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Abstract 

This work presents a systematic study on the use of packed column ion-exchange 

capillary electrochromatography (IE-CEC) for the separation of ionic analytes. 

Methods have been developed for preparing packed capillary columns utilising 

either silica-based or polymer-based stationary phases. The stationary phase is 

retained by futs prepared by sintering either the silica-based packing material or 

pure silica. The electroosmotic and pressure-driven properties of frits prepared from 

bare or functionalised silica were investigated. Despite the high temperature of 

heating of the packing, sufficient residual functional groups remained on the fut 

such that distinctively different EOF behaviour was observed for each type of 

packing. Frits made from materials providing negative surface charges increased the 

magnitude of the cathodic EOF compared to the open capillary, but a substantial 

anodic EOF of -1.88 10-8 m2 v-1 s-1 was produced by introduction of a single fut 

made from SAX material. An explanation of this behaviour is based on the 

hypothesis that the EOF generated by the frit determines the overall flow in the 

whole open capillary. The frit is considered to work as a pump and overrides the 

EOF generated at the capillary wall. 

IE-CEC was used for selectivity manipulation in the separation of a number of 

inorganic anions using a silica-based anion-exchanger. Changing the type and 

concentration of the competing anion in the eluent mediated the ion-exchange (IE) 

contribution to the separation mechanism. The use of polymer-based anion 

exchangers and a combination of hydrodynamic and electroosmotic flow allowed 

both the electrophoretic and/or chromatographic components of the separation 

mechanism to be varied and considerable changes in the separation selectivity could 

be obtained. With a short packed bed the separation of 8 test analytes in under 2.2 

min was possible using pressure-driven flow and a simple step voltage gradient. 
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Using only the application of high voltage allowed many of the same analytes to be 

separated in less than 20 s with different separation·selectivity. 

A theoretical model was derived from IE and capillary electrophoresis (CE) theory, 

which describes the mobility of inorganic anions in IE-CEC. The model was 

verified using a mixture of UV absorbing inorganic ions in eluents of differing 

eluotropic strength with excellent agreement (r2 > 0.99) obtained. Values of 

constants in the model equation determined by non-linear regression were used to 

estimate the relative strengths of the interactions of different analytes with the 

stationary phase and were found to agree well with elution orders observed in 

conventional IE. 

A mixed-mode C6/SAX stationary phase was used for the simultaneous separation 

of acidic, basic and neutral organic compounds and inorganic anions. The analytes 

were separated by a mechanism that comprised chromatographic interactions 

(hydrophobic interactions, ion-exchange) as well as electrophoretic migration. The 

influence of ion-exchange and hydrophobic interactions on the retention/migration 

of the analytes could be manipulated by varying the eluent composition. 

Conductivity detection was applied to IE-CEC using a capacitively coupled 

contactless conductivity detector (C4D) with detection occurring through the packed 

bed. A systematic approach was used to determine suitable eluents for IE-CEC 

separations with simultaneous indirect UV and direct conductivity detection. 

Homogenous column packing was found to be imperative, and monitoring of the 

baseline could be used to assess the homogeneity of the packed bed. Direct 

conductivity detection was found to be superior to indirect UV detection with regard 

to both baseline stability and detection sensitivity with detection limits of 4-25 µg/L 

being obtained. 
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1 Literature review 

1.1 Introduction 

Capillary electrochromatography (CEC) may be defined as liquid chromatography 

(LC) conducted in packed capillary columns across which a high electric field is 

imposed. The movement of the mobile phase (MP) occurs through electroosmotic 

flow (EOF) alone, or a combination of EOF and hydraulic flow resulting from the 

application of external pressure to the inlet end of the capillary. CEC was first 

introduced by Pretorius et al. in 1974 who demonstrated the feasibility of 

performing electrodriv-en separations by applying an electric field across a glass 

chromatographic column [1]. This concept was extended by Jorgensen and Lukacs 

in 1981 to use packed capillary columns [2]. Since this time CEC has developed 

rapidly as an exciting alternative separation technique. An analysis of the progress 

in related separation techniques (see Figure 1-1) indicates the rate at which CEC 

has developed as a separation technique. This analysis reveals that whilst liquid 

chromatography (LC) is still clearly the dominant separation technique and CE is 

now a well established technique, CEC is clearly an emerging technique. This is in 

contrast to micro-LC which received some interest in the 1980's, but this interest 

has since waned. 

CEC is usually performed in fused silica capillary columns into which the 

chromatographic stationary phase (SP) may be added in variety of ways. These 

include packing chromatographic particles into the column [3,4], forming a 

monolithic SP inside the column [5], attaching the SP to the inner wall of the 

capillary [6,7] or the use of particles, soluble polymers or dendrimers as a 
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Figure 1-1 : Publication numbers for liquid chromatography (LC), capillary 
electrophoresis (CE), micro- liquid chromatography (micro LC) and capillary 
electrochromatography (CEC) from 1980 to 1999. Numbers are from an Analytical 
Abstracts search. 
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'pseudo SP' [8]. Packing chromatographic particles into the column (packed 

column CEC) is the most common of these techniques. 

The advantages of CEC over other electrophoretic or chromatographic separation 

techniques are two-fold. Firstly, the use of electrodriven flow results in a relatively 

flat flow profile instead of the parabolic profile produced with hydrodynamic flow 

[9]. This means that CEC offers separation efficiencies that are considerably higher 

than those achieved using other chromatographic separation techniques. The ability 

to use columns packed with much smaller chromatographic particles (0.5-3 µm) 

than can be used in conventional LC also increases the separation efficiency in 

CEC. These smaller particles can be used because of the reduced back-pressure of 

the column as a result of the use of electroosmotic flow (EOF) to move the mobile 

phase through the column. 

Another strength of CEC is its potential to combine two or more complementary 

separation mechanisms. For the separation of neutral analytes, the rate of analyte 

migration depends solely on the degree of interaction with the stationary phase (a 

chromatographic mechanism), however, if charged analytes are considered, then 

migration will also be influenced by the analyte's own electrophoretic mobility (an 

electrophoretic mechanism). 

To date most CEC has focussed on the highly efficient separation of neutral 

analytes, however more recently there has been considerable interest m the 

separation of ionic analytes with unique selectivity. As CEC in general has been 

extensively reviewed over the last few years [5,10-13] the focus of this review will 

be on the separation of ionic analytes by packed column CEC. This review outlines 

the various approaches that can be used for these separations, including the 

advantages and disadvantages of these techniques. 
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1.2 Migration of charged analytes in CEC 

For neutral analytes, migration rates in CEC are usually described using standard 

chromatographic theory and with replacement of the mobile phase velocity with the 

electroosmotic velocity [14,15]. However, this approach does not account for 

charged analytes having different veloCities in the mobile phase, so a different 

approach is required. Knox et al. [14] introduced the concept of effective capacity 

factors, but the physical meaning of these is not clear. Therefore, several theories 

have been presented in the literature to describe the migration of charged analytes 

in CEC, as outlined below. 

Rathore and Horvath [16] used the concept of virtual migration lengths to develop a 

simple additivity relationship between separative and non-separative components of 

the migration process. The virtual migration distances represent the product of the 

migration time and velocity with the column divided into two virtual lengths. In 

this way the migration of charged analytes in CEC can be described as separate 

chromatographic and electrophoretic components. 

Stahlberg has presented a theory for zone migration CEC based on the solution of 

the mass balance equation [17, 18]. This is used to describe the rate of a moving 

front in ideal electrochromatography. The theory predicts that the ionic 

composition of a zone containing an ionic analyte depends strongly on the type and 

mobility of both the analyte and mobile phase (MP) components. This results in 

slightly different conductivity and hence electric field strength within different 

zones of the column. It also predicts that focussing of the analyte zone may occur 

when the eluting peak is stabilised by the appropriate combination of 

electrophoretic and chromatographic components to the separation mechanism. 
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Most recently, Bowser and Chen [19] have presented a theory for the migration of 

charged analytes in CEC based on unified separation science theory and the use of 

individual capacity factors [20]. This theory proposes that the mechanisms of 

separation in any system are equilibria and field effects. During the separation 

process the analyte is distributed between one or more species (defined as any form 

of the analyte with a definite physiochemical property). Individual capacity factors 

can be used to predict the effect of each individual equilibria on the net analyte 

mobility and thus describe the system in a quantitative way. 

1.3 RP-CEC of ionic analytes 

As CEC is most often used for the separation of neutral analytes, the most common 

SPs are reversed-phase (RP) in nature. Consequently, the use of RP SPs (RP-CEC) 

for the separation of hydrophobic, charged analytes is also well described in the 

literature and is summarised in Table 1-1. 

The separation of charged analytes was first demonstrated by Eimer et al. in 1995 

[21] using pressure-assisted CEC (pCEC) with the electric field used to induce 

selectivity changes on a Cl8 column for anionic solutes. Using thiourea and 

benzoic acid as model compounds, 'the separation selectivity could be varied by 

changing the separation voltage. When a positive separation voltage was used, 

benzoic acid migrated before thiourea. With a negative separation voltage, the 

migration order was changed and thiourea migrated before benzoic acid. By using 

pCEC, enhanced selectivity and selectivity control for several carboxylic acids 

could be achieved. 

Further work has applied this same principle to the analysis of flavonoids (using a 

negative separation voltage to increase peak resolution) and the separation of anti 



Table 1-1: Separations of charged analytes using RP-CEC Q 
-§ .... 

Analytes Stationary phase Mobile phase Column dimensions Detection Efficiency Ref. ~ 
""'l 

(plates/m) a 
;:s 
~ 

Thiourea, Benzoic acid and 3 µm Hypersil MOS CH30H/10 mM 190 mm x 200 µm ID Direct UV, 214 nm Not stated 21 
mandelic acid Na28407, pH 8.5 (NS) 

(75:25 v/v) 

Foli~ acid, p-hydroxybenzoic acid, 3 µm Nucleosil 100 3-C8 CH30H/20 mM 150 mm x 100 µm ID Direct UV, 214 nm NS 
acetylsalicylic acid, nicotinic acid, Na2B40 7, pH 8.5 
thiourea and nicotinamide (75:25 v/v) 

t-< -· 
Flavonoids: hespederin and 3 µm Hypersil C8 CH30H/5 mM 138 mm x 100 µm ID Direct UV, 214 nm NS 22 

~ 
""'l 
t:i 

hesperetin K2P04, pH 6.8 .... ::: 
(70:30 v/v) ""'l 

~ 

~ 

2-phenylethylamine derivatives: 5 µm Nucleosil 5-C8 CH30H/5 mM 155 mm x 100 µm Direct UV, 214 nm. NS 
~ 
~ -· ephedrine, Dopa, 2-amino-3- KH2P04, pH 3.1 (295 mm total) ~ 

hydroxy-3-phenyl-propanol and (60:40 v/v) 
~ 

ephedrine. 

~-agonists: terbutaline, fenoterol 5 ~tm Nucleosil 5-C8 CH30H/20 mM 180 mm x 100 µm ID Direct UV, 214 nm NS 
and clenbuterol NH400CCH3 , pH 

2.9 (50:50 v/v) 

Cannabinoids: cannabigerol, 3 µm Hypersil C18 CH3CN/6.25-25 250 mm x 100µm ID Direct UV < 2.0 x 105 23 
cannabidiol, cannabinol (CBN), t:i.- 3 µm Hypersil C8 mM phosphate, pH (340 mm total) for CBN and 
9-tetrahydrocannabinol ( d9-THC) 2.57 (65-75:35-25 d9-THC 
and t:i.-9-tetrahydrocannabinolic v/v) 
acid in hashish and marijuana 
extracts 



Table 1-1 (cont.) Q 

Stationary phase Mobile phase Column dimensions Detection Efficiency Ref. 
.g 

Analytes ~ 
(plates/m) "'I 

a 
~ 
(I) 

Opiates: morphine, 1.5 µm Miera ODS (non- 10 mM Tns/5 mM 150 mm x 75 µm ID Direct UV, 215 nm 2.5 x 105 
- 24 

hydromorphone, nalorphine, porous) SDS/20% CH3CN, (280 mm total) 5 x 105 

codeine, oxycodone and pH 8.3 
diacetylmorphine 

Agrochemicals: 2-amino-6- 3 µm Hypersil C 18 CH3CN /5 mM Tris, 245 mm x 50 µm ID Direct UV, 214 nm 1.6 x 106 
- 25 

(hydroxymethyl )5- pH 8 6 (30:70 v/v) (330 mm total) 2.5 x 106 

methylphyimidin-4-ol and 6- t-... -· (hydroxymethyl )-2-( methylamino )- ~ 
5-methylpyrimidin-4-ol 

"'I 
s:::i ..... 
$::! 
"'I 

Benzylamine, procainamide, 3 µm Hypersil C18 CH3CH/5 mM 250 mm x 100 µm ID Direct UV, 214 nm 1.9 x 104 - 26 
(I) 

:::i::i 
diphenhydramide, nortriptyline, 3 µm Hypersil C8 triethanolamine (330 mm total) 5.1x105 

(I) 
~ 

caffeine and benzoic acid 3 µm Hypersil phenyl phosphate pH -· (I) 

2.5/H20 {6+2+2 ~ 

v/v/v) 

E-fluvoxam1ne maleate and Z- 3 µm Spherisorb ODS CH3CN/25 mM 250 mm x 100 µm ID Direct UV, 214 nm 2.8 x 105 27 
fluvoxamine maleate 3 µm Hypersil C18 H3P04, pH 2.5 {330 mm total) 

(60:40 v/v) 
containing 6 mM 
hexylamine 



Table 1-1 (cont.) Q 
-§ ..... 

Analytes Stationary phase Mobile phase Column dimensions Detection Efficiency Ref. 
('\:) 

"ii 

(plates/m) a ;:s 
('\:) 

Methylamphetamine, lidocaine, 3 µin Spherisorb ODS CH3CN/25 mM 250 mm x 100 µm ID Direct UV, 214 nm 1.2 x 105 
- 27 

propanolol, prometazine, H3P04, pH 2.5 (60:40 (330 mm total) 3.0 x 105 

oxyphenonium and thiourea v/v) containing 6 mM 
hexylamine 

Amphetamine, 3 µin Hypersil C8 Step gradient (1 min) 250 mm x 100 ~Lm ID Direct UV, 210 and 3.4 x 104 
- 28 

methamphetamine, procaine, Initial: CH3CN/25 mM (335 mm total) 240 nm t--.. 
cocaine, heroin, quinine, H3P04, pH 2.5 (60:40 1.3 x 105 -· ..... 
noscapine, phenolbarbitol, v/v) with 2 µUml 

('\:) 
"ii 

diazepam, testosterone, hexylamine 
s::::i ..... 
s: 

cannabinol, testesterone Final: CH3CN/25 mM "ii 
('\:) 

propionate, ~-9- H3P04, pH 2.5 (75:25 ::i;:, 

tetrahydrocannabinol and ~-9- v/v) with 2 µL/ml 
('\:) 
-<:: 

tetrahydrocannabinolic acid hexylamine 
~-
~ 

Nucleosides: adenosine, 3 µ 11 Hypersil C 18 CH3CN/5mM 250 mm x 100 µm ID Direct UV NS 29 
cytidine, guanosine, inosine, CH3COOH (8:92 v/v) (335 mm total) 
thymidine and uridine with 2 mM 

triethylamine 

Phenylthiohydantoin-amino 1.5 µm Chromspher-ODS CH3CN/2 mM 340 mm x 100 µm ID Direct UV, 254 nm 6.0 x 104 
- 30 

acids (PTH-amino acids) (non-porous) NaH2P04 (pH 7.2)/5 (425 mm total} 1.8x105 

mM SDS (5:90:5 
v/v/v) 

Oo 



Table 1-1 (cont.) g 
.g 

S1 ationary phase Mobile phase Column Detection Efficiency Ref. 
...... 

Analytes C1:> 
'"'I 

dimensions (plates/m) a 
~ 
C1:> 

PTH-amino acids 3.5 µm Zorbax ODS CH3CN/5 mM 127 mm x 50 µm Direct UV, 210 nm NS 49 
NaH2P04, pH 7.55 ID (207 mm total) 
(30:70 v/v-60:40 v/v) 

Bendroflumethiazide, 3 µm Spherisorb ODS1 CH3CN/10-50 mM 350 mm x 50 µm Direct UV, 210 nm NS 32 
nortriptyline, chlomipramine, Na2HP04, pH 5.7-9.8 ID (550 mm total) 
methdilazine, imipramine and (70:30 v/v) 

t--< desipramine -· ~ 
'"'I 

Peptides: desmopressin, 3 µm Hypersil C18 CH3CN/12-38 mM 250 mm x 100 µm Direct UV, 214 nm 1.2 x 105 
- 40 s:::i ...... 

i:: 
desmopressin analogue A, 3 µm Hypersil C8 triethylamine ID (335 mm total) 1.6 x 105 '"'I 

C1:> 

desmopressin analogue B, phosphate, pH ::i;:, 

oxytocin and carbetocin 3.0/H20 (3+2+5 C1:> 
~ 

v/v/v) ~-
~ 

Horse heart myoglobin 5 µm Alltech C18 CH3CN/0.014% 85 mm x 150 µm Ion trap NS 43 
F3CCOOH, pH 2.4 ID storage/reflection 
(25:75 v/v) TOFMS 

3,5-dinitrobenzoic acid, 5 .tm Spherisorb ODS1 CH3CN/2 mM H3P04 100 mm x 50 µm Direct UV, 214 nm NS 45 
p-nitrobenzoic acid, p- (60:40 v/v) ID (310 mm total) 
bromobenzoic acid, o-toluic acid, 
benzoic acid and o-bromobenzoic 
acid 
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epileptic drugs, with selectivity changes being induced by applying high voltage 

prior to the separation [22]. The use of pCEC allowed the separation of several 

basic amines at low pH where the EOF was reduced greatly. For weakly retained 

analytes a positive separation voltage (+2 kV) could be used to increase resolution 

of the analytes (decelerating mode). A negative separation voltage (-12 kV) was 

used for the more strongly retained analytes to reduce the separation time 

(accelerating mode). 

Lurie et al. [23] investigated CEC for the separation of seven related cannabinoids 

in hashish and marijuana extracts using a C18 SP. These analytes cannot be 

separated by CE due to similar size to charge ratios or by micellar electrokinetic 

capillary chromatography (MECC) as they associate too strongly with the micelles. 

Using a pH of 2.57 the cannabinoids were undissociated which minimised any 

silanophilic interactions. The C18 column exhibited shorter retention times and 

better resolution compared with a CS column. Using a 40 cm column the 

canabinoids were baseline resolved in under 40 min with an average separation 

efficiency of about 63 OOO plates and detection limits approaching those obtained 

using HPLC. The method was found to be superior to existing HPLC methods in 

which adequate resolution is not achieved in 60 min using a gradient run. 

RP-CEC has also been used for the separation of opiates with six controlled 

narcotic analgesics being separated in under 2.5 min [24]. The same separation was 

possible using MECC but took 10 min. Additionally the use of CEC resulted in 

separation efficiencies that were between 2 and 10 times higher than those obtained 

by MECC, together with unique separation selectivity. 

Moffat et al. [25] demonstrated the highly efficient separation of partially ionised 

agrochemicals. A pulsed gradient generated by differences in composition of the 
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mobile phase and sample was used to induce a reproducible focussing effect, with 

efficiencies of up to 2.5 x 106 plates/m achieved. 

Most pharmaceutical bases are notoriously difficult to analyse by CE as they have 

similar mobilities and peak overloading readily occurs due to silanophilic 

interactions with the silanol groups on the capillary wall. Also, MECC is 

unsuitable due to solubility problems and the restricted window of retention 

between the EOF and the micelles. Therefore, CEC has received considerable 

attention as an alternative for these separations. In LC, most RP SPs are end

capped to reduce the number of residual silanol groups which can be a source of 

unwanted analyte interactions causing peak tailing. However, in CEC it is these 

silanol groups which give rise to the EOF so end-capped phases are not preferred. 

This means that peak tailing of basic compounds is a problem in RP-CEC as the 

source of the bulk flow is also the source of unwanted interaction sites. 

Gillott et al. [26] first described the separation of basic pharmaceuticals from 

neutral and acidic components by CEC. Competing bases such as triethylamine 

(TEA) and triethanolamine (TEOA) were added to the MP to minimise interactions 

between the analytes and the silanol groups on the SP. These separations were 

performed using CS, Cl8 and phenyl SPs, with the best peak shapes being obtained 

using a phenyl SP. It was proposed that this was due to the steric bulk of the 

phenyl group, which hinders access of the basic analytes to the silanol groups. 

Hilhorst et al. [27] added hexlyamine or TEA to the MP to reduce peak tailing of a 

basic drug and a common impurity. This separation is not possible by CE, but the 

unique selectivity of CEC meant that baseline separation was achieved. It was also 

found that the injection parameters were crucial for obtaining efficient peaks and 
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that it was often necessary to reach a compromise between separation efficiency 

and detection limits. 

A similar approach was used by Lurie et al. [28], who demonstrated the separation 

of acidic, basic and neutral compounds by CEC using a MP containing the base 

hexylamine. When no hexylamine was added to the MP, multiple peaks were 

observed for the moderate to strongly basic analytes (heroin, amphetamine, 

methamphetamine, procaine, cocaine, quinine and noscapine). Using hexylamine 

as a MP additive allowed the separation of fifteen drugs of abuse in under 32 min 

with a simple step gradient. The separation selectivity was a combination of 

electrophoretic and chromatographic mechanisms, with the bases eluting both 

before and after a neutral flow marker. In comparison with other techniques 

(gradient HPLC, CE, MECC), CEC was found to offer superior separation 

selectivity and an expanded peak capacity. 

The analysis of nucleosides is normally performed by gradient HLPC or by using 

ion pairing reagents, which can be avoided when using a CEC method [29]. The 

separation of six nucleosides was demonstrated with TEA added to the MP to 

reduce peak tailing. Changes in the pH could be used to influence the separation 

selectivity resulting from changes in the charge of the analytes. Separation of all 

the analytes was possible in under 13 min, which is half the time required in HLPC. 

