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CHAPTERl 

GENERAL INTRODUCTION 

High peifonnance liquid chromatography 

In analytica! chemistry, chromatographic separation techniques hold dominant 

positions in many areas of research and application. About a century ago, the Russian 

scientist Tswett described the separation of compounds from plants by a liquid 

chromatographic (LC) tecbnique. It was not until the 1930s that the potentials of LC 

separation methods were rediscovered. Up to the early sixties liquid chromatography 

was mainly used for preparative separations. From then on liquid chromatography also 

became popular as an analytica! separation technique and due to extensive research this 

technique rapidly developed into High Performance Liquid Chromatography (HPLC), 

which bas now become a routine analytica! tooi. 

By varying the mobile phase composition in HPLC, the possibilities for the op~ 

timization of the selectivity of the separation are much greater than in capillary gas 

chromatography. With HPLC analysis many classes of compoundscan be separated. 

In spite of the wide application area of HPLC, the use of this technique is often 

hampered by its limited resolving power and detection sensitivity. In many situations 

samples are too complex, too diluted or incompatible with HPLC systems, to be 

analyzed in a straightforwardly way with this technique. Very often, therefore, sample 

pretreatment steps are necessary prior to HPLC analysis. Many excellent books and 

articles are available presenting a good overview about sample treatment techniques 

[e.g. 1~6]. 

Sample pretreatment in HPLC 

In HPLC the most frequently used sample pretteatment methods for both solid and 

liquid samples consist of extraction techniques. For solid samples Soxhlet and liquid 

extraction methods are often used, where in the case of liquid samples liquid~liquid 

(LLE) and solid phase (SPE) extraction are also frequently applied. 
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LLE is a relatively simple and inexpensive technique with a high degree of 

flexibility to manipulate the extraction selectivity and efficiency. Therefore, the 

technique was widely used as a sample pretreatment technique. However, this technique 

is most often used in an off-Iine mode making it a laboclous and time-consuming 

method. Also, in many cases problems may arise with respect to the occurrence of 

stable emulsions preventing a proper phase separation. Generally, without specific 

precautions, LLE is not very selective and a lot of interlering substances from the 

sample matrix may be co-extracted. At present there is astrong tendency for the on-line 

conneetion and automation of sample treatment and analysis steps. For reasons 

mentioned earlier the prospects of LLE taking up a prominent position in that 

development are very limited. 

Solid phase extraction is based on the same principles as HPLC: a compound is 

distributed between a stationary and a mobile phase, in most cases the sample solution. 

By selecting the proper experimental conditions compounds can be extracted from a 

liquid sample yielding high recoveries. For elution only a small amount of a selected 

solvent is used. Therefore, SPE can be applied as a preconcentration technique, but also 

for sample clean-up. The nature of the stationary phase or sorbent, the composition of 

the sample solution and also the nature of the desorption solvent are major parameters 

in SPE. In principle, the selectivity of this technique can be very high and the automatic 

control and on-line conneetion to HPLC can easily be performed. However, in a 

number of cases an additional sample pretreatment, e.g. a futration step, may still be 

necessary prior to SPE extraction. 

Other frequently used sample pretreatment techniques are precipitation, (ultra) 

filtration, centrifugation, size-exclusion chromatography and dialysis. Where in 

precipitation techniques the sample compounds are separated by differences in their 

aggregation properties under specific experimental conditions, in all the other techniques 

the separation is based on size differences of the compounds involved. 

Up till now, usually ion exchange and ion pair chromatographic pretreatment 

techniques have been applied for the isolation of ionic compounds from a sample 

matrix. To isolate ionic target compounds from (complex) samples, electrophoretic 

methods seem to be very attractive. 
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Electrophoresis 

In electrophoresis ions can be separated due to their differences in electrophoretic 

mobility. The theory dealing with the migration of ions was developed about a century 

ago by Kohlraush (7]. The electrophoretic techniques commonly applled are zone 

electrophoresis (ZE), isoelectric focusing (IEP), moving boundary electrophoresis 

(MBE) .and isotachophoresis (ITP). In ZE the ionic compounds are sepàrated in a 

homogeneons electrolyte system due to the differences in their effective mobllities, 

which are approximately proportional to their size-to-charge ratios. In IEP compounds 

can be separated by differences intheir isoelectric points. Consequently, this technique 

can only be used for tbe separation of amphiprotic substances. In MBE, the sample is 

constantly fed. Therefore, only the most mobile ion can be separated. The other ions 

migrate in mixed zones. Isatachophoresis, wbich is also called displacement electro

pboresis, is a separation technique in which the sample ions are stacked, in distinct 

zones, between two different electrolytes: the teading and the terminator electto1yte. 

The concentradons in these zones are proportional to those in the teading electrolyte and 

under steady-state conditions all zones migrate with the same electtophoretic velocity. 

All these electtophoretic techniques were · mainly carried out in flat-bed· com

partments, making them time-consuming and laborious techniques. It was by the 

introduetion of capillary isotachophoresis by Martin and Everaerts [8-10] and capillary 

zone electtophoresis by Mikkers and Jorgenson [11-13] that these techniques gained 

popularity as analytical tools. 

