyrene Capillary Data. 
Polystyrene tm Peak Area Corrected Peak Area Peak Height Efficiency ( N ) 

Mean 10.2 306 29.95 68.67 143891 
St Dev 0.275 35.8 2.795 2.887 7816.2 
RSD% 2.69 11.7 9.33 4.20 5.43 
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3.3.4. Poly(vinylidene fluoride) (PVDF). 

These capillaries were supplied with an internal diameter of 0.003" (76|im). As with 

the polystyrene capillaries, PVDF is transparent and the creation of a window was 

unnecessary. These capillaries were somewhat more rigid than the polystyrene and as 

a result were easier to install. The insulation capacity of PVDF was found to be 

greater than polystyrene under the influence of high voltages and no earthing problems 

were encountered with these capillaries. Fluorinated polymers tend to be very 

hydrophobic and hydrophobic interactions between the capillary surface and Arsenazo 

III would be expected to be greatest in these capillaries. The increased migration times 

may be an indication of hydrophobic adsorption but the corrected peak areas were 

larger than those obtained with the acrylamide capillary. The precision of the 

migration time and peak height was relatively poor and the plate numbers obtained 

were only about one third of those using the acrylamide capillary. The data obtained 

from the PVDF capillaries is shown in Table 3.10. 

Table 3.10. Folyfvinylidene fluoride) Capillary Data. 
PVDF Peak Area Corrected Peak Area Peak Height Efficiency (N) 
Mean 6.23 1832 294.1 560.7 110197 
St Dev 0.132 66.2 11.4 63.04 28929 
RSD% 2.12 3.61 3.87 11.24 26.25 

3.3.5. Polyncrylimide Capillaries. 

The polyactilimide capillaries were supplied with an internal diameter of 0.004" (102 

|im). Unlike the other polymeric capillaries, these capillaries were not transparent and 

a window was created by attaching a section of 100 |im acrylamide coated fused silica 

capillary to the end. The junction was made by insertion of the two capillary ends into 

a short section of PVC tubing. However, no peaks were obtained using this type of 

capillary. This was thought to be due to the formation of a positive charge on the 
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surface. A positively charged surface should result in the generation of an anodal 

electroosmotic flow thus sweeping the anionic reagent and complex past the detector 

window with accelerated velocities. Since no peaks were detected it was suspected 

that the reagent was adsorbing on to the capillary wall creating a negatively charged 

chelating surface. In which case any flow generated would be cathodal preventing 

both reagent and the uranyl-chelate from migrating past the detector window. 

3.4. Summary. 

The high stability of the uranium-Arsenazo III complex during electrophoresis 

produced very sharp peaks in new polyacrylamide-coated fused silica capillaries. The 

long-term use of these capillaries was found to causes a reduction in sensitivity and 

peak efficiency. This reduction in peak efficiency was noted to be more rapid during 

the on-column complexation study indicating that the reduction in sensitivity and peak 

efficiency was due to the adsorption of Arsenazo 111 onto the capillary walls. The 

stability of the complex also appears to minimise zone broadening due to wall 

interactions allowing sensitive determinations to be made with the same capillary for at 

least one month. 

Highly sensitive determinations of uranium can be achieved especially when using 

electrokinetic injection. Although in terms of the analysis of environmental samples, 

electrokinetic injection was found to be less quantitative, being highly dependent on 

the ionic strength of the sample being injected. The precision of the electrokinetic 

injections was also found to be poor when high ionic strength samples were used. 

Gravity injection provided a less sensitive means of sample loading but the technique 

was found to be more reproducible and resilient to high ionic strength samples than 

electrokinetic injection. In the analysis of the tap water and mineral water samples 
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gravity injection proved to the more reproducible than electrokinetic injection. 

Although even with gravity injection the higher ionic strength of the mineral water was 

noted to reduce the precision and recovery of uranium spike. The high calcium 

concentration of the water samples was not found to be a problem, as the calcium 

Arsenazo 111 complex was found to be highly labile and migrated with a cathodal 

mobility 

The problems of iron interference could not be overcome to such an extent that 

geological samples could be directly analysed without some form of sample pre-

treatment. However, many sample pre-treatments such as pre-concentration on an ion-

exchange column may not be ideal for analysis by capillary electrophoresis due to the 

resultant low pH or high ionic strength of the sample. 

Concerning the reducing agents used to decrease the interference from iron (III), 

ascorbic acid was found to produce the best results, in terms of electrolyte 

conductivity and interference with the uranium peak. Although the problems of co-

precipitation of the iron and uranium Arsenazo HI chelates could not be entirely 

eliminated by reduction of the iron (m) to Iron (11). 

The shape of the thorium Arsenazo 111 chelate peak was found to be too poor for 

quantitative analysis although the thorium (IV) peak was well separated from uranyl 

chelate and was not found to interfere. 

In the capillary study the polyacrylamide coated fused silica capillaries were found to 

give the best results with respect to peak efficiency. The more hydrophilic capillary 

supplied by Dionex was found to produce peaks with migration times similar to those 

obtained from the polyacrylamide capillaries but these peaks were significantly 

broader. 
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The extended migration times and the low corrected area under the peak obtained from 

the polystyrene capillaries indicate that a high degree of adsorption is taking place in 

these capillaries. Due to this adsorption, the polystyrene capillaries were found to be 

unsuitable for the analysis of metal ions complexed with large organic molecules such 

as Arsenazo 111. 

The PVDF capillaries were the most hydrophobic of those assessed. The corrected 

area under the peak obtained from these capillaries was the highest of all the capillaries 

indicating a lower degree of wall interaction. However, the peaks obtained were 

significantly broadened. 

The polyacrylimide capillaries were not transparent and required the insertion of a 

section of polyacrylamide coated fused silica capillary for detection. Even with this 

these capillaries were found to produce no peaks. 

140 



C B A P T E R 4. T H E DEVELOPMENT O F A POST-CAPILLARY REACTION 

DETECTION S Y S T E M FOR C A P I L L A R Y E L E C T R O P H O R E S I S . 

4.0 Introduction. 

Post-capillary reaction systems have been routinely used as a means of detecting 

metal ions separated by liquid chromatography (LC) for many years now [231]. 

Those based on 4-(2-pyridylazo) resorcinol (PAR) have been the most popular 

combined with high efficiency ion chromatography columns. When capillary 

electrophoresis was first investigated for trace metal determinations, post-capillary 

reaction (PCR) systems were little studied presumably because of the more difficult 

technical problems involved in their construction. Therefore, most of the work 

focused on the separation and detection of metal complexes formed either pre

capillary [15, 123, 232] or on-capillary [24, 79, 233]. Indirect detection techniques 

usually involving a UV-Vis absorbing buffer containing weak complexing acids gave 

good separations, but sensitivity can be limited by the relatively low molar 

absorptivities of visualising agents such as imidazole and creatinine. More 

importantly perhaps, the unselective nature of indirect methods could be a serious 

disadvantage when looking for traces of transition metals in the presence of large 

amounts of alkali and alkaline earth metals. The direct detection of highly absorbing 

metal complexes seemed a better way of obtaining better selectivity and sensitivity 

and a number of studies have been published mainly involving highly coloured 

organic chelating agents [24, 79, 82, 233]. Although several of these produced good 

separation and detection characteristics using pre-capillary or on-capillary chelation, 

there are several problems limiting this approach. Unless the complexes are 

kinetically or thermodynamically very stable, dissociation could occur, producing 
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broad peaks or no peaks at all. Interaction with the capillary wall was also possible, 

again broadening peaks. 

In an attempt to overcome the problems o f complex dissociation, a PGR system for 

the detection o f metal ions separated by CE was investigated. The transfer o f post-

column technology from HPLC to CE is not straightforward. The smaller scale o f CE 

makes the construction o f a post-capillary reactor technically much more difficult and 

since one o f the major attractions o f CE is the high efficiency o f the separations, the 

requirements in terms o f preventing peak broadening are far more critical than in LC. 

Several designs for post-capillary reactor systems developed for CE have been 

published in the literature [234 - 241]. The merits and drawbacks o f each o f these 

systems were examined prior to the construction o f a post-capillary reaction system 

for the determination o f metal ions. Several physical constraints were placed on the 

design o f the post-capillary reactor system. These include the availability o f materials 

and technology for the construction o f the post-capillary reactor system and the 

adaptation o f the system to operate on the Dionex CES 1 without permanently altering 

the instrument. 

Al l but one o f the post-capillary systems described in the literature have been 

designed for use with fluorescence detectors, with the majority o f these being applied 

to the detection o f o/*//io-phthaldialdehyde (OPA) derivatised amino acids. 

Fluorescence detection has the obvious advantage o f a very low background, which 

potentially leads to superior sensitivity. However, for the determination o f metal ions, 

absorbance detection has a number o f attributes that make it the preferable method. 

The most widely used approach for the PGR detection o f metal ions separated by 

liquid chromatography is based on the formation and detection o f metal chelates. 

There are several compelling advantages in using this method of detection for the 
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post-capillary detection o f metals in CE. The chemistry o f metal chelate formation 

has been extensively studied and has been well documented in the literature. Many 

metal chelates have intense absorbance in the visible range, which minimises the 

background contribution from other electrolyte components. This allows the use o f 

the existing absorbance detectors, which are fitted as standard to many commercial 

CE instruments. Many metal chelate reactions are very fast, essentially forming on 

mixing, allowing the use o f relatively short reaction capillaries. There is also the 

potential to alter selectivity by the use o f different post-capillary reagents. 

Reagents forming fluorescent chelates with some metals are available but these tend 

to be highly selective making them less attractive as post-capillary reagents. 

4.1 Capillary Electrophoresis Post-Capillary Reaction Systems. 

Most approaches to the design o f PGR systems for CE, have used a capillary as both 

reactor and detection cell. In these systems, the separation capillary is coupled to a 

reaction capillary and the post-capillary reagent is introduced into the reaction 

capillary usually via a junction between the two capillaries. The derivatised solutes 

are then detected using an on-capillary window. These systems can be sub-divided 

into two categories, being termed according to the mode o f fluid transport in the 

reaction capillary as either voltage or pressure driven systems. 

Voltage driven systems are distinguished by the presence o f an electric fleld in the 

reaction capillary. In this type o f system, the transport o f solutes in the reaction 

capillary is due to a combination o f the electroosmotic flow generated by the capillary 

wall and the individual electrophoretic velocities o f the solutes. In a pressure driven 

system the electric field is de-coupled at the junction between the capillaries and the 

transport o f the solutes in the reaction capillary is achieved entirely by laminar flow. 
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The alignment o f the reaction and separation capillaries in either PCR system is 

critical in order to minimise disturbance o f the f low across the junction. Kuhr ei al. 

[242] demonstrated the importance o f capillary alignment, reporting significant 

diffusion away from the gap when two 75|im ID capillaries with a lOjim gap between 

them were misaligned by as little as l -2 | im. 

The length o f the gap between the capillaries can also influence the efficiency o f 

transfer across the junction. Under normal conditions, radial diffusion is insignificant 

in CE as the solute is constrained by the capillary walls. However, when a gap is 

introduced between two capillaries, this boundary is removed and the solute is free to 

diffuse away from its normal path. The major factor affecting radial diff i jsion is the 

residence time o f the solute in the gap; consequently, radial diffusion can be reduced 

by increasing the f low rate across the gap or by reducing the distance between the 

capillaries. In a voltage driven system, radial diffusion may be countered to some 

extent by the focusing effect o f the electric field experienced in the gap. 

4.1.1. Voltage Driven Systems. 

In a voltage driven system, the grounding electrode is located in the destination vial at 

the exit o f the reaction capillary. The reagent is introduced into the capillary by the 

application o f pressure or siphoning. The pressure can be created by either elevating 

the reagent reservoir above the level o f the capillary junction (height difference) or 

the application o f gas pressure to the reagent. With either method o f reagent addition, 

there is an increase in the volume o f fluid entering the reaction capillary. It is 

important that this increased flow is directed into the reaction capillary, as any back 

pressure exerted on the separation capillary would be detrimental to the separation. 

Excessive pressure would cause laminar flow in the separation capillary and in serious 

case could result in complexation o f the metal ions in the separation capillary. To 
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accommodate this increased volume, either the velocity of the flow in the reaction 

capillary must be increased or the internal diameter of the capillary must be greater 

than thai of the separation capillary. The increased flow rate in the reaction capillarv 

can be created by increasing the electroosmotic flow in this region or by the pressure 

used to introduce the reagent. Siphoning of the reagent into the reaction capillary can 

also be achieved by increasing the rate of the electroosmotic flow in the reaction 

capillary. 