Analytical performance of the method was examined and limits of detection of 

1 ppm were obtained. An internal standard was required for quantitative 

measurements. 

Seifar et al. [30] outlined an approach for the separation of acidic, basic and neutral 

phenylthiohydantoin- amino acids (PTHs) using a column packed with 1.5 µm 

ODS modified non-porous particles. SDS was added to the electrolyte to avoid 
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bubble formation. The elution behaviour of the basic PTHs was found to depend 

on a combination of electromigration, retention based on interaction with the ODS 

SP and retention based on electrostatic interaction with negative silanol groups and 

SDS adsorbed onto the SP. The interaction with the adsorbed SDS was found to be 

the dominant retention mechanism. Separation of the acidic PTHs was due to RP 

interactions with the SP and also electromigration. Selectivity control was possible 

by varying the concentration or type of the organic modifier in the MP. Efficient 

separation of the acidic and neutral PTHs was possible, but this was not the case for 

the basic PTHs. 

1.4 IE-CEC of ionic analytes 

RP-CEC of neutral analytes is typically performed at high pH so as to maximise the 

EOF due to ionised silanol groups, however this approach is often not suitable for 

the analysis of acidic or basic compounds. Firstly, ionisable compounds are 

sensitive to pH changes. In the case of acidic analytes, the negative charge on the 

silica backbone of the SP will repel negatively charged analytes, reducing or even 

eliminating RP interactions, and the analyte will migrate towards the anode. This 

means that unless there is a strong EOF the analytes will not be detected, otherwise 

migration times will be long. Therefore, a low pH is required at which the analytes 

are not ionised, but here the EOF is considerably slower aiso giving rise to ionger 

migration times [31]. 

Secondly, in the case of basic solutes, interaction with residual silanol groups is a 

problem as already outlined in the previous section. Unless a competing base is 

used a low pH is required which results in low EOF and increased analysis times. 

An alternative approach for the analysis of acidic or basic organic analytes is to use 
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ion-exchange (IE) or mixed-mode SPs. As these SPs have fixed charges, the EOF 

remains fairly constant over a wide pH range. This means that separations can be 

performed at low pH, thus avoiding silanophilic interactions without a greatly 

reduced EOF. Also, the use of mixed-mode SPs allows the potential for 

simultaneous RP and IE interactions, which adds another dimension to the 

separation system. Furthermore, the use of IE or mixed-mode SPs means that the 

separation selectivity can also be varied for inorganic ions which will not interact 

with RP SPs. 

Several different SPs and approaches have been described for the separation of 

ionic analytes by IE-CEC and are summarised in Table 1-2. These include bare 

silica, strong cation exchange (SCX), strong anion-exchange (SAX) and various 

mixed-mode (C18/SCX, C8/SCX, C6/SCX, C18/SAX) SPs, as discussed in detail 

in the following sections for the analysis of both organic and inorganic ions. 

1. 4. 1 Organic analytes 

Smith and Evans [32] first demonstrated in 1995 that a senes of highly basic 

tricyclic antidepressants could be resolved by CEC using a strong cation exchanger, 

with little evidence of peak tailing being observed. The separation selectivity was a 

combination of IE and CE. This mixture could not be resolved adequately using 

either LC or CE. Furthermore, the separations achieved were extremely efficient 

with more than 8 x 106 plates/m observed in some instances. It was proposed that 

this is due to some form of focussing or sample stacking. 

Wei et al. [33] used IE-CEC to investigate the separation of basic drugs on a SCX 

stationary phase. The separation selectivity could be varied by changing the pH, 

the concentration of acetonitrile in the MP or the separation voltage. Further 



Table 1-2: Separations of charged analytes using IE-CEC Q 
-§ 

Analytes Stationary phase Mobile phase Column dimensions Detection Efficiency Ref. ~ 
""'! 

(plates/m) a ;::s 
et. 

Bendroflumethiazide, 3 um Spherisorb SCX CH3CN/50 mM 260 mm x 50 µm ID Direct UV, 210 nm 8 x 106 32 
nortriptyline, chlomipramine, Na2HP04, pH 3.5 (500 mm total} 
methdilazine, imipramine and (70:30 v/v) 
desipramine 

Berberine, palmatine, jatorrhize, 3 µm Miera SCX CH3CN/2.5 mM 200 mm x 75 µm ID Direct UV, 254 nm 3.8 x 104 - 33 
o-tolidme , 1-naphthylamine and Na2HP04 pH 2.5 (270 mm total} 9.1x105 

t'""I 
phenol (70:30 v/v) -· ~ 
Berberine, jatorrhize, ephidrine, 3 lm Miera bare silica CH3CN/10 mM 200 mm x 75 µm ID Direct UV, 210 nm Not stated 34 

~ ..... 
::: 

codeine, cocaine, thebaine TrisHCI, pH 8.29 (270 mm total) (NS) ""'! 
et. 

(80:20 v/v) ~ 
et. 
~ 

Aniline, o-toluidine, m-toluidine, 3 µm Spherisorb bare CH3CN/10-20 mM 265 mm x 75 µm ID Direct UV, 200 nm 9.5 x 104 - 35 
(\:;' 
~ 

p-toluidine, pyridine, silica NaH2P04, pH 3.0 (350 mm total) 6.5 x 106 

benzylamine, 2-aminopyridine, 3 µm Spherisorb SCX (70:30 v/v) 
3-aminopyridine and 
4-aminopyridine 

Peptides: Gly-Gly, Gly-Thr, Ala- 5 µm Spherisorb SCX CH3CN/30 mM 100 mm 75 µm ID Direct UV, 200 nm 2.4 x 105 
- 36 

Ala-Ala, Gly-Gly-Gly, Ala-Ala-Ala- KH2P04, pH 3.0 (310 mm total) 4.6 x 105 

Ala, Gly-Gly-Gly-Gly, Gly-Gly- (60:40 v/v) 
Asn-Ala, Gly-Gly-Gly-Gly-Gly, 
Glu-Glu-Glu and 
Gly-Gly-Gly-Gly-Gly-Gly 

...._ 
Vi 



Table 1-2 (cont.) Q 
Analytes Stationary phase Mobile phase Column dimensions Detection Efficiency Ref. 

.g 
~ 

(plates/m) ""t 

a ;::s 
(1:) 

Nucleosides and bases: urasil, 10 µm Zorbax ODSS CH3CN/4.8 mM 205 mm x 100 µm ID Direct UV, 254 nm NS 38 
cytosine, thymine, adenine, (mixed-mode C18/SCX) NaOOCCH3 , pH (270 mm total) 
guanine, uridine, cytidine, 4.80 (40:60 v/v) 
adenosine, guanosine and 
mosine 

Peptides: desmopressin, 3 am Hypersil mixed-mode CH3CN/38 mM 250 mm x 100 ~tm ID Direct UV, 254 nm NS 40 
desmopressin analogue A, 3 .tm Spherisorb C18/SCX triethylamine (335 mm total) r.... -· desmopressin analogue B, phosphate pH ~ 
oxytocin and carbetocin 3.0/H20 (6+2+2, "I: 

s::i ..... 
v/v/v) :::: 

"I: 
(1:) 

Dexamethasone, hydrocortisone, 3 µm Spherisorb C6/SCX CH3CN/25 mM 260 mm x 50 µm ID Electrospray MS/MS 3.6 x 105 
- 41 

~ 
(1:) 
-<:::: 

betamethasone, nortriptyline, 3 µm Sphersorb SCX NH400CCH3 , pH (350 mm total) 4 x 105 -· (1:) 

clomipramine, amitriptyline and 4.0 (80:20 v/v) 250 mm x 100 µm ID ~ 

imipramine (350 mm total) 

D3-N-ethylbutylamine - 3 µm Spherisorb SCX CH3CN/25 mM 250 mm x 100 µm ID Electrospray MS/MS NS 
D3-N-ethyldecylamine, NH400CCH3 , pH (350 mm total} 
N-pentyloctylamine, 4.0 (80:20 v/v) 
diheptylamine, 
N-heptyloctylamine, dioctylamine, 
N-pentyldodecylamine, 
N-hexyldodecylamine and 
N-heptyldodecylamine 

....... 

°' 



Table 1-2 (cont.) g 
Analytes Stationary phase Mobile phase Column dimensions Detection Efficiency Ref. 

~ 
~ 

(plates/m) --: 
a 
~ 
Cl) 

Benzoic acid, o-toluic acid, o- 5 µm Spherisorb ODS and CH3CN/2 mM 200 mm x 75 µm ID Direct UV, 200 NS 42 
phthalic acid, benzaldehyde, p- 5 µm Spherisorb SCX H3P04, pH 2.63 (270 mm total) nm 
nitrotoluene, pyridine and (2.5:1 w/w) (75:25 v/v) with 
quinoline 0.01 % v/v 

triethylamine 

Peptides: angiotensin Ill, 5 11m Alltech C 18/SAX CH3CN/0.014% 120 mm x 150 µm ID Ion trap NS 43 
angiotensin I, leucine enkephalin F3CCOOH, pH 2.4 storage/reflection t:--. -· (25:75 v/v) TOFMS ..... 

Cl) 
°"\: 
s::i ..... 

Horse heart myoglobin 5 µm Alltech C 18/SAX CH3CN/0.014% 85 mm x 150 µm ID Ion trap NS :;:::: 
--: 

F3CCOOH, pH 2.4 storage/reflection Cl) 

~ (25:75 v/v) TOFMS Cl) 
~ -· Cl) 

Peptides: Angiotensin I, 5 .tm Alltech C18/SAX CH3CN/4 mM 120 mm x 150 µm ID Ion trap NS ~ 

methionine enkephalin-Arg-Phe, NH400CCH3 , pH storage/reflection 
methionine enkephalin, leucine 3.2-5.2 (25:75 v/v) TOFMS 
enkephalin and bradykinin 

Proteins in chicken egg and 5 µm Spherisorb SAX 5 mM NaH2P04, pH 260 mm x 50 µm ID Direct UV, 200 1.6 x 104 
- 44 

bovine haemoglobin: bovine (prepared from 5 µm 7.0 with 50-200 mM (340 mm total) nm 1.0 x 105 

carbonic anhydrase, a.- Spherisorb S5-W silica) NaCl added 
lactalbumin, soybean trypsin 
inhibitor, ovalbumni, conalbumin 
and hemoglobin 

........ 
'-l 



Table 1-2 (cont.) Q 
Stationary phase Mobile phase Column dimensions Detection Efficiency Ref. 

.g 
Analytes ....... 

C1:> 

(plates/m) --: 
a ::s 
C1:> 

3,5-dinitrobenzoic acid, 5 ~Lm Spherisorb SAX CH3CN/20 mM 100 mm x 50 µm ID Direct UV, 214 nm NS 45 
p-nitrobenzoic acid, p- H3P04 (50:50 v/v) (310 mm total) 
bromobenzoic acid, o-toluic acid, 
benzoic acid and o-bromobenzoic 
acid 

p-bromobenzoic acid, 5 11m Spherisorb ODS1 CH3CN/10 mM 100 mm x 50 µm ID Direct UV, 214 nm NS 
m-bromobenzo1c acid and H3P04 (50:50 v/v) (310 mm total) t-< .... 
o-bromobenzoic acid ~ --: 

s:::i 

2.9 x 105 ....... 
Iodide, iodate and perrhenate 5 11m Nucleosil SB SAX 5 mM H3P04, pH 400 mm x 75 ~Lm ID Direct UV, 190 nm 47 ~ --: 

2.6 (600 mm total) for iodide C1:> 

~ 
C1:> ..:: 

Sulfite, sulfate and thiosulfate 5 tm TSK-gel IC-anion SW CH30H/5 mM 220 mm x 50 µm ID Indirect UV, 210 nm NS 48 .... 
C1:> 

ions phthalic acid and 5 (304 mm total) ~ 

mM hexamethylene 
diamine containing 
0.15% HEPES, pH 
6.8 (10:90 v/v) 

Malonic acid and sulfuric acid 5 µm TSK-gel IC-anion SW CH30H/5 mM 230 mm x 50 µm ID Indirect UV, 236 nm NS 
phthalic acid and 5 (289 mm total) 
mM hexamethylene 
diamine, pH 6.8 
(10:90 v/v) 

......... 
Oo 



Table 1-2 (cont.) Q 
Stationary phase Mobile phase Column dimensions Detection Efficiency Ref. 

.§ 
Analytes ..... 

(I:) 

(plates/m) "'t 

a 
::s 
(I:) 

Lithium, sodium, potassium and 5 ~tm TSK-gel IC-cation SW 20 mM CuCl2 206 mm x 75 µm ID Indirect UV, 208 nm NS 48 
ammonium ions (295 mm total) 

Chloride, magesium(ll}, cobalt(ll) 5 µm TSK-gel IC-cation SW 20 mM CuCl2 206 mm x 75 µm ID Indirect UV, 208 nm NS 
and manganese(ll} ions (295 mm total) 

Lithium, sodium, potassium, 5 1tm.TSK-gel IC-anion SW CH30H/5 mM 220 mm x 50 µm ID Indirect UV, 210 nm NS 
chloride, nitrite, nitrate, iodide, phthalic acid and 5 (304 mm total) t--i -· sulfate and perchlorate ions mM hexamethylene ~ 

"'t 
diamine containing t:i ..... 
0.15% HEPES, pH l:: 

"'t 

6.8 (10:90 v/v) 
(I:) 

:::r;;i 
(I:) 

Lanthanides 10 mM CuCl2, 10 
~ 

5 µm TSK-gel IC-cation SW 220 mm x 50 µm ID Indirect UV, 208 nm NS -· (I:) 

mM HIBA and 5.1 (320 mm total) ~ 

mM ethylene 
diamine, pH 4.00 
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investigations using a bare silica SP [34] indicated that the retention of the analytes 

involved multiple mechanisms including RP, cation-exchange, and normal phase 

interactions, together with electromigration. By varying the concentration of 

acetonitrile in the 1\1P, the concentration of the competing ion (TrisH) or the pH, 

significant selectivity changes were observed. However the separation obtained 

was much slower than the corresponding eE separation (14 min compared with 2.5 

min). Also, selectivity control was extremely difficult and consequently the only 

benefit of the eEe separation was the unique selectivity. 

Klampfl and Haddad [35] compared bare silica and sex stationary phases for the 

separation of some aromatics bases in acidic MPs where the analytes were fully 

protonated. Using a bare silica column, chromatographic interactions were 

insufficient to cause selectivity changes for most of the analytes. With a sex 

stationary phase, a higher EOF (up to 1.5 times) was obtained, together with an 

increased interaction with the SP (cation-exchange). The cation-exchange 

contribution to the separation could be varied by changing the pH or the type and/or 

concentration of the competing ion. As the EOF was fairly constant over the pH 

range used, the chromatographic component could be varied without varying the 

electrophoretic component. The separation was shown to be a combination of 

electromigration, adsorption and cation-exchange. Despite peak tailing for some of 

the analytes, efficiencies between 95 OOO and 650 OOO piaces/m were obtained. 

A SeX SP has also been used for the separation of five peptides [36]. Use of IE

eEe resulted in a reduced analysis time (from 20 min to 6 min) and a different 

selectivity from eE, without peak tailing which caused co-migration in the eE 

system. By applying high voltage (25 kV) .the separation of 10 peptides in fewer 

than 3.5 min could be achieved with excellent peak shapes. 
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Zhang and El Rassi [37] first introduced the concept of mixed-mode SPs for CEC. 

These mixed-mode phases consisted of a charged sublayer bonded to a silica 

support and then effectively end-capped with a hydrophobic group (Cl8, C6, C8 

etc.). A novel octadecyl sulfonated silica (ODSS) SP was used for the separation of 

10 different nucleosides and bases in under 10 min [38]. The analytes were 

retained due to a combination of RP, hydrophilic and electrostatic interactions, with 

unique selectivity. Changing the pH from 3.5 to 6 resulted in changes in the elution 

order due to changes in the electrostatic interactions. This work also highlights that 

analytes of considerably different lipophilicities can be separated by CEC. 

A comparison of the separation of acidic pharmaceuticals on C18 or C18/SCX SPs 

at low pH indicates the advantage of mixed-mode SPs [39]. A low pH was required 

for ionic suppression of the steroid test mixture. This separation could not be 

performed at higher pH as at pH 7.8 only four peaks were obtained, whereas at a 

lower pH 2.3 five peaks were obtained, including an acidic component that 

migrated against the EOF at higher pH. The increased EOF at low pH when using 

a mixed-mode SP resulted in a separation time of 4 min, compared with 13 min 

when using the C18 SP. This application demonstrates some of the advantages of 

mixed-mode SPs for separations at low pH. 

The retention behaviour of five basic, neutral and acidic peptides has been 

investigated using a mixed-mode C18/SCX SP [40] with the retention behaviour 

compared with that for C8 and C18 SPs. The mixed-mode phase resulted in faster 

separations due to the stronger EOF at low pH. Also, unpredictable focussing for 

the basic peptides was observed with the mixed-mode phase. 

CJSCX and SCX columns have been shown to offer higher separation efficiencies 

than C18 SPs for the separation of various basic pharmaceuticals with mass 
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spectrometry (MS) detection [41]. The use of MS detection meant that lower 

detection limits could be obtained without loss of efficiency. 

Zhang et al. [ 42] used a different approach to a mixed-mode SP by preparing a 

physical mixture of sex and ODS packing to form a blended mixed-mode column. 

For the separation of organic acids and bases it was necessary to add TEA to the 

MP to reduce peak tailing for the basic solutes. Therefore, this approach is not 

really as useful as a true mixed-mode SP, however the addition of sex did result in 

higherEOF. 

There are only three reports in the literature using SAX SPs for the separation of 

organic ions. Huang et al. [ 43] introduced e1s/SAX mixed-mode for the separation 

of peptides with MS detection. The separations were performed with additional 

pressure of 80 bar. By varying the magnitude and polarity of the separation voltage 

(-1.5 to + 3 kV) the selectivity could be varied. The separation selectivity was 

primarily a combination of electromigration and RP interactions, with the SAX 

groups acting as an 'EOF stabiliser'. 

Most recently Zhang et al. [44] investigated the separation of proteins on an anion

exchange column. A strong anion-exchanger was attached to a hydrophilic spacer 

on silica particles to form a 'tentacular' anion-exchanger with a strong anodic EOF. 

Electrostatic interactions between the anionic proteins and the anion-exchange sites 

dominated the retention. By varying the eluent concentration and minimising the 

strong chromatographic interactions, fast and highly efficient separations were 

achieved. 

Ye et al. have also recently reported the separation of carboxylic acids by IE-eEe 

using a strong anion-exchanger [ 45]. Under the conditions used the acids were 

partly ionised and a SAX column was shown to offer significant advantages over a 



Chapter One Literature Review 23 

e18 column, including reduced analysis time, increased separation efficiency and 

different separation selectivity. 

1.4. 2 Inorganic ana/ytes 

While the separation of organic ions by IE-eEe has shown the potential advantages 

of combining several separation mechanisms, the relatively large molecular weight 

and hence low electrophoretic mobilities of many of these analytes suggests that the 

electrophoretic contribution to the separation is likely to be minor. This is in 

contrast to small inorganic ions which have high electrophoretic mobilities, where 

the potential to influence the separation selectivity should be greater. Comparison 

of the separation selectivities of eE and IE for inorganic ions shows that there is a 

strong sense of complementarity between the two techniques [ 46], hence IE-eEe 

offers the possibility of new selectivities for these analytes. IE-eEe has received 

only minor attention for the separation of inorganic ions, with only two previous 

reports in the literature. 

Li et al. [47] compared the separation ofr, 103 and Re04- by eE and IE-eEe using 

a strong anion-exchanger. The selectivity obtained in IE-CEe was different that 

that obtained in eE and was shown to be a combination of IE and electromigration. 

Furthermore, IE-eEe separations offered higher efficiencies and lower detection 

limits by up to 20x than CE. 

Kitagawa et al. [ 48] showed the separation of several anions (SO/-, sol-, s 2ol-), 

cations (lanthanides; Li+, Na+, NH/, K+) and anions and cations simultaneously 

(Li+, Na+, K+, er, N02-, N03-, r, el04-, so/-) with indirect detection using a 

silica-based SAX or sex. The system was pressure-driven with voltage used for 

selectivity control. By varying the voltage from +4 kV to -lkV, significant 
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changes in the separation selectivity for so/·, sol·, S20 3
2

- were obtained. Using 

similar small changes in voltage, malonic acid could be separated from a 1 OOx 

excess of sulfate. Similarly, using sex and varying the separation voltage between 

+2 kV and -3 kV changed the separation selectivity for some monovalent cations 

(Li+, Na+, NH/, Kl and lanthanides. Using either SAX or sex SPs the 

simultaneous separations of anions and cations was achieved. 

1.5 Project aims 

The results shown in the literature so far demonstrate that both RP-eEe and IE

eEe are useful tools for the efficient separation of charged analytes with unique 

selectivity. However, the analysis of ionic analytes utilising IE capillary columns 

has been limited and the separation of inorganic ions by packed column IE-eEe 

has been largely ignored. 

Therefore the general aim of this work has been to present a systematic study of the 

separation of inorganic and small organic ions by eEe. The specific aims of the 

project were to: 

• Develop methods for preparing packed capillary columns utilising both silica

based and polymer-based stationary phases, 

• To investigate IE-eEe as a means of selectivity manipulation for the separation 

of inorganic anions using both silica-based and polymeric ion-exchangers, 

• To develop a theoretical model based on IE and eE theory to describe the 

migration of inorganic anions in eEe and, 

• To apply a universal detection method, such as conductivity detection, to the 

separation of inorganic ions in IE-eEC. 
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2 Experimental 

This section describes the instrumentation, chemicals and procedures used 

throughout this work, unless specified otherwise in a particular chapter. 

2.1 Instrumentation 

Experiments were performed using a Hewlett-Packard HP3° CE system (Agilent 

Technologies, Waldbronn, Germany), equipped with a diode array detector and 

connected to a HP3° CE Chemstation (Agilent) for data processing. Helium or 

nitrogen was used as an external pressure source. 