Electrophoresis os a sample pretreatment technique 

Among the electrophoretic techniques lTP offers the best prospects as a sample 

pretteatment tecbnique for small ionic compounds, because of the concenttation effect, 

the occurrence of distinct zones and the relatively large sample capacity of this 

technique. During the last decade several books and reports have been publisbed 

reviewing the use of electtophoresis as a sample pretteatment technique [e.g. 14-16]. 

Only a few of the methods reported concern the use of isotachophoresis as a sample 

pretteatment technique prior to Hquid chromatographic analysis. In all cases in which 

this technique was applled as a sample pretteatment technique, off-line isotachophoresis-
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liquid chromatographic procedures were used. Öfverstedt et al. [19] used a quasi on

line method, where the sample was preseparated in a gel-ftlled ITP column, and the ITP 

zones formed were transferred to the HPLC system by a flushing procedure. Recently, 

Debetset al. [20-23] reported the on-line coupling of zone electrophoresis as a sample 

pretreatment step prior to liquid chromatographic analysis. 

Alm of this thesis 

The main goal of this study concemed the exploration of the possibilities of 

isotachophoresis, both in packed and open systems, as a sample pretreatment technique 

prior to liquid chromatography. There was interest in making the technique more 

attractive from a practical point of view. Therefore, the on-line coupling of the ITP 

sample pretreatment and HPLC instrumentation was investigated. The potentlal of this 

on-line ITP-HPLC technique is demonstraled for the environmental analysis of polar 

herbicides in water samples. Because of the low concentrations of these pestleides in 

water samples, another goal of this thesis was a sensitive detection using the ITP-HPLC 

coupling. So, the handling of large sample volumes by ITP-HPLC was subject of study. 

Furthermore, the advantages of micro-bare HPLC with respect to detectability were 

evaluated. In addition, the possibilities of the combination of solid phase extraction and 

ITP, indicated as isotachophoretic desorption, were investigated. 
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CHAPfER2 

SOME THEORETICAL ASPECTS OF ISOTACHOPHORESIS 

AND IDGH PERFORMANCE UQUID CHROMATOGRAPHY 

Summary 

In this chapter some theoretica/ aspects of isotachophoresis (JTP) and liquid 
chromatagraphy (HPLC) are discussed. The jirst part of this chapter deals with ITP, 
while the second part discusses HPLC. The HPLC part willfocus mainly on miniaturi
sation of the HPLC column. At the end of this chapter some aspects of the coupling of 
ITP and HPLC wil/ also be discussed. 

2.1 Introduetion 

This thesis focuses on the use of isotachophoresis (ITP) .as a selective sample 

pretreatment technique in liquid chromatography (HPLC). ITP is an electrophoretic 

separation technique, where either anionic or cationic compounds are separated in a 

discontinuous electrolyte system. Some theoretical and practical aspects of electro

phoresis and isotachophoresis in particular are discussed in the fust part of this chapter. 

In liquid chromatography, compounds are separated because of differences in their 

interactions with the eluent and the stationary phase. In the last 30 years liquid 

chromatography bas developed into a routine analytical tooi. The second part of this 

chapter will focus on aspects of HPLC with respect to miniaturisation of the column. 

Also at the end of this chapter some aspects of the coupling of ITP and HPLC are 

discussed. 
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2.2 Electrophoresis 

2~2.1 Electrophoretic migration 

Electrophoresis is based on the migration of ionic compoundsin an electric field. 

The velocity (v) of an ionic compound is proportional to the applied electric field 

strength (E). The proportion constant is called the effective mobility (p.eff>: 

V .. Jlt#. E (2.1) 

The effective mobility depends on a number of experimental conditions and some 

specific properties of the substances. The most important parameters in this case are the 

dissociation constant (ai), the retardation and relaxation constant (fJ and the absolute 

mobility (p.i). The effective mobility of a compound can be calculated as the product of 

these parameters. In the more general case where several forms of a substance, all with 

different mobilities, are in equilibrium with each other and consequently are migrating 

as a uniform zone, the overall effective mobility equals: 

(2.2) 

The absolute mobility of an ion is the mobility at infinite dilution and includes the size, 

charge and shape of the ion. The absolute mobility is related to the molar ionic 

conductance of the species 0.0 j and the Faraday constant (jJ). Por 1:1 (anion and 

cation both monovalent) electrolytes this relationship is: 

From a practical point of view, the most important parameters to change the effective 

mobilities of ions are changing of the pH (i.e. a) and complex formation. The solvation 

of the ions can be influenced by the choice of the solvent. 