Technically, the least complicated PCR system for CE described in the literature is the 

free solution approach adopted by 

Rose [234], in which a single 

separation capillary is terminated 

in a reservoir of ortho-

phthaldialdehyde, shown in figure 

4.0. The sample zones migrating 

out of the capillary, mixed and 

reacted with the reagent to 

produce fluorophores. which were 

detected just beyond the capillary 

Separation 
Capillary 

Hlecirodc 

L U V C I I C 

l-Acilalion 
Source 

Fiijure 4.0. Free Solution Post Column 
Reactor Detector [234] 

outlet. Although simple in design, the system is restricted to very fast derivatisation 

reactions, since the zones become rapidly diluted on exiting the capillary. The system 

also requires a reaction cell capable of holding sufficient volume of reagent to prevent 

depletion during a run. Replenishment of the reagent at the capillary exit is due solely 

to turbulence caused by the flow exiting the capillary. Since this is the only source of 

mixing in the reaction cell, several closely migrating zones may lead to localised 

depletion of the reagent at the capillary exit, resulting in a decline in response over 
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lime. This system also requires accurate focusing of the excitation source close to the 

capillary exit, which is diff icul t to achieve using standard fluorescence detectors. 

Although suitable for use with in-house manufactured CE systems, the requirements 

of the reaction cell make this system diff icul t to apply to most commercial 

instruments. This is due to the focusing requirements of the excitation source and the 

need for both the inlet and outlet of the capillary to be at the same height i f siphoning 

is to be avoided. 

Jorgensen and co-workers [235, 236| applied a coaxial arrangement in which a 

smaller outside diameter (OD) capillary was inserted into a larger ID capillary, with a 

sheath flow of reagent driven by pressure running through the outer capillary. This 

arrangement, shown in Figure 4.1 is essentially an improvement of the free solution 

approach described previously, in which the reactor and detector cells are created 

from a section of capillary. 

^ Reagent Flow 

Separation 
Capillar) 

Reaction 
Capillary 

Detection 
Window 

f ii^iire 4.1. Coaxial Post Column Reactor Sxstem Desi\^ned h\ Jor^^ensen et ai 
12351 
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This arrangement provides a continually replenished supply o f reagent and allows the 

use o f on-capillary detection using standard CE detectors. Zone broadening was 

minimised by closely matching the internal diameters o f the separation and reaction 

capillaries. Matching o f the inner dimensions o f the capillaries was achieved by 

etching the outside o f the separation capillary with hydrofluoric acid to reduce the 

wall thickness. The end o f this capillary was also tapered to reduce turbulence cause 

by the blunt end. With this system, the grounding electrode is situated at the outlet o f 

the reaction capillary and the transport o f solutes and electrolyte in reaction capillary 

is a combination o f electrophoretic processes and laminar flow. 

Provided the reaction capillary is kept reasonably short and comparatively low flow 

rates are used to deliver the post-column reagent, the application o f a compensating 

pressure to the inlet o f the separation capillary can be avoided. This is due to the 

minimal back pressure exerted on the separation capillary because of the shorter 

length and greater flow rate o f the wider bore reaction capillary. The main problems 

associated with a co-axial system are difficulties in centring the end o f the separation 

capillary inside the reaction capillary and the extreme fragility o f the etched 

capillaries, which makes assembly o f the components very intricate. 

Electroosmosis was used to introduce the reagent in to the reaction capillary in the 

design o f Albin et al. [239], which is shown in Figure 4.2. A 50^im [D separation 

capillary and 75|im I D reaction capillary were in inserted into PTFE tubing sleeves to 

allow the use o f a standard LC four-way connector to be used as the reactor. A small 

gap o f between 10 and 50 f im was left between the capillaries. The cross channel o f 

the reactor was connected to PTFE tubes allowing the reactor to be flushed with 

reagent and electrolyte. The reagent was reported to enter the capillary by virtue o f 

the greater volumetric flow rate o f the electroosmotic flow in the reaction capillary. 
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Figure 4.2. Cross Flow Post Column Reactor designed by Albin et al. [239] 

Although the reagent was drawn into the reaction capillary in this system, the 

mechanism used lo describe the introduction of the reagent is, in the authors opinion, 

incorrect, since the electroosmotic flow in the reaction capillary would be 

proportionally lower than that encountered in the separation capillary. Derived from 

Ohms Law, Equation 4.0 describes the relationship between field strength (E) and 

cross sectional area of the capillary. 

E = 
iCTtr Equation 4.0 

Since the current (/) and the specific conductivity (K) of the electrolyte should be the 

same in either capillary, it can be seen that an increase in the cross sectional area of 

the capillary results in an inversely proportional decrease in field strength. The lower 

field strength in the larger internal diameter capillary produces in proportional 

decrease in the electroosmotic flow and corresponding reduction in the volumetric 

flow rate through die reaction capillary. A probable cause of the introduction of 

148 



reagent is due to dilution of the electrolyte by the reagent. This results in a reduction 

of the ionic strength of the electrolyte and corresponding increase in field strength. 

Pentoney et al. [238] designed a simple 

method for introducing the reagent into 

the capillary via a cross or tee junction. 

The junction was made by boring a hole 

through the capillary wall with a laser 

and bonding the reagent delivery 

capillary or capillaries at right angles to 

the separation capillary. The reagent 

flow was driven by pressure created by 

height difference in diis system. This 

system is essentially an electroosmotic 

system with the transport of solutes in 

Waste 
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Figure 4.3. Laser Bored Cross Flow Post 
Coliutvi Reactor System developed by 
Pentoney et al. [238] 

the reaction capillary due to the electrophoretic velocity of the derivatised solutes and 

electroosmotic flow, with a hydrodynamic element superimposed over these. The 

major advantage of this system is the minimal loss of efficiency achieved, which can 

be attributed to the low dead volume of the capillary junction and the perfect 

alignment of the separation and reaction capillaries. However, lasers capable of 

boring holes with this precision are highly specialist and not readily available. 

An alternatively approach, providing a controllable means of reagent introduction was 

developed by Cassidy et al. [240] in which a second independent voltage source is 

employed to create an ancillary potential across the reaction capillary. In this system, 

shown in Figure 4.4 the electroosmotic flow and hence the volume of reagent drawn 
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into the reaction capillary could then be controlled by variation o f the field strength in 

the reaction capillary. 

The system was used to separate carbohydrates, which were detected by 

electrochemical detection. The major drawback of this system is that in order to 

allow the use o f an increased field strength in the reaction capillary, the field strength 

employed for the separation has to be less than optimal i f joule heating is to be 

avoided in the reaction capillary. 

H V H V 

•:Potentiostat: 
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Figure 4.4. Post Column Reactor System Employing a Second HV Power Sttpply 
for the Introduction of the Reagent. [240] 

4.1.2 Pressure Driven Systems 

With a pressure driven system, the grounding electrode is placed at the junction 

between the separation and reaction capillaries. Since there is no electric field in the 

reaction capillary the transport o f solutes in this zone is achieved entirely by laminar 

flow. The reagent is introduced into the reaction by the application o f pressure to the 

reaction cell. As a result, the total flow in the reaction capillary is made up o f 

electroosmotic flow exiting the separation capillary and the inf low flow reagent. 
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Since the electrode situated is outside the capillary junction, the bulk flow o f 

electrolyte due to electroosmotic flow, and the migration o f cations due to their 

electrophoretic velocities, w i l l be towards the grounding electrode. Therefore, the 

electroosmotic flow and migrating cations need to be redirected towards the reaction 

capillary. This requires a minimum pressure to be applied to the reaction cell. The 

minimum pressure (Pmin) needed to prevent electroosmotic flow dispersing into the 

reaction cell can be calculated from the Equation 4.1. 

L d^ 
= 32Ti/i,„ V Equation 4. J 

L j d j 

Where r| is the electrolyte viscosity, is the electroosmotic flow, V is the applied 

voltage and L i L2 di and d: are the lengths and internal diameters o f the separation 

and reaction capillaries, respectively. 

The pressure applied to introduce the reagent across the junction w i l l be transmitted to 

both the separation and reaction capillaries, which may result in a laminar flow 

element in the separation capillary. From Equation 4.1, it can be seen that most o f the 

pressure applied to the reaction cell w i l l be dispersed through the reaction capillary, 

provided the length o f the capillary is kept short, or the bore o f the capillary is greater 

than that o f the separation capillary. This is by virtue o f the lower frictional resistance 

encountered in these capillaries. 

Laminar flow in the separation capillary would be in opposition to the electroosmotic 

flow and would adversely affect the separation efficiency. In extreme cases, laminar 

flow could cause the flow o f post-column reagent into the separation capillary. The 

problem o f laminar flow in the separation capillary can be overcome by the 

application o f a compensating pressure to the capillary inlet. 

151 



The absence of an electric field in the reaction capillary means that the electrolyte and 

solutes move with a uniform velocity. Due to this, there is no need to correct peak 

area for differences in migration velocity. A significant advantage of this system for 

metal ion separations is that should a complex have rapid dissociation kinetics, the 

metal ions and ligand are no longer induced to migrate in opposite directions. 

Therefore, provided the reaction capillary is long enough or the reaction kinetics fast 

enough, this should permit the formation of an equilibrium between the metal and 

ligand. 

Tsuda et al. [237] developed a system which coupled CE to a conventional LC post-

column set-up. The solutes were first separated in a fused silica capillary that was co-

axially coupled to a piece of 0.5 mm PTFE tubing via a four-way connector. One o f 

the free ports of the connector was used to ground the capillary and the other was used 

for the introduction of an alkaline buffer to die PTFE tubing. A fluorimetric reagent 

was subsequently added via a T-junction and the derivatised solutes detected using a 

standard HPLC fluorescence detector. The instrumentation, schematically illustrated 

in Figure 4.5 was relatively complicated, in this system three HPLC pumps were 

used, one to deliver the alkaline buffer, a second for the fluorescent reagent and the 

third to provide a compensating pressure to the capillary inlet. 

HV 

Injector 
Separation Capillary 

Pump 3 

Pump 1 
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Tubing 
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Detector 
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Figure 4.5. Diagram of Coupled CE Separation and HPLC Post Column Reactor 
System Developed by Tsuda et al. [237] 
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The grounding electnxle was immersed in the alkaline buffer, whereas the capillary 

was filled with a different electrolyte resulting in a discontinuous electrolyte, more 

indicative of CITP than CZE. This would result in a progressive change in the pH 

and conductivity of the separation electrolyte. The transfer of the solutes from the 

small internal diameter capillary to the larger diameter PTFE tubing in conjunction 

with the separation in a discontinuous electrolyte are factors likely to contribute to the 

relatively poor efficiency attained using this system. 

Zhu and Kok |241 ] developed a pressure driven system in which the junction between 

the separation and reaction capillaries was made by inserting the capillaries into a 

porous PTFE tube, shown in Figure 4.6. 

Ai r Pressure 
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Electrode 
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Reaction 
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Porous PTFE tube 

Fif^ure 4.6. Diagram of the Reactor Cell in the Pressure Driven System Developed 
by Urn and Kok 1241} 

The coupled capillaries were fixed inside a grounded reagent vessel of approximately 

1 ml capacity with finger-tight fittings. The porous PTFE tube was principally used to 

153 



align the capillaries and was reported to offer little or no resistance to the flow of 

fluid, except when high flow rates were used. The reagent was driven through the 

porous tube by air pressure applied to the reagent vessel. This air pressure was 

simultaneously applied to the reagent vessel and the capillary inlet to counteract 

Poisseuille flow in the separation capillary. Improved efficiencies were reported by 

coupling 75|im ID separation capillaries to 50 | im ID reaction capillaries and 

enhanced sensitivity was obtained using 'bubble-cell' capillaries. The only real 

drawbacks o f this system were the inability to flush the reagent vessel and that the gap 

between the coupled capillaries could not be accurately controlled, consequently, 

reproducibility from one assembly to another may be a problem. 

This aim o f this work was the construction and investigation o f a post-capillary 

reactor for the determination o f trace metals by LFV-Vis absorption after formation o f 

intensely coloured complexes. 

Two post-capillary reagents were chose for the study, namely, xylenol orange (XO) 

and 4 (2-pyridylazo) resorcinol (PAR). These reagents were chosen for their ability to 

form complexes with a range o f transition metals and to investigate the performance 

o f the post-capillary reactor at different pH values and electroosmotic flow rates. 

4.2. Experimental. 

4.2.L Instrument Considerations and Modirications 

A Dionex CES 1 (Dionex, Sunnyvale, CA, USA) was used for all experiments. The 

CES I rinses the capillary by pressurising the destination vial, which forces 

electrolyte through the capillary towards the source vial. Using this feature would 
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result in post-capillary reagent being drawn into the separation capillary fi-om the 

reaction cell, resuhing in the possibility o f on-capillary complexation during a run. 

To prevent this problem the capillary was rinsed from source to destination by 

performing 120 sec pressure injections fi*om a carousel vial containing electrolyte. 

Using this method reagent may be drawn into the reaction capillary but this is o f no 

consequence to the separation. The capillary rinse was performed after the 

destination vial had been rinsed and refilled since the destination vial is emptied by 

the application o f pressure to the vial which forces some electrolyte into the 

separation capillary. 

Minor modifications were made to the instrument to allow automated operation with 

the post-capillary system installed. Figure 4.7 shows a schematic diagram o f the 

modifications to the instrument. A low-pressure helium line providing pressure to the 

reagent vessel was created by detaching the helium line from one o f the spare 

electrolyte bottles. 