All CE separations were performed using fused silica capillaries (75 µm i.d. x 360 

µm o.d.) obtained from Polymicro Technologies Inc. (Phoenix, AZ, USA). 

For CEC separations untreated fused silica capillaries (Polymicro) were packed using 

a Haskel 40102 air-driven fluid pump (Haskel, Brisbane, ~Qld, Australia), as 

described in detail in Chapter 3. 

The outer polyimide coating of the capillary (approx 2mm in length) was burnt off at 

the point of UV detection using either a heating element or hot concentrated sulfuric 

acid and cleaned with acetone. All capillaries were cut to length using a HP CE(C) 

column cutter (Hewlett-Packard). 

A non-metallic 50 µm alignment interface was used instead of the standard metallic 

interface to avoid problems when using negative voltage (see Chapter 4). 

2 .2 Reagents 

Unless specified otherwise all chemicals were of analytical reagent grade and are 

listed in Tables 2-1to2-5. 



Table 2-1: Stationary phases used in this work Q 
{5 

Stationary phase Supplier Particle Pore Surface area Functionality ~ 
""!: 

diameter size (m2/g) ~ (µm) (nm) 0 

NovaPak C18a Waters, Milford, MA , USA 4 6 120 C18, 7% carbon, fully endcapped 

Llchrosorb RP-18a Merck, Darmstadt, Germany 5c 6 150 C18 , 16% carbon, not endcapped 

Hypersil C18a Agilent Technologies, Melbourne, Australia 3 12 170 C18, 10% carbon, fully endcapped 

Develosil 100-5a Nomura Chemical Co, Japan 5 10 500 Silica 

S3Wa X-Tec Consutlants _td., Clwyd, UK 3 8 190 Silica ~ 
't:i 
(I) 
""!: 

S5Wa X-Tec Consutlants .td., Clwyd, UK 5 8 190 Silica §" 
(I) 
;::: 

scxa X-Tec Consutlants ,_Jd., Clwyd, UK 3 8 190 Propylsulfonic acid, -120 µeq/g s .._ 

SAXa X-Tec Consutlants Ltd., Clwyd, UK 3 8 190 Propyl-N,N,N-trimethylammonium, -200 µeq/g 

C6/SAXa X-Tec Consutlants Ltd., Clwyd, UK 3 8 190 Propyl-N,N,N-trimethylammonium endcapped with 
Cs, 2.6% carbon 

ODS1a X-Tec Consutlants Ltd., Clwyd, UK 3 8 190 C18, 6% carbon, partially endcapped 

C6a X-Tec Consutlants Ltd., Clwyd, UK 3 8 190 Cs, 4% carbon, partially endcapped 

lonpac AS9-HCb Dionex Corporation, Sunnyvale, CA, USA 9 200 Latex agglomerated, alkyl quaternary ammonium 

lonpac AS9-SCb Dion ex 13 Latex agglomerated, alkyl quaternary ammonium 
a s1hca-based 1--..J 
b polymer based, substrate 1sethylvmylbenzene cross linked with divmylbenzene (55%) 'O 

c irregular 
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Table 2-2: Chemicals used as buffers 

Buffer PKa Formula Supplier 

1,3-bis[tris(hydroxymethyl)methylamino]- 6.8 C11H2aN20a Aldrich, Milwaukee, 
propane (Bis-Tris propane) WI.USA 

bis[2-hydroxyethyl]imino-tris 6.5 CaH19NOs Aldrich 
[hydroxymethyl]-methane (8 is-Tris) 

L-arginine 8.9 CH(NH2)C02H Aldrich 

L-histidine 7.7 CaH9N302 Aldrich 
(p/) 

sodium dihydrogen phosphate 7.2 NaH2P04 Aldrich 
(PK2) 

sodium carbonate/sodium bicarbonate 10.33 Na2COJ Aldrich 
(PK2) NaHC03 

tris(hydroxymethyl)aminomethane (Tris) 8.05 C4H11N03 Aldrich 

Table 2-3: Chemicals used as competing ions 

Eluent 

citric acid 

hydrochloric acid 

nitric acid 

perchloric acid 

phosphoric acid 

p-toluenesulfonic acid 

salicylic acid 

sodium bicarbonate 

sodium carbonate 

~::;d::.m1 chromate 

sodium nitrite 

sorbic acid 

sulfuric acid 

Formula Supplier 

BDH Chemicals, Kilsyth, Vic, 
Australia 

HCI BDH Chemicals 

HN03 BDH Chemicals 

HCI04 Ajax Chemicals, Sydney, NSW, 
Australia 

H3P04 BDH Chemicals 

CH3CaH4S03H.H20 Aldrich 

HOC6H4C02H Aldrich 

NaHC03 Aldrich 

Na2C03 Aldrich 

Na2Cr04 AJax c..;nemicals 

NaN02 Ajax Chemicals 

CH3CH=CHCH=CHC02H , Aldrich 

H2S04 BDH Chemicals 
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Table 2-4: Chemicals used as analytes 

Analyte 

4-chlorophenol 

4-methoxyphenol 

4-nitrotoluene 

acetone 

ammonium molybdate 

aniline 

benzoic acid 

butanesulfonic acid (sodium 
salt) 

ethanesulfonic acid (sodium 
salt) 

Formula 

CIC5H40H 

CH30C6H40H 

N02C5H4CH3 

CH3COCH3 

(NH4)2Mo04 

C5H5NH2 

C5H5COOH 

CH3CH2CH2CH2S03Na 

CH3CH2S03Na 

31 

Supplier 

Aldrich 

Aldrich 

Aldrich 

BDH Chemicals 

Ajax Chemicals 

Aldrich 

Aldrich 

Aldrich 

Aldrich 

hexanesulfonic acid (sodium CH3CH2CH2CH2CH2CH2S03Na Aldrich 
salt) 

methanesulfonic acid, LR CH3S03 

pentanesulfonic acid (sodium CH3CH2CH2CH2CH2S03Na 
salt) 

phenol C5H50H 

potassium bromate KBr03 

propanesulfonic acid (sodium CH3CH2CH2S03Na.H20 
salt) 

pyridine C5H5N 

salicylic acid HOC5H4C02H 

sodium acetate CH3C00Na 

sodium bromide NaBr 

sodium carbonate Na2C03 

sodium chlorate NaCI03 

sodium chloride NaCl 

sodium chromate Na2Cr04 

sodium cyanate NaOCN 

sodium fluoride NaF 

sodium formate CHOONa 

sodium iodide Nal 

sodium nitrate NaN03 

sodium nitrite NaN02 

Sigma, St Louis, MO, USA 

Aldrich 

Aldrich 

Aldrich 

· Aldrich 

Aldrich 

Aldrich 

Ajax Chemicals 

Sigma 

BDH Chemicals 

BDH Chemicals 

Ajax Chemicals 

Ajax Chemicals 

Aldrich 

Aldrich 

Ajax Chemicals 

Aldrich 

Ajax Chemicals 

Ajax Chemicals 
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Analyte Formula Supplier 

sodium perchlorate NaC104 Ajax Chemicals 

sodium phosphate NasP04.12H20 Aldrich 

sodium sulfate Na2S04 Aldrich 

sodium thiocyanate NaSCN Aldrich 

sodium th1osulfate Na2S20s.5H20 BDH Chemicals 

thiourea H2NCSNH2 Aldrich 

toluene C5H5CHs Aldrich 

Table 2-5: Other chemicals used in this work 

Chemical Formula Supplier 

acetonitrile CH3CN BDH Chemicals 

methanol CH30H BDH Chemicals 

myristyltrimethylammonium CHs(CH2)1sN(CHshBr Aldrich 
bromide {TTAB) 

Sodium hydroxide Na OH Ajax Chemicals 

2.3 Procedures 

2. 3. 1 Electrolyte and standard preparation 

All eluents or background electrolytes (BGEs) and analyte standards were 

prepared with water purified using a Milli-Q (Millipore, Bedford, MA, USA) 

water system. All eluents were filtered through a 0.45 µm membrane filter of 

Type HA (Millipore, Bedford, MA, USA) and degassed using vacuum sonication 

before use. 

2.3.2 Sample Injection 

For the CE experiments injection was either by applying a pressure of 20 mbar for 

3 s or by electromigration (-5kV for 3 s). 
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For the CEC experiments injection was either by applying a pressure of 2-10 bar 

for between 3 and 10 s, or by electromigration (-5kV for 3 s or -lOkV for 10 s). 

2. 3. 3 Calculations 

Thiourea or acetone was used as a flow marker for all separations. 

Electrophoretic mobilities were calculated according to the 

equation 
(2-1) 

where LT is the total length of the capillary in metres, Lo is the length to the 

detector in metres, V is the separation voltage in volts and tm is the migration time 

of the analyte in seconds. 

Retention factors were calculated using 

(2-2) 

where t R is the elution time of the analyte and t 0 the elution time of the flow 

marker. 

Limits of detection (LOD) were determined at a signal to noise ratio of 3:1. 

Baseline noise was measured in the following way [1]. Using digital data on a 

selected linear piece of baseline, linear regression and then statistical analysis of 

the residuals was performed and finally the noise was determined as five times the 

calculated standard deviation of the data points at the selected baseline interval. 
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2.3.4 Instrument modification when using external pressure 

When the instrument was used with external pressure connected, the low pressure 

was disconnected to avoid damaging the sensor valve on the EMS board, which is 

the main sensor board in the CE instrument. It is known that when the instrument 

is switched between high pressure and low pressure mode that there is a tendency 

for the high pressure to vent through the sensor valve (valve 4) located on the rear 

of the EMS board, as shown in Figure 2-1. Pressures above 1 bar will damage 

this valve. Therefore when high pressure was used, the tubing to valve 4 was 

disconnected. This was done by firstly removing the right side panel on the 

instrument to allow access to the EMS board (see Figure 2-2). The EMS board 

was then detached from the housing and the tubing connected to the sensor valve 

disconnected. 

sensor valve 

I 

Figure 2-1: Rear view of EMS board indicating the position of the low pressure 
sensor valve. 
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plug 

Figure 2-2: Position of the EMS board in the instrument. The board is connected to 
the instrument by 2 black plugs as indicated in the picture. 
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2.4 References 

1. M. Macka, J. Borak, L. Semenkova, M. Popl and V. Mikes, 

J. Liq. Chromatogr., 16 (1993) 2359. 



3 Preparation of packed capillary columns for CEC 

3.1 Introduction 

Since the introduction of CEC in 1974 by Pretorius et al. [1], numerous methods 

have been reported for producing packed capillary columns for CEC. These 

include slurry packing [2,3], draw packing [4], electrokinetic packing [5], 

supercritical fluid packing [6], packing by gravity [7] or by using centripetal 

forces [8]. Of these the most common method is the use of slurry packing 

techniques directly analogous to those used for packing capillary columns for 

liquid chromatography (LC). 

Despite the abundance of published techniques for preparing CEC capillary 

columns, many of them are specific to particular packing materials and packing 

apparatus. Additionally, there has been very little previous work using stationary 

phases other than silica-based reversed phase materials. Therefore, this chapter 

presents complete methods for the production of CEC capillary columns. 

Detailed descriptions of procedures for packing both silica-based reversed-phase 

and ion-exchange (both anion and cation exchange) stationary phases, as well as 

polymer-based ion exchangers are given. Procedures for the fabrication of on

column frits are described. As the frits are a crucial component of the column the 

properties of the frits used in this work have also been investigated. In addition, 

detailed descriptions of the conditioning procedures used to prepare the columns 

for use in CEC experiments are included. 
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3.2 Packing Parameters 

In most CEC experiments using only electrodriven flow, the column functions as 

the pump, injector, separation medium and detection cell. Therefore it is crucial 

that these columns can be produced to be as reproducible and rugged as possible. 

Most packing methods involve pumping a suspension of the stationary phase (0.5 

to 13 µm) into an empty capillary (25-200 µm i.d.) under high pressure. During 

the packing process the packing is retained in the capillary using either a 

mechanical fut [14-17], or a fut generated by heating a plug of silica or other 

suitable material introduced into the end of the column [2,12,18-21]. As is the 

case with LC columns, an homogenous packed bed is imperative to reduce band 

broadening resulting from any discontinuities in the packed bed [4,16,18,22]. 
r 

3. 2. 1 Pump selection 

Numerous slurry packing techniques have been reported for packing CEC 

capillary columns using either a low volume reciprocating piston pump 

[12,14,16,18] or a large volume air-driven amplifier pump [2,16,20,21]. Both of 

these methods for packing CEC capillary columns were investigated in this work. 

In the first method a stainless steel guard column body (50 mm x 4 mm) was 

connected to a Waters 510 HPLC pump (Waters, Milford, MA, USA) via a 

T-Junct10n containing a restrictor capiliary. Empty capillaries were connected to 

the other end of the column body using a piece of 0.4 mm i.d. PEEK tubing and a 

PEEK ferrule (Dionex, Sunnyvale, CA, USA). An HPLC in-line filter containing 

a metal fut was connected to the end of the capillary, as shown in Figure 3-1. 

Columns were packed under ultrasonication using low flow rates (0.1-0.5 

mL/min) and pressures up to 6000 p.s.i. 
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In the second method a small volume slurry reservoir (100 mm x 2 mm) was 

connected to a Haskel 40102 air-driven fluid pump (Haskel, Brisbane, Qld, 

Australia). Empty capillaries were connected to the reservoir using a piece of 0.4 

mm i.d. PEEK tubing and PEEK ferrule (Dionex). Columns were packed under 

ultrasonication at constant pressures of between 3000 and 9000 p.s.i. A picture of 

the pump used in this method is shown in Figure 3-2. 

Of these two methods, the second method was found to be more suitable for the 

routine preparation of CEC capillary columns. This method resulted in a more 

stable packed bed and columns suitable for use in CEC were obtained routinely. 

Use of the first method often resulted in blockages, or columns containing 

noticeable voids. This is a known problem when using low volume reciprocating 

piston pumps for column packing, where reciprocation of the pump (especially if 

this occurs when the inlet valve is opened to start the column packing process) can 

result in poorly packed column beds [16]. 

Figure 3-1: Metal frit used to retain the stationary phase during the packing 
procedure. 
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Figure 3-2: Haskel 40102 Pump used for packing CEC capillary columns 
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Also, using the HLPC pump at high pressure for extended periods meant that the 

lifetime of the pump seals was reduced greatly. In general, the use of large 

volume air-driven amplifier pumps is more common for packing CEC columns as 

it provides for a pulse-less high flow velocity at constant pressure, which is 

desirable for a uniform and stable packed bed. 

Therefore, all columns used in this work were packed using the second method 

described. 

3. 2. 2 Packing pressure 

The pressure used for packing CEC capillary columns described in the literature 

varies from 2000 to 9000 p.s.i, depending on the pump used, the packing material 

and the capillary diameter. There are only a few reports concerning optimising 

the packing pressure [16,23] and these have indicated that the pressure used when 

packing is an important parameter. Using too low a pressure can result in an 

unstable column bed and poor longevity of the column. If too high a pressure is 

used a compacted packed bed may result, producing a column that is difficult to 

condition for CEC [23]. 

In this work, columns packed with silica-based stationary phases were packed at a 

pressure of 6000 or 9000 p.s.i. In general there was a higher success rate of 

packing for the columns packed at the lower pressure, and these columns were 

easier to condition. There was a slight reduction in the separation efficiency when 

the packing pressure was reduced from 9000 to 6000 p.s.i. However, this was not 

significant enough to warrant packing at the higher pressure. When packing the 

polymer-based materials, the pressure was reduced to 3000 p.s.i. in order to avoid 

crushing the particles. In all cases the pressure was applied as an initial high 
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pressure burst so as to maximise the impact velocity of the particles when forming 

the packed bed. 

Column integrity is heavily dependent on the quality of the packed bed, which can 

be affected by changes in pressure during the packing procedure. Therefore, there 

should be no leaks in the packing system. When there was any leak in the system 

the column took longer to pack or did not pack completely. In those cases where 

the packing was successful despite the occurrence of leaks, there were problems in 

fabricating the frits or there were noticeable voids in the column bed. The most 

common cause of leaks were the connection between the pump and the reservoir 

or the capillary and reservoir. 

3. 2. 3 Capillary length 

The length of capillary being packed is important as it will also affect the impact 

velocity of the particles when forming the packed bed [16]. A 50 cm length of 

capillary was used routinely as the column blank in this work. This allowed for a 

final column length of 34.5 cm (25 cm packed) with enough excess capillary to 

allow for breakages and small blockages during the packing process. Attempts 

were made to pack longer lengths of capillary, however these were unsuccessful. 

In many cases the capillary packed slowly or not at all and in cases where the 

packing was successful the frit making process invariably failed. 

3.2.4 Slurry reservoir 

The slurry reservoir holds the stationary phase (SP) suspension that is packed into 

the capillary. Therefore it is advantageous that the reservoir is used with as small 

a volume as possible to reduce SP and solvent consumption. It is also important 
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for the reservoir to have as small an internal diameter as possible to maximise the 

linear flow rate of the slurry during the packing procedure. 

The slurry reservoir used in this work is shown in Figure 3-3 and was constructed 

from a 10 cm length of 2 mm i.d. stainless steel tubing with an internal volume of 

approx. 300 µL. Swagelok 3/16 fittings were connected to each end of the tubing. 

3. 2. 5 Packing and slurry solvents 

Selection of suitable packing and slurry solvents can have a significant influence 

on the performance of CEC columns. A good slurry solvent will result in a well

dispersed suspension of non-aggregated particles and a more even packed bed. 

However the choice of the slurry solvent is not only defined by the type of SP and 

it can be seen from the literature that the solvent used to suspend the stationary 

phase depends on the exact nature of the stationary phase used [16]. In particular 

acetonitrile [17,21], methanol [16], isopropanol [3], acetone [2,14,21], and 

chloroform [18] have all been reported as slurry solvents for various reversed 

phase SPs. 

The viscosity of the packing solvent is also important as it determines the flow 

rate of the slurry to form the packed bed. It is also essential that the packing 

solvent is miscible with the slurry solvent and that the particles do not aggregate 

and block the capillary as it is packing. 

Figure 3-3: Slurry reservoir used for packing CEC capillary columns 
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The use of ultrasonication during the packing process can be effective in 

minimising the occurrence of blockages [2] and this approach was used in this 

work. 

Methanol was found to be the most suitable slurry solvent for all the reversed 

phase SPs used in this study. Other slurry solvents that were investigated 

included acetonitrile, isopropanol, tetrahyrofuran and acetone. Water was used as 

the slurry solvent for both the silica-based and polymer-based ion-exchange SPs. 

Water was always used as the packing solvent, but when packing reversed phase 

materials the tubing directly connecting the pump to the slurry reservoir ( ~ 10 rnL 

internal volume) was filled with methanol. The slurries were prepared by 

suspending 20-100 mg of the SP in 1 rnL of the slurry solvent. The slurry was 

then sonicated for at least 5 min before use. 

3.3 Preparation and properties of frits made from 

functionalised and bare silica packings 

An important factor in the construction of packed capillary columns for CEC is 

how the packing material is retained in the column. This can be accomplished in 

several ways including: modification of the capillary design using tapered 

capillaries [9], forming a continuous polymer matrix in which the particles are 

entrapped [10], or through the use of frits. Frits can be inserted into the column 

mechanically [11], or generated inside the capillary by various chemical or 

physical means [12-14]. The most common method is to form the frits by 

sintering either the packing material (if silica-based) or pure silica added 

specifically for the purpose of forming frits. 
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There have been several reports on the effects of frits and packings on EOF in 

CEC, but the results have been inconsistent and vary from reporting a reduction of 

44% in EOF when two frits were introduced into an open capillary [24], to an 

increase in EOF for a capillary packed with an ODS material compared to an 

equivalent open capillary [25,26]. As there are only minor differences in the 

column packing procedures reported in these studies, the observed discrepancies 

might be attributable to differences in the materials and procedures used for 

making the frits, since these vary considerably between the studies. Furthermore, 

it is well known that many of the problems associated with CEC column operation 

(e.g. bubble formation) can be due to the interface between packed and open 

zones within the capillary column [21,23,26]. This means that it is desirable that 

the resistivity of the frits be as similar to either the packed or open zone as 

possible, thus avoiding further discontinuities in the column structure. Whilst the 

influence of the frits on the performance of the entire packed column can be 

regarded as crucial, only a few detailed reports investigating these important 

components of the CEC column exist [24,26-28]. This section describes the 

preparation of on-column frits for CEC columns and the effects on key parameters 

such as pressure resistance and EOF caused by the introduction into a fused silica 

capillary of a single frit made of bare or functionalised silica. 

:3. :3. 1 Preparation of the frits 

Many different devices have been reported for making frits for CEC columns 

including using a Bunsen burner [18,23], fusion splicer [20], or a specially 

designed heating filament [14,17,19,21]. The frit-making device used in this 

work was based on that used by van den Bosch et al. [14] and is shown in Figure 

3-4, with the circuit diagrams for this device given in Figure 3-5 and Figure 3-6. 



Figure 3-4: Frit-making device used in this work. 



.,, 
us· 
c: .., 
(I) 

(,) 
I 

~ 
(") 
::;· 
0 
c: 
::;: 
c. 
iii" 
cc .., 
Ill 
3 -0 .., -::r 
(I) 

:::;
::;: 

3 
Ill c. 
:l 
cc 
c. 
(I) 

< c:;· 
(I) 

en 
::r 
0 
~ 
:l 

:l .,, 
us· 
c: .., 
(I) 

(,) 

~ 

1 

c A 

: 
-orr 

-

B 

-

c 

-

D 

1 

I 2 I 

r1 
I aMp 

--T2 

~ 

T!Nar ... achun1tic 2 

nolt 
-.... ).-

I 2 I 

3 I 4 

Heutral 

A 
LI 
11•1n• On 

~ 

B 

VI 
variac 

• 
>: ~ 

--TRI 

~ c 

£1 
f--- A 

Elelllent 

Tit le 
FRIT HEATER 

D 

---s-Iz• I HuMber 
A• Schamatlc 1 

1K•UJ.Slon 

e: .. - ... '"e-" " c .. " u ·o ' "n 
3 I 4 



"T1 "T1 Q cE"cE" 
c: c: .g ., ., 

1 2 3 4 It> It> ..... 
CN CN 

Cl:) 
SECOtms ""'! 