Due to the contact between an electrolyte solution and the surface of a separation 

capillary an electric double-layer occurs. One of the characteristics of this double-layer 

is the r-potential, which is the potential in the plane of shear related to the potential of 
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the bulk. The double-layer consists of an adsorbed part and a diffuse region of counter 

ions. If an electtic field is applied across the capillary, the ions in this diffuse Iayer will 

start to migrate towards the opposite electrode. Because these ions are solvated, the 

solvent molecules will be dragged along, resulting in a liquid flow through the capil

Iary. This phenomenon is called electro-osmosis. The · electro-osmotie flow profile is 

flat, in the case the diameter of the capillary is smaller than approximately 0.3 mm. So, 

in principle no negative influence of this flat profile on the separation will occur with 

respect to radial mass transfer processes. However, as will be discussed in the next 

section, electro-osmosis is an unwanted phenomenon in isotachophoresis. The BOF can 

be suppressed by the use of additives in the electrolytes which may increase the 

viscosity of the buffer or may influence the conditions of the capillary wall [1]. 

2. 2.2 Isotachophoresis 

In this section some aspects of isotachophoresis are discussed. As a standard work 

the reader is referred to the textbook of Everaerts et al. [2]. In isotachophoresis (ITP) 

the operational system consists of two electrolytes. Due to this discontinuous system 

either anions or cations can be separated in one run. In the case of the separation of 

anions (see Figure 2.1), the separation campartment and the anode oompartment are 

fllled with the teading electrolyte. The anion of the teading electrolyte bas a higher 

effective mobility than the sample ions. The · catbode oompartment is filled with the 

terminaring electrolyte. This terminaring ion must have a lower effective mobility than 

the sample ions to be separated. The sample is introduced at the boundary between the 

two electrolytes. The sample ions will be separated due to the differences in their 

effective mobilities and finally in the steady-state consecutive zones migrate. At a 

constant electtic current these zones all migrate with the same, constant velocity. This 

velocity equals that of the leading ion. 

As can be derived from equation 2.1, the field strength in each zone at constant 

velocity is inversely proportional to the effective mobillty of the ions therein. So in an 

ITP system the field strength increases from the teading to the terminaring electrolyte. 
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l0::j~:l L- L- 1~01 b+ b+ 

L- I L-10 b+ I b+ 

10::1 I 1~:01 r- a- A-

b+ b+ b+ 

F'JgUre 2.1: The schematic presentation of the separation principle of isotachophoresis for 
the analysis of anionic compounds. Top: sample introduetion at the boundary between 
leading and terminating electrolytes. Midd\e: transition state. Bottom: the isotachophoretic 
steady state. loos: î= terminating ion; L"= teading ion; A·, B" and c+= sample ions; 
x+. b + = counter ions. 

Because of the axial discontinuity of the fieldstrength, the zone boundaries are self

correcting. lf, for instanee by diffusion, an isotachophoretical migrating compound 

crosses the zone boundary between its original zone and an adjusting zone, than this 

ionic compound will enter a zone in which the electric field strength is either higher or 

lower then the one in its original zone. As a result the effective mobility of the 

compound will change and consequently the compound will be forced back into its 

original zone. The width of a zone boundary depends on the electro-osmotie flow, the 

temperature profiles and the diffusion of the compounds across the boundary. The order 

of magnitude of these disturbances is 104 m [3]. 

The analyte concentration in ITP zones is· adapte<i to the concentration of the leading 

ion. According · to Kohlrausch, at each point in the separation oompartment the 

sumrriation of the concentrations Ci divided by the effective mobilities i'eff,i is constant: 

c E - 1 = constant 
I ~~~~ 

(2.4) 

In strong monovalent electrolyte systems with one counter ion this equation can be 

rearranged into: 
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J.lL =-· llltl + lllcl 
I11LI + lllcl 

(2.5) 

where L, i and c refer to the leading ion, the sample ion and the counter ion, respec

tively. Generally, the right hand side of equation 2.5 will have values of between 1 and 

10. So at the separation of diluted samples in a electrolyte system with a relatively high 

concentration of the leading ion, i.e. 1·10-2M, a concentration effect in the sample 

zones will occur. Calculations of zone properties, i.e. concentration, field strength, pH 

and electtic resistance, are laborious. For a description of a model about the 

calculations of zone properties the reader is referred toBeekers [4]. 

Usually, ITP equipment consists of six parts: a high-voltage power supply, a 

terminating electrode compartment, an injection compartment, a separation com

partment, one or two detectors and a leading electrode compartment. In Figure 2.2 a 

schematic presentation of an analytica! ITP apparatus developed by Everaerts et al. [2] 

is shown. 

3 

4 

5 

Figure 2.2: The schematic presentation of a capillary ITP apparatus developed by Everaerts 
et al. [2]. 1= tenninating electrolyte and electrode compartment, 2= injection block, 3= 
valve, 4 = UV -absorption and/or conductivity detector, S = leading electrolyte and electrode 
compartment, 6= two-way valve, 7= cellulose acelate membrane. 
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Generally the electrode and injection compartments are constructed of PMMA 

(Perspex) and the separation oompartment consists of a PTFE (teflon) capillary. 

Detection in ITP can be performed by universal and selective detectors. Very often 

UV /Vis-absorption and fluorescence-emission are used as selective detection methods. 