A manually operated pressure reduction valve was placed in line to allow independent 

control o f the pressure applied to the reagent vessel. A low-pressure line could also 

be connected to the capillary inlet via the pressure injection line. To facilitate 

automatic switching between the pressure injection and the inlet low-pressure system, 

a three ported, electrically operated low-pressure gas valve was inserted in the 

pressure injection line. The second inlet o f the valve was connected to the low-

pressure line. This valve was operated by the switch normally used to operate the 

capillary cooling valve on the instrument. During a run, the low-pressure system 

could be automatically switched to the capillary inlet and when the run was complete 

the capillary inlet was reconnected to the pressure injection line. The manually 

operated valve was designed for use with pressures above 1.0 psi and operation at 
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pressures below this, although usable, provided poor precision. A more precise, 

electrically operated pressure controller was made available for a short period and 

used to control the pressure to the capillary inlet and reagent vessel. This device, an 

integral part of an alpha version of the Dionex CES 2, was able to control pressure in 

0.1 psi steps from 0.1 psi upwards and was used to evaluate the effect of pressure on 

the separation efficiency. 
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Fii^ure 4.7. Schematic Diai^ram of the CES I with PCR Cell Installed. 

The location of the ground on the instrument's power supply is inaccessible, being 

situated below the optical bench. To enable easy switching of the grounding electrode 

from the destination vial to the cell, a wire was connected to the power supply ground 

and soldered to the female' part of a push-in connector. The connector was then 

insulated and fixed to the instrument in an accessible position. The grounding wire 

from the destination vial was disconnected from the power supply, lengthened and a 

'male' push-in type connector soldered to the end. A similar connector was also 

soldered to the wire from the cell electrode. 
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4.2.2. Materials and Chemicals. 

Fused silica capillaries were obtained from Polymicro Technologies (Phoenix, AZ, 

USA). Polysulfone hollow fibre membranes with internal diameters o f 0.5 and 

0.25mm and a nominal molecular weight cut-off o f 10,000 were a gift from A & G 

Technology Corp. (Needham M A , USA). 

Al l chemicals were o f analytical-grade purity. Sodium oxalate, citric acid, pyridine-

2,6-dicarboxylic acid (PDCA) and xylenol orange (XO) (o-cresolsulfonphthalein-3'-

3"-bis(methyliminodiacetic acid)) were obtained from Fluka (Buchs, Switzerland). 

Glycine and 2-(N-morpholino)ethanesulphonic acid (MES) were obtained from Sigma 

(St. Louis, M O , USA).Sodium hydroxide, sodium tetraborate decahydrate, boric acid, 

tartaric acid, disodium hydrogen phosphate, ammonium dihydrogen phosphate and 

ammonium hydroxide solution were obtained from B D H (British Drug House, Poole, 

Dorset, UK) . 4-(2-pyridylazo) Resorcinol (PAR) was a gif t f rom Dionex (Sunnyvale, 

C A ) . 

4.3. The Design of the Post Capillary Reactor. 

Any post-capillary reaction system for CE needs to be easy to operate and simple to 

install. The separation and reaction conditions must to be controlled for reproducible 

results. For these reasons, an on-capillary reactor system was chosen. Both 

electroosmotically and pressure systems offer advantages over each other, therefore 

the ability to operate in either mode was incorporated the design o f the post-capillary 

reactor. 

Unlike ion chromatography-PCR systems, where the separation o f the metal ions and 

the post-column reaction can be performed under different pH and ionic strength 

conditions, these factors need to be kept similar with a CE-PCR system, to avoid the 

formation o f ' h o t spots' caused by joule heating. 
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4.3.1. Capillary Junction Design. 

The original idea for introducing the reagent into the capillary was by inserting a short 

section of hollow fibre porous membrane between two capillaries. This assembly 

would then be fitted into a cell filled with reagent, which could then be introduced 

across the membrane by the application of pressure. This idea is similar to the LC-

PCR system developed and marketed by Dionex [627]. The introduction of the 

reagent from virtually all around the junction may have the advantage of improved 

mixing over a single point of introduction as in the system developed by Pentoney et 

al. [238]. It was considered that in order to minimise the contribution to zone 

broadening by the reactor, the internal diameter of the hollow fibre should be closely 

matched to that of the fused silica capillaries. However, these hollow fibres are 

manufactured by a very limited number of companies and their availability is severely 

limited. The fibres are manufactures for specific purposes such as ultra-filtration and 

dialysis and are not usually available individually, but supplied as expensive units 

containing multiple bundles of the fibres. The availability is fijrther limited by Megal' 

requirements restricting the use of these fibres. An example being Hoerst Celenese, 

who manufacture a hollow fibre from polypropylene but restrict its use solely to blood 

dialysis. After an extensive search, only one company (A&G Technologies) was able 

to provide a sample. This sample was made from polysulfone with an 0.5mm internal 

diameter. Later a membrane with an internal diameter of 0.25 mm, made from the 

same material was also made available. 

To accommodate the large internal diameter of these fibres, the design of the PGR 

system was altered, utilising the membrane as a sleeve over a pre-fabricated capillary 

junction. The internal diameter of the sleeve allowed a brace, made from a small 

section of lOOfim outer diameter capillary, to be glued between the capillary sections, 
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fixing the gap between them and providing some resistance to lateral twisting. This 

brace also served to increase the outside diameter of the capillary assembly to nearly 

that of the internal diameter of the sleeve, reducing the dead volume inside the 

capillary junction. 

4.3.2. Construction of capillary junction. 

The adhesive used to construct the capillary assemblies and reactor cells was Loctite, 

LTV curing acrylic adhesive. This adhesive was fully cured within a few seconds by 

exposure to an intense UV light source, in the region of 285nm. 

A schematic diagram of the capillary assembly is shown in Figure 4.8. The junction 

was constructed from two sections of 100 |im internal diameter capillary of 

approximately 60cm and 15cm in length, which were cut using a ruby capillary cutter. 

One end of each capillary was polished, initially using the face of a ceramic capillary 

cutter, then finished with an ultra fine abrasive film. A small hand held chuck was 

used to ensure the polished faces of the capillaries remained as perpendicular to the 

longitudinal plane as possible. Holding the capillaries by hand tended to produce a 

slightly rounded face due to flexing of the capillary. The capillaries were checked 

under a microscope to ensure the ends were as smooth and perpendicular as possible. 

The capillaries were aligned by inserting a piece of 96.52(im diameter tungsten wire 

into the unpolished end of the 15 cm capillary until a short length protruded. The 

wire was then threaded into the polished end of the 60cm capillary. The cut end of 

the tungsten wire was first smoothed with the abrasive film to prevent scratching of 

the inner surface of the capillaries. The gap between the capillaries was fixed by 

inserting a short length of tungsten wire of the appropriate diameter (50.08|im and 

10.16|im) between the two sections of capillary. The capillaries were then joined 
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together by bonding a short section of 100 |im outer diameter fused siUca capillary 

between them. A sleeve of 0.5mm internal diameter polysulfone hollow fiber was 

slipped over this assembly and bonded in place. 

Polysulfone Hollow 

Fibre MembraneX ,oo^ni O D capillary ^ " " " ^ ^̂ ŷ'**̂  

a vc 

IO-50nmgap Reaction Capillary Separation Capillarv 

Ftf^ure 4.H. Schematic Diui^ram of the Capillary Junction Assembly. 

Prior to use the capillaries were cut to the desired lengths then conditioned by flushing 

with 0.01 M H C L for 30 minutes, followed by 0.5M NaOH for 60mins, then rinsing 

with MilliQ water The on-capillary window was made by removing 2-3mm of the 

polyimide coating with a razor blade. This method of making the on-capillary 

window is preferable to burning the capillary, which appears to make the capillary 

brittle and produces windows that are larger than necessary. 

4.3.3. PCR Cell Design. 

The optical detector on the C E S l is contained inside a light box. There is a gap of 

approximately 60mm between the light box and the top of the optical bench, which is 

sufficient room to accommodate a reaction cell. The PCR cell must either fit inside 

the light box or above it. Placing the cell inside the box means that the length of the 

reaction capillary is determined widiin a narrow range. Whereas placing the cell 

outside the box allows greater reaction capillary lengths to be used but with the 
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imposition of a greater minimum length. Since the flow in the reaction capillary was 

expected to be less than 5mm s"', a solute would still have a residence time of at least 

6 seconds in a 30mm reaction capillary. Consequently, it was decided to situate the 

reaction cell inside the light box. 

The cell was connected to an inlet from the reagent reservoir and outlet, which could 

be run to waste, enabling the cell to be flushed with fresh solution between runs. The 

ability to flush the cell is more important in a pressure driven system as the reaction 

cell replaces the destination vial and in order to maintain the buffering capacity of the 

electrolyte, the cell should be replaced between runs. 

4.3.4. PCR Cell Construction 

Initially, a suppresser cell, manufactured by Dionex for CE suppressed conductivity 

detection in the CES2, was utilised as the reagent cell. Schematically illustrated in 

Figure 4.9(a), the cell included an inlet and outlet allowing the cell to be flushed and 

refilled with reagent between runs. A platinum wire electrode was also fitted, 

permitting the cell to be grounded. In use, this cell proved to be too bulky and heavy, 

frequently causing the reaction capillary to snap at the detection window. 

A smaller, lighter cell was constructed from a section of 4mm ID plastic tubing and is 

illustrated in Figure 4.9(b). In this cell, the minimum effective length of the reaction 

capillary was 30mm. The capillary assembly was inserted into the cell and glued in 

place to prevent leaks. This cell design was simple to make and reusable, although 

since the capillaries were glued into the cell they were difficult to remove without 

damage and new capillary assemblies had to be used each time 

A 40mm section of tubing was cut and the ends taped to allow barbed nipples to be 

screwed in. Two 1.5 mm holes were drilled and barbed fittings were bonded into 

these to allow the cell to be filled with reagent. 
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A third cell design, shown in Figure 4.9(c), was constructed from an unpacked 50mm 

length, 4 mm internal diameter, liquid chromatography column. This design allowed 

the capillary assemblies to be installed and removed from the cell without damage, 

using finger-tight fittings. 
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l i i^iire 4.9. Schematic Diai^rams of the PCR Cell Designs. 

The length of this cell was longer than in the previous cells, requiring alteration of the 

light box to allow the upper column cap to protrude slightly. The increased cell 

length also allowed the effective length of the reaction capillary to be increased to 50 

mm. 

Care was needed when inserting the capillary assembly into the cell to prevent the 

capillaries becoming unaligned due to twisting when the finger-tight fittings were 

fastened. This was done by tightening the lower fitting first then gently gripping the 
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PTFE sleeve of the upper fitting in a pair of pliers as it was gently tightened. The 

lower fitting was tightened more than the upper, since leakage from this fitting would 

be unseen, running directly into the detector, whereas leakage from the upper fitting 

was easily visible and of far less consequence. 

A reservoir of reagent was stored in a 100ml glass bottle which was connected by 

tube, to the inlet of the cell. The outlet of the cell could be run to waste or crimped as 

needed. The reagent reservoir was also connected to a low pressure helium line 

controlled by a manually operated pressure reduction valve, allowing the bottle to be 

pressurised. 

4.4 Results and Discussion. 

4.4.1. Post Column Reagent. 

Although there is a very wide range of colorimetric reagents to choose from, in 

practise there are only a few which meet the requirements of post-capillary reactors. 

The reagent needs to be water soluble, form intensely coloured metal complexes and 

react with a large number of metal ions. Furthermore, for use in CE, the presence of 

an electroosmotic flow puts a further restriction on the number of suitable chelating 

agents. This is because the best arrangement for the separation of metal cations in CE 

is to inject into a buffer containing a weak complexing acid in the presence of a 

cathodal electroosmotic flow. However, many water soluble colorimetric reagents 

and their complexes are negatively charged and their migration is directed towards the 

anode, against the electroosmotic flow. A relatively strong electroosmotic flow is 

therefore required to ensure the metal chelates are directed towards the detector and to 

prevent the ligand from migrating into the separation capillary. This electroosmotic 
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flow requirement limits the choice of chelating ligand to those that form stable 

complexes at neutral or slightly basic pH. 

Two dyes were examined for suitability as post column reagents, 4-(2-pyridylazo) 

Resorcinol (PAR) and xylenol orange (XO) which form complexes in basic and 

slightly less than neutral pH conditions, respectively. 

PAR forms intensely coloured, water soluble chelates, with a wider range of metal 

ions than any other commonly available reagent, Table 4.0 shows the range of metals 

in the form of an annotated periodic table. Although the unselectivity of PAR may 

pose problems for spectrophotometric determinations, this reagent is ideal for 

detection in separation systems and has been frequently used as a post-column reagent 

for the detection of metal ions separated by liquid chromatography. 

Table 4.0. Metals forming complexes with PAR. 
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PAR is sparingly soluble in aqueous media but slightly more soluble in basic 

solutions. The dye forms stable complexes with transition metals in the pH range 8 -

10, bonding through the ortho hydroxyl group, the pyridine nitrogen and the azo 

nitrogen farthest away from the pyridine ring. The acid-base dissociation steps of 

PAR are shown in figure 4.10. Although there is some variation in the acidity 
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constants for PAR, at pH values of between 8 and 10 the ligand will be in the HL" 

form. 