I I 
8 00 f" '?! -- +1 ~ f?l e J 

n A 
IK 

A 
""'! 
Cl:) ., 

1 18 Cl:) 
(') 
c: fill + C6 " ;::;: .K ueeuf 

c. 2 28 
iii" P.12 
cc '" ..,. ., 
Ill 3 38 
3 Thu"bwh••l 

O' 
Switch 

4 
SlllB ., .... B RS 48 B 

:::T ;o It> .... 5 58 C':. 3· R6 ~ teek 
It> ~ ., 6 68 R2B R2l LI O'q 

!Bk !Bk ~ £?. ~ ., R•d Led 
~ 

(') ~ c: 7 78 

~ ;::;: 

::I 
. \ RLI 

.... 
c e 00 R24 DI c ~ .... lk • .. 401 '? l2volt :::T lll8 

It> SlllA '" .... 98 ., e ;::;: 
I IC1 

R2J 

3 !Bk TRI 
7 3 BC647c 

Ill LM555 
c. RU 4 
::I lk 
cc 2 ~ PB2 c. 6 Stop 
It> D D 
~- ~ PBI St11l"'t 
(') + C2 + CJ 

1 It> 12. 2uf I .. 7uf 

en 
:::T 
0 
~ 1 2 3 
::I -i::... 

Oo 
::I 



Chapter Three Packing and Frits 49 

The unit consisted of a piece of nichrome ribbon in which a 0.5 mm hole had been 

drilled. The capillary was threaded through this hole. The temperature of the 

ribbon could be adjusted by varying the voltage across the ribbon, and could be 

measured using a small thermocouple placed next to the heating filament. The 

heating time could be varied between 1 and 99 sec in 1 sec increments using the 

built-in timer device. The frits used in this work were typically made by heating a 

few mm of the silica-based packing material or bare silica for 15 sec to a 

maximum temperature of 430°C. This resulted in removal of the polyimide 

coating on the capillary and thus the column became fragile at this point. The 

columns were always flushed with water at 3000 to 4500 p.s.i during the 

frit-making process to avoid the bonded phase becoming pyrolysed [2,19]. 

3. 3. 2 Measurement of electro-osmotic and pressure-driven flow 

properties of open capillaries and capillaries with frits 

For comparison with CE, all capillaries were flushed with at least 20 capillary 

volumes of O. lM NaOH before use, and then flushed with at least 5 capillary 

volumes of background electrolyte (BGE) between runs. The pretreated fused 

silica capillaries were then packed using the slurry packing technique described in 

Section 3 .4.1. Frits were generated by heating a narrow band of the packing 25 

cm from the inlet end of the capillary at 430°C for 15 s (unless otherwise stated) 

using the frit-making device described in Section 3.3.1. During the heating, the 

capillary was flushed with water at 4500 p.s.i. After formation of the frit, the 

excess packing was flushed out of the capillary and the length of the formed frit 

was measured using a microscope. A detection window was fabricated 10 mm 

behind the frit using hot sulfuric acid with the frit protected from the heating 

element during this process. Finally, the capillary was cut to a total length of 34.5 
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cm, mounted in the Hewlett-Packard capillary cartridge and conditioned with 

BGE before use. 

The electro-osmotic and pressure-driven properties of the open capillaries and 

capillaries with frits were studied using a procedure similar to that previously 

described by Dittmann et al. [26]. Firstly, the magnitude of the EOF at +20 kV (-

20 kV in the case of the SAX packing) as well as the pressure resistance was 

measured for each empty capillary (75 or 100 µm i.d.) using a pH 8.0 electrolyte 

consisting of 25 mM Tris/ 25mM TrisH+/ 25 mM er (TrisCl) and acetonitrile 

(1 :4) or 10 mM TrisCl. Acetone was used as a neutral marker. After the 

formation of frits using the procedure described above, the EOF and the pressure 

resistance were measured again for the capillary containing the frit. Finally, to 

include the influence of the length of the frit into these considerations, the 

measured difference in EOF (dEOF) was normalised to a 1 mm frit length by 

dividing the dEOF value by the frit length in mm. 

3. 3. 3 Properties of frits made from Hypersil ODS 

Table 3-1 summarises the experimentally obtained linear velocities characterising 

the electro-osmotic and pressure-driven flow properties of open capillaries and the 

same capillaries with frits made from Hypersil ODS. The following points can be 

deduced from these results. Firstly, the pressure resistance data for the frits show 

that only low frit-to-frit reproducibility could be achieved although the length of 

the sintered zone was kept within a narrow range (1.8 - 2.1 mm). Secondly, for 

the electro-osmotically driven flow, very similar linear velocities were 

encountered for all three frits. This leads to the conclusion that within certain 

constraints (i.e. as long as no significant blockage of the capillary occurs) the 

correlation between the pressure resistance of a frit and its influence on the EOF is 
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Table 3-1: Electro-osmotic and pressure-driven flow properties of 3 open 
capillaries compared with the same capillaries containing frits prepared from 
Hypersil ODS. Conditions: capillary, 100 µm i.d.; electrolyte, 50 mM 
TrisCl/acetonitrile (1 :4), pH* 8.0; for other conditions see Experimental. Each data 
point in the Table is the mean {± standard deviation) of at least three 
determinations. 

Linear flow velocity [mm/s] 

Open capillary Capillary with frit 

Pressure-driven Voltage-driven Pressure-driven Voltage-driven 
{20 mbar) (20 kV) (1500 mbar) {20 kV) 

7.55 ± 0.03 1.75 ± 0.01 1.50 ± 0.06 2.45 ± 0.01 

7.98 ± 0.03 1.86 ± 0.01 2.79 ± 0.08 2.40 ± 0.01 

7.76 ± 0.05 2.02 ± 0.02 1.82 ± 0.02 2.44 ± 0.01 

likely to be rather low or insignificant. Thirdly, an increased EOF could be 

observed for all capillaries with a frit compared to the open capillaries. 

It is reasonable to suggest that the surface charge on the open capillary wall and 

inside the frit channels will predetermine the EOF in each region, but it is 

somewhat difficult to explain why for example a frit prepared from an ODS 

material (as in Table 3-1) which is likely to have a relatively low surface charge 

density also increases the EOF velocity compared to an open fused silica 

capillary. One possible explanation is that substantial additional ionisable silanol 

groups are created during the heating used for the sintering process. It might also 

be considered that the differences in EOF between open capillaries and the same 

capillaries containing frits may in part be due to the differences in the nature of 

the electro-osmotically driven flow depending on whether it is generated only on 

the walls of an open capillary or in a multitude of channels in a frit. In the latter 

case the frit could work as an EOF pump which could push the liquid through the 

whole cross-section of the capillary, as discussed in greater detail in the following 

section. 
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3.3.4 Influence of the packing functionality on the EOF 

The contribution to EOF of frits made from different packings, all obtained by 

functionalisation of the same silica base material, was determined by measuring 

the EOF velocity before and after the frit was created. 

Table 3-2 shows the total EOF values obtained for the open capillaries as well as 

the contribution to EOF of the frit (i.e. the total EOF minus the EOF obtained for 

the empty capillary), standardised to a frit length of 1 mm. As can be seen from 

these data, ODS 1, silica and sex stationary phases increased the magnitude of 

the EOF, with the increase being in proportion to the amount of negatively 

charged sites available in the corresponding packing material. The fact that the 

ODS material provided the smallest and the sex the largest change demonstrates 

!hat the functional groups of these packing materials persisted after the high 

temperature treatment applied during the frit-making process. This is in 

agreement with the observations of Dittmann et al. for an ODS packing heated by 

an element at 580°e and moved at up to 2 mm/s [26]. At this point it should be 

noted that the temperature given as the heating temperature is measured at the 

outside of the capillary and it can be expected that the inside temperature will be 

somewhat lower, but it is difficult to judge the significance of this difference and 

no estimations of this error have been offered in the eEe literature. 

The most dramatic effect was observed in the case of the frit made from the SAX 

material, which provided a reversed EOF. Previously there have been two reports 

of a reversed (anodic) total EOF in a capillary packed with at least 25 cm of a 

SAX pa~king [20] but there has been no report of significant alteration or reversal 

of the total EOF by a frit or short length of packing material housed in a much 

longer open capillary. Additionally, there has been no explanation offered for the 
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Table 3-2: EOF obtained for capillaries equipped with frits made using packing 
materials with different functionalities. Conditions: capillary, 75 µm i.d.; other 
conditions as in Table. 1. Each data point in the Table is the mean (± standard 
deviation) of at least five determinations. 

Material EOF L1EOF per mm frit length 
(10-am2 v-1 s-1) (10-a m2 V 1 s-1) 

No frit 3.40 ± 0.04 

Silica 4.26 ± 0.02 0.16 

ODS1 3.59 ± 0.04 0.08 

sex 4.68 ± 0.02 0.32 

SAX -1.88 ± 0.02 -1.32 

effects on EOF of different segments of the capillary having opposite surface 

charge and consequently different local EOF values. A possible rationalisation of 

the observed results is depicted in Figure 3-7. and is based on the assumption that 

there still exists a cathodic EOF at the negatively charged open capillary wall. 

However, the bulk liquid is drawn through the capillary towards the anode by the 

high anodic EOF generated in the multitude of channels in the frit (which have 

positive charge arising from the residual quaternary ammonium functionalities) 

through the whole cross-section of the capillary. That is, the EOF is governed by 

a pumping effect arising from the frit. The flow vector of the cathodic EOF 

generated by the wall becomes smaller with increasing distance from the capillary 

wall and turns into an anodic EOF further away from the wall. The resulting flow 

!1mtile can be expected to adopt a parabolic shape away from the frit (i.e. either 

before or after the frit) because the flow of the bulk liquid is effectively a 

pressure-driven flow caused by the frit working as an 'EOF-pump'. This is a 

reasonable model since it is a well established fact that when an EOF and a higher 

pressure-driven flow are superimposed in a capillary, the pressure-driven flow 

moves easily through the open capillary regardless of the direction of the EOF at 

the wall. [29] That suggests that the frit, even when very short compared with the 
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Figure 3-7: Schematic representation of electro-osmotically generated flow in an open capillary containing a segment of frit constructed 
from SAX material. It is assumed that the frit contains residual positively charged functional groups. The shaded area represents the frit. 
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length of the entire column, is the element which defines the total observed EOF 

by overriding the EOF generated by the wall. 

One method for verifying the above model is to examine the effect on peak shape 

caused by the flow profile in the capillary. Figure 3-8 shows a comparison of the 

peak shapes obtained for benzoate in an open capillary using an electrolyte 

containing 10 mM Tris (titrated to pH 8 with hydrochloric acid) and 0.5 mM 

tetradecyltrimethylammonium bromide (TTAB) for EOF reversal (Figure 3-8(a)), 

and in a capillary equipped with a fiit made from the SAX material (Figure 

3-8(b)) using the same Tris electrolyte but without TTAB. EOF reversal in the 

latter case was caused by the fiit alone. 

a 

b 

1 2 

Migration lirre (min) 

Figure 3-8 : Peak shapes obtained for benzoate in an open capillary (a) and a 
capillary equipped with a SAX frit situated directly behind the detection window on 
the outlet side (b). Conditions: capillary, 75 µm i.d.; electrolyte, (a): 10mM Tris, 
0.5mM TTAB pH* 8; (b) 10mM Tris, pH* 8; all other conditions are described in the 
text. 
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Since the frit was positioned on the outlet side of the detection window, at the 

point of detection there will be no dispersion of the analyte band caused by 

passage through the frit and the peak shape will reflect the shape of the flow 

profile carrying the analyte to the detector. As can be seen from Figure 3-8, the 

peak shape obtained with the plug-like EOF profile of the open capillary was 

superior to that in the capillary with the frit, suggesting that there is parabolic flow 

induced by the SAX frit, as indicated in Figure 3-7. 

3.3.5 Influence of the heating time 

As the frits prepared from the SAX material caused the most dramatic change in 

the EOF flow, the SAX packing was chosen for experiments in which the heating 

time during manufacture of the frit was varied in order to estimate the progress of 

the decomposition of the functional groups of the packing. Sintering times 

between 12 and 20 s were used since heating times below 12 s did not result in a 

durable frit. When a sintering time less than 12 s was used it was likely that the 

temperature (particularly in the centre of the capillary) was not sufficiently high to 

fuse the silica particles. Figure 3-9 depicts the contribution of the frit to the total 

EOF, plotted as the standardised ~OF values and shows that only frits generated 

using heating times of less than 15 s still carried sufficient residual positively 

charged functional sites to produce a reversed EOF. Similar behaviour can be 

expected for other functionalised silicas, although the rate of the packing 

decomposition may differ. 
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75 µm i.d.; electrolyte, 10mM Tris, pH* 8; all other conditions are described in the 
text. 
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3.4 Procedures for packing capillary columns for CEC 

Using the equipment and techniques described in the previous sections, this 

section provides detailed procedures for producing CEC capillary columns using 

either silica-based or polymer-based stationary phases. 

3. 4. 1 Silica-based stationary phases 

Untreated fused silica capillaries were packed using a slurry packing technique 

similar to that described by van den Bosch et al. [14] and illustrated in Figure 

3-10. A 50 cm length of capillary was connected using a piece of 0.4 mm i.d. 

PEEK tubing and PEEK ferrule (Dionex, Sunnyvale, CA, USA) to the HPLC in

line filter containing a metal frit (shown in Figure 3-1). The metal frit was 

covered with a piece of filter of Type HA (0.45 µm, Millipore, Bedford, MA, 

USA) when using aqueous solvents or Type HV (0.45 µm, Millipore) when using 

organic solvents. The capillary end was held about 1 mm away from the filter so 

as not to be blocked by it. The other end of the capillary was connected to the 

stainless steel slurry reservoir shown in Figure 3-3 (100 mm x 2 mm i.d.) using 

another piece of 0.4 mm i.d. PEEK tubing and PEEK ferrule (Dionex). 

Approximately 5 mm of the capillary protruded into the slurry reservoir. A 

suspension of the stationary phase was prepared as described in Section 3.2.5 for 

the various stationary phases and was then placed in an ultrasonic bath (Unisonics 

Pty. Ltd., Australia) for at least 5 min. The suspension was then transferred 

rapidly into the reservoir using a syringe and the reservoir connected to the pump 

and then the capillary. The suspension was then pumped into the column using 

the Haskel 40102 air-driven fluid pump at a pressure of either 6000 or 9000 p.s.i. 

with water used as the packing solvent. 
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Figure 3-10: Packing procedure for silica-based stationary phases. 
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Once the reservoir and capillary were connected to the pump the valve was 

released quickly to allow a high pressure burst. When packing reversed phase 

stationary phases, the tubing connecting the reservoir to the pump ( ~ 10 mL 

internal volume) was filled with the slurry solvent. Both the slurry reservoir and 

as much of the capillary as possible were placed in the ultrasonic bath whilst the 

column was packing. A schematic diagram and a photo of the packing process 

are shown in Figure 3-11. When the capillary was packed completely, which 

typically took about 20 min, the pump was switched off and the column was 

allowed to decompress for at least 30 min. In general, if it took more than 30 min 

for the column to pack completely it indicated that the column had become 

blocked in some way. In such cases the packing procedure was discontinued and 

the capillary emptied and dried using compressed air so that it could be repacked. 

The packed column was then flushed with water at 3000 to 4500 p.s.i. for about 

10 min and then while flushing with water a frit was sintered about 12 cm from 

the end of the column, as shown in Figure 3-12. Once the frit was made the 

column became fragile at this location as the polyimide coating had been 

removed. To avoid breaking the column, a piece of 0.4 mm i.d. PEEK tubing was 

placed over the frit. Following fabrication of the outlet frit the in-line filter was 

carefully removed and the excess packing flushed out. If the excess packing 

material could not be removed easily from the column, the packed section of the 

column was placed briefly in the ultrasonic bath to dislodge the particles. An inlet 

frit was then sintered in the same way as described above, and was located 25 cm 

before the outlet frit. The column was then reversed and flushed with water at 

2000 p.s.i. for about 10 min. The column was then disconnected from the pump 

and the excess capillary before the inlet frit was then removed and a detection 
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Figure 3-11: Schematic and photograph of the packing procedure used for making 
CEC capillary columns. 
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window was made by burning off the polyimide coating 3 to 10 mm past the 

outlet frit. The finished columns were inspected for voids using a 12.5x magnifier 

(Eschenbach, Germany) or a Laborlux S microcope (Leica, Germany). 

The final column (34.5 cm total length, 25 cm packed bed unless otherwise stated) 

was then mounted in the HP cartridge and conditioned with electrolyte before use. 

3.4. 2 Polymer-based stationary phases 

Untreated fused silica capillaries were packed using a technique similar to that 

described above for silica-based stationary phases and illustrated in Figure 3-13. 

Firstly, approximately 12 cm of silica was packed into the column at 6000 p.s.i. 

and this was sintered to form an outlet frit (whilst flushing the column with water 

at 4500 p.s.i.) about 10 cm from the end of the column. The excess silica was 

then removed from the outlet side of the frit by flushing with water at 4500 p.s.i. 

The column was then reversed and the excess silica on the inlet side of the frit 

removed by flushing with water at 2000 p.s.i. This reduced pressure was used to 

avoid damaging the frit. Polymeric stationary phase was then packed into the 

column at 3000 psi. to the desired column length (e.g. 25 cm). The column was 

then flushed with water at 3000 p.s.i. for 15 min, the pump switched off and the 

column allowed to decompress for at least 15 min. A further plug of silica (2-5 

cm) was then packed into the column. The column was then flushed with water at 

3000 p.s.i. for about 10 min and a portion of the silica about 3-5 mm away from 

the polymer packed bed was sintered to form an inlet frit. Finally the column was 

reversed and the excess silica removed by flushing with water at 2000 p.s.i. The 

column was then cut to length and a detection window fabricated behind the outlet 

frit. The column was then inspected for voids and conditioned with electrolyte 

prior to use. 
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Figure 3-13: Packing procedure for polymer-based stationary phases. 
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3.5 Procedures for conditioning capillary columns for CEC 

The CEC columns were conditioned using the following procedure. Firstly the 

columns were conditioned with electrolyte using an HPLC pump and a simple 

flow splitter at a pressure of up to 4000 p.s.i.. The electrolyte was pumped 

through the column in the reverse direction for at least 30 min, or until there were 

no bubbles emerging from the end of the column. The column was then allowed 

to depressurise before being carefully disconnected from the pump. The columns 

were then conditioned in the CEC instrument using voltage. High pressure (10-12 

bar) was applied to the inlet side of the capillary only, and the voltage was slowly 

ramped from 5 to 25 kV in a stepwise fashion over about 2 hours. Following this, 

high pressure was applied to both the inlet and outlet side of the capillary and 

25 kV was applied to the column. If the conditioning procedure was successful a 

stable current would be obtained. The voltage conditioning procedure in the CEC 

instrument was repeated whenever there was a change in electrolyte conditions. If 

the column became unstable and the current decreased substantially it was also 

necessary to re-condition the column. When using the polymer-based SPs less 

stringent conditioning procedures were often sufficient due to the decreased 

pressure resistance. 

3.6 Conclusions 

This chapter has detailed the procedures that have been developed for the 

preparation of packed capillary columns for CEC. The various parameters that 

influence the packing process have been described, including pump selection, 

packing pressure, capillary length, choice of slurry reservoir and choice of 
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packing and slurry solvents. Columns were packed using a large volume air

driven amplifier pump as an HPLC pump was found to be unsuitable for this 

purpose. Although packing at high pressures (up to 9000 p.s.i.) resulted in greater 

column efficiency, it also resulted in columns that were difficult to condition. 

Therefore columns were packed at a pressure of 6000 p.s.i. (silica-based SP) or 

3000 p.s.i. (polymer-based SP). The choice of slurry conditions and packing 

solvent was investigated and methanol (reversed-phase SP) or water (ion

exchange SP) were found to be the most suitable slurry solvents, with water used 

as the packing solvent. 

Furthermore, procedures have been developed for the preparation of on-column 

frits for CEC by sintering a short section of bare or functionalised silica-based 

packing material using a simple homemade heating device. The properties of the 

frits have been investigated and it has been shown that a frit 4 mm in length 

(which is short compared to the overall length of the capillary) could significantly 

alter or even reverse the total observed EOF in a fused silica capillary. An 

explanation has been offered in which the frit was considered to be the element 

that defined the total observed EOF. Under appropriate conditions (heating at 

430°C for 15 s), sufficient residual functional groups remained on the packing to 

significantly influence the total EOF observed in a 35 cm long capillary using a 

moderately basic carrier electrolyte. Additionally, the amount of residual 

functional groups remaining on the packing decreased with increasing heating 

time. 

This systematic study has been used to develop detailed procedures for preparing 

CEC capillary columns with silica-based and polymer-based SPs. Procedures 

have been developed for conditioning these columns for use in CEC experiments. 



Chapter Three Packing and Frits 67 

3.7 References 

1. V. Pretorius, B.J. Hopkins and J.D. Schieke, J. Chromatogr., 99 (1974) 23. 

2. R.J. Boughtflower, T. Underwood and C.J. Paterson, Chromatographia, 40 

(1995) 329. 

3. R.J. Boughtflower, T. Underwood and J. Maddin, Chromatographia, 41 

(1995) 398. 

4. J.H. Knox and I.H. Grant, Chromatographia, 32 (1991) 317. 

5. C. Yan, R. Dadoo, H. Zhao, R.N. Zare and D.J. Rakestraw, Anal. Chem., 67 

(1995) 2026. 

6. M.M. Robson, S. Roulin, S.M. Shariff, M.W. Raynor, K.D. Bartle, A.A. 

Clifford, P. Myers, M.R. Euerby and C.M. Johnson, Chromatographia, 43 

(1996) 313. 

7. K.J. Reynolds, T.D. Maloney, A.M. Fennier and L.A. Colon, Analyst, 123 

(1998) 1493. 