For universal detection thermometrie, field strength and conductivity detectors are 

frequently used. As discussed above, the field strength and the concentration in the 

sample zones increases and decreases, resprectively, step-wise going from the teading 

electrolyte to the terminating electrolyte. So by applying universal detection methods 

a step-wise detector signal will be obtained. The step-height of a compound, relative 

to the detector signal of the leading and the terminating electrolyte, provides qualitative 

information about compounds. Because the concentration in a zone is constant and 

adapted to the leading electrolyte, the zone length is proportional to the amount of 

compound in that zone, so providing quantitative information. As an example of an ITP 

separation, the isotachopberogram of a separation of a test mixture containing 13 

compoundsis presented in Figure 2;3. 
T 

I. 

10 11 

Time [min] 

Figure 2.3: Isotachopherogram of the analysis of a test mixture recorded with a 
conductivity detector. Leading electrolyte: chloride, 10 mM, pH 6.0; Terminating 
electrolyte: morpholinopropanesulfonic acid (MES), S mM, pH 6.4; Counter ion: histidine; 
Additive: hydroxyethylcellulose (HEC). L= chloride, 1= sulfate, 2= chlorate, 3= 
chromate, 4= malonate, S= pyrazole-3,5-di.carboxylate, 6= adipate, 7= acetate, 8= 
chloropropionate, 9= be112'.0ate, 10= napbthalene-2-monosulfonate, 11= glutamate, 12= 
enanthate, 13= benzylaspartate, T= MES. [S] 
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The selection of the teading and terminating electrolytes mainly depends on the 

sample ions to be separated. Besides the type of ion, the concentration, the counter ion, 

the pH and the additives should also be selected prior to an ITP separation. 

The leading ion should have a higher effective mobility than the sample ions to be 

separated. Generally, a completely dissociated ion with a high effective mobility is 

setected for this, like chloride or potassium in the case anions or cations are separated, 

respectively. A low concentration of the teading electrolyte will result in a high electric 

resistance and thus in a high-voltage drop across the ITP system. On the other hand, 

when one uses a high concentration, the electric current must be increased to maintain 

acceptable separation times. This may cause serious heat dissipation problems. A 

concentration of 10 mM is adequate in a major number of ITP experiments. As counter 

ion compounds with a high buffer capacity are favourable, like histidine and acetate in 

the ITP separation of anionic compounds at pH 6.0 or cationic compounds at pH 4.5, 

respectively. The pH of the leading electrolyte may influence the degree of dissociation 

of the sample compounds and consequently their effective mobility. The applicable pH 

range of the teading electrolyte, however, is limited as will be discussed below. 

The terminating ion must have a lower effective mobility than the sample ions. 

Usually the sameion as in the teading electrolyteis selectedas the counter ion. 

In ITP the electro-osmotie flow changes as a result of the migration of the 

terminating electrolyte into the separation system. Therefore, detection on a time-base 

is not possible. So, in ITP experiments the electro-osmotie flow is suppressed, usually. 

Beekers and Ackermans [6,7] demonstraled that analyticallTP in open capillaries can 

only be performed if the BOF is suppressed sufficiently. To suppress the electro

osmotie flow additives, like mowiol and hydroxyethylcellulose, can be added to the 

electrolytes. 

In the case of the analysis of anions, the pH of the teading and the terminating 

electrolytes are limited to pH 3 and pH 11. Beyond this range H+ and OH" ions 

become main contributors to the transport of the electric current, so in these cases water 

will act as a background electrolyte. In such a case the isotachophoretic condition will 

no Jonger be met and zone electrophoretic phenomena will occur. The pH range will 

be even smaller if the electrolytes are not buffered properly. Above pH 7 bicarbonate 
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ions will be formed as a result of the association of carbon dioxide with hydroxyl ions: 

C02 + on- ... nco3• 
(2.6) 

nco; +on- ... co;- + n,p 

These bicarbonate ions will migrate through the isotachophoretic system and, conse

quently, a dilution effect of the sample zones will occur. Verheggen [8] used a leading 

electrolyte with a pH of 8.9 by preparing both the leading and terminating electrolytes 

under a nitrogen atmosphere and by using a completely closed ITP apparatus. 

For the separation of cations the presence of the hydrogen ion, H+, is necessary as 

a souree of positive charge for the basic compounds in almost all cases. However, the 

migration direction of the H+ ions is the sarne as that of the sample compounds. In 

non-buffered systems, where the terminating electrolyte contains a large amount of :H+ 

ions, theseionscan freely migrate through all the sample zones and a moving boundary 

electrophoretic separation process may occur. In buffered electrolyte systems the 

migration of the H+ ions is affected by the presence of the counter ions, which migrate 

in the opposite direction. The migration velocity of the H+ ions depends on the equili

brium constant of the buffer ion; this weak acid may recombine with the H+ ions and 

decrease the effective mobility of these. In these cases H+ may act as the terminating 

ion. By using acetate as the counter ion, stabie ITP separiltion systems in a pH range 

of 4 to 5 can be obtained. In such systems the effective mobility of hydrogen ions 

ranges from approximately 15·10·5 cm2/V·s at pH 5 to 28·10·5 cm2N·s at pH 4 [9]. 