Q - N = N - Q - ^ H ^^-'^ Q _ N = N - Q - O H 
^ ' H O 

HO 'O 

Figitre4.I0. The Acid-Base Dissociation Steps of PAR. pKa i = 2.69,pKa2 ^5.5 
andpKa3 = 12.31 [244] 

The lambda max. of PAR is 4l4nm at a pH value of 8.6 and the maximum absorption 

of the metal complexes is between 490 and 510 nm. To avoid an increased 

background contribution from the ligand, detection of the PAR metal chelates was 

performed at 530nm. The molar absorptivity of PAR solutions has been reported to 

decline with time [244], therefore fresh solutions were prepared regularly. 

A suite of six divalent metals was chosen to assess the post-capillary reaction system, 

these were copper, cadmium, cobalt, zinc, manganese and Nickel. The stability 

constants of the metal-PAR complexes are shown in table 4.1 below. 

Table 4. J. Stability Constants of PAR Chelate [244]. 

Metal Ion LogKi Log K2 L O R 32 
Zn^^ 10.5 6.6 17.1 
Cd'" 11.5 10.1 21.6 
Ni^" 13.2 12.8 26.0 
Co^^ 10.0 7.1 17.1 
Cu^^ 14.8 9.1 23.4 
Mn^" 9.7 9.2 18.9 
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Usually, PAR forms complexes with molar ratios of 1:1 and 1:2 with divalent metals, 

the structures of the 1:1 and 1:2 complexes are shown in Figure 4.11. The 1:1 

complex is cationic with the formation given by Equation 4.2 and the 1:2 complex is 

anionic with the formation expressed in Equation 4.3 

M^' '+HL" ^ MHL"" Equation 4.2 

MHL'^+HL- ^ ML^2+2H'' Equation 4.3 

Cobalt n is an exception to this assertion as during the electrophoretic separation of 

PAR complexes, assuming equal charge, the mobility of the cobalt complex is notably 

lower than that expected based on size alone. This was thought to be due to oxidation 

of the cobalt I I to cobalt I I I on chelation, producing an overall charge of one minus for 

the 1:2 cobalt complex [79, 119]. The chelation reaction between PAR and most of 

the metals used is very fast, occurring essentially on mixing, with the exception of 

nickel in which a slight delay was observed. 

O—M O ^ N ^ % OH 

Figure 4.11. The Stntcture of The 1:2 and 1:1 PAR Chelates. 

The triphenylmethane dye xylenol orange is soluble in aqueous solutions, forming red 

coloured complexes in the pH range 0-6. The dye is yellow in colour below pH 6 and 

red-violet above pH 7. The structure of xylenol orange is shown in Figure 4.12. 

Metal chelates are formed with the iminodiacetic acid functional groups. Xylenol 

orange obtained from commercial sources is often impure containing semixylenol 
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orange, which contains only one 

iminodiacetic acid group, cresol ^̂ ^C^̂ ''— 
H00CH2C^ J ^CHzCOOH 

red may also be an impurity. The H O O C H . C ' ' ^ ^ ' ' W S ^ ' " ^ ^ C H ^ O O H 

purity of the reagent is of less 

consequence in a pressure driven 

system, at worst resulting in some 
Figure 4.12. The stnictttre of Xylenol 

reduction in sensitivity. But in an Orange 

voltage driven system it may cause problems due to differences in the mobility of the 

xylenol orange and semixylenol orange chelates. 

The acid base dissociation values (pKa) for xylenol orange quoted in the literature are 

given in table 4.2 below. 

Table 4.2. Protonation Constants for Xylenol Orange. 

Functional Group [245] [246] [247] 
pKal S O 3 H - - -1.74 
pKa2 =0H^ - - -1.09 
pKa3 -COOH - - 0.76 
pKa4 -COOH 2.06 2.00 1.15 
pKa5 -COOH 2.16 2.74 2.58 
pKa6 -COOH 3.56 4.49 3.23 
pKa7 -OH 7.34 7.50 6.40 
pKaS = NH^ 9.68 10.30 10.50 
pKa9 = NH'' 12.61 12.00 12.6 

Xylenol orange usually forms metal complexes with the molar ratios of 1:1 with 

transition metals, the stability constants of the metal xylenol orange complexes are 

given in Table 4.3 below. 

Table 4.3 Stability Constants of Metal-Xylenol Orange Chelates [248J 

Metal Ion LosK, 
12.63 

Ni^^ 12.37 
13.41 
12.52 

Cd'^ 9.67 
Pb'" 13.68 
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The dye has a mobility of 43.68 x 10'̂  cm^ V ' s ' and at pH 5.5 should have a charge 

of minus three. The 1:1 complexes are anionic with the formation expressed by 

Equation 4.4. 

M^^ + HL^' — ML^" + Equation 4.4 

4.4.2. Sources of Zone Broadening in CE-PCR Systems 

In addition to the sources of zone broadening in CE already discussed in Chi, the 

introduction of a reagent across a junction contributed further sources. 

The principal influences on zone dispersion in a coupled-capillary post-capillary 

reactor system are dependent on the efficiency of mass transfer across the junction 

between the coupled capillaries and the kinetics of the derivatisation reaction. 

In a pressure driven system, zone broadening is caused by the laminar flow in the 

reaction capillary. Whereas, there is no contribution from the flat flow profile in a 

voltage driven system, laminar flow may be created by introduction of the reagent by 

pressure. Zone dispersion due to laminar flow in the reaction capillary can be 

described by the Taylor- Aris equation (Equation 4.5). 

d.̂  
96D 

o ̂  = t R Equation 4.5 

Where is the increase in the peak width, dc is the internal diameter of the reaction 

capillary, D is the diffusion coefficient of the derivatised solute and tR is the reaction 

time. From Equation 4.5 it can be seen that zone broadening is reduced when smaller 

ID capillaries are used and when the rate of the derivatisation reaction is greater. 

The mass transfer across the junction is influenced by the alignment of the capillaries 

and the derivatisation reaction. 
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The derivatisation reaction may contribute to zone dispersion in a voltage driven 

system, since altering the size or charge of a solute will also change its electrophoretic 

velocity. When the velocity of the derivatised solute is greater than that of the solute, 

zone dispersion will occur as the derivatised solute speeds up causing it to migrate 

away from the remaining underivatised solute. On the other hand, when the velocity 

of the derivatised solute is lower than that of the solute, stacking may occur as the 

derivatised solute slows down, allowing the underivatized solute to catch up. 

Although stacking is usually a desirable effect in CE, in this instance it may occur at 

the expense of peak resolution. 

Similarly, the kinetics of the reaction can cause a significant contribution to band 

broadening when the mobilities of the derivatised solutes differ from those of the 

underivatised solutes. 

4.4.3. The Separation ofMetal ions. 

At the pH values optimal for the PAR metal chelate formation, the silanol groups on 

the capillary wall are highly ionised, leading to a number of potential problems. 

Tonisation of the wall provides a large number of cation exchange sites where metal 

ions can adsorb. These solute-wall interactions contribute to zone broadening and 

may cause a decrease in detector response. The adsorption of cations may also cause 

a reduction in the electroosmotic flow due to masking of the silanoate anions on the 

capillary wall. In addition, some metal ions form insoluble hydroxide species at this 

pH, causing them to precipitate. At these pH values, the magnitude of the 

electroosmotic flow is such that the metal ions will be rapidly swept towards the 

detector with insufficient time for them to separate. Lengthening the capillary 

increases the separation time but only up to the point that the maximum voltage limit 

of the instrument is reached, from then on, the field strength in the capillary decreases 
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as the capillary is lengthened. Lengthening the capillary also increases the surface 

area of the capillary and consequently, the cation exchange capacity of the column. 

These problems can be avoided to some extent by pre-complexing the metal ion with 

a ligand, to form an anionic species. This has the effect of altering the mobility of the 

metal ion, reducing solute-wall interactions by repulsion between the wall and the 

anionic species, and may also help to maintain the solubility of the metal ions. 

The stability of the ligand used for the separation is of considerable importance, since 

the complex must be stable enough to perform the above functions, but should not be 

so stable that the complex does not exchange with the post-capillary detection ligand. 

4.4.4. PAR Post-Capillary Reactor System. 

4.4.4.1. Initial Testing of the Capillary Assembly. 

Initial testing of the design of the capillary junction was performed in the voltage 

driven mode. In this mode the grounding electrode was placed in the destination vial 

and a series of injections of metal standards of Cû "̂ , Zn^^, Mn^" Cô "", Cd̂ "̂  and Ni^^ 

were made. The metal ions were complexed with pyridine-2,6-dicarboxyIic acid 

(PDCA) which at the pH values used forms reasonably stable chelates with the metal 

ions. The formation of the 1:1 complex is shown in Equation 4.6 and when an excess 

of PDCA is present, the 1:2 complex is formed (Equation 4.7). 

M "̂̂  + L^' — ML Equation 4.6 

ML + L^" — ML2^" Equation 4.7 

At pH values above pH 7, PDCA is fully deprotonated and has a mobility -56.0 x 10'̂  

cm^ s\ From Table 4.4, it can be seen that the stability constants for PDCA are 

sufficiently lower than those of PAR (Table 4.1), allowing the formation of the metal-

PAR complexes in the reaction capillary. 
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Table 4.4. Stability constants of Metal PDCA chelates [249] 

Metal ion Log. Ki Log.P2 
ZiT^ 6J5 1188 
Cd̂ "" 6.75 11.15 
Nî "^ 6.95 13.5 
Cô "" 6.65 12.70 
Cu^* 9.14 16.52 
Mn^"" 5.01 8.49 

The electrolyte was lOmM sodium tetraborate at pH 8.6 containing 0.5mM PDCA. 

The post-column reagent was 0.5mM PAR made up in lOmM sodium tetraborate with 

pH adjusted to 8.6 and a pressure of 0.5psi was applied to drive the reagent across the 

membrane. The capillary assembly dimensions were; 50cm separation capillary 

(Lscp), 8cm reaction capillary (U), giving a total length (Li) of 58cm, with the length 

to the detector (Ld) 53 cm. The effective length of the reaction capillary (Rd) was 3cm 

with a 50|im gap between the capillaries. Injections were performed by gravity 

injection at a height of lOOmm for 20seconds and a separation voltage of 20kV was 

applied. On-capillary detection was performed at 530nm. 

Injections of the individual metals at a concentration of 10 mg L'* were performed and 

peaks were detected for all the metals. The manganese peak was seriously broadened 

and detected as little more than a 'hump' in the baseline. The sensitivity of the nickel 

peak was considerably lower than that of the other metals. The lower sensitivity of 

nickel was thought to be due to the slower rate of formation of the Ni-PAR complex. 

Both cobalt and zinc produced partially split peaks. Reducing the concentration of 

metal ions injected caused the peaks the merge until a single peak was produced at 1 

mg L•^ 

Figure 4.13 shows the effect of the concentration of zinc on peak splitting. It was 

thought that this peak splitting may be due to insufficient PAR entering the capillary 

leading to the formation of the 1:1 and 1:2 complexes which then begin to separate in 
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the reaction capillary. The dip in the baseline prior to the 10 ppm zinc peak. Figure 

4.13(a), tends to support this theory being caused by depletion of the dye due to an 

excess of the metal. 

AU 

AU 

AU 

0.02 

0.015 

0.010 

0.005 

0 000 

-.005 

0,02 

0.015 

0,010 

0.005 

0.000 

-.005 

0,02 

0.015 

0.010 

0,005 

0,000 

-.005 

4 
Minutes 

5 6 

5 6 
Minutes 

3 4 
Minutes 

5 6 

7 8 

(b) 

"T ' 8 

-

. i 

(c) 

7 8 

Figure 4.13. The Effect of the Concentration of Zinc on Peak Splitting (aJJOppm 
(b) 5ppm (c) Ippm. 

The PAR concentration in the PCR was increased to 5mM and injections of the 

individual the metal standards were repeated, shown in Figure 4.14. This time single 

peaks of reasonable efficiency were detected for all the metal ions apart from 

manganese (not shown) which was again severely broadened, being detected as a 

slight mound on the baseline. However, from Table 4.5 it can be seen that the 

migration times of the different metals were similar, and no separation was obtained 

when a mixture of cobalt, nickel, copper, zinc and cadmium was injected. 
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Figure 4.14. Electrophero^rams of Individual Metal Ion Injections. Separated in 
lOtnM Sodium Tetraborate pH S.6 with 0.5mM PDCA. 