8. A.M. Fermier and L.A. Colon, J. Microcol. Sep., 10 (1998) 439. 

9. M. Mayer, E. Rapp, C. Marek and G.M. Bruin, Electrophoresis, 20 (1999) 

43. 

10. M.T. Dulay, J.P. Kulkarni and R.N. Zare, Anal. Chem., 70 (1998) 5103. 

11. J.N. Alexander, J.B. Poli and K.E. Markides, Anal. Chem., 71 (1999) 2398. 

12. B. Behnke, E. Grom and E. Bayer, J. Chromatogr. A, 716 (1995) 207. 

13. M.G. Schmid, F. Bauml, A.P. Kohne and T. Welsch, J. High Res. 

Chromatogr., 22 (1999) 438. 



Chapter Three Packing and Frits 68 

14. S.E. van den Bosch, Heemstra, J.C. Kraak and H. Poppe, J. Chromatogr. A, 

755 (1996) 165. 

15. T.M. Zimina, R.M. Smith and P. Myers, J Chromatogr., 758 (1997) 191. 

16. P.D.A. Angus, C.W. Demarest, T. Catalano and J.F. Stobaugh, J. 

Chromatogr. A, 887 (2000) 347. 

17. S. Roulin, R. Dmoch, R. Camey, K.D. Bartle, P. Myers, M.R Euerby, and 

C. Johnson, J Chromatogr. A, 887 (2000) 307. 

18. H. Rebscher and U. Pyell, Chromatographia, 38 (1994) 737. 

19. N.W. Smith and M.B. Evans, Chromatographia, 38 (1994) 649. 

20. D.M. Li, H.H. Knobel and V.T. Remcho, J Chromatogr. B, 695 (1997) 169. 

21. G. Choudhary and C. Horvath, J Chromatogr. A, 781 (1997) 161. 

22. E. Wen, R. Asiaie and C. Horvath, J Chromatogr. A, 855 (1999) 349. 

23. C. Yang and Z. El Rassi, Electrophoresis, 19 (1998) 2061. 

24. C.M. Yang and z. El Rassi, Electrophoresis, 20 (1999) 18. 

25. M.G. Cikalo, K.D. Bartle and P. Myers, Anal. Chem., 71 (1999) 1820. 

26. M.M. Dittmann, G.P. Rozing, G. Ross, T. Adam and K.K. Unger, 

J Cap. Elec., 4 (1997) 201. 

27. B. Behnke, J. Johansson, S. Zhang, E. Bayer and S. Nilsson, J. Chromatogr. 

A, 818 (1998) 257. 

28. R.A. Camey, M.M. Robson, K.D. Bartle and P. Myers, J. High Res. 

Chromatogr., 22 (1999) 29. 

29. S. Hjerten, Chromatogr. Rev., 9 (1967) 122. 



4 Capillary Electrochromatography Of Anions Using A 

Silica-Based Stationary Phase 

4.1 Introduction 

Capillary electrochromatography (CEC) has developed rapidly as a technique that 

can offer separation efficiencies far superior to traditional reversed-phase liquid 

chromatography (RP-LC) [1-3]. In particular it has shown promise for 

separations of neutral analytes using an octadecylsilica (C18) stationary phase, 

with solvophobic effects being the dominant retention mechanism. Such systems 

are usually very similar to RP-LC with regard to the separation selectivity, but 

offer increased separation efficiencies due to the flat flow profile of the mobile 

phase generated by the electroosmotic flow (EOF). If charged analytes are 

considered, in addition to increased efficiencies, CEC has the potential to offer 

new separation selectivities due to the superimposed electrophoretic separation 

mechanism. In this case the migration of the analytes will be governed both by 

their individual electrophoretic mobilities and also by their interaction with the 

stationary phase. This approach has been demonstrated previously by the 

separation of several charged, hydrophobic analytes including strong, moderate 

and weak acids and bases using reversed-phase capillary columns [ 4,5]. 

There have been few reports of CEC separations using stationary phases other 

than reversed-phase materials despite the fact that ion-exchange stationary phases 

offer the unique opportunity to introduce new separation selectivities for ionic 

species. Smith and Evans [6] were the first to demonstrate this with the 

separation of some highly polar tricyclic antidepressants using a strong acid 

cation-exchange (SCX) stationary phase. This separation is expected to be based 
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on a combination of cation-exchange and reversed-phase behaviour, with the 

analyte movement also being influenced by electrophoretic mobility. Following 

this, separations of other basic drugs have also been investigated using sex 

stationary phases [7,8], with results indicating that the separation mechanism was 

a combination of cation-exchange, reversed-phase and normal phase 

chromatographic interactions. 

In the above cases involving organic analytes of relatively large molecular weight 

and hence small electrophoretic mobilities, the contribution to the separation due 

to electrophoresis is likely to be minor. This is in contrast to small inorganic ions 

that have large electrophoretic mobilities, where the separation selectivity should 

be influenced strongly by the electrophoretic separation mechanism. Comparison 

of the separation selectivities of CE and ion-exchange (IE) for inorganic ions 

shows that there is a strong sense of complementarity between the two techniques 

[9], hence combining IE and CE separation mechanisms in the form of ion

exchange capillary electrochromatography (IE-CEC) offers the possibility of new 

selectivities for these analytes. This approach has not yet been investigated fully 

and only a few reports of separations of inorganic anions [10,11] and some cations 

by IE-CEC [11] have appeared. This chapter further develops CEC as a means of 

manipulating separation selectivity for anionic analytes. The technique has been 

examined for the separation of aliphatic sulfonates by mixed CE and RP-LC 

mechanisms, and some common inorganic anions by mixed CE and IE 

mechanisms. 

In order to be able to control the separation selectivity in IE-CEC, an 

understanding of the relative contributions of ion-exchange and electrophoretic 

migration to the overall separation mechanism is required. Therefore a theoretical 
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model has been derived from IE and CB theory, which describes the mobility of 

inorganic amons 1n IE-CEC. It 1s important to note that m 

electrochromatographic systems without pressure-assisted flow, the 

electrophoretic contribution is constant, while the chromatographic component 

can be varied according to the degree to which the analytes interact with the 

stationary phase. For this reason, emphasis is placed on determining the influence 

of the ion-exchange component in the separation mechanism and subsequent 

controL of this interaction in order to manipulate the separation selectivity of the 

system. 

4.2 Experimental 

The general experimental details are given in Chapter 2. Detailed conditions are 

included in each of the figure captions. 

4. 2. 1 Column preparation 

The columns were packed with 3 µm C1s Hypersil (Agilent) or 3 µm SAX (X

Tec) stationary phase. Untreated fused silica capillaries were packed using the 

slurry packing technique for silica-based stationary phases described in Chapter 2. 

A pressure of 12 bar (helium) was applied to both ends of the column and the 

column was thermostatted at 20°C during all experiments. 

4. 2. 2 Eluent preparation 

Phosphate buffer was prepared from sodium dihydrogen phosphate, titrated to pH 

7 .2 with sodium hydroxide. Sulfate/Tris buffer was prepared from sulfuric acid, 

titrated to pH 8.2 with tris(hydroxymethyl)aminomethane (Tris). Nitrate/Bis-Tris 
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buffer was prepared from nitric acid, titrated to pH 6.8 with 1,3-

bis[tris(hydroxymethyl)methylamino ]propane (Bis-Tris propane). 

4.3 Results and Discussion 

4.3.1 Approaches to IE-CEC 

For charged analytes, different separation selectivities are usually obtained 

depending on whether an electrophoretic (CE) or chromatographic (LC or IE) 

separation method is used. This is illustrated by the example shown in Figure 4-1 

for some common inorganic ions. The lines shown connect the same ion in the 

various techniques hence any crossover of these lines indicates differences in 

selectivity. 

CE counter-EOF 

IE 

CE co-EOF 

Figure 4-i: ~eparat1on selectivities for ion-exchange chromatography (IE) and 
capillary electrophoresis (CE) of inorganic anions. The lines join the same anion 
in the different techniques and where these lines cross is an indication of potential 
selectivity changes when the techniques are combined. CE counter-EOF indicates 
that in this mode the analytes migrate in the opposite direction to the 
electroosmotic flow (EOF), whereas co-EOF describes the analytes migrating in the 
same direction as the EOF. 
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This is perhaps best illustrated in the case of fluoride which is eluted very quickly 

in an IE system, but migrates relatively slowly in a co-EOF CE system. 

Therefore, if the IE and CE techniques could be combined, the selectivity for 

fluoride could be controlled by varying the relative contributions of the two 

separation mechanisms. This approach is in contrast to previous IE-CEC 

separations in which ion-exchange has been the primary separation mechanism, 

and the mobile phase was electrokinetically driven [ 4-6, 10]. For selectivity 

manipulation to be possible by the combination of electrophoresis and 

chromatography, then a method of controlling the influences of the two 

mechanisms on the separation is necessary. Some possible approaches to this 

control are outlined below. 

In the case of hydrophobic, charged analytes, and using a reversed-phase capillary 

column, the concentration of organic modifier in the mobile phase can be 

potentially varied as the control parameter. Such a scheme is demonstrated in 

Figure 4-2, which shows typical separation selectivity for aliphatic sulfonates in 

RP-LC and in CE. If no methanol is added then the separation will be dominated 

by interactions with the stationary phase, but if sufficient methanol is added (such 

that in the RP-LC system the analytes would be co-eluted) then the separation 

would be entirely due to differences in analyte mobilities. In this way the relative 

contnbutions of the two separation mechanisms can be controlled and the system 

may be 'tuned' for a particular selectivity. 

A different situation arises for analytes exhibiting little solvophobic interaction, 

such as inorganic ions. Using an ion-exchange stationary phase, the migration of 

the analytes depends both on the ion-exchange interaction with the stationary 

phase (i.e. an IE component) and also on the electrophoretic mobility of the 



RP-LC 

C3 

I I 

Aliphatic sulfonates 

Counter-EOF CE 

... ... 
0/o Methanol 

I 

Figure 4-2: Separation selectivity for illiphatic sulfonates by RP-LC and counter-EOF CE. Selectivity may be controlled in RP-CEC by varying the 
% methanol in the mobile phase. 
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analyte (i.e. a CE component). The relative contributions of ion-exchange and 

electromigration can potentially be controlled by varying the concentration of a 

competing co-ion in the eluent. The separation selectivities for some common 

inorganic anions are illustrated in Figure 4-3. 

A low concentration of competing co-ion would result is a small degree of ion

exchange displacement, so that ion-exchange interactions between the analyte and 

the stationary phase would dominate the retention of the analyte. Conversely, a 

high concentration of competing co-ion would cause effective displacement of the 

analyte ions from the exchange sites on the stationary phase, so that migration of 

the analyte ions would be influenced predominantly by electromigration effects. 

In this way the relative contribution of IE to the overall IE-CEC mechanism and 

the separation selectivity can be varied. 

4.3.2 Reversed-phase-CEC system (RP-CEC) 

The use of reversed phase capillary columns for the separation of hydrophobic, 

charged analytes was found to be problematic for several reasons. First, in order 

to change the relative contributions of RP-LC and CE (i.e. for selectivity control 

to be possible), some flexibility was required in the composition of the mobile 

phase, especially in the content of organic modifier. Using the C18 stationary 

phases available (Hypersil ODS, Waters NovaPak C18, Lichrosorb RP-18), the 

system became unstable when <50 % methanol or acetonitrile was added to the 

mobile phase due to drying and overheating of portions of the column bed. 

Drying of the packing bed has been observed by others [12-14] and has been 

attributed to differences in EOF in the packing and frits (as sintering the :frits 

results in removal of at least some of the ODS coating, as discussed in Chapter 3 ). 



Inorganic anions 

Ion-exchange 
Co-EOF CE 

.. ... 
[Eluent] 

Figure 4-3: Separation selectivity for ·some common inorganic anions by IE and co-EOF CE. Selectivity may be controlled in the IE-CEC system by 

varying the concentration of the eluent. 
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With large amounts of methanol being required for stable operation, the potential 

for control of analyte interactions with the stationary phase was therefore quite 

limited. 

Another problem encountered usmg this approach was the low EOF values 

observed. Specifically, the highest EOF achieved was 17.8 x 10-9 m2s-1v-1 (pH 

8.0, 80% acetonitrile), compared with 71.0 x 10-9 m2s-1v-1 for an open capillary. 

For the homologous series of aliphatic (C1 to C8) sulfonates, their electrophoretic 

mobilities range from -31.1 x 10-9 m2s-1v-1 to -53.7 x 10-9 m2s-1v-1
, so these 

analytes would not migrate towards the detector in a counter-EOF mode. When 

separated in the co-EOF mode, the separation selectivity was the same as the ion

exchange selectivity, which excludes the possibility of selectivity manipulation. 

Considering these practical limitations, selectivity control for these hydrophobic, 

charged analytes using RP-CEC was not feasible using the packing materials 

available for this study. 

4.3.3 /on-exchange-CEC system (IE-CEC) 

When a silica-based ion-exchange packing material (strong anion-exchanger) was 

used, problems with adequate wetting on the stationary phase and low EOF did 

not occur and completely aqueous eluents of varying concentrations (within some 

constraints due to current considerations) could be used. Additionally, the 

separation could be performed in the co-EOF mode hence the low magnitude of 

the EOF (~ -10 x 10-9 m2s-1v-1
) was not a problem. However, the use of an anodic 

separation voltage and a standard HP metallic alignment interface caused arcing to 

occur and the column to break at the detection window. Whilst the reason for this 

behaviour is not known, it has been observed previously for negative voltages 

[ 15] and was remedied by use of a standard HP non-metallic alignment interface. 
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Separations obtained by IE-CEC are shown in Figure 4-4 to Figure 4-6. 

For the inorganic anions used as analytes the ion-exchange selectivity coefficients 

follow the order [16]: Cl04- > SCN- > r > S20/- >Moo/-> Cro/- >SO/-> 

CO/-> N03- > Br- > N02- >er> OCN- > HCOO- > Br03- > Cl03- > P- On the 

other hand, the expected CE migration order (in the co-EOF mode) based on the 

measured mobilities is: Br03- < HCOO- < Cro/- < P- < OCN < Cl03- < N03- < 

N02- < c104- <so/-< S20/- <er, cot, r < scN- < Br- <Moo/- From this it 

can be seen that the selectivity observed in the IE-CEC system was neither solely 

due to ion-exchange interactions nor was a result of the electrophoretic mobilities 

of the analytes, but was a combination o~ the two. Considering the mobilities of 

the anions in a CE system (µCE) and the IE-CEC system (µcEc), then the 

difference between these values (L'.1µ) describes the degree to which ion-exchange 

effects influence the migration of a particular analyte. Mobility data for the 

phosphate eluent are illustrated in Figure 4-7( a), from which it can be seen that 

the L'.1µ values generally followed the expected IE elution order. For example, 

Br03- is eluted earlier in an IE system than Cro/-, which in tum is eluted more 

quickly than S203 z- and the observed mobility data supported this. i.e. L'.1µ(Br03-) 

< L'.1µ(Cro/-) < L'.1µ(S20/} 

As there are relatively few UV absorbing inorganic anions, indirect detection is 

commonly used in IE [16] but has not been utilised in IE-CEC except for a few 

anions and some cations [11]. Therefore, to increase the range of anions that 

could be detected, indirect detection was investigated. Nitrate, which allows 

indirect detection at 214 nm, was chosen because it has a moderate ion-exchange 

selectivity coefficient on strong base anion-exchangers. 
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5 

3,4 
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1,2 
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2 4 6 8 10 12 14 

Separation Time (min) 

Figure 4-4: Separation of inorganic anions by IE-CEC with direct UV detection at 
214 nm. Eluent is 5mM phosphate, pH 7.20. Separation voltage is -25 kV. Peak 
identities 1= Br-, 2= Br03-, 3= N02-, 4= N03-, 5= r, 6= SCN-, 7= S20/-, 8= Moo/-, 9= 
cro/- (all 0.2 mM). 



1 

2 
3 

6 
4 

7 
5 

2 

13 
9,10,11 

14 15, 16 

8 12 

3 4 

Separation Time (m in) 

::J 
<( 
E 

5 

Figure 4-5: Separation of inorganic anions and aliphatic sulfonates by IE-CEC with indirect UV detection at 214 nm. Eluent was 2.5 mM nitrate, pH 
6.80. Separation voltage was -25 kV. Peak identities 1= er, 2= Br·, 3= Cl03-, 4= OCN-, 5= F, 6= HCOO-, 7= C1-S03-, 8= CI04-, 9= Co/·, 10= SCN-, 
11=S20/-, 12= CrS03-, 13= C3-S03-, 14= C4-S03-, 15= C5-S03-, 16= so/·, 17= C6-S03-(all 0.2 mM). 
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d) 

4 
5 

c) 9 

4 5 8 

b) 9 

2 3 4 5 
Separation Time (min) 

Figure 4-6: Varying eluent concentration (sulfate eluent, pH 8), a) 1.25 mM, b) 2.5 
mM, c) 5 mM, d) 10 mM. Separation voltage was -25 kV. Peak identities 1= Br·, 
2= Br03-, 3= N02·, 4= N03-, 5= r, 6= SCN-, 7= S20t, 8= Moo/·, 9= Cro/· (all 0.2 mM). -
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Figure 4-7: Mobilities (x 10-9 m2s·1v·1
) of inorganic anions in CE and IE-CEC for (a) 

phosphate eluent and (b) nitrate eluent. is CE mobililty (µcE), • is IE-CEC 

mobilty (µcEc) and D is the difference between CE and IE-CEC mobilities (L'.lµ) . 
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Separation of 17 anions is shown in Figure 4-5 and the mobility data for these 

analytes are presented in Figure 4-7. These analytes showed the same general 

trend as observed earlier with the retardation of the analyte increasing as the ion

exchange interaction increased. For example, an analyte such as F would be 

eluted close to the void volume in an IE system, and showed a much smaller ion

exchange interaction with the stationary phase in the IE-CEC system than er, 

which would be eluted later in an IE system. Further, SO.t, S20 3
2

- and SCN- are 

known to be strongly retained in an IE system and subsequently the mobilities of 

these analytes showed a large relative change in the mixed-mode IC-CEC system. 

These results show that the observed separation selectivity was due to both IE and 

CE influences. However, in order to manipulate the separation selectivity, either 

the ion-exchange capacity of the stationary phase or the composition and 

concentration of the eluent must be varied. Figure 4-6 illustrate the effect of 

changing both the eluent type and/or concentration. Comparison of Figure 4-4 (5 

mM phosphate eluent) and Figure 4-6b (2.5 mM sulfate eluent) shows that the 

separation selectivity was altered by changing the nature of the eluent competing 

ion and hence its eluotropic strength. For example, Br03- has a small ion

exchange selectivity coefficient and hence its mobility was not affected noticeably 

by the increase in eluotropic strength (from phosphate to sulfate). However, Br

shows a stronger ion-exchange interaction and therefore its mobility was affected 

more by the increase in eluent strength. This factor, coupled with a higher 

electrophoretic mobility than Br03-, caused B{ to be eluted more quickly in the 

sulfate system, leading to separation of Br03- and B{. Figure 4-6 also shows that 

the separation selectivity may be manipulated by varying the eluent concentration. 

In this case [S04 
2
-] was varied from 1.25 to 10 mM (at sulfate concentrations > 10 
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mM the current was too high for stable operation) and within this range it can be 

seen that varying the eluent concentration allowed the selectivity to be 

manipulated. If a higher eluent concentration or a stronger eluent was to be used, 

greater selectivity control should be possible. 

4.4 Modelling the migration of inorganic anions in IE-CEC 

4. 4. 1 Theory 

The observed mobility, µ0 b of an analyte in electrochromatography can be 

regarded as the proportional sum of the mobilities in the mobile and stationary 

phases and is given by [17,18] 

4-1 

where amp is the mole fraction of analyte in the mobile phase, asp is the mole 

fraction of analyte in the stationary phase, µmp is the effective mobility in the 

mobile phase, µsp is the effective mobility in the stationary phase, and Jleof is the 

electroosmotic mobility. 

For IE-CEC a true stationary phase exists, so that µsp = 0. Eqn 4-1 then becomes 

[17]: 

4-2 

The distribution of analyte between the mobile and stationary phases, given by the 

mole fraction of the analyte in the mobile phase CJ..mp, can be expressed in terms of 

the retention factor k', according to the following equation, [19,20] 

1 
a =-

mp l+k' 

4-3 
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where, k' is defined as: 

4-4 

with D being the distribution coefficient of the analyte between the mobile and 

stationary phases, w is the weight of the stationary phase, and Vmp is the volume of 

the mobile phase. Substituting Eqn 4-3 into Eqn 4-2 gives 

4-5 

The retention factor of the analyte can be obtained from the general equation in 

ion exchange chromatography which relates the retention factor to a number of 

parameters including the eluent concentration [16] 

4-6 

where A is the analyte and x is the charge of the analyte, E is the competing ion in 

the eluent and y is the charge of the competing ion, KA.E is the selectivity 

coefficient between the analyte and competing ion, Q is the ion-exchange capacity 

of the stationary phase, w is the weight of the stationary phase, and Vmp is the 

volume of the mobile phase. If only the concentration of the eluent is changed, 

then the equation can be simplified to give the well known equation describing 

retention in IE: 

Ink~ =c-71n[E] 
4-7 

where c is defined as 

1 ' x Q w 
c=-InK +-ln-+In-

A.E V 
Y Y Y mp 

4-8 
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Transposing Eqn 4-7 fork' and substituting into Eqn 4-5 gives: 

1 
µob = x .(µmp + µeof) 

c--ln[E] 
4-9 

l+e Y 

Changes in the concentration of the competing ion in the eluent will not only 

influence the contribution of IE to the migration of analytes but will also alter the 

effective velocity of the analyte. This is due to an increase in ionic strength which 

results in a reduction in mobility and can be expressed as [21-23]: 

4-10 

where µep is a constant related to the electrophoretic mobility under conditions of 

zero ionic strength. Substituting for µmp into Eqn 4-9 gives: 

1 (µep) 
x · r; + µeof 

c--ln[E] "\jf 
l+e Y 

4-11 

The eluents used in this work were prepared by titrating the acid form of the 

competing anion with the base Tris to a pH of 8.05 (=pKa). The electrolyte will 

therefore contain equivalent concentrations of the competing ion E, and the buffer 

components Tris and TrisW. The ionic strength can therefore be calculated from 

the following equation: 

4-12 

I= t(y 2 .[E ]+ 2.jyj.(E ]) 

4.4.2 Application of the Model Equation to IE-CEC 

Cro/-) having differing electrophoretic mobilities and ion-exchange selectivity 

coefficients were selected as test analytes. Two different competing ions 

(chloride, sulfate) were selected on the basis of eluotropic strength and charge. 
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Eluents were prepared in which the concentration of these species was varied 

from 1-10 mM. Although significant IE interactions between the analytes and the 

IE stationary phase were still evident at 10 mM, higher ionic strength eluents 

could not be used without the packed bed overheating and drying due to the 

increased current (>20 µA). Three different concentrations were used for chloride 

and four for sulfate, with each eluent being used to determine the observed 

mobilities (µ 0 b) of each of the test analytes, giving a total of 63 data points for the 

two buffer systems (see Table 4-1). Eqn 4-11 was applied to all the analyte data 

points for each competing ion using non-linear regression (Sigma Plot for 

windows V 3.03, Jandel Scientific, CA, USA) to derive values for c and ~p· 

These values are shown in Table 4-2 and a plot showing the correlation between 

calculated and obsyrved mobilities for all nine analytes using the two competing 

ions is shown in Figure 4-8. The high degree of correlation (r2 
= 0.995) between 

the observed and calculated mobilities demonstrates that the model can be used to 

adequately describe the separation mechanism. 