Hydrogen ions can also be used as the leading ions at pH 2. However, H+ ions present 

in the terminating electrolyte may disturb the separation process. lt is obvious that the 

presence and therefore the migration of H+ plays an important rule in the separation 

of cationic compounds. Bocek [10] reported theoretical conditions for the migration of 

the hydrogen ion in cationic ITP systems. 

ITP can be performed in non-aqueous solutions [1,11,27], though almost all 

literature is about the use of aqueous electrolytes. When using non-aqueous electrolytes, 

important aspects are the solubility and ionisation constants, which can be completely 

different from those under aqueous conditions. Moreover, the dielectric constauts of the 

solvents should not be too low to prevent heat dissipation problems. Most of the non-
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aqueous applications are performed in alcohols,like methanol and ethanol, and mixtures 

of those solvents with water. The use of acetone, dimethylformamide, acetonitrile, 

chloroform and dioxane has also been reported [11]. Introduetion of a non-aqueous 

sample in an aqueous system can result in unexpected results by the differences in 

ionisation and solubility constants. 

. 2.3 Liquid chromatography 

In the early seventies liquid chromatography became very popular as an analytical 

technique. As aresult of extensive research liquid chromatography developed into High 

Performance Liquid Chromatography (HPLC), which has now become a routine 

analytical tooi. Depending on the sorption mecbanism of compounds to the stationary 

phase several separation mechanisms can be distinguished. The most frequently used 

technique is reversed-phase chromatography, in which the stationary phase is non-polar 

and the mobile phase is polar. Several excellent hooks have been publisbed about the 

theoretical and practical aspects of HPLC and more particularly on reversed-phase 

HPLC [e.g. 12]. In the scope of this thesis only a number of aspects related to 

miniaturisation of HPLC columns wil! be discussed bere. Por other information the 

reader is referred to the literature. 

2.3.1 Miniaturisation in HPLC 

In HPLC the most frequently used analytical column diameters are between 4 and 

5 mm. Recently, miniaturisation of HPLC columns bas received·increasing attention 

[e.g. 13-17]. Initially the high instrumental requirements in miniaturized HPLC slowed 

down the introduetion of these techniques for routine work. However, lately a 

significantnumber of applications were reported using narrow (1 to 3 mm I.D.) and 

micro-bare (s 1 mm I.D.) HPLC columns [e.g. 18-20], showing the potentlal benefits 

of miniaturizing in HPLC. 



24 Ch. 2: Some theoretica! aspects of .... 

The main advantages of miniaturization are reduced costs of stationary phases and 

less environmental pollution by eluents, especially when very expensive or hazardons 

solvents are used. The decreased chromatographic dilution in micro-bare HPLC 

columns compared to larger inner diameter columns may, in principle, result in better 

signal-to-noise ratios in cases where the sample volume is very limited. Also the higher 

rate of chemical inertness of micro-bore systems and the decreased flow rates, which 

facilitate the conneetion to for example electra-spray mass spectrometers, can be 

advantageous. In micro-bare HPLC, reduced optimal flow rates.and increased column 

permeabilities compared to conventional columns are usually obtained, allowing the use 

of smaller particles or longer columns. However, these latter arguments are only of 

interest when the plate number per unit of pressure is optimized or the analysis is 

performed near the maximum pressure limit. In laboratory practice this will seldom be 

the case. 

The elution through the HPLC column broadens the sample plug into a Gaussian 

distribution. The volume of the peak (Vl at the end of the column can be related to 

the column porosity (e), the capacity factor of the solute (k), the column length (Lc), 

the column diameter (de) and the overall plate height (11): 

4 ·V . 2 
V = 4 • 0 = __ ,. = E • 'lt • (1 +k) . d •. fL7ïl (2. 7) 

p .jN c y~c u 

where u is the standard deviation of the Gaussian distribution and V,. is the retention 

volume of the compound. Using this equation a dilution factor (d.f.) can be defined: 

d.f. = - - = (V')-(E•x•(l+k)•d:·J(Lc·H)] ( Cini•4 l 
~ ~ ~·~·x) 

(2.8) 

where Vfnj= injection volume, Cinj= concentration of the solute in the injected sample 

and Cmax= concentration of the solute in the pea.k maximum. Because the dilution 

factor of a chromatographic column is proportional to the square of the column 

Here, the peak volume is indicated by four times the standard deviation of the 
Gaussian distributton ( o-). This volume is equivalent to 95% of the total peak 
volume. 
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diameter, the signal-to--noise ratio can be increased by decreasing · the inner diameter of 

the HPLC column, while maintaining the same injection volume and other experimental 

parameters. However, the maximum injection volume is also proportional to the square 

of the column· diameter, allowing higher sample volumes for larger inner diameter 

columns. In other words, the statement that miniaturizing the HPLC column decreases 

the dilution factor and therefore increases the signal/noise ratio is only valid when the 

available amount of sample is less than the maximum injection volume. 