Table 4.5. Peak data relating* to Figure 4.13 

Metal Ion tm EOF Peak Height Peak Area Corrected Area N m ' 
Zn^* 7.70 3.54 4,274 21.111 2,738 89,398 
Cd^* 7.39 3.56 1,334 4,305 586 175,536 
Ni-* 7.61 3.54 294 1,644 219 67,377 
Co-* 7.56 3.56 6,314 35.852 4,838 82,574 
Cu^* 7.55 3.56 7,041 33,192 4,509 81,462 

The possibility that the peak splitting was caused by insufficient PIX^A in the 

electrolyte was investigated by increasing the concentration to ImM. This was found 

to have no effect on the splitting of the zinc and cobalt peaks although some 

improvement of the manganese peak was observed. Using the speciation program 

Mineql with a concentration of 0.5mM PDCA, all the metals were found form the 1:2 

complexes with PDCA, apart from manganese which was shown to form the neutral 

1:1 and anionic 1:2 complexes in the respective percentage ratio of approximately 

40:60. Electrodiffusion caused by differences in the mobility of the two species was 

thought to be the cause of the broadening of the manganese peak. 
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Increasing the concentration of the PAR results in higher background absorbance and 

as expected, the sensitivity of the metal peaks was shghtly lower than using 0.5mM 

PAR. The migration times of the peaks were noted to increase, as were the peak 

efficiencies. The increased migration times were probably to be due to a small 

reduction in the electroosmotic flow rate in the reaction capillary caused by the 

increased ionic strength of the reagent. This would allow the metal-PAR chelates to 

migrate with an increased negative velocity. 

Using the stability constants, the predicted migration order would be cadmium, zinc, 

cobalt, nickel and copper migrating last. The stability constants for nickel, cadmium, 

cobalt and zinc are reasonably similar, only copper differs significantly. Due to the 

greater stability of the copper complex, this metal at least, was expected to separate 

from the other metals, but no separation was achieved. 

An ammonium phosphate buffer at pH 8.6 containing ImM PDCA was tried. Initially 

the concentration of this buffer was set at lOmM but a current of 48nA was observed 

when a voltage of 15kV was applied. The buffer concentration was subsequently 

reduced to 5mM allowing a voltage of 20kV to be applied. 

The precision of the electroosmotic flow was improved with this electrolyte but again 

no significant difference in the migration time of the metal complexes was noted as 

shown in Table 4.6. 

Table 4.6. Peak Data for Metals separated in 5mM Ammonium Phosphate 
Electrolyte Containing ImM PDCA. 

Metal Ton tm EOF Peak Height Peak Area Corrected Area Nm"' 
Zn 6.47 3.12 3,962 24,693 3817 86964 
Cd'" 6.15 3.12 2,606 10,394 1690 188380 
Ni^^ 6.52 3.12 881 6,032 925 74136 
Co^^ 6.49 3.12 3,680 25,514 3931 82120 
Cu^^ 6.57 3.12 2,887 18,055 2748 84156 
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The electroosmotic flow was faster due to the greater mobility of the co-ion. The 

peak heights were noted to be lower but the corrected areas were found to be similar 

to those obtained with the borate electrolyte but the peak heights were lower. 

When the PDCA complexes were injected into the capillary, where the reagent vessel 

contained electrolyte with no added PAR and detected at 260nm, the metal ions were 

observed to produce severely broadened peaks. This behaviour is characteristic of 

ligands that form complexes of intermediate stability where broadening of the 

migration sample zone is caused by electrodiffiision. 

The increased efficiency of the metal-PAR chelate peaks over the PDCA complexes 

provides an indication of the importance of the mobility of the derivatised metals in 

the reaction capillary. Although the free PDCA has a greater mobility than PAR, the 

metal complexes formed with PDCA are less stable. Consequently, the PAR 

complexes migrated with greater mobilities than the PDCA complexes, which caused 

their effective velocity to slow. Although this resulted in sharper peaks, this was at 

the expense of resolution. 

The dip followed by a peak on the electropherograms, occurring just before four 

minutes was found to coincide with the migration of benzyl alcohol, a neutral marker 

detected at 260nm. This dip was attributed to the migration of water from the injected 

sample, which caused a decrease in the background absorbance. The peak migrating 

immediately behind the water dip was attributed to stacking of the reagent due to its 

increased mobility in the high field strength region of the water plug. This provides a 

useful indicator of the rate of the electroosmotic flow during a run. The width of the 

dip found to correlate with the length of the injected sample plug. 

4.4.4.2 The effect of difTerent complexing agents added to the electrolyte. 

Since no separation was obtained using PDCA, several other complexing agents were 
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assessed for suitability in the PCR system. 

4.4.4.2(i). Tartaric Acid. 

L-Tartaric acid forms much weaker complexes with the metals than PDCA, the 

stability constants are shown in Table 4.7. The acid dissociation values for tartaric 

acid are; pKai 3.04 and pKa2 4.3. At pH 8.6, tartaric acid is in the form L^' and has a 

mobility of-60.5 x 10"̂  cm^ v ' s\ 

Injections of the metals using an electrolyte consisting of lOmM ammonium 

phosphate at pH 8.6 and 5mM tartaric acid failed to produce any peaks. This was 

thought to be due to very weak nature of the complexes, leaving the metals free to 

interact with the capillary walls or precipitate. Increasing the concentration of tartaric 

acid in the electrolyte was unfeasible due to current considerations and it was decided 

to try a complexing agent forming slightly more stable complexes with the metals. 

lahle 4.7. Stability Constants for Metals Complexed with Tartaric Acid [250], 
Citric Acid [250] and Oxalic Acid [25 J]. 

Ligand Tartaric Acid Citric Acid Oxalic Acid 
Metal ion Log. K, Log. K, Log. K, Log.p2 

Zn'^ 2.68 4.98 3.7 6.0 
Cd'^ - 3.75 2.9 4.7 
Ni^* 2.06 5.4 4.1 7.2 
Co^" 2.19 5.0 • 3.5 5.8 
Cu^^ 3.39 5.9 4.5 8.9 

2.49 4.15 2.7 4.1 

4.4.4.2(ii). Citric acid 

The acid dissociation values for citric acid are; pKai 3.13, pKa2 4.76 and pKa3 6.4. At 

pH 8.6 citric acid is in the form L^" and has a mobility -74.4 x 10'̂  cm^ V** s'V The 

stability constants for the citrate complexes are shown in table 4.7. 
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Initially 5mM citrate was added to a lOmM ammonium phosphate electrolyte titrated 

to pH 8.6 but this resulted in an excessive current requiring the use of low field 

strengths (less than 150 V cm'*). Under these conditions, a relatively slow 

electroosmotic flow was produced and it was thought that i f the 1:2 complex ML2'*" 

was formed its mobility may be sufficiently rapid to prevent the metals from reaching 

the reaction capillary. Reducing the concentration of citric acid to ImM allowed the 

use of increased field strengths but again no peaks were detected. 

4.4.4.2(iii). Oxalic acid 

The metal complexes with oxalic acid are weaker than those of PDCA and citric acid, 

but more stable than the complexes with tartaric acid. The acid dissociation values 

for oxalic acid are pKai 1.25 and pKa2 4.29 [252] and at pH 8.6 it is fully ionised with 

a mobility of -74.6 x 10"̂  cm^ V* & \ The stability constants for oxalic acid are given 

in table 4.7. 

A 10 mM ammonium phosphate buffer at pH 8.6 containing ImM oxalate produced a 

peak for each metal when injected individually but failed to effect a complete 

separation of all the metals when injected together. Figure 4.15 shows the separation 

of the six metals at a concentration of 1 mg L'\ The capillary assembly dimensions 

were 50cm Lscp, 8cm U, 53cm L j , 3cm and with a 50jim gap, with the grounding 

electrode placed in the destination vial. The other separation conditions were; gravity 

injection at 100mm for 20 seconds, applied voltage 15kV, on-capillary detection at 

530nm and the PCR reagent was 5mJVl PAR made up in lOmM ammonium phosphate 

at pH 8.6. Under these conditions cadmium and manganese were found to co-

migrate, cobalt was partially resolved from cadmium, only the nickel and copper 

peaks were well separated. No peak was detected for zinc within the time scale of the 

electropherogram. 
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Table 4.8. Peak data relating to Figure 4. J4 

Metal Ion tm Peak Area Corrected Area Peak Height Nm'* 
Mn'^ + Cd'^ 5.38 2,761 513 968 -

Co^^ 5.65 4,775 845 731 20,302 
Ni^"" 6.14 4,581 746 546 13,003 
Cu^^ 6.37 8,080 1268 1,698 45,877 

Increasing the concentration of oxalic acid to 5mM was found to improve the 

separation, but at the expense of an increase in the ionic strength of the electrolyte, 

requiring the use of lower field strengths. To compensate for this increase in ionic 

strength, the ammonium phosphate electrolyte concentration was reduced to 5mM 

allowing a separation voltage of I5kV to be used. Under these conditions, all the 

metals were separated within a reasonable time span, Figure 4.16. The Mn^^ peaks 

Cd^^ migrated just after the electroosmotic flow, occurring on the tailing of the 

reagent peak but were well separated from Cu^^, Co^^ Nî "*̂  and Zn̂ "*". The separation 

selectivity was within the parameters predicted by the stability constants with the 
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exception of zinc, which was much later than expected and severely broadened. The 

retardation and shape of the zinc peak was unexplained, but was thought to be 

probably due to wall interactions. 

The possibility of the formation of the hydroxide species could not be ruled out, but 

other metals, such as manganese, form weaker complexes with oxalic acid, yet were 

unaffected. The solubility of many oxalic acid complexes is relatively low and 

precipitation is reported to be a problem, although the concentration of the zinc was 

not found to affect the peak shape, as would be expected were this the case. 
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Figure 4.16. The Effect of 5mM oxalic acid on the separation of Jppm Qr^, Zn^^, 
Mn'\ Co'\ Cct"^andW\ 

Table 4.9 Peak data relating to Figure 4.16. 

Metal Ion tm Peak Area Corrected Area Peak Height Nm"' 
Mn '" 6.06 5,540 914 655 25,236 
Cd'^ 6.25 2,699 432 438 46,823 
Co^^ lis 5,167 667 564 39,164 
Ni^^ 9.11 6,264 688 864 81,304 
Cu^" 10.17 3,842 378 854 201,168 
Zn^^ 12.63 3,680 291 70 1,066 
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Increasing the length of the reaction capillary from 3 to 5cm was found improve the 

separation o f all the metals, in particular Cd^^ and Mn^^ were now fully resolved. 

Figure 4.17. 
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Figure 4J 7. Separation of Ippm C H ^ \ Zn^^, Mn^^, Co'^, Cct^ andNi'^. Separation 
Conditions; Electrolyte. 5niA4Sodium Phosphate with 5mh4oxalic acid, pH8.6. Post Column 
Reagent, 5mM PAR in 5mM Sodium Phosphate, pH 8.6. Capillaries, L„p 50cm 55cm Rj 5cm, 
lOOfmi ID 50^nGap. Injection, Gravity 20 seconds @ 100mm. Voltage. 15kV. Detection, 530nm. 
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The data in Table 4.10 shows that the efficiencies of all the peaks were increased 

although response of the metal complexes was lower than that obtained with the 

shorter reaction capillary. The migration time of the copper peak was significantly 

increased becoming further separated from the other metals. Zinc was not detected 

within the time span of the electropherogram. The improved resolution obtained from 

increasing the length of the reaction capillary gives a clear indication that the 

electrophoretic migration of the metal-PAR complexes in this capillary is playing a 
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significant role in their separation, a situation similar to the separation of pre-formed 

complexes. 

Table 4.10. Peak Data from Figure 4.17 

Metal ion tm Peak Area Corrected Area Peak Height Nm'* 
Mn'^ 5.90 3,132 531 681 68,267 
Cd'" 6.22 2,037 327 418 79,531 
Co^^ 7.32 3,231 441 541 84,409 
Ni^^ 8.59 3,778 440 660 121,220 
Cu^^ 12.82 2,406 188 498 269,933 

4.4.5. Introduction of the Post-column Reagent in the Voltage Driven IVIode. 

The factors influencing the introduction of the post-column reagent that were 

investigated, were the effect of the application of pressure to the reaction cell and the 

ionic strength of the reagent matrix. 

4.4.5.1. The Introduction of the Reagent by Syphoning. 

Since electroosmotic flow is generated in both the separation and reaction capillaries, 

the ionic strength or conductivity of the reagent can be used to control the 

electroosmotic flow in the reaction capillary and therefore the quantity of reagent 

migrating into the capillary. Under normal circumstances, electroosmotic flow is 

generated uniformly along the wall of a capillary but when a gap is introduced into 

the capillary, no electroosmotic flow is generated in this region because there is no 

wall. In this situation, fluid exiting the separation capillary passes into a static pool of 

electrolyte. On the other hand, electroosmotic flow is generated by the wall of the 

reaction capillary, which causes the electrolyte to be drawn out of the gap and into the 

reaction capillary. When the conductivity of the electrolyte in the gap is the same as 

that of the separation electrolyte, the volume of fluid transiting the junction will be 

balanced, since the flow rate entering the gap is equal to that exiting it. I f however, 
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the conductivity of the electrolyte in the gap is higher than that of the separation 

electrolyte (Figure 4.18 top), the conductivity of the electrolyte in the reaction 

capillary will gradually increase as the higher conductivity electrolyte is drawn in. 