In the eluents used with IE-CEC, the range of concentrations of competing ions 

was quite limited, so that ionic strength effects for monovalent analytes can be 

expected to be relatively minor. This is evident for B(, which gave values of -

31.14 and -32.32 for ~P in the chloride and sulfate eluents, respectively. 

However, divalent analytes showed more significant ionic strength effects with 

Crol- giving values of -11.51 and -23.16 for µep in the chloride and sulfate 

eluents, respectively. The values for c should reflect the ion-exchange selectivity 

coefficient for a particular analyte using a particular competing ion. Considering 

the case of chloride as the competing ion then the c values in Table 4-2 follow the 

general trend observed in ion-exchange chromatography on quaternary 
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Table 4-1: Experimental conditions used to validate the model. 

Minimum concentration (mM) 

Maximum concentration (mM) 

Number of eluent compositions used 

Chloride 

2.5 

10 

3 

Table 4-2: Constants determined from non-linear regression. 

Analyte Parameter Eluent 

Chloride 

8( c 0.01 

Jiep -31.14 

Br03- c 0.00 

Jiep -28.34 
,- c 0.64 

Jiep -29.84 

N03- c -0.11 

Jiep -31.14 

N02- c 0.00 

Jiep -30.22 

scN- c 0.66 

Jiep -25.09 

Mool- c 2.67 

Jiep -13.69 

cro/- c 2.76 

µep -11.51 

S2032- c 2.79 

Jiep -16.67 

r2 0.990 

Slope 0.998 
Intercept -0.0183 

n 27 

Sulfate 

1.25 

10 

4 

Sulfate 

-1.2 

-32.32 

-1.51 

-25.30 

-0.68 

-31.11 

-1.34 

-31.03 

-1.33 

-29.53 

-0.46 

-27.34 

0.56 

-21.93 

0.61 

-23.16 

1.08 

-23.47 

0.996 
0.998 

-0.0340 

36 

88 
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Figure 4-8: Correlation plot for 9 inorganic anions using 2 different competing ions 
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ammonium stationary phases (e.g. c values increasing in the order N02- < B{ < r 

< Crol-). Similar results were obtained when sulfate was used as the competing 

I On. 

Figure 4-9 shows the experimental variation in observed mobilities with 

increasing chloride concentration in the eluent (the experimental data points are 

plotted as symbols in the figure) and indicates that as the concentration of the 

competing ion was reduced, the observed mobility of the analytes generally 

decreased due to an increase in their interaction with the stationary phase. It can 

also be seen that these changes in analyte mobilities correlate with the values of c 

obtained from the model and listed in Table 4-2. That is, an analyte such as 

Cr04 
2

- having a high ion-exchange selectivity coefficient (and larger c value) 

exhibited more pronounced changes in mobility than an analyte such as N02-

which has a lower ion-exchange selectivity coefficient (and c value). It should be 

noted that the changes in observed mobilities calculated from Eqn 4-11 (and 

plotted as the lines in the figure) agreed very well with the experimental data 

points, again indicating the validity of the proposed model. 

Figure 4-9 also shows that the interactions with the stationary phase can be used 

to change the separation selectivity, with changes in the migration order of 

r/Br03-, and SCN-/Br03- occurring over the chloride concentration range used. 

These changes in separation selectivity can be exploited when selecting the best 

conditions for a desired separation. The model was used to obtain the best 

separation possible with either competing ion using a computerised optimisation. 

For this purpose, the normalised resolution product criterion, r, was used to select 

the optimal conditions. 
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Figure 4-9: Mobility changes with increasing chloride concentration in an SAX 
packed capillary. Lines constructed using parameters determined from non-linear 
regression. Solid points are experimental values. 
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This criterion is defined as [16]: 

n-1 4-13 

r=fl 11-I 

l=I I "'R 
n-1 L.,. s(i.1+1) 

i=I 

where Rs(i,i+IJ is the resolution between adjacent peaks. Values of r fall between 0 

and 1, with a value of 1 indicating that the peaks are spread evenly over the 

available separation space. Calculations of r were performed using Sigma Plot for 

windows V 3.03. The optimal eluent was determined to be 10 mM er and Table 

4-3 shows the migration times observed under these conditions, together with the 

observed mobilities and those predicted from the model. Good agreement 

between the observed and predicted mobilities was obtained. 

The c values may also be used to compare the eluotropic strengths of different 

competing ions, with the c value decreasing as the eluotropic strength increases. 

For example, the c value for B{ is 0.01 when chloride is used as competing ion, 

but is reduced to -1.2 when the competing ion is changed to sulfate. This follows 

the expected trend from ion-exchange chromatography where chloride behaves as 

a weaker competing ion than sulfate, so that analyte interactions with the 

stationary phase were more pronounced when chloride was used as competing 

ion. It is important to note that the model could adequately fit the data even when 

competing ions of different charges and eluotropic strengths were used. 

4.5 Conclusions 

The concept of IE-CEC has been introduced as a method for manipulating 

separation selectivity for inorganic ions by combining IE and CE separation 

mechanisms. 
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Table 4-3: Comparison of experimental and calculated mobilities of the test 
analytes for a packed strong anion-exchange column using a eluent comprising 1 O 
mM Cl", 20 mM TrisfTrisH+, pH 8.05. Voltage -25 kV. 

Analyte Migration time Experimental Calculated Difference 
(min) µob,exp µob,calc µob,exp· µob,calc) 

8( 2.822 -28.42 -28.29 -0.13 

Br03- 3.282 -18.67 -19.28 0.61 

r 3.043 -24.88 -25.08 0.20 

N02- 2.748 -28.99 -28.58 -0.41 

N03- 2.889 -27.72 -27.48 -0.24 

scN- 3.724 -21.32 -21.03 -0.29 

Moo/- 6.122 -12.04 -11.97 -0.07 

cro/- 6.212 -9.80 -9.94 0.14 

S2032- 5.935 -14.47 -14.32 -0.15 

IE-CEC has been used for the separation of nine inorganic anions (with direct UV 

detection) and 17 inorganic and small organic anions with (indirect UV detection). 

The number of separated anions is greater than previous IE-CEC separations for 

inorganic anions and it has been shown that the separation selectivity is a result of 

the combination of IC and CE. Further it has been shown that by varying the 

eluent type (phosphate or sulfate) or concentration (1.25 to 10 mM sulfate) the 

separation selectivity can be manipulated by controlling the ion-exchange 

contribution to the separation mechanism. 

The migration behaviour of 
. . 
morgamc an10ns Ill ion-exchange 

electrochromatography using a packed column can be modelled by an equation 

derived from ion-exchange and capillary electrophoresis theory. The model 

accounts for the change in effective mobility due to ionic strength effects. Using 

a range of analyte anions and competing anions in the background electrolyte, 
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good agreement between experimental and calculated mobility data was obtained, 

with correlation coefficients >0.99. Once the model parameters have been 

derived from experimental data, optimisation of the separation selectivity can be 

performed to give the appropriate background electrolyte composition for a 

desired separation. 
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5 Investigations On The Behaviour Of Acidic, Basic And 

Neutral Compounds In Capillary 

Electrochromatography Using A Mixed Mode Stationary 

Phase 

5.1 Introduction 

From a chromatographic standpoint, CEC offers the availability of a variety of 

stationary phases, so that the most suitable chromatographic interaction required 

to solve a specific separation problem can be used. However, in the literature 

published so far, most of the CEC applications describe the separation of neutral 

analytes on reversed-phase (RP) stationary phase materials. Under these 

circumstances the analytes have no electrophoretic mobility and the 

electrophoretic portion of the separation mechanism is restricted to the use of the 

EOF to drive the eluent towards the detection end of the capillary. The separation 

selectivity is therefore similar to that encountered in RP-HPLC [1-8]. Interest in 

the behaviour of charged analytes in CEC is growing and a number of 

publications have reported the determination of such solutes, generally using RP 

stationary phases. A mixed-mode retention mechanism results in which both 

electrophoretic mobility and hydrophobic interactions with the stationary phase 

contribute to the overall retention of the analytes. Recently Lurie et al. showed 

the CEC separation of acidic, basic and neutral organic compounds on a C8 RP 

stationary phase in a single run using a simple step gradient [9]. 

In addition to the RP chromatographic supports mentioned above, ion-exchange 

stationary phases have been introduced into CEC for the analysis of charged 
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organic solutes [10-13] or inorganic ions [14-15]. Recently, so called mixed

mode stationary phases functionalised with alkyl chains (providing 

hydrophobicity) and cation-exchange [15-21] or anion-exchange sites [22] have 

also been presented. These chromatographic supports show separation 

selectivities that are different from those obtained on conventional RP columns. 

Djordevic et al. achieved a similar result by packing a capillary with a blend of a 

RP material and bare silica [23]. Mixed-mode stationary phases containing 

sulfonic acid groups have also been employed as a means to provide a strong and 

stable EOF even when low-pH electrolytes are used. 

In this chapter the separation of acidic, basic and neutral organic analytes, 

together with inorganic anions, using a silica based mixed-mode stationary phase 

functionalised with C6-alkyl chains and quartemary ammonium groups is 

presented. This approach takes advantage of the electrophoretic, hydrophobic, 

and anion-exchange properties of the analytes studied. Due to the positive charge 

of the anion-exchange sites, this type of packing provides a substantial anodic 

EOF. The electrophoretic, RP and ion-exchange chromatographic characteristics 

of the analytes were manipulated using procedures such as varying the pH, 

changing the concentration of the competing ion, or varying the amount of 

organic solvent present in the eluent. This approach enabled the separation of all 

test analytes to be achieved in a single run. 

5.2 Experimental 

The general experimental details are given in Chapter 2. Detailed conditions are 

included in each of the figure captions. 
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5. 2. 1 Column preparation 

The columns were packed with 3 µm silica-based mixed mode strong anion

exchange/reversed phase material (C6/SAX, XTec Consultants Ltd.). 

Untreated fused silica capillaries were packed using the slurry packing technique 

for silica-based stationary phases given in Chapter 3. 

A pressure of 10 bar (nitrogen) was applied to both ends of the column and the 

column was thermostatted at 25 C during all separations. 

5. 2. 2 Eluent preparation 

Eluents were prepared either from tris[hydroxymethylamino ]methane (Tris) or 

bis[2-hydroxyethyl]imino-tris[hydroxymethyl]-methane (Bis-Tris) and titrated to 

the appropriate pH using hydrochloric acid before dilution with acetonitrile. For 

experiments involving different concentrations of the competing ion the chloride 

content of the eluent was adjusted by addition of NaCL 

5.3 Results and Discussion 

5.3.1 Effects of e/uent pH 

As an initial step, the CEC behaviour of acidic, basic and neutral aromatic 

substances, as well as two inorganic anions, was investigated using eluents within 

a pH range of 6.0 to 8.5 prepared either from 10 mM Bis-Tris (pH 6.0 and 7.0) or 

10 mM Tris (pH 8.0 and 8.5). The set of test substances was selected as follows: 

two organic acids (benzoic acid (B) and salicylic acid (Sal)), two aromatic bases 

(pyridine (Py) and aniline (An)), three phenols (phenol (Ph), 4-methoxyphenol 

(4-Me) and 4-chlorophenol (4-Cl)), two toluenes (toluene (Tol) and 
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4-nitrotoluene (4-NT)) and two inorganic anions (nitrate (N03-) and iodide (r)). 

Figure 5-1 shows the dependence of the mobilities for the selected analytes on the 

pH of the carrier electrolyte (10 mM Bis-Tris or Tris, respectively, with HCl used 

for pH adjustment and 60% of acetonitrile). Effective mobilities (observed 

mobilities minus EOF) of the solutes were calculated according to the equation 

commonly used in CZE (see Chapter 2) and thiourea was used as an unretained 

marker. Thiourea was chosen for EOF determination because acetone proved to 

be unsuitable as it was retained when lower acetonitrile concentrations were used. 

Methanol provided very similar results compared with thiourea but was rejected 

because of the inferior peak shapes obtained. Figure 5-1 shows the effective 

mobilities obtained for the selected analytes as well as the magnitude of the EOF 

as a function of the pH of the eluent. As can be seen, a slight decrease in the 

anodic EOF was encountered when the pH of the eluent was raised. This may be 

attributed to the increased number of negatively charged silanol groups at higher 

pH values, thereby lowering the effective positive charge on the capillary wall. 

The effective mobilities of the neutral solutes were very small and were almost 

unaffected by the pH changes, demonstrating that the hydrophobic interactions 

were independent of the pH of the eluent. In contrast, negatively charged 

analytes like organic acids and inorganic anions showed distinctly higher negative 

mobilities when the pH of the eluent was increased. The peaks ofB and Sal were 

shifted from the back of the electropherogram to a position in front of the neutral 

solutes by changing from pH 6.0 to 7.5. Since these analytes were fully 

deprotonated over the pH range studied, the observed behaviour may be attributed 

to decreases in the extent of ion-exchange interactions as a result of the presence 
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Figure 5-1: Dependence of the effective mobilities of the test analytes on the pH of 
the eluent. Capillary: 35 cm total length I 26.5 cm packed bed x 75 µm l.D., packed 
with C6/SAX. Eluent: 10 mM Bis-Tris (pH 6.0 and 7.0) and 10 mM Tris (pH 8.0 and 
8.5) 5 mM I 60% acetonitrile, pH adjusted with HCI. Injection: electrokinetic, -5kV, 3 
s. Separation: -20 kV, 10 bar overpressure. Detection: direct UV, 214 nm. 
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of increased levels of hydroxide (acting as an anion-exchange competing ion) in 

the eluent at the higher pH values. 

5. 3. 2 Effects of changing the concentration of competing ion in 

the eluent 

To study the influence of the concentration of competing ion in the eluent on the 

behaviour of the test analytes, a 5 mM Bis-Tris pH 6.5 eluent containing 55% 

acetonitrile was used. To this eluent (which already contained 2.5 mM of 

chloride originating from the HCl used for pH adjustment) NaCl solution was 

added. This resulted in overall chloride concentrations between 2.5 mM and 22.5 

mM. Figure 5-2 depicts the influence of chloride concentration on the behaviour 

of the test analytes. As expected, the magnitude of the negative EOF decreased 

with increasing ionic strength of the eluent, and for the same reason a slight 

decrease in effective positive mobility was encountered for the toluenes, phenols 

and the bases when the ionic strength was raised. Ionised species like B and Sal 

were affected much more strongly by the increase in chloride concentration. The 

peaks obtained for these analytes moved from the end of the electropherogram 

(no extra chloride added to the eluent) to a position between the inorganic anions 

and the other analytes (for chloride concentrations above 7.5 mM). This can be 

explained by decreased ion-exchange interactions between the positively charged 

functional groups of the stationary phase and these negatively charged analytes, 

resulting from the increased concentration of the competing ion (chloride) in the 

eluent. The same effect was obtained for nitrate and iodide using eluents with 

chloride concentrations between 2.5 mM and 12.5 mM. 
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Figure 5-2: Dependence of the effective mobilities of the test analytes on the 
concentration of the competing ion (chloride) in the eluent. Eluent: 5 mM Bis-Tris 
(pH 6.5 with HCI) I 60% acetonitrile; chloride concentration adjusted by addition of 
NaCl solution. All other conditions as given in Figure 5-1. 
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At higher competing ion concentrations the decrease of mobility due to increased 

ionic strength of the eluent overruled this effect and longer retention times were 

observed for these analytes [24]. 

5.3.3 Effects of changing the concentration of acetonitrile m 

the e/uent 

The amount of acetonitrile added to a 10 mM Bis-Tris pH 6.5 eluent was varied 

over the range 40-80% in order to manipulate the extent of hydrophobic 

interactions occurring between the analytes and the stationary phase. As can be 

seen from Figure 5-3 the magnitude of the EOF and the effective mobility of 

iodide were virtually constant with increased acetonitrile concentrations. On the 

other hand the effective negative mobility of nitrate was reduced substantially and 

a reversed elution order between nitrate and iodide was obtained at acetonitrile 

concentrations above 55%. For the organic acids it can be seen that B (pKa 4.19) 

showed a steady decrease in effective negative mobility due to a reduction in its 

degree of ionisation caused by the increased amount of organic solvent present in 

the eluent. In the case of the more acidic Sal (pKa 2.97) this behaviour occurred 

only at acetonitrile levels above 60%. Furthermore, the peaks for these two 

analytes in the electropherogram moved significantly when acetonitrile levels 

were changed. Finally, the presence of acetonitrile caused a reduction in the 

hydrophobic interactions, so that uncharged analytes or those carrying a small 

charge showed decreased effective positive mobilities (and hence reduced 

retention times), as might be expected from results obtained on RP stationary 

phases. 
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Figure 5-3: Dependence of effective mobilities of the test analytes on the 
concentration of acetonitrile added to the eluent. Eluent: 10 mM Bis-Tris (pH 6.5 
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5. 3. 4 Separation of the test mixture 

A separation of the test mixture of inorganic anions, c:>rganic acids, organic bases, 

and neutral compounds using the C6/SAX mixed-mode stationary phase in a 

single run of less than 22 min duration is shown in Figure 5-4. The eluent 

contained 2.5 mM of NaCl (added to the 5 mM Bis-Tris (pH 6.5) and 45% 

acetonitrile) in order to shift the peaks for the two organic acids (B and Sal) to 

shorter retention times and to improve their resolution from the basic and neutral 

analytes. Symmetrical peaks were obtained even for the two bases without any 

addition of an amine modifier to the eluent, as is commonly used to avoid peak 

tailing [9]. This fact may be explained by the screening effect of the positively 

charged functional groups attached to the stationary phase, which effectively 

reduce the level of interaction between the basic solutes and the silica base 

material. Some peak tailing was observed for B and Sal which can be attributed 

to the fact that their elution was governed by several different retention 

mechanisms, namely electrophoresis, ion-exchange and hydrophobic interactions 

with the alkyl chains on the stationary phase. 

5.4 Conclusions 

This work has demonstrated the feasibility of using a C6/SAX stationary phase 

tor the simultaneous separation of inorganic anions, organic acids, organic bases 

and neutral analytes in a single CEC run. Several mechanisms including 

electrophoretic migration, ion-exchange and hydrophobic interactions are 

involved in the separation of the test solutes. Separation selectivities could be 

manipulated by changing the electrolyte composition in order to influence the 

contribution of each of the above retention mechanisms to the separation. 



Chapter Five 

40 

1 

30 

........... 
E 
c 20 

0 
0 
N .......... 

> 
:::J 2 3 

10 

4 

0 5 

Mixed-Mode C6/SAX 

6 

7 

"1 ('\ 
IV 

8 

15 
ti ITB [ min] 

9 

106 

1011 

20 

Figure 5-4: Separation of the test mixture of inorganic anions, organic acids, 
organic bases, and neutral compounds. Eluent: 5 mM Bis-Tris (pH 6.5 with HCI) I 
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B; 4 = Sal; 5 = Py; 6 =An; 7 = 4-Me; 8 = Phe; 9 = 4-CI; 10 = 4-NT; 11 = Toi. All other 
conditions as given in Figure 5-1. 
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This was achieved by changing the pH, the concentration of the competing ion, 

and the amount of acetonitrile present in the eluent. 
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6 Pressurised-Flow Anion-Exchange Capillary 

Electrochromatography Using A Polymeric Ion

Exchange Stationary Phase 

6.1 Introduction 

To date most CEC separations have been performed using capillary columns 

packed with silica-based stationary phases since the packed bed can be 

conveniently retained in the column by sintering the packing material to form 

porous frits [1,2]. Only a single publication has appeared describing the use of 

polymer particles in CEC [3]. Focusing on IE-CEC applications, silica-based 

packings have some significant drawbacks including their restricted working pH 

range, the poorly defined characteristics of the silica surface and especially in the 

case of anion-exchangers, their limited commercial availability. 

This chapter demonstrates the suitability of a polymer-based anion-exchanger 

(Dionex AS9-HC) for IE-CEC. Control of the separation selectivity in IE-CEC 

can be accomplished by changing the relative contributions of electrophoretic and 

chromatographic separation mechanisms to the overall separation. This can be 

achieved in two ways. Firstly, the ion-exchange (IE) interactions between the 

analytes and the stationary phase can be controlled by using competing ions with 

different eluting strength, as discussed in Chapter 4. The second approach 

involves varying the separation voltage to control the electrophoretic movement 

of the analytes. Since the separation voltage also controls the EOF, pressure

induced flow is often required to provide an appropriate mobile phase flow-rate. 