The maximum amount of sample which can be introduced in a LC column, main

taiili.ng the maximum performance of the system, depends on the ratio of the variances 

of the peak broadening of the column and the extra-column band broadening. In order 

to maintain good · separation performance, the varianee of the distribution of the sample 

caused by the rolumn (uc2) should contribute more than 90% of the overall band 

broadening varianee (u2). The extra-column band broadening (<1ex2) can be divided into 

the non-correlated variances·of the injector (uil), detector (qde?), corinecting tubes 

(u?> and electronic circuits (ul): 

(2.9) 

which equals: 

(2.10) 

where H= observed plate height, He== column plate height, Lc= column length, Vc= 

solvent volume in the column (=E· 1A·7r·d/·Lc), V,l!i= volume of the injected sample, 

Vder= detector cell volume, À= flow profile factor, d1= diameter conneetion tubes, 

L1= length conneetion tubes, F= eluent flow, Dm= solute diffusion coefficient in the 

eluent and T= detector response time. The flow profile factor {À) depends among others 

on the flow profile in the detector and the injector. This factor bas values b.etween 1 for 

ideal mixing and 12 for plug flow situations. Under usual experimental conditions the 
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value is approximately four (fora more detailed discussion see [12,16,22]). 

When miniaturizing the column diameter, the extra-column band broadening 

becomes more critical and places high demands on the instromental requirements. By 

decreasing the column diameter in a specific equipment, under fixed experimental 

conditions, the ratio between uc2 and u0l will decrease as a consequence and the 

separation performance will be reduced. In these cases the use of longer columns will 

again increase this ratio and therefore the separation performance is increased too. 

In Tables 2.1 and 2.2 the calculated parameters discussed above are compared for 

columns of 4.6, 3.1, 2.1 and 0.32 mm LD. In Table 2.1 the injection volume and the 

eluent flow are related to the square of the diameter of the HPLC column. For the 4.6 

mm I.D. column the following assumptions were made: a flow of 0.2 mi/min and an 

injection volume of 30 p.l. For the other columns these parameters are calculated 

proportional to those for the 4.6 mm I.D. column. For all columns the samecolumn 

length of 150 mm, mean partiele size of 5 p.m, reduced plate height (plate height 

divided by mean partiele size) of 2.5 and column porosity of 0.65 were assumed. For 

the test compound a capacity factor of 5 was taken. Under these conditions the retention 

times of the non-retained compound and the test compound are 8.1 and 48.6 min 

respectively. In Table 2.2 the injection volume is taken to be constant at 1 p.l, while all 

the other parameters are the same as in Table 2.1. 

Table 2.1: Comparison of some chromatograpbic parameters calculated by equations 2.7 
to 2.10 as a function of the column diameter (cfç). For all columns: length= 150 mm, 
partiele size= 5 p.m, reduced plate height= 2.5, capacity factor= 5, flow profile factor= 
4. 1n the case ofthe HPLC.column of 4.6 mm I.D., an injectionvolume{Vinjl of30 p.l and 
an eluent flow rate of0.2 milmin are assumed. For the other columns these two parameters 
are reduced proportionaUy to the square of the diameter of the column. Under these 
conditions the dilution factor= 11.8, the relention time test compound= 48.6 min and the 
retention time of non·retained compound= 8.1 min. V0 = column volume, Vp= peak 
volume, Eluent= eluent consumption per analysis. 

V al (1: .2 

~JtfJ [(J.tt)2} [yd}Zj 

4.6 30 1620 355 7869 225 200 9717 

3.1 13.6 736 161 1623 46.4 90.8 4413 

2.1 6.3 338 74 342 9.8 41.7 2025 

0.32 0.145 7.8 1.7 0.18 0.0053 0.97 47.0 
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Table 2.2: The comparison of some chromatographic parameters as a function of the 
column diameter (dJ. All parameters as in Table 2.1 except tbe injection volume (Vinj), 
which is taken constant at lt-tl. Vp= peak volume; d.f.= dilution factor. 

v .. 
[mm] [1-'Ïi 

4.6 

2.1 1 

1 

•: The injection varianee (uin/) by far exceeds 10% of tbe total varianee (al), so the 
Gaussian conditions assumed are no Jonger valid. 