When this happens the zeta potential on the capillary wall is suppressed causing a 

corresponding decrease in the electroosmotic flow, consequently the volume of fluid 

entering the gap will exceed that exiting it. Conversely, when the conductivity of the 

electrolyte surrounding the junction is lower than that of the separation electrolyte, 

(Figure 4.18 bottom) dilution of the electrolyte in the reaction capillary leads to an 

the mcrease m 

electroosmotic flow and 

siphoning of the gap 

electrolyte into the reaction 

capillary. 

The effect of the ionic 

strength of the reagent was 

investigated by injecting the 

six metal ions and 

progressively reducing the 

ionic strength of the 

High Ionic Strength 

DifTusion Siphoning 

Low Ionic Strength 

Diflusion Siphoning 

Figure 4. J 8. Influence of the Ionic Strength of the 
Electrolyte in the Gap on the Fluid Dynamics Across 
a Capillary Junction, [402]. 

reagent whilst maintaining constant electrolyte conditions in the source and 

destination vials. A 5mM sodium phosphate electrolyte at pH 8.6 containing 5mM 

oxalic acid was used throughout this experiment. The capillary assembly was 

constructed from a 50cm Lsep and 8cm U capillaries both with lOOfim ID. In this 

study, reducing the ionic strength of the reagent was found to make very little 

difference on either the peak efficiency or the resolution. Even when the reagent was 
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made up in MilliQ water, dilution of the electrolyte in the reaction capillary would be 

expected to cause an increased flow in the reaction capillary. This faster 

electroosmotic flow was expected to result in broadening of the solute zones as each 

zone became 'stretched' when it encountered the more rapid electroosmotic flow. 

However, this expected broadening was not as pronounced as anticipated. This was 

thought to be due to two opposing factors that would influence the migration of the 

metal complexes in the reaction capillary. Firstly, the higher field strength 

experienced in this capillary caused the negative electrophoretic velocity of the metal 

PAR complex to increase, producing a greater stacking effect. Secondly, the higher 

electroosmotic flow in this region would increase the velocity of the zone as it transits 

the detection window producing a sharper peak. On the other hand, when the ionic 

strength of the reagent electrolyte was greater than that of the separation electrolyte, 

peak broadening was accompanied by a significant reduction in sensitivity and loss of 

resolution. This was attributed to dispersion of the flow from the separation capillary 

into the reaction cell caused by the build up of backpressure due to the slower rate of 

electroosmotic flow in the reaction capillary. 

4.4.5.2. The Introduction of the Reagent by Pressure. 

Initial experiments to observe the effect of pressure applied to the reaction cell on the 

separation capillary were conducted by observing the electroosmotic flow as the 

pressure was varied. Excessive pressure on the capillary junction would result in 

some of this pressure being transmitted to the separation capillary. This should then 

be detectable as a reduction in the rate of the electroosmotic flow or increase in the 

migration time of a metal ion. The separation electrolyte was 5mM sodium phosphate 

at pH 8.6 containing 5mM oxalic acid, the capillary assembly was the same as used in 
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the ionic strength experiment above. The reagent reservoir and reactor cell were filled 

with 0.5mM PAR which was made up in the separation electrolyte but without the 

addition of the oxalic acid. This ensured the ionic strength of the reagent was lower 

than that of the separation electrolyte and would ensure a flow of reagent into the 

reaction capillary, without the aid of pressure. A series of injections of 10 mg 1"' 

copper were performed to monitor the rate migration time of the complex and the 

electroosmotic flow. In the initial injection, the reagent reservoir was placed slightly 

below the level of the cell to ensure that no pressure was exerted on the junction. A 

series of injections were made in which the reservoir was increasingly elevated until a 

height difference of 15cm was attained. No difference in the migration time of the 

copper was observed. (The height of 15cm above the reaction cell was for 

convenience, as this allowed the reagent vessel to be situated on the top of the 

instrument.) Next, a series of injections were performed, during which helium 

pressure was applied to the reservoir. 

Figure 4.19 shows that only at pressures above 2 psi were the migration time of the 

copper complex and 

electroosmotic flow observed 

to increase. This ability to use 

pressures of up to 2 psi 

without effecting the 

separation was attributed to 

the flow resistance of the 

polysulfone membrane and 

the suction caused by the 

electroosmotic flow 

15 
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Figure 4.19 the Effect of Pressure Applied to the 
reaction Cell on the Migration Time of Copper 
and the Electroosmotic Flow in a Voltage Driven 
System 
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generated in the reaction capillary. 

The pressure applied to the reaction cell was not found to be overly critical provided 

pressures of less than 2 psi are used. I f higher pressures are used a compensating 

pressure must be applied to the inlet of the separation capillary to prevent laminar 

flow in the separation capillary. A certain amount of laminar flow is inevitable in the 

reaction capillary, even when low pressures were used. However, this did not appear 

to adversely affect the peak efficiency, probable due to the increased speed of the 

sample zones as they transit the detection window. 

4.4.6. Limits of Detection. 

The calibration range of this system was found to be linear over two orders of 

magnitude, which was narrower than that found with the detection of pre formed 

complexes. Figure 4.20 shows a calibration curve for nickel, cadmium and cobalt 

from O.lmg I"* to lOmg \ ' \ 
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Figure 4.20. Calibration ofNi^\ Co"^ and Ccf^ from 0.1 to TO mg 

In the post-capillary system, the linear range and the limits of detection were found to 

be highly dependent on the concentration of the post-column reagent. To ensure an 

excess of reagent for the complexation reaction relatively high concentrations of 

reagent were used which produced an increased contribution to the background 
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absorption. Large negative intercepts were noted in the lower concentration metal 

calibrations when high concentration reagents were used. These negative intercepts 

were noted to decrease when the concentration of the post-capillary reagent was 

reduced. Consequently, the gradients obtained using 5mM and 0.5 mM PAR were 

found to be independent. The lower reagent concentration was found to produce more 

sensitive determinations of the metals below the Img 1"' level. However, the 

separation resolution could be adversely affected when one of these metals was in a 

much higher concentration due to the broader and sometimes split peaks produced. 

Figure 4.21 shows the separation of the metals at a concentration of 0. Img f ' with a 

reagent concentration of 5mM. 
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Figure 4.21. Separation of 0.Img 1^ Cu^^, Zn~^, Mn^^, Co'". Ccf^ andNi ^\ 
Separation Conditions; Electrolyte, SniAiSodium Phosphate with 5niMoxalic acid, pH8.6. Post 
Column Reagent, 5mA4 PAR in SniA'f Sodium Phosphate, pH 8.6. Capillaries, Lsep 50cm 55cm 
Rd5cm, 100fmi ID 50^1 Gap. Injection, Gravity 20 seconds @ 100mm. Voltage. l5kV. 
Detection, 530nm 

The response for copper was found to decline rapidly at concentration below Img 1"' 

and was not detected at O.lmg 1'', the linearity of the calibration for this metal was 

also found to be poor at the higher concentrations. Surprisingly Nickel could easily 
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be detected at a concentration of 0.1 mg 1* although cadmium is approaching its 

detection limit. Using a reagent concentration of 0.5mM the detection limit for 

cadmium, manganese, nickel and cobalt could be reduced to 0.05mg V\ 

Unfortunately, the reproducibility of the peak height and area was found to be inferior 

using the lower reagent concentration. 

4.4.7. Pressure Driven Post-Capillary Reactor System. 

By decoupling the electric field from the reaction capillary, the migration of the metal 

complexes is purely due to laminar flow and the mobility of the complex no longer 

plays a part in the separation. Since the electroosmotic flow exiting the separation 

capillary is able to disperse into the gap between the capillaries as well as through the 

reaction capillary the flow from the separation capillary must be directed towards the 

reaction capillary. This was achieved by the application of pressure to the reaction 

cell. The minimum pressure needed to prevent the flow dispersing into the cell was 

calculated using Equation 4.1. The value for Pmin was calculated at 6.5 mbar (0.11 psi) 

using lOOjim internal diameter separation and reaction capillaries with lengths of 

50cm and 8 cm, respectively and the electroosmotic flow generated with an applied 

voltage of 15kV. This equation takes into account the different flow resistances of the 

capillaries but does not account for restriction of flow across the membrane due to its 

impermeability. Although this should only become a factor when high flow rates or 

high pressures are involved. The equation also assumes that there is no contribution 

to electroosmotic flow from the membrane although this was unlikely. 

The pressure applied to the junction is transmitted equally to the separation and 

reaction capillaries. Provided this pressure is not excessive, the electroosmotic flow 

exiting the separation capillary will prevent the flow of reagent into the separation 

capillary. The applied pressure will exert some back pressure on the separation 
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capillary. This back pressure superimposes a laminar flow element on the 

electroosmotic flow, which can retard the flow. In a pressure driven system, the 

introduction of the PAR is achieved by two mechanisms. Reagent flows across the 

membrane when pressure is applied to the cell and since the PAR is anionic; it will 

also be induced to migrate across the membrane electrophoretically when a voltage is 

applied. 

The pressure system was examined using the 5mM sodium phosphate electrolyte 

containing 5mM oxalic acid at pH 8.6. The reaction cell was filled with the same 

electrolyte, which also contained 0.5mM PAR. The capillary was then grounded in 

the reaction cell and a series of individual metal ions injected into the capillary. An 

increased current was observed due to the shorter total length of the electric field 

necessitating a reduction in the applied voltage to l2kV. 

The injection of the individual metals produced peaks for each metal with the 

exception of zinc, which was not detected in the time span on the electropherogram. 

The migration time of all the metals detected was noted to be significantly increased 

when compared to the voltage driven system and the peaks were noted to be broader. 

The increased migration times were found to be due to back pressure exerted on the 

separation capillary by the pressure used to prevent the dispersion of the 

electroosmotic flow across the membrane. Thus emphasising the need for a 

compensating pressure to be applied to the inlet of the separation capillary. 

Broader peaks were expected with this system, owing to the lack of electroosmotic 

fiow in the reaction capillary. Additional broadening was also expected in this system 

due to the loss of the stacking experienced by the increased electrophoretic velocity of 

the metal PAR complexes in the reaction capillary. An injection of all six of the 

metals failed to resolve manganese and cadmium. Cobalt and nickel were only 
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partially resolved and only copper separated from the other metals. Figure 4.22 

shows the separation of copper, nickel and cobalt at Img 1"' and Table 4.11 shows the 

peak data for the electropherogram. 
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Figure 4.22. Electropherogram Showing the Separation of Jmg Ni^'^, Co^^ and 
Ct/^^ in a Pressure Driven System. 
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Table 4.1L Peak data for Figure 4.22. 

Metal Ion tm Peak Height Peak Area Corrected Area Nm-* 
Ni^^ 11.4 665 12634 1108 13774 
Co^^ 11.95 1076 22783 1906 14828 
Cu^^ 13.23 719 11822 894 30234 

During the first run using the pressure driven system it was noted that large spikes 

began to appear on the electropherograms after 14 minutes and with each subsequent 

injection these spikes began to appear eariier. Initially the spikes were spaced but 

with each subsequent injection, the spikes rapidly became more frequent until the 

eleciropherogram was obliterated by a 'forest' of spikes. It was noted that on leaving 

the instrument for extended periods between runs, the onset of the spikes could be 

delayed. This seemed to suggest that the problem was temperature related. 
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Continuous circulation o f the reagent through the cell appeared to produce a slight 

improvement but, this was at best a temporary measure as with continued use the 

injected metal peaks became increasingly broadened accompanied by a severe loss in 

sensitivity. 

Examination o f the membrane revealed that the exterior had become discoloured by 

the PAR. The membrane was then cut longitudinally with a scalpel blade and 

examined under a microscope. The internal surface and interior o f the membrane 

were found to be highly discoloured by the PAR. A capillary assembly used solely in 

a voltage driven system was also examined, this membrane was also found to be 

coated with PAR but to a much lesser extent. Although higher concentrations o f PAR 

were used in the voltage driven system, the electrophoretic introduction o f PAR 

across the membrane appeared to be a major factor in the adsorption o f the PAR on 

the membrane. Washing the membrane in methanol and I M NaOH failed to remove 

the PAR indicating it was f i rmly bound. 

Once a capillary assembly had been used in a pressure system, it had to be discarded, 

as when the capillary was subsequently used in the electrophoretic mode the 

efficiency o f the assembly was found to be significantly reduced. This increase in 

zone broadening was possibly due to some interaction between the metal ion and PAR 

adsorbed on the membrane. 

The initial assumption was that the spikes were caused by voltage leakage, which was 

earthing through the detector. However, an earth leakage test showed this was not the 

case. It was later concluded that the spikes were due to refractive index changes 

caused be small gas bubbles transiting the detector window. These bubbles were 

thought to originate in the membrane and the mechanism of their formation was 

probably similar to the formation o f bubbles encountered in CEC separations. 
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Ditlman et al. [93] attribute the formation o f bubbles to the heterogeneous nature o f 

the capillary packings, which can lead to differences in the electroosmotic f low and 

localised field strengths [93]. It was thought that the situation inside the membrane 

was similar to that o f a packed capillary. The PAR appeared to be attracted to the 

structure o f the membrane creating a negatively charged surface with a very high 

surface area. It was not known whether this caused an increase or reduction in the 

electroosmotic f low across the membrane. A reduced flow was thought to be more 

likely due to the small size o f the pores causing an overlap in the electrostatic double 

layers. 