This second approach has been described previously in both RP-CEC [ 4-6] and 

IE-CEC [7], but in these cases purpose-built CEC instrumentation was required in 



Chapter Six Polymer-Based SAX 110 

which a mechanical pump was added to a CE system. Another disadvantage of 

this approach is that the use of significant pressurised flow together with 

electrodriven flow results in reduced separation efficiency [4-6]. 

This chapter presents systematic investigations on the combination of both of the 

above-mentioned methodologies for IE-CEC separations of inorganic anions. 

Using an artificial neural network (ANN) for optimisation allowed the CEC 

separation of 8 inorganic anions employing an anion-exchange stationary phase in 

less than 2.5 min. Furthermore, because of the nature of the polymeric packing 

used, this work also demonstrates the effective combination of hydrodynamic and 

electroosmotic flow for IE-CEC using a commercial CE instrument without 

modification. 

6.2 Experimental 

The general experimental details are given in Chapter 2. Detailed conditions are 

included in each of the figure captions. 

6. 2. 1 Column preparation 

The columns were packed with IonPac AS9-HC (Dionex) stationary phase. Frits 

were prepared from 5 µm silica (Develosil). Untreated fused silica capillaries 

were packed using the slU!"r)' p:::.~ki.::ig technique for polymer-based stationary 

phases given in Chapter 3. 

Unless stated otherwise, a pressure of 10 bar (nitrogen) was applied to the inlet 

end of the column and the column was thermostatted at 25 C during all 

separations. 
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6. 2. 2 Eluent preparation 

Chloride, sulfate and perchlorate mobile phases were prepared by titrating 

tris[hydroxymethylamino]methane (Tris) to pH 8.05 using hydrochloric, sulfuric 

or perchloric acid, respectively. Carbonate mobile phase was prepared by mixing 

2.5 mM sodium carbonate and 2.5 mM sodium hydrogen carbonate. 

6.3 Results and Discussion 

Previous IE-CEC systems have used silica-based stationary phases, typically of 

3-5 µm particle size. With these stationary phases the maximum 12 bar pressure 

which can be applied with the HP3° CE instrument results in a very low flow-rate, 

such that about 30 min is required to flush one capillary volume of mobile phase 

through a 25 cm packed bed. For the same packed length, this time was reduced 

to approximately 5 min when the polymer packing material (9 µm particle size) 

was used. This proved to be a great advantage since conditioning procedures 

could be performed within the CEC instrument and there was no more need to 

remove the fragile capillary column from the cartridge to flush it using an 

external pump. Additionally the reduced pressure resistance of the polymer 

columns allowed the use of pressure injection instead of the commonly used 

electrokinetic injection method and therefore enabled the difficulties connected 

with this technique to be avoided [8]. 

6. 3. 1 Choice of competing ion 

In order to select an appropriate mobile phase for IE-CEC separations, a set of 

test analytes was chosen so as to cover as wide a range of ion-exchange 

selectivity coefficients as possible. Only UV absorbing anions were used so that 
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direct UV detection could be employed. The test analytes comprised (in order of 

increasing ion-exchange selectivity coefficient), iodate, bromate, nitrite, bromide, 

nitrate, iodide, thiocyanate and chromate. Previous IE-CEC studies have shown 

that peak shape is governed mainly by the chromatographic contributions to the 

separation [9], so the system was operated in the chromatographic mode using 

only pressure-driven flow to determine the retention of these analytes with 

different competing ions in the mobile phase (Figure 6-1 ). Whilst good 

separations were obtained using the sulfate and carbonate mobile phases for those 

analytes which showed only moderate retention , peak shapes were poor for the 

more strongly retained analytes. When a stronger competing ion (e.g. perchlorate) 

was used, peak shapes for all analytes were improved greatly because of the 

reduced chromatographic interactions. Therefore, perchlorate was chosen as the 

most suitable competing ion throughout this study. 

6.3.2 Varying the GE component of the separation 

Whilst good peak shapes were obtained for all the test analytes when the 

perchlorate mobile. phase was employed, resolution was poor in the pressure

driven system due to the high eluotropic strength of perchlorate. Therefore, to 

facilitate resolution of the analytes and also to effect selectivity changes by 

adding a CE component to the separation mechanism, a separation voltage was 

applied. When a separation voltage was used in the absence of additional 

pressure-driven flow the system became unstable even with 10 bar pressure 

overpressure applied to both buffer reservoirs. Although the surface charge on 

this stationary phase should be quite substantial due to the functional groups 

present, and it would be expected that the stationary phase should support 

intrapore flow (200 nm pore size), the EOF observed was generally quite low 



Chapter Six Polymer-Based SAX 113 

5 
6 

3,4 

7,8 

1,2 (c) perchlorate 

5 
3 

1 6 (b) carbonate 

4 
2 

7 8 

5 

3 6 
1 (a) sulfate 

4 

8 
2 7 

10 20 

Separation Time (min) 

Figure 6-1: Comparison of different mobile phases using pressure-driven flow only 
(10 bar). Capillary: 75 µm i.d. x 25 cm packed with Dionex AS9-HC (26 cm to 
detector, 34.5 cm total). Eluent: a) 5 mM H2504 (titrated to pH 8.05 with Tris), b) 2.5 
mM Na2CO:J2.5 mM NaHC03 (pH 10.33), c) 5 mM HCI04 (titrated to pH 8.05 with 
Tris). Detection: direct UV, 214 nm. Peaks are (all 0.2 mM): 1=103-, 2=Br03-, 3=No2·, 

4=Br", 5=N03°, 6=r, 7=SCN", 8=Cro/·. 
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(1-5 x 10-9 m2v-1s-1
) and this led to the instability of the system [10]. To 

overcome this problem an inlet pressure of 10 bar was applied to stabilise the 

system and to increase the overall flow rate by employing a mixture of pressure

driven and electro-driven flow. 

The CE component of the separation was altered by varying the applied voltage 

and thereby affecting the electrophoretic mobility/retention factor ratio, with 

resulting selectivity changes as shown in Figure 6-2. As can be seen from this 

figure, quite significant selectivity changes could be obtained for a number of 

analytes by increasing the applied voltage from 0 to -20 kV. These are most 

pronounced for those analytes of relatively low mobility (e.g. iodate, bromate) or 

high mobility (e.g. chromate) as these are most affected by voltage changes. 

Voltages above-20 kV could not be used due to unacceptably high currents. 

6.3.3 Varying the IE component of the separation 

The IE component of the separation can be varied by either changing the 

eluotropic strength of the competing ion or by changing the concentration of the 

competing ion in the mobile phase. Since the perchlorate mobile phase had 

already been selected on the basis of the IE separation, the second approach was 

taken and the perchlorate concentration was varied over the range 2.5-10 mM (at 

a constant appiie<l voltage;; u.l -i G h. Tv'). The results are illustrated in Figure 6-3, 

from which it can be seen that significant changes in separation selectivity were 

again observed, especially for analytes such as iodate, iodide and chromate. 

Comparing these results to those shown in Figure 6-2 also demonstrates that 

varying the voltage from 0 to -20 kV produced more pronounced changes in 

separation selectivity than varying the concentration of perchlorate from 2.5-10 

mM does. 
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Figure 6-2: Effect of the separation voltage on separation selectivity. Flow is a 
combination of 10 bar pressure and EOF (voltage as indicated in the figure). 
Mobile phase: 5 mM HCI04 (titrated to pH 8.05 with Tris). All other conditions are 
as given in Figure 6-1. 
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Figure 6-3: Effect of mobile phase concentration on separation selectivity. Mobile 
phase: 2.5 - 10 mM HCI04 (titrated to pH 8.05 with Tris). Flow is a combination of 
10 bar pressure and EOF (-10 kV). All other conditions are as given in Figure 6-1. 
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6.3.4 Optimisation of the separation for the test analytes 

As the separation selectivity varied considerably when changing both the IE and 

CE components, developing a retention model for the system should allow the 

conditions for optimum separation of the test analytes to be determined. 

However, as the mobile phase flow in this system was a mixture of both 

hydrodynamic and electroosmotic flow, developing a mathematical model to 

describe the migration of the analytes was difficult. For this reason, it was 

decided to model the system using an artificial neural network (ANN) since this 

approach did not require a detailed mathematical description of the separation 

mechanism. ANNs have already been used for modelling both chromatographic 

and electrophoretic systems [11-14]. The modelling was performed using Trajan 

Neural Network Simulator version 3.0 [15] running on a PC-based desktop 

computer. The experimental space investigated was restricted to an area bounded 

by 0 to -20 kV and 2.5 to 12 rnM perchlorate. Below 2.5 mM perchlorate, peak 

shapes were poor for several of the test analytes and when the concentration of 

perchlorate was increased above 12 rnM there was negligible ion-exchange 

interaction for almost all the analytes. Based on this experimental space, a star 

composite design was used as the training set for the neural network consisting of 

13 experimental conditions as illustrated in Figure 6-4. A 3-layer neural network 

was used, with 2 inputs (applied voltage and [perchlorate]), 7 hidden nodes and 8 

output values (retention factors for the 8 test analytes). A Delta Bar Delta routine 

was used, with 50000 epochs. 

The correlation between the actual and calculated retention factors was excellent 

with r2= 0.9952 (n=520). 
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Using the data generated by the ANN, response surfaces for each analyte over the 

experimental space were generated, with an example illustrating response 

surfaces for iodide, iodate and thiocyanate being shown Figure 6-5. From this it 

can be seen the changes in separation selectivity for these analytes which occur 

over the experimental space, and this in turn can be used to optimise the 

separation. 

Optimisation of the separation of all 8 test analytes was undertaken using the 

minimum resolution criterion in which the resolution value for the pair of 

adjacent peaks having the worst separation was calculated as follows: 

r lllln = min(Rs(i,i+I)). 

12 

8 ., 
......... 
~ 
E -.......... 
Q) 
~ 

C'Cl 5.5 ..... 
0 
..c 
{) ..... 
Q) 
c. .......... 

4.5 

2.5 

0 -5 -10 -15 

Applied voltage (kV) 

Figure 6-4: Schematic illustration of the experimental data set used for training the 
ANN. 
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Figure 6-5: Response surfaces for iodate, iodide and thiocyanate calculated using 
the ANN. 
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The resolution surface generated in this way is shown in Figure 6-6 and indicates 

that the best separation occurred at 9 mM perchlorate and-10 kV. The separation 

obtained under these conditions is shown in Figure 6-7. Unfortunately, baseline 

resolution of all the analytes was not obtained which may be due to restricted 

peak capacity resulting from the high flow-rate caused by the combination of 

hydrodynamic and electroosmotic flows. Use of inlet pressures less than 10 bar 

was not possible in this system due to instability in the current so the flow-rate 

could not be reduced easily whilst maintaining the separation voltage at -10' kV. 

It is proposed that the need to apply 10 bar pressure was due to the presence of 

discontinuities in the packed bed and further investigations are required to 

develop a more homogeneous column structure (see Chapter 7). 

6. 3. 5 Rapid separations with short packed beds 

The feasibility of using a shorter packed length was investigated to see if some of 

the problems encountered with a 25 cm packed polymer column could be 

avoided. In this case a packed bed of only 8 cm was used, with the detection 

window being placed immediately after the end of the outlet frit, 8.5 cm from the 

injection end. This approach has already been used for CEC applications and in 

some cases has offered considerable advantages, especially in terms of the speed 

of analysis [16,17]. 

When the short packed bed was used there were noticeable improvements in the 

stability of the system. Specifically, 10 bar inlet pressure was no longer required 

for stable operation of the column and the separation voltage could be increased 

to -30 kV. In addition, the shorter packed length further reduced the pressure 

resistance of the column. 
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Figure 6-6: Optimisation response surface calculated using the minimum 
resolution criterion. Optimum conditions are 9 mM perchlorate, -10 kV. 
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Figure 6-7: Separation of the test mixture under the optimum conditions. Mobile 
phase: 9mM perchloric acid {titrated to pH 8.05 with Tris). Flow is a combination of 
10 bar pressure and EOF {-10kV). All other conditions as given in Figure 6-1. 
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However, with the shorter separation length, the perchlorate mobile phase was 

found to be much too strong, so weaker competing ions such as chloride or sulfate 

were used. 

When the short packed column was operated in a pressure-driven mode (applying 

10 bar), the linear flow rate was 2.18 x 10-3 ms-1 compared with 8.67 x 10-4 ms-1 

for the 25 cm packed bed. This increase in flow-rate not only resulted in faster 

separations, but also in improved separation efficiency with a reduction in peak 

width of 71-83% being observed for all the analytes. Using a mobile phase 

containing 10 mM chloride as the competing ion, separation of all 8 test analytes 

with IE selectivity was possible, but the more strongly interacting analytes 

(iodide, thiocyanate and chromate) suffered from significantly tailed peaks. 

Furthermore, chromate, the most strongly retained analyte, showed retention 

times longer than 15 min. Therefore, in order to improve both the peak shapes for 

the more strongly retained species and to decrease the separation time, a voltage 

gradient was introduced. Although several gradients were investigated, the most 

effective approach for these analytes was the addition of a simple step gradient of 

-30 kV at 1.3 mins, as illustrated in Figure 6-8. In this way, separation of all 8 

analytes was possible within 2.2 min, with excellent peak shapes for all analytes, 

except for chromate which still was affected by the strong chromatographic 

interactions with the stationary phase. 

In both CE and CEC, very fast separations (in the order of 20-30 s) have been 

demonstrated for a range of analytes when a short capillary length to the detector 

is employed [16, 17]. In the case of CE separations, this has been restricted to the 

separation of analytes of significantly different mobilities, leading to some 

limitations in the application of this approach. 
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Figure 6-8: Separation of the test mixture using a step voltage gradient and a short 
packed column. Capillary: 75 mm i.d., 8 cm packed with Dionex A59-HC (8.5 cm to 
detector, 34.5 cm total). Mobile phase: 2.5 mM hydrochloric acid (titrated to pH 
8.05 with Tris). Flow is a combination of 10 bar pressure and EOF with -30kV 
added at 1.3 mins. All other conditions as given in Figure 6-1. 
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Figure 6-9(a) shows the CE separation of 7 of the/test analytes obtained using a 

short, open capillary and illustrates that very short analysis times could be 

achieved. However the separation was quite poor with co-migration of 

bromide/iodide and nitrite/nitrate. Using a short packed column (Figure 6-9(b)), 

some improvements were obtained, due primarily to changes in separation 

selectivity brought about by IE interactions. In this case, sulfate was used as the 

competing ion as this resulted in the best peak shapes for all the analytes. 

Although baseline separation of all the analytes was not achieved, Figure 6-9(b) 

clearly demonstrates that short packed columns are a useful alternative for fast 

separations of inorganic anions. 

6.4 Conclusions 

This work has demonstrated the feasibility of pressurised anion-exchange CEC 

for the separation of inorganic anions with unique separation selectivity, and has 

shown that polymeric stationary phases are suitable for this purpose. In addition, 

use of an ANN to determine optimum separation conditions has been shown to be 

particularly useful in this case where the system has a mixed-mode separation 

mechanism, together with a mixture of voltage-induced and pressure-induced 

flow. This approach led to optimised conditions without the need for extensive 

experimental work (13 experiments required). The suitability of short, packed 

columns for high-speed separations of the selected analytes has also been 

investigated, with promising results obtained both in pressure-driven and/or 

electrodriven mode. Although further experimental work is required involving 

the use of further polymer-based stationary phases, together with improved 
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Figure 6-9: Comparison of {a) CE and {b) IE-CEC separations of the test mixture 
using short columns. Capillary: 75 mm i.d., {a) 34.5 cm total, 8.5 cm to detector, {b) 
8 cm packed with Dionex AS9-HC (8.5 cm to detector, 34.5 cm total). Flow is EOF 
only {-30kV). Mobile phase: 2.5 mM sulfuric acid {titrated to pH 8.05 with Tris). All 
other conditions as given in Figure 6-1. 
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column architecture, this approach provides a number of benefits compared with 

traditional IE or CE methods. 
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7 Anion-Exchange Capillary Electrochromatography With 

Contactless Conductivity Detection 

7.1 Introduction 

The major limitation of IE-CEC to this point has been a reliance on on-column 

UV detection, which offers relatively poor detection limits due to the small 

optical path length using narrow diameter capillaries (75 µm). To date, most IE

CEC methods have utilised either direct [1-13] or indirect UV detection [13,14]. 

Direct UV detection is quite limited in its applicability since only a few inorganic 

anions show suitably high molar absorptivities in the UV region. Indirect UV 

detection can be used as a more general detection method and is already well 

described for CE [15], but has received little attention in IE-CEC [13]. It is 

therefore appropriate to consider alternative, sensitive and universal detection 

methods for IE-CEC of inorganic anions. Conductivity detection is an obvious 

choice and has been well described both in ion chromatography [16] and CE [17]. 

However its use in CE has been rather limited, primarily because galvanic contact 

between the detection electrodes and the separation voltage is undesirable and 

there is only one commercial end-column conductivity detector available [18;19]. 

Recently, a capacitive!y-c012~!'=~ i:0!:tactless conductivity detector (C4D) has been. 

developed for CE [20,21] and permits on-column conductivity detection and also 

circumvents the major problem of interference of the separation voltage with the 

detection system. 

In this chapter, the C4D is applied to the detection of inorganic anions in IE-CEC 

using packed capillaries and is the first example of on-column conductivity 

detection for the sensitive detection of these analytes. The focus of the present 
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work has been the development of an IE-CEC separation system which is 

compatible with both direct conductivity and indirect UV detection (with the 

latter method being used for comparative purposes). The selection of an 

appropriate polymeric stationary phase, column design and eluent composition is 

described, and the overall performance of the analytical system is evaluated. 

7 .2 Experimental 

The general experimental details are given in Chapter 2. Detailed conditions are 

included in each of the figure captions. 

7. 2. 1 Instrumentation 

The conductivity detector was connected usmg a HP interface 35900E AID 

converter (Agilent). The conductivity sensor used was similar to that described 

previously [20] and is shown in Figure 7-1. It consisted of two capacitors 

(electrodes) and a resistor (detection gap). The electrodes were made from 

syringe needles (410 µm i.d., 720 µm o.d., Hamilton Bonaduz, AG, Bonaduz, 

Switzerland) with an electrode length of 5 mm and detection gap of 1 mm 

between the electrodes. A thin piece of copper foil was placed perpendicularly 

between the electrodes to prevent a capacitive transition between the two 

electrodes, which would increase the baseline noise. The conductivity sensor was 

connected to the detector unit through shielded cables. 

The positioning of the sensor in the capillary cartridge was restricted by the 

design of the cartridge, and this aspect is discussed in detail in Section 7.4.1. 

The detector was similar to that described previously [20,21]. The electronics for 

the detector consisted of two main circuits, both of which operated at ± 15 V DC. 
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These circuits comprised a signal source producing a sine or square wave of a 

frequency range 2Hz to 200K.Hz with an amplitude variable from zero to 25 V 

peak to peak, and a two stage AC amplifier and a full wave precision rectifier and 

filtering . The circuit diagram for the oscillator is given in Figure 7-2 and for the 

rectifier is given in Figure 7-3 . In this work AC voltages between 10 to 11 peak-

to-peak and a sinusoidal frequency of approximately 100 kHz were used. 

7. 2. 2 Column Preparation 

The CEC columns were packed with IonPac AS9-SC (Dionex). Frits were 

prepared from 5 µm silica (X-Tec). Untreated fused silica capillaries were packed 

using the slurry packing technique for polymer-based stationary phases given in 

Chapter 3. 

The columns were thermostatted at 25° C during all separations. 

Cu shield 

electrodes 

Figure 7-1 : Conductivity sensor for contactless conductivity detection. The actual 
dimensions of the sensor unit are 42 mm by 20 mm. 
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7. 2. 3 Eluent Preparation 

Chloride, sulfate and perchlorate eluents were prepared by titrating 

tris[hydroxymethylamino]methane (Tris) (10-20 mM) to the desired pH using 

hydrochloric, sulfuric or perchloric acid, respectively. Chromate and nitrite 

eluents were prepared from sodium chromate (5 mM) or sodium nitrite (5 mM), 

respectively, with 25 mM histidine also being added. Sorbate eluent was 

prepared from sorbic acid (10 mM) and arginine (20 mM). Salicylate and 

toluenesulfonate eluents were prepared from salicylic acid (5-10 mM) or p

toluenesulfonic acid (2.5-50 mM), respectively, and titrated to pH 8.05 with Tris. 

7 .3 Development of a separation system compatible with 

indirect UV and direct conductivity detection 

7. 3. 1 Stationary phase selection 

In previous studies on IE-CEC as described in Chapter 6, the polymeric stationary 

phase used was Dionex AS9-HC. Although this material was found to have some 

very desirable properties for use in CEC, it has a relatively high ion-exchange 

capacity and in order to be able to control the separation selectivity, a very strong 

competing ion (e.g. Cl04-) was required in the eluent. The alternative of using a 

high concentration of a weaker competing ion in the eluent resulted in undesirably 

high currents and eventual overheating of the column. Therefore, a lower 

capacity stationary phase, namely Dionex AS9-SC, was used in the present work. 

Although not highly macroporous in nature, the increased particle size (13 µm 

compared with 9 µm for the AS9-HC material) of this stationary phase meant that 

the columns used in this work had pressure resistance similar to those prepared 
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previously. The EOF obtained with this material was also 62% higher than for 

the AS9-HC under the same conditions. The frits were prepared using silica 

specifically designed for CEC applications [22] and were highly porous in nature, 

such that the columns could be used without the necessity for the application of 

external inlet pressure and also could be used without the use of any overpressure 

at either the inlet or outlet ends. A further advantage was these columns were less 

prone to overheating and could be operated with currents above 60 µA. This 

meant that applied voltages up to 30kV could be used. 