27 

From the data presented in both tables, it is obvious that if the eluent flow and the 

injection volume are related to the square of the column diameter, which is almost 

always the case, the only benefit of the reduction of the inner diameter of the HPLC 

column is the reduced amount of eluent and stationary phase to be used. However, if 

the available sample volume is limited, e.g. lftl, as can be the case in biomedical 

applications, the application ofsmall inner diameter columns is attractive. However, by 

decreasing the column diameter at a constant injection volume, the con tribution of the 

column band broadening to the overall varianee decreases. If the maximum extra

column band broadening by the injection is 5%, being 50% of the total extra-column 

band broadening allowed, then: 

( 
v!i.max] ( V: · (1 +k)z • HJ -- ~o.os · 

')..inJ Lc 
(2.11) 

and, assuming À=4, k= 5, h= 2.5, dp= 5 pm andLc=l50 mm then "ïnj,max becomes 

39.7, 18.1, 8.3 and 0.19 pl for the 4.6, 3.1, 2.1 and the 0.32 mm columns respec

tively. Therefore, the injection of 1 p1 sample onto a HPLC column of 0.32 mm I.D. 

will result in too large an extra-column band broadening. In this case the separation 

performance decreases dramatically and Gaussian peak distributions will no longer 

occur. Consequently, significant errors may occur of aresult from the calculations of 

chromatographic parameters based on such peaks. Under these experimental conditions 

the minimum inner diameter of the HPLC column is 0. 73 mm. For a column of an 
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inner diameter of 0.32 mm only at a length of more than 1.4 m, the contribution of an 

injection of 1 J.tl to the varianee will become less than 5% of the total varianee under 

the deScribed conditions. 

Solute trapping at the top of the column may occur when the sample solvent is much 

weaker than the eluent. This effect is called on-column focusing. Using this technique 

larger sample volumes than calculated with equation 2.11, can be injected without a 

proportional increase of the injection band width. In the case of the separation of very 

polar solutes (e.g. k<2) in reversed-phase HPLC, the gain in sample injection volume 

by on-column focusing is very limited. So far several studies have been publisbed 

applying on-column focusing techniques [e.g. 23-26]. 

2.4 Isotachophoresis-llquld chromatography 

When isotachophoresis is used as a sample pretreatment technique in liquid 

chromatography, some · general considerations have to be made with respect to the 

experimental conditions. As discussed in §2.2.2 "lsotachophoresis", the concentration 

of the compounds in the sample is related to, and approaches, the concentration of the 

teading ion by a factor of 1 to 10. This stresses the importance that the sample 

compounds must be well soluble in the ITP buffer solutions. If particular zones in the 

ITP-separation system are removed by a heart-cut and transferred to the HPLC analysis 

system, part of the adjacent ITP zones and the counter ion will be introduced in the 

HPLC system too. Consequently, these ions should not interfere with the HPLC 

analysis and therefore should be selected carefully. In addition the effective mobility of 

the compound should have a realistic value within the pH ranges suitable for ITP. 

The selection of the HPLC system, i.e. the packing material, the eluent conditions 

and the detection mode, mainly depends on the compounds to be analyzed. The only 

limitation to applying ITP as the sample pretteatment step is that the compounds, 

present in the ITP electrolytes and injected into the HPLC system, should not interfere 

in the chromatogram. 
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CHAPfER3 

ISOTACHOPHORESJ.S IN PACKED-BEDS AS SAMPLE 

TREAT.MENT TECBNIQUE PRIOR TO 

LIQUID CHROMATOGRAPIDC ANALYSIS 

Summary 

Isotachoplwresis (ITP) offers attractive possibilities as a selective sample pre
treatment technique for ionic compounds prior to liquid chromatographic (HPLC) 
analysis. 71ze use of packed JTP systems is described, applying gel-jilled flat-beds as 
the separation compartments. Afler the ITP sample pretreatment, a HPLC analysis 
step was peifonned. Besides an evalUation of the ITP-HPLC procedure, the injluence 
of the ionic strength of the sample on the reeoverles of the compounds was also 
studied. In addition, much attention was paid to the geometry of the ITP-separation 
compartment. Hydroxyvanillic acid (HVA) was used as the test compound and JTP
HPLC was used for the determination of HVA in urine. From the results, it can be 
concluded that by selecting the proper ITP separation campartment and operation 
system, it is possible to isolate compounds with reeoverles of approximately 90%. 

Detection was peiformed by the use of dyes and by thermometrie and conductivity 
detectors. A thermocouple as the tieteetion system for the applied gel-jUled separa
tion systems slwwed disappointing results. However, the conductivity detector 
showed good results. 

A funnel-shaped device was constructed as the inteifacing campartment between 
the packed-bed and an open capillary ITP system. The funnel-shaped device could 
not be used as the inteiface, because in the junnel section mixing of the ITP zones 
occurred. In an attempt to solve this problem, the injluences of the junnel angle and 
current density, in the jUnnel section, were also examined. However, in this study 
the mixing problem could not be solved satisfactorily. 

3.1 Introduetion 

In liquid chromatographic analysis sample pretteatment is often necessary. Next 

to other methods, isotachophoresis can also be used as a sample pretteatment tech

nique. The advantages of this technique are the concentranon effect, the strong self

correcting property and, compared to other electrophoretic techniques, the relatively 

high sample capacity. 
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In principle both open and packed isotachophoretic systems can be applied. 

Compared to open ITP systems, the sample capacity of packed systems is large and 

can go up to several milliliters of sample. Among the packed ITP systems the flat

bed technique [1-3] is most frequently used. The filling of the separation campart

ment and removal of the sample zones after the ITP separation in flat-bed systems 

can easily be performed. Battersby et al. [1 ,2] used a home-made glass tray with a 

cooling slab. The separation compactment contained a gel and for detection dyes 

were applied. 