Reducing the concentration o f PAR in the reagent electrolyte was found to delay the 

onset o f the spikes although the phenomena still occurred, the spikes were more 

widely spaced. Decreasing the ionic strength o f the reagent matrix was found to have 

the most significant effect on the formation o f these spikes although it still did not 

entirely cure the problem. 

4.4.8. Separation Using Glycine Electrolyte. 

The addition o f complexing agents to the electrolyte causes an increase in the 

conductivity o f the electrolyte, this appears to create joule heating in the membrane 

resulting in the formation o f bubbles in the electrolyte preventing detection o f the 

metal complexes. A glycine (aminoacetic acid) electrolyte was investigated to 

examine the effect o f low conductivity electrolyte on the pressure driven system using 

PAR. Glycine buffers in the range 8.24-10.14, it also forms complexes with the 

metals. The second acid dissociation value (pKa2) o f glycine is 9.78 and at pH values 

above this glycine predominantly exists as the L" species with a mobility o f -37.4 x 

10'̂  cm^ V ' s"V At pH values below the pKa2, glycine exists as the zwitterionic 

species. The lower mobility and ionic strength o f the electrolyte resulted in a 
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significant reduction in the conductivity, causing a corresponding increase in the 

electroosmotic flow. Although the residence time in the reaction capillary is reduced, 

the use o f higher field strengths should improve the efficiency o f the separation. 

Glycine forms 1:1 and 1:2 complexes with the metal ions, Cd^^ Co^^ and Mn^"^ may 

also form the 1:3 complex. At pH 9, below the pKa2 the metal complexes formed are 

shown in Equations 4.8-4.10; 

M^-" + H L ^ MHL^-' Equation 4.8 

MHL^-' + H L — MH2L^2'" Equation 4.9 

UHJi}^ + H L ^ MH3L^3'^ Equation 4.10 

At pH values above the pKa2 value the complexes formed are given in Equations 4.11-

4.13 

M ^ ^ + L ' ^ ML"*" Equation 4.1J 

ML" '^+L ' =̂ =̂  M H L 2 Equation 4. J 2 

MLj + L " ^ MHL3 Equation 4. J3 

At pH 9 the glycine was only partially ionized and the species formed with the metal 

ions were expected to carry a charge somewhere between the two sets o f equations 

above. 

Table 4.12. Stability Constants for Metal Glycine Complexes. 

Metal ion L o g K , Log 32 Log 33 
Zn^^ 5 9 
Cd '" 4.3 7.8 10 
Ni^^ 5.6 10.5 
Co^^ 4.6 8.5 10.8 
Cu^^ 8.2 15 
M n ' ^ 2.7 4.8 5.6 
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The electrolyte was made from lOmM glycine adjusted to pH 9 with sodium 

hydroxide. Gravity injections o f the individual metals performed at a height o f 

100mm for a period o f 20 seconds and a separation voltage o f 30kV was applied 

across the capillary, producing a very low current o f 10 \xA. The PGR reagent was 

made from 0. I m M PAR in lOmM glycine at the same pH as that o f the electrolyte 

and introduced across the membrane by the application o f pressure to the reagent 

vessel. 

The electroosmotic f low was measured by injecting benzyl alcohol and detected at 

254 nm. An electroosmotic f low of 96.9 X 10'̂  cm^ V"' s"' was found which required 

a Pmin o f 13.9 mbar (0.2psi) which was applied to both the reagent vessel and the 

capillary inlet. 

Injections o f the individual metals produced peaks for all the metals with the 

migration order being Cu^^, Cd "̂̂  + Co^^, Ni^"^, Zn̂ "*" and Mn "̂*". The copper peak was 

found to tail seriously but the cobalt, cadmium and nickel peaks were reasonably 

sharp, while the zinc and manganese peaks were severely broadened. The migration 

order was significantly different from that expected with regard to the stability 

constants. Manganese, which forms the weakest complex, migrated last and copper, 

which has the highest stability constant, migrated first. The selectivity can be 

explained to some extent by plotting the species distribution curves against pH using 

the computer program MineqI. This showed that copper predominantly forms the 1:1 

complex and would be expected to have a slight positive charge. The stability 

constants for the complexation o f manganese U with hydroxide was found to be 

greater than that o f the glycine complex, K i for hydroxide 3.4 [252]. Consequently, 

manganese (11) was shown to exist predominantly as the hydroxide species at pH 
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values o f 9 and 10. Zinc (11) was also noted to coordinate with hydroxide under 

conditions o f high pH. The broad peaks observed with managanese (11) and zinc (11) 

were most likely to be due to wall interactions due to the weak nature o f the 

complexes formed in this electrolyte. 

An injection o f a mixture o f the metals, shown in Fig. 4.23 produced a separation o f 

the metals apart from cobalt and cadmium, which were found to co-migrate. The 

sensitivity was expected to be relatively low due to the short residence time in the 

reaction capillary. However, nickel could be easily detected at a concentration o f 0.5 

mg r' or above. 
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Figure 4.23. Metal fon Separation in a Glycine Electrolyte at pH 9. Key to peak 
numbering; I O/^^ 2 Co'" + Ccf", 3 Ni'", 4 Zn'\ 5 Mn'\ all at a concentration 
oflmgtK 
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At pH 9 the electroosmotic f low o f the glycine buffer was at or near its maxima due to 

the complete ionization o f the capillary wall and the low ionic strength o f the 
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electrolyte. Increasing the electrolyte to pH 10 increases the mobility o f the glycine 

due to its greater ionisation, which was thought may help to resolve cobalt and 

cadmium. 

At pH 10 the electroosmotic f low was found to be slower than that observed at pH 9. 

This was attributed to the increase in the ionic strength o f the electrolyte due to the 

addition o f NaOH and the greater ionisation o f the glycine. 

0.006 
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10 
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Figure 4.24. Metal Ion Separation in a Glycine Electrolyte at pH 10. Key to peak 
numbering; J Cu^'', 2 Co^^ + Ccf^, 3 M^"", 4 Zn^^, 5 Mn^^, all at a concentration 
of2mgr{ 

Under these conditions, the migration time o f the metals was increased to some extent 

with the greatest effect being on zinc and manganese, shown in Figure 4.24. 

However, cobalt and cadmium were still found to co-migrate. The peak shapes were 

found to remain the same with zinc and manganese excessively broadened and the 

tailing o f the copper peak. 
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Table 4.13. Peak Data for the Injection of Metals in Glycine Electrolyte at pH 10 

Metal Ion Migration Time Peak Height Peak Area Corrected area 
Zr?^ 4.13 91.3 2588 629 
Cd'^ 2.87 195 1215 423 
Ni^^ 3.34 85 449 135 
Co^^ 2.98 372 2943 988 
Cu^^ 2.56 212 1478 577 
M.n'" 6.64 25 1948 291 

4.5. Xylenol Orange Post-Capillary Reactor System. 

Although PAR showed some potential as a sensitive spectrophotometric reagent in a 

post-capillary reactor, it was considered that it would be interesting to investigate a 

system where the pH was lower and the electroosmotic flow not so strong. The 

possibility for hydrolysis o f metal ions and wall interactions should therefore be less 

at the lower pH. Xylenol orange is another well studied and used classical 

spectrophotometric reagent. It also reacts with a wide spectrum o f metals, but at a 

lower pH than PAR, though the molar absorptivities o f the xylenol orange metal 

complexes are significantly lower. 

The optimum pH for the reaction o f xylenol orange with dipositive metal ions is 

between 5.5 and 6. The buffer chosen for both the post-capillary and separation 

solutions was (N-morpholino)ethanesulphonic acid (MES). The pKa o f MES is 6.1, 

which is ideal for use in the xylenol orange system. The ful ly ionised form also has a 

relatively low mobility o f -26.8 x 10'̂  cm^ V** s"', which allows the use o f high field 

strengths. As with the PAR system, a complexing acid is required in the separation 

electrolyte to effect the separation o f the metal ions. Preliminary experiments showed 

that unlike the PAR system, weaker complexing acids such as tartaric acid in the 

separation buffer produced a response. However, the separation efficiency and 

detection sensitivity was poor. This can be seen in Figure 4.25(a) where cobalt and 
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nickel could not be resolved, though lead was well separated. Oxalic acid produced a 

better separation (Figure 4.25(b)), but the peaks were even broader with a consequent 

further loss in sensitivity. The only advantage over the PAR reagent was the response 

to lead, though the sensitivity was not very good. 
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0.021 

Co '" + Ni^" 

Cd 2+ 

Pb 2+ 

A U 

j 1 1 1 1 

0 5 

Minutes 

(a) 

T 1 i 1 0.00 

Pb 2+ 

N i !2+ 

Co 2+ 

Cd 2+ 

T i 1 T 

Minutes 

(b) 

Figure 4.25. Electropherograms of the Separation of Four Metal Ions in the 
Xylenol Orange Post-Capillary Reactor System, (a) Separation Conditions; Electrolyte, 
IOniA-f MES and IniM Tartaric Acid, pH 5.8; Injection, Gravity 100mm 15 second; Voltage, SOkV; 
Post-Capillary Reagent; I OmM MES and 0.1 mM XO pH 5.8 Metal Concentrations, Ctf^, Co^^and 
Ni^'',2mgr\ 'pb^^ 20mgr'. (b) Separation Conditions; Electrolyte, 10mK4 MES and 0.5mM 
Oxalic Acid, pH 5.8; Injection, Gravity 100mm 15 second; Voltage, 30kV; Post-Capillary Reagent; 
1 OmMMES and 01mMXOpH 5.8Metal Concentrations, Cd^\ Co^^and Ni^^,5mg T', Pb^^ 50mg 

r'. 

It is interesting to note the relationship between the migration times o f the peaks and 

the electroosmotic f low marker, which again was indicated by a dip in the baseline. 

For tartaric acid, all four peaks come out before the electroosmotic f low marker, 

denoting that the tartrate complexes are positively charged, so migrate ahead o f the 
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electroosmotic f low. When using oxalic acid, the Cd^" ,̂ Ni^"^ and Co^^ peaks migrate 

before the electroosmotic f low marker and the Pb̂ "*" peak migrates after it. This shows 

that at the oxalic acid concentration used, only the lead oxalate complex had an 

overall negative charge. Increasing the concentration o f oxalic acid was not 

investigated in any detail as both the peak shape and sensitivity worsened 

considerably. This also happened, although to a lesser extent, with an increase in 

concentration o f tartaric acid. Clearly, the xylenol orange reactor is much more 

effected by these carboxylic acids than the PAR reactor. Presumably because the 

xylenol orange metal stability constants are much lower than those o f PAR. 

4.6. Summary. 

A post-capillary reactor for capillary electrophoresis was constructed and investigated 

for the determination o f trace metals detected as intensely coloured complexes by 

UV-Vis absorption. The main principle o f operation is based on the infusion o f the 

colorimetric reagent into a small 50 | im gap between the separation capillary and the 

reaction capillary. The gap is enclosed by a permeable membrane and the f low o f 

reagent is aided by a slight overpressure in the post-capillary reactor cell. Careflil 

choice o f colorimetric reagent, EOF and pH was required to prevent the post-capillary 

reagents from migrating in the wrong direction. Two reagents were studied in detail, 

namely, xylenol orange (XO) and 4 (2-pyridylazo) resorcinol (PAR). The best 

separation and detection characteristics were obtained with PAR using oxalic acid for 

the separation o f Cu^"", Cd^"", Co^^ Ni^"", Zn^"", and Mn^^. Good linear calibrations 

were obtained down to the 0.1 ppm level for all the metals except Cu. The xylenol 

orange system was less sensitive than the PAR but proved useful for the separation 

and determination o f lead ( I I ) . The lower electroosmotic f low o f this system allowed 

the use o f weaker complexing agents to effect the separation o f the metals. Oxalic 
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acid again proved the most effective complexing agent although at a much lower 

concentration than in the PAR system. 

Little success was made in the pressure driven mode mainly due to the adsorption o f 

PAR onto the polysulphone membrane 
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CHAPTER 5.0. CONCLUSIONS AND FURTHER WORK. 

5.0.1. Mercury Speciation. 

Good separations were obtained for the organomercury complexes, proving that the 

DzS complexes degrade very little during electrophoretic migration. Neutral coated 

capillaries were found to be essential, as a significant electroosmotic f low prevented 

detection o f the complexed organomercury species. The coated capillaries are also 

useful in reducing solute wall interactions. DzS was required in the separation 

electrolyte to suppress large negative intercepts in calibration curves, but did not 

appear to have any effect on background noise. The capillary electrophoresis method 

showed high sensitivity and selectivity. The day to day reproducibility o f the method 

was excellent and good linearity was obtained from the calibrations. Very low noise 

levels were found emphasising the major advantage o f direct over indirect absorbance 

detection. Detection limits were in the low | ig 1"̂  range and were found to be more 

than adequate for the study o f organo mercury species in environmental and 

biological samples. 