7. 3. 2 Eluent Selection 

The primary advantage of IE-CEC over either IC or CE is that by varying the 

separation conditions (i.e. type or concentration of competing ion and separation 

voltage) the separation selectivity can be varied. Therefore the eluent used in any 

IE-CEC system needs to be sufficiently strong that the separation is not 

dominated by IE interactions. As the AS9-SC stationary phase had not been used 

previously for any CEC work, it was necessary to determine the strength of 

competing ion that would be required. Several UV-transparent species (Cr, Sol

and Cl04-) were selected as competing ions to investigate the retention properties 

of the AS9-SC stationary phase (see Chapters 4 and 6). Whilst these competing 

ions are unsuitable for direct conductivity detection, they can be used to gauge the 

strength of the competing ion which is most appropriate for the stationary phase. 

This evaluation was performed by separating six UV-absorbing analyte anions 

(I03-, Br03-, N02-, Br-, N03- and r) using a low concentration of each competing 

ion (5-10 mM) and a separation voltage of -20kV so as to provide a system with 

maximum CE contribution to the separation, as illustrated in Figure 7-4. 
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Figure 7-4: Use of UV-transparent eluents to evaluate selectivity. Capillary: 75 µm 
i.d. x 243 mm packed with Dionex A59-SC (253 mm to detector, 338 mm total). 
Eluent: a) 10 mM HCI (titrated to pH 8.05 with Tris), b) 5 mM H2504 (titrated to pH 
8.05 with Tris), c) 5 mM HCI04 (titrated to pH 8.05 with Tris). Injection: 10 bar, 0.05 
min. Separation: 10 bar inlet pressure, -20kV. Detection: direct UV, 214 nm. Peaks 
are {all 0.2 mM): 1=103·, 2=Br03", 3=No2·, 4=Br', 5=N03·, G=r. 
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The peaks are numbered in order of increasing ion-exchange selectivity 

coefficient in order to highlight any selectivity changes. From these initial 

experiments it can be seen that in order to change the separation selectivity 

sufficiently to affect the migration order of the anions, a competing ion such as 

so/- and Cl04-was necessary. 

Using a perchlorate eluent, the selectivity of this stationary phase was 

investigated and the separation voltage was varied as the control parameter. 

Changing the separation voltage from 0 to -20 kV resulted in significant changes 

in separation selectivity, as shown in Figure 7-5. As the largest changes in 

selectivity occurred between 0 to -SkV the separation voltage was also increased 

in smaller increments within this range (Figure 7-6). The use of small positive 

separation voltages (0 to +4 kV) also produced selectivity changes, as shown in 

Figure 7-7, but resulted in decreased separation efficiency and increased analysis 

times as would be expected. From these results it can be seen that varying the 

separation voltage is a powerful control parameter for effecting selectivity 

changes in IE-CEC using this stationary phase. These results also demonstrate 

that only small changes in separation voltage are necessary to induce these 

changes in separation selectivity. 

Recently, a list of potential IE-CEC competing ions has been developed and the 

relative ion-exchange selectivity coefficients (as determined from IC) and 

limiting equivalent ionic conductances (as determined from CE) tabulated [23]. 

Using this list, competing anions suitable for indirect UV and direct conductivity 

detection could be identified. On this basis, salicylate was selected as a potential 

competing ion for indirect UV (254 nm) and direct conductivity detection. 
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Figure 7-5: Varying the separation voltage to change the separation selectivity. 
Eluent: 5 mM HCI04 (titrated to pH 8.05 with Tris). Injection: 10 bar, 0.05 min. All 
other conditions as in Figure 7-4. 
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Figure 7-6: Using small negative separation voltages (up to -5 kV) to vary the 
separation selectivity. Eluent: 5 mM HCI04 (titrated to pH 8.05 with Tris). Injection: 
10 bar, 0.05 min. All other conditions as in Figure 7-4. 
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Figure 7-7: Using small positive separation voltages (up to +4 kV) to vary the 
separation selectivity. Eluent: 5 mM HCI04 (titrated to pH 8.05 with Tris). Injection: 
10 bar, 0.05 min. All other conditions as in Figure 7-4. 
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However, when a salicylate eluent was tested for indirect UV detection, an 
,-

unsatisfactory but highly reproducible baseline was obtained. Other eluents 

containing competing anions of differing mobility and eluotropic strength 

(chromate, sorbate and nitrite eluents, as described in Experimental) resulted in 

similar baselines being observed, as shown for the sorbate eluent in Figure 7-8. 

The baseline improved following the elution of the solvent peak. It was noted 

that the same baseline was observed whenever the separation voltage was applied, 

regardless of whether there had been a sample injection. Additionally, in all cases 

the baseline improved markedly following the elution of the solvent peak (which 

is the large peak at 3 .5 min in Figure 7-8). That is, once all the eluent volume 

initially present in the column when the voltage was first applied had been 

replaced. 

Careful consideration of these results indicated that these baseline changes were 

related to the homogeneity of the packed bed in the column. Before the 

application of the separation voltage, an equilibrium is established between eluent 

competing ions in the eluent phase and those adsorbed by the stationary phase, 

with the distribution between the two phases being determined by the ion-

exchange selectivity coefficient of the competing ions. However, if the column 

bed is inhomogeneous, then there will be zones within the column where the 

amount of competing anion adsorbed to the stationary phase will vary because of 

variations in the packing density. Recent studies have demonstrated that when a 

high voltage is applied to an ion-exchange resin, the ion-exchange selectivity 

coefficient decreases substantially [24-26]. Under the conditions used in the 

present study, such behaviour would result in a release of eluent competing ions 

from the stationary phase to the eluent phase along the packed bed of the column. 
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Figure 7-8: Five consecutive injections of chloride (0.2 mM) using a sorbate eluent. 
Eluent is 10 mM sorbic acid, 20 mM arginine, pH 8.9. Detection is indirect UV, 214 
nm. All other conditions as given in Figure 7-4. 
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If the bed is inhomogeneous, then the released competing ions will produce zones 

of different eluent concentration migrating towards the detector, leading to 

baseline disturbances. Following the elution of the solvent peak, a new 

equilibrium determined by the ion-exchange selectivity coefficient applicable 

under the conditions of the applied voltage will be established and as long as the 

voltage remains applied, the baseline will be stable. These baseline disturbances 

will be evident for any detection method in which the eluent competing anion is 

visualised, such as indirect spectrophotometric detection and also conductivity 

detection. The baseline occurring up to the elution of the solvent peak can 

therefore be regarded as an indication of the homogeneity of the packed bed and 

inspection of Figure 7-8 suggests that there is a region of inhomogeneity situated 

at a point approximately three quarters along the bed. This causes the baseline 

disturbance evident at 2.8 min. Homogeneity of the packed bed is therefore a 

very significant factor with these detection modes. 

In order to test this hypothesis, several columns were prepared for comparison, 

including columns that were deliberately of poor quality in terms of packing 

homogeneity. These columns were first tested using a lN transparent eluent 

(Cl04-) and were all found to exhibit varying efficiencies in the separation oflN

absorbing analytes (see Figure 7-9). However, when a lN-absorbing eluent 

(CrO/) was used and indirect lN detection was applied, the columns showed 

very different baselines (Figure 7-10). In this example, column 1 was of 

deliberately poor quality and was packed in three separate .sections and contained 

a 2 mm void at 213 mm length. This inhomogeneity was reflected in the baseline 

trace. Similarly, column 2 gave an inferior baseline compared to column 3 and 

also provided a less efficient separation of the test analytes (Figure 7-9). 
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Figure 7-9: Comparison of column performance using UV-transparent eluents. 
Columns are: 1) 75 µm i.d. x 242 mm packed with Dionex AS9-SC (252 mm to 
detector, 337 mm total), 2) 75 µm i.d. x 266 mm packed with Dionex AS9-SC (268 
mm to detector, 363 mm total), 3) 75 µm i.d. x 259 mm packed with Dionex AS9-SC 
(262 mm to detector, 347 mm total). Eluent is 5 mM HCI04, titrated to pH 8.05 with 
Tris. All other conditions as in Figure 7-4. 
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Figure 7-10: Comparison of column performance using UV-absorbing eluent. 
Columns are as described in Figure 3. Eluent is 5 mM Na2Cr04 , 25 mM histidine, 
pH 7.7. Injection: 0.2 mM er, 10 bar, 0.05 min. Separation: 10 bar inlet pressure, 
-20 kV. Detection: indirect UV, 254 nm. 
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These results indicate that the integrity of the packed bed in an IE-CEC column 

can be evaluated by the use of a UV-absorbing eluent competing ion. 

Using the most homogenous columns prepared, several other eluents were also 

tested as suitable eluents for conductivity detection using indirect UV detection. 

With regard to baseline stability, the best results were obtained using p

toluenesulfonic acid (2.5 to 50 mM) buffered with Tris (5 to 100 mM) with 

detection at 214 nm, hereafter described as the toluenesulfonate eluent. 

7.4 Conductivity Detection 

7. 4. 1 Positioning of the conductivity sensor in the instrument 

For this work the conductivity sensor was mounted within a commercial CE 

instrument (HP 3°CE). This required modification of the existing capillary 

cartridge to accommodate both the sensor and the electrical connections. The 

confined space within the instrument and the size of the sensor (42 mm x 20 mm) 

meant that it could only be mounted in one of two positions within the cartridge; 

at a position 134 mm from the inlet frit (position 1) or a position 208 mm from 

the inlet frit (position 2), as shown in Figure 7-11. Furthermore, it was found that 

in order to avoid electrical spikes the sensor had to be mounted as far from the 

high voltage (iniet) electrode as possibie. This restricted the position uf iht 

conductivity sensor to that closest to the outlet electrode (position 2). The use of 

a non-metallic alignment interface further reduced the electrical noise. -Therefore, 

in order to allow simultaneous direct conductivity and indirect UV detection, the 

conductivity detection needed be performed through the packed bed prior to the 

outlet frit, with UV detection being performed immediately after the outlet frit. 



Position 1 Position 2 
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Figure 7-11: Positioning of the conductivity sensor inside the capillary cartridge. All experiments were performed with the sensor in position 2. 
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7.4.2 Comparison of indirect UV and conductivity detection 

The separation of five common anions was achieved using the toluenesulfonate 

eluent and both indirect UV and direct conductivity detection, as shown in Figure 

7-12. Conductivity detection through the packed bed was achieved successfully 

and the baseline obtained with the conductivity detector was significantly better 

than that for the UV detector. The mixture of analyte anions contained UV

transparent (Cr, P- and sol-) and UV-absorbing (Br- and N03-) species, with the 

latter showing relatively insensitive detection by the indirect UV method because 

the absorbance of the analytes partially negated the indirect detection signal. 

Conductivity detection was therefore a more general detection method for these 

amons. In addition, indirect UV detection was only suitable for eluent 

concentrations up to 10 mM p-toluenesulfonate, with the detection sensitivity 

decreasing substantially when the eluent concentration was increased further due 

to the elevated background absorbance as illustrated in Figure 7-13. In contrast, 

direct conductivity detection could be used for eluent concentrations up to 50 mM 

p-toluenesulfonate. Since the ability to vary the eluent concentration over a 

reasonable range was important for selectivity manipulation in IE-CEC (as 

discussed in the following section), a very important limitation of indirect UV 

detection in this form of CEC therefore existed. 

7.4.3 Variation of separation selectivity 

It has been shown previously that one of the major advantages of IE-CEC over 

either IC or CE is the ability to vary the separation selectivity by either changing 

the eluent concentration or the separation voltage (see Chapters 4-6). 
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Figure 7-12: Comparison of direct conductivity (upper trace) and indirect UV 
detection at 254 nm (lower trace). Column is 75 µm i.d. x 259 mm packed with 
Dionex AS9-SC (262 mm to detector, 347 mm, total). Eluent is 10 mM p
toluenesulfonic acid, 20 mM Tris, pH 8.05. Injection: electrokinetic, -5 kV, 3 s. 
Separation: 5 bar inlet pressure, -30 kV. Peaks are (all 50 µM): 1=Cr, 2=F-, 3=Br, 
4=N03", 5=50/". 
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Figure 7-13: Effect of a high background [eluent] on direct conductivity (C4D) and 
indirect UV detection at 214 nm. All other conditions as given in Figure 7-12. 
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Therefore, the feasibility of varying the separation selectivity was investigated for 

this system using the toluenesulfonate eluent. Changing the concentration of p

toluenesulfonate in the eluent over the range 2.5-50 mM resulted in the separation 

selectivity for the five anions investigated varying from predominantly an IE 

separation order to a predominantly CE order. This is illustrated in Figure 7-14. 

Changes in the separation voltage (with 5 bar additional inlet pressure applied) 

were also investigated, with changes in th~ separation selectivity being observed, 

particularly for voltage changes between 0 to -5 kV. However within this voltage 

range several of the anions migrated quite close to the void/EOF. This resulted in 

quite distorted peak shapes for these anions. Therefore this approach to varying 

the separation selectivity was deemed unsuitable in the present system. 

7.4.4 Analytical performance 

Based on the preliminary results using a toluenesulfonate eluent, the separation 

system was extended to the separation of eight common inorganic anions ccr, P-, 

N02-, Br-, N03-, Pol-, Sol- and I} An eluent containing 10 mM p

toluenesulfonate could be used for the separation of all eight anions in under 2.5 

min, as shown in Figure 7-15. To maximise the separation window, the 

separation was performed without any pressure-assisted flow and stable operation 

of the system was found to be possible without the application of any 

overpressure to the ends of the column. This meant that this separation could be 

performed in a CE instrument which does not have high pressure capabilities. 

The analytical performance of the system was investigated and the linear range 

and detection limits using both indirect UV and direct conductivity for each 

analyte are given in Table 7-1. 
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Figure 7-14: Effect of [eluent] on separation selectivity. Eluent is 2.5-50 mM p
toluenesulfonic acid, 5-100 mM Tris, pH 8.05. All other conditions as given in 
Figure 7-12. 
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Figure 7-15: Separation of eight inorganic anions by IE-CEC with on-column direct 
conductivity detection. Separation: -30 kV, no overpressure. Peaks are (all 50 µM) 
1=Cr, 2=F", 3=No2·, 4=Br", 5=No3·, 6=P04

3
·, 7=So/·, S=r. All other conditions as 

given in Figure 7-12. 



Table 7-1: Linearity and-detection limits for inorganic anions using indirect UV and direct conductivity detection. 
All conditions are as given in Figure 7-15. 

Indirect UV Direct conductivity 

Linearity range (µg/L) Detection limit (µg/L) Linearity range (µg/L) Detection limit (µg/L) 

Chloride 17-177 11 9-177 5 

Fluoride 38-170 6 9-170 4 

Nitrite 46-460 92 23-460 14 

Bromide 160-800 160 40-800 19 

Nitrate 31-620 21 15-620 9 

Phosphate 1no-950 95 47-950 31 

Sulfate 48-960 29 24-960 13 

Iodide 127-1270 64 32-1270 25 
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Reproducibilities of migration times and peak areas, as determined by 10 

consecutive injections, were less than 0.4% relative standard deviation (RSD) and 

3% RSD respectively for all analytes, which are very acceptable values for 

electrokinetic injection [27]. The linear range for each analyte was determined 

using corrected peak areas (peak area/migration time) with r2 > 0.9954 for every 

analyte. Whilst the calibration for each anion was not linear over more than one 

order of magnitude, good detection limits were obtained and represented a 

twofold decrease in those obtained previously using contactless conductivity 

detection [20]. It is proposed that the reason for the limited linear range and low 

detection limits was due to some concentration of the injected sample, as 

described already in IC [28] and IE-CEC [6]. Specifically, the sample ions 

became concentrated at the front of the column from the aqueous sample and 

were then re-injected as a compact band when first contacted by the eluent after 

sample injection. Furthermore, because the detection limits were affected by the 

poor baseline stability, a more homogeneous column structure and an optimised 

injection method could be expected to lead to significantly better detection. 

Pressure injections were also investigated, however reproducibility of peak areas 

was significantly worse (7% RSD), together with higher detection limits and little 

improvement in the linear range. 

7.5 Conclusions 

This work represents the first example of conductivity detection in IE-CEC, using 

a capacitively coupled contactless conductivity detector with detection through 

the packed bed. A separation system compatible with both indirect UV and direct 

conductivity detection has been systematically developed. Comparison of these 
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two detection methods has shown that conductivity detection is both a more 

general and sensitive detection method for inorganic anions. Furthermore, using 

conductivity detection the concentration of the competing ion in the eluent could 

be increased to the level where the separation selectivity could be changed from 

predominantly IE to predominantly CE. This was not possible using indirect UV 

detection due to the operational limitations arising when the background 

absorbance became excessively large. 

Using p-toluenesulfonate as the competing ion, separation of eight common 

inorganic anions was possible within 2.5 min. Some limitations of the system, 

especially with regard to baseline stability, have been identified but these can be 

expected to be overcome with improvements in column manufacture. Whilst 

instrumental constraints in the present system prevented contactless conductivity 

detection being applied in the capillary after the outlet frit, future work should 

include a comparison of conductivity detection both before and after the frit. 
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8 General Conclusions 

The following general conclusions can be made regarding the separation of 

inorganic ions by ion-exchange capillary electrochromatography (IE-CEC). 

Capillary columns can be packed with either silica-based or polymeric ion

exchangers for use in IE-CEC separations. Several factors influence the packing 

process including pump selection, packing pressure, capillary length, choice of 

slurry reservoir and choice of packing and slurry solvents. The best results are 

obtained by packing columns using a large volume air-driven amplifier pump 

rather than an HPLC pump. 

Another important factor in the construction of packed capillary columns for CEC 

is how the packing material is retained in the column. On-column frits prepared 

by sintering either the packing material (if this is silica-based) or pure silica (if 

the packing material is polymeric) have been shown to be suitable for retaining 

the packed bed. By using appropriate conditions the functional groups on the 

packing materials remained after the high temperature treatment applied during 

the frit making process. This is desirable as the resistivity of the frits should be as 

similar as possible to either the packed or open zones of the column in order to 

avoid unnecessary discontinuities in the column structure. Furthermore, it has 

been shown that a frit 4 mm in length (which is short compared to the overall 

length of the capillary) can significantly alter or even reverse the total observed 

EOF in a fused silica capillary. It is proposed that this is because the EOF is 

governed by a pumping effect arising from the frit. This pumping effect means 

that detection in CEC should take place immediately after the frit for maximum 

separation efficiency. 
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A silica-based anion-exchanger can be used for the IE-CEC separation of 

inorganic anions. The separation selectivity is a combination of ion-exchange 

(IE) and capillary electrophoresis (CE). By varying the type or the concentration 

of the competing ion in the eluent, the IE component of the separation can be 

manipulated. The migration behaviour of inorganic anions in packed column IE

CEC can be modelled by an equation derived from IE and CE theory. Using a 

range of analyte anions and competing anions, good agreement between 

experimental and calculated mobility data was obtained, with correlation 

coefficients >0.99. Once the model parameters have been derived from 

experimental data, optimisation of the separation selectivity can be performed to 

give the appropriate eluent composition for a desired separation. 

Using a C6/SAX mixed-mode stationary phase the simultaneous separation of 

inorganic anions, organic acids, bases and neutral compounds is possible. The 

separation mechanism is a combination of electrophoretic migration, 10n

exchange and hydrophobic interactions. The separation selectivity could be 

varied by changing the pH, the concentration of the competing ion, and the 

amount of acetonitrile present in the eluent. 

Polymeric anion-exchangers have been shown to be suitable for pressure-assisted 

IE-CEC separations of inorganic anions with the polymer material immobilised 

using silica frits. Using these columns under pressure-driven conditions enables 

an ion chromatography separation to be obtained. The addition of voltage in 

addition to pressure mediates the contribution of electrophoretic migration in the 

separation mechanism, resulting in changes in separation selectivity. The 

suitability of short, packed columns for high-speed separations of the selected 

analytes has also been investigated, with promising results obtained both in 
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pressure-driven and/or electrodriven mode. Additionally, the use of an artificial 

neural network (ANN) to determine optimum separation conditions was shown to 

be particularly useful in this case where the system has a mixed-mode separation 

mechanism, together with a mixture of voltage-induced and pressure-induced 

flow. 

Direct photometric detection is suitable for evaluating the potential of IE-CEC for 

the analysis of inorganic anions, but as few inorganic anions are UV-absorbing it 

is unsuitable as a general detection method for these analytes. Indirect UV 

detection can be used for the detection of UV-transparent anions, but conductivity 

detection (using a capacitively coupled contactless conductivity detector) is both a 

more general and more sensitive detection method. Using conductivity detection 

the concentration of the competing ion in the eluent could be increased to the level 

where the separation selectivity could be changed from predominantly IE to 

predominantly CE in nature. This was not possible using indirect UV detection as 

the detection sensitivity decreased substantially at higher eluent concentrations. 

Due to instrumental constraints conductivity detection was performed through the 

packed bed. Also, when using a detection method that visualises the eluent ions 

(indirect UV, conductivity) a homogeneous packed bed is crucial for baseline 

stability. 

Finally it should be noted that further research is required in the following areas. 

Polymeric ion-exchangers offer significant advantages over silica-based ion

exchangers, but problems were encountered with the silica frits. It would be 

useful to develop improved column packing techniques, to produce more 

homogeneous columns. One approach that could be used is to pack the column 
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with suitable core particles and then flush the entire column, including the frits, 

with latex particles to produce the desired ion-exchange stationary phase. 

The migration behaviour of inorganic anions in IE-CEC is now quite well 

understood, and it would be appropriate to extend this work to the separation of 

inorganic cations using cation-exchange stationary phases. Also, promising 

results have been obtained using a mixed-mode C6/SAX stationary phase with 

retention being based on both IE and RP interactions and this warrants further 

investigation for the separation of hydrophobic, charged analytes. In particular, 

using a C6/SAX stationary phase may be a useful alternative for the separation of 

organic bases, such as pharmaceuticals, since the SAX groups reduce peak tailing. 

Conductivity detection is an exciting alternative detection method for IE-CEC, but 

further work is required to investigate the most suitable eluent systems for both 

direct and indirect conductivity detection of anions and cations. Also, as 

conductivity detection allows detection through the packed bed, future work 

should include a comparison of conductivity detection both before and after the 

frit. 
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