Claessens et al. [3] used Perspex separation compartments tilled with a support 

material, like glass beads or Uitcodex gel. Sample volumes up to 500 ~tl were sepa

rated and the zones of interest were monitored by some dyes in this study. After 

cutting out the zones of interest and the subsequent HPLC analysis, reeoverles of 

85%-90% were obtained. For urine and plasma samples a strong clean-up of these 

matrices was obtained. However, the reeoverles of the target compounds decreased 

significantly with the real samples due to, probably, the high ionic strength in these 

samples and/or protein binding of the drugs. 

Samples containing relatively high salt concentrations decrease the sample capa

city of ITP systems. Bocek et al. [4] defined a ITP separation capacity, which is 

directly related to the amount of electric current that has passed the column when a 

zone rnigrates through the detector. So, at a constant current and ITP column dia

meter, the sample capacity of ITP systems increases proportionally to the injector

detector distance. The sample capacity of the separation system applied by Claessens 

et al., probably, was not sufficient to obtain the isotachophoretical steady-state under 

the experimental conditions. The introduetion of less sample or increasing the length 

of the separation compartment may perhaps have increased the recoveries. 

Not investigate in that study was the recovery as a function of the sample com

position in these ITP pre-separations. Hirokawa et al. [5] showed that the separation 

in ITP decreases significantly with an increasing number of compounds in a sample. 

Bocek and Hirokawa showed that the sample capacity in ITP decreases with a de

creasing difference in mobility between the sample compounds. 



§3.1 Introduetion 33 

This chapter, which can be considered to be a continuation of the work of 

Claessens et al., will focus on the influence of the ionic strength of a sample on the 

ITP separation capacity. Test samples containing different salt concentrations were 

separated by ITP and the amount of the test compound in the ITP zone was deter

mined by HPLC analysis. The influence of the geometry of the separation oompart

ment was investigated too. The zones of interest were monitored by the use of dyes. 

In addition to these dyes, the possibilities of thermometrie and conductivity detection 

were examined. 

Moreover, the possibilities of coupling packed ITP systems to a HPLC system 

were studied. A direct on-line coupling of the gel-ftlled separation oompartment with 

the HPLC equipment is not possible without specific precautions, because the gel 

support should be prevented from entering the HPLC system. Also, generally, the 

dimensions of ITP separation compartments are not compatible with HPLC instru

mentation. So, in order to couple ITP to HPLC, the zones of interest should fust be 

transferred to a non-packed (open) ITP system with inner diameters oomparabie to 

those in HPLC. 

To transfer zones from a packed ITP system to HPLC, Öfverstedt et al. [6] con

neeled a capillary to the bottorn section of a gel-packed ITP column. Once the zones 

of interest had migrated to the bottorn of the column, monitored visually by dyes, 

the electtic power was switched off and the column was flusbed from the top to the 

bottorn into a conneetion capillary. After leaving this capillary, the zones were trans

ferred into the injection valve of the HPLC system. A serious disadvantage of this 

metbod is the extra band broadening that occurs in the capillary part of the equip

ment. Similar systems were publisbed by Kjellin et al. [7] and Arzar et al. [8]. 

Also, a number of methods based on continuons elution were reported [9-15]. The 

Unipbor of urn (Pbarmacia, Bromma, Sweden) is based on this latter concept 

[16-20]. Continuons elution bas the same disadvantages as mentioned above: sig

nificant band broadening is created after the ITP separation. A rather complicated 

apparatus called "isotachophoretic analyzer• is reported by Hirokawa et al. [21]. A 

conical gel-packed column of 5.0 to 3.0 mm I.D., is conneeled toanopen capillary 

of 2.0 mm. I.D. This capillary is conneeled to capillaries of 1.0 and 0.5 mm I.D., 
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respectively, by use of bifurcation compartments. Other methods to obtain diameter 

reduction were publisbed by Dolnik et al. [22] and Evernerts et al. [23-25]. Those 

latter constructed a bifurcation block to couple ITP capillaries of 0.8 mm and 0.25 

mm I.D. 

In this chapter the results of a study are presented of a model based on the bifur

cation block, so as to couple a packed ITP column of 14 mm to an open ITP capil

lary of 1.0 mm. 

3.2 Experimental 

Chemieals 

Bromophenol blue, amaranth red, methyl orange, ponceau red, hydrochloric 

acid, L-histidine, ammonium acetate, sodium acetate, sodium chloride, ortho-phos

phoric acid, methanol, J3-alanine, E-aminohexanoic acid, sodium propionate, mor

pholino-ethanesulfonic acid (MES) and hydroxyvanillic acid (HV A) were purchased 

from Merck (Darmstadt, Germany) and Sigma (St-Louis, MO, USA). Water was 

demineralized with a Milli-Q-Water Purification System from Millipore (Milford, 

MA, USA). Mowiol (polyvinyl alcohol, Mw= 44,000) was purchased from Hoechst 

(Frankfurt, Germany) and