The DzS was successfrilly substituted for cysteine in the Westoo extraction procedure 

without any problems and the omission o f a third extraction stage made the overall 

process more efficient and relatively simple. Good quantitative results were obtained 

for methyl mercury in fish flesh indicating that the method can be used, with some 

degree o f confidence, for the analysis o f methyl mercury in biological materials o f 

marine origin. The low detection limits are sufficient to allow the technique to be 

applied to wide variety o f marine flora and fauna to study the bioaccumulation o f 

methyl mercury in food chains. Other environmental samples, such as natural waters 

and sediments should also be capable o f being adapted to this capillary 
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electrophoresis method. The lack o f a substrate and the fact that conditioning the 

capillary is unnecessary makes the technique potentially a viable alternative to gas 

chromatographic or liquid chromatographic methods. 

5.0.2. Uranium. 

The capillary electrophoresis determination o f uranium as the Arsenazo I I I complex 

was found to be highly sensitive. A detection limit o f 5 | i g 1"* was achieved using 

gravity injection and less than I ^ g 1'* when using electrokinetic injection. The 

calibrations were found to be linear over three orders o f magnitude, and returned very 

high correlation coefficients. 

A small degree o f adsorption o f the Arsenazo I I I onto the capillary wall o f the 

polyacrylamide coated capillaries was noted to occur with continued use. This 

adsorption was found to decrease the efficiency o f the capillary and slightly reduced 

the sensitivity o f the uranium- Arsenazo 111 complex. However, the adsorption o f the 

dye was not found to be a serious problem with the injection o f pre-formed complexes 

since capillaries could easily be used for several weeks before needing replacement. 

The adsorption o f Arsenazo I I I was a more serious problem with on-capillary 

complexation. The peak efficiency o f the capillaries was observed to decline rapidly 

with this complexation method, due to the higher concentration o f dye used in the 

electrolyte. 

Iron ( I I I ) proved a serious problem for the analysis o f environmental samples due to 

precipitation o f the iron-Arsenazo I I I complex in the sample vial. Alone, the 

precipitation o f the iron would not be a serious problem, however, the uranium 

complex was found to co-precipitate with it. The problems o f iron interference could 

not be overcome to such an extent that geological samples could be directly analysed 

without some form o f sample pre-treatment. Sample pre-treatments such as pre-
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concentration on an ion-exchange column may not be ideal for analysis by CE due to 

the resultant low pH and high ionic strength o f the sample. O f the reducing agent 

used to decrease the interference from iron, ascorbic acid was found to produce the 

best results, in terms o f electrolyte conductivity and interference with the uranium 

peak. The use o f reducing agents increased the iron tolerance o f the system by almost 

f i f t y times, but there was still a sample limit o f 50 mg 1'* iron ( I I I ) . 

The shape o f the thorium arsenazo I I I complex peak was too poor for quantitative 

analysis, although the thorium peak was well separated from uranium and did not 

cause interference. 

The analysis o f spiked tap water and mineral water samples showed good recoveries 

with gravity injection, indicating that the method could have some use for the analysis 

o f relatively high ionic strength samples provided the iron (111) concentration was low. 

The recoveries and reproducibility o f the electrokinetically injected spiked water 

samples was poor and this technique, although able to increase the sensitivity when 

injecting from very low ionic strength samples, was found to be insufficiently robust 

for the analysis o f environmental samples. 

5.0.2.1. Injection Study. 

Very sensitive determinations o f uranium can be achieved using electrokinetic 

injection. However, electrokinetic injection is less quantitative than gravity injection, 

being highly dependent on the ionic strength o f the sample being injected. With an 

electrokinetic injection, the number o f ions migrating into the capillary is dependent 

on the velocity o f the ions and the injection time. Since the velocity o f the ions is a 

function o f the field strength they experience, which is itself determined by the ionic 

strength o f the sample matrix. It can be seen that i f the ionic strength o f the sample 
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matrix between two samples is different, the number o f ion migrating into the 

capillary with time wi l l also be different, introducing a bias. 

The quantity o f ions entering the capillary is not influenced by the ionic strength o f 

the sample with gravity injection. However, during a mn, the degree o f stacking with 

a gravity injection is dependent on the ratio o f resistivities between the sample matrix 

and the separation electrolyte. Consequently, the ionic strength o f the sample matrix 

influences the degree o f stacking and therefore the sharpness o f the peak. This 

reduces the peak height and diminishes the sensitivity o f the separation. Since the 

area under the peak is influenced to a lesser extent than the peak height, the area under 

the peak is the more useful parameter for quantitative analysis. This is o f importance 

when considering the injection o f real samples calibrated against synthetic standards 

made up in matrices with ionic strengths differing f rom those o f the sample. 

Although gravity injection provided a less sensitive means o f sample loading than 

electrokinetic injection, the technique was found to be more reproducible and resilient 

to high ionic strength samples than electrokinetic injection. 

5.0.2.2. Cnpillnry Study. 

The use o f highly absorbing organic photometric reagents provides a means o f 

sensitive determination for metal ions. However, with very large molecules, wall 

adsorption and precipitation can become a problem and the choice o f capillary wall 

chemistry is critical. In the case o f the uranium-arsenazo IH complex, the high 

stability o f the complex appears to minimise wall adsorption problems, although long 

term use o f the capillary was found to causes a reduction in sensitivity. The 

suitability o f several capillaries with differing surface chemistries were assessed for 

the separation o f metal ions complexed with Arsenazo IQ. The principal differences 
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between the capillaries, with the exception o f the polyacrylimide, was in their degree 

o f hydrophobicity 

In this study, the polyacrylamide coated fused silica capillaries were found to produce 

the best results. Both the neutral hydrophilic fused silica and the PVDF capillaries 

produced greater sensitivity with respect to area under the peak, but in both these 

capillaries the peak height and efficiency was lower than that obtained from the 

polyacrylamide capillaries. The broadening o f the peaks was most marked in the 

neutral hydrophilic capillaries, which was unexpected since hydrophobic interactions 

were predicted. PVDF is extremely hydrophobic yet still produced slightly broader 

peaks than the polyacrylamide. 

The polystyrene capillaries returned poor results with a significant increase in 

migration time and a marked reduction in sensitivity. It was suspected that the 

electrostatic nature o f the capillaries when exposed to an applied electric field was 

causing strong interactions with the capillary walls. 

The polyacrylimide capillaries produced no results presumably due to charge related 

adsorption o f the Arsenazo 111. 

The polymeric capillaries proved diff icult to handle and required considerable care 

when inserting into the instrument to prevent distortion o f the tubular shape. 

Polystyrene capillaries required an insulating shield to prevent them from coming into 

contact with the instrument, but even when shielded, earthing through the detector 

produced noise on the electropherogram. Fused silica capillaries were found to be 

more suited to the instrument, which required a degree o f stiffness to install the 

capillaries and the internal diameter o f these capillaries is more constant than that o f 

polymeric capillaries. 
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The adsorption o f the solutes on the capillary wall appears to be more complicated 

than just simple phase related adsorption and the choice o f wall chemistry can have a 

significant effect on the sensitivity o f a separation method. The choice o f 

polyacrylamide coated capillaries appeared to provide a reasonable compromise 

between the different wall adsorption mechanisms producing the sharpest peaks o f all 

the capillaries tested. 

2.0.3. Post-Capillary Reactor. 

The principle o f using a small inter-capillary gap surrounded by a permeable 

membrane to introduce the colorimetric reagent worked successfully, though a slight 

overpressure was required to ensure a reproducible flow into the reaction capillary. 

The fabrication o f a demountable cell was particularly convenient as the capillary 

assemblies could be changed when necessary, though some care was needed in the 

installation o f the capillary assembly. Grounding the electrode at the end o f the 

reaction capillary rather than in the reaction cell gave the best results, showing that an 

electroosmotic flow right through to the detector window was required to keep peak 

broadening to a minimum. As anticipated, PAR gave the most sensitive reaction for 

most o f the metal ions studied. However, some results were unexpected, such as the 

broadness o f the zinc peak and non-linear calibration for copper. The poorer results 

for xylenol orange could be due to the lower stability o f the metal complexes resulting 

in more dissociation, i.e. more peak dispersion in the reaction capillary, before 

reaching the detection window. 

5.1 Further Work. 

Sensitivity can be a problem in the capillary electrophoresis determination o f trace 

metals. Due to the dependence on the ionic strength o f the sample matrix, samples 
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should ideally be in low ionic strength matrices to achieve the greatest sensitivity. 

One of the major reasons for the high sensitivity of the methyl mercury method is due 

to the solvent extraction of the methyl mercury. This effectively removes other ionic 

constituents from the sample and leaves the methyl mercury in a very low ionic 

strength matrix, which is ideal for analysis by capillary electrophoresis. The 

dependence on the ionic strength of the sample matrix does not make capillary 

electrophoresis the ideal method for the routine determination of metal ions in all 

environmental samples. However, the technique has proved very useful in a few 

niche areas of analysis, such as the analysis of mercury in biological samples. 

Further investigation is required into the direct detection of trace metals using 

different chelating agents for specific tasks. This will probably involve sample pre-

treatment methods to extract the analytes from complex matrices. Such techniques 

can then leave the sample in low ionic strength matrices. 

Further investigation into the post-capillary reactor in the pressure driven mode is 

needed, particularly should a different membrane, such as P T F E become available. 

A limited number of dyes were investigated in the voltage driven post-capillary 

reaction system, other reagents could prove interesting. Dithizone, although insoluble 

at lower pH values can be dissolved in an aqueous electrolyte with the aid of a 

surfactant such as polyoxyethylene tert-octylphenol (Triton X-100) [253]. The 

advantages of this reagent are that it forms coloured complexes with a wide range of 

metals. At low pH, it does not contribute to the ionic strength of the electrolyte and 

would not migrate electrophoretically across the membrane in the pressure driven 

mode. The insolubility of the metal-dithizone complexes should not be a problem 
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since these should also partition into the micelle. With this method, all the complexes 

should pass the detector window with uniform velocity, which would be purely 

attributable to the electroosmotic flow. 

A further step in the development of the post-capillary reactor could make use of 

chemiluminescence. A simple reactor based on a coaxial flow system, such as the 

insertion of a 375|im OD capillary into a short section of 500|im ID gas 

chromatography megabore capillary. This should provide a reasonable compromise 

between the free solution reactor [234, 254] and the more complex coaxial system 

developed by Nickerson and Jorgensen [235]. 

In such a system, the flow of reagent into the reaction capillary can be achieved by a 

small ' T ' bonded to the separation and reaction capillaries, with a low volume flow of 

reagent pumped into the reaction capillary through the 'T ' . The lower flow resistance 

of the reaction capillary, due to its larger internal diameter, should ensure that the 

reagent flow is directed away from the separation capillary. The flow of reagent 

should ensure a constantly replenished supply of reagent at the separation capillary 

exit and the turbulence caused by the blunt separation capillary tip should aid mixing 

of the solute and reagent. Many chemiluminescent reactions are very fast and will 

take place at or close to the separation capillary exit. Therefore mixing is an 

important factor to ensure a high proportion of the analyte reacts with the reagent 

during its passage past the detector window. 

Chemiluminescent detection on the C E S 1 can be achieved either using the 

fluorescence photomultiplier supplied with the instrument, or alternatively, the 

photodiodes of the UVA^is absorption detector can be used as these will still function 

with the light sources switched off. 
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Grounding of the electrode prior to the reaction capillary can be accomplished using a 

P T F E joint as described by Oshea et a!. [255]. Grounding the electrode prior to the 

reaction capillary overcomes several obstacles. Since electrophoresis does not take 

place in the reaction capillary, the migration of the analytes and reagent is no longer 

of concern. As a result, the charge and mobility of the reagent should not matter. In 

addition, there is no requirement to match the conductivities of the separation 

electrolyte and the chemiluminescent reagent to maintain a constant electroosmotic 

flow. The pH and ionic strength of the reagent are independent of the separation 

electrolyte allowing the separation and reaction to take place under ideal conditions. 

The post-capillary chemiluminescence system could be applied to a luminol/H202 

system for the detection of transition metals. The mixing of the luminol and H2O2 can 

be simply accomplished via a T ' connection in the reagent delivery line, close to the 

point of entry to the reaction capillary. Alternatively, the system could be applied to a 

ruthenium (11) tris(2,2'-bipyridine) system. The chemiluminescent reaction is 

produced by the reduction of the Ru(bpy)3*'"^ ion to Ru(bpy)3^^. Although the 

Ru(bpy)3̂ "*" ion is unstable in aqueous solution it can be generated in-line by the 

oxidation of the stable Ru(bpy)3^'"ion, by the insertion of a column packed with Pb02 

into the reagent delivery line. 

A mthenium (U) tris(2,2'-bipyridine) system could be applied to the detection of 

morphine analogues separated by capillary electrophoresis [256]. 
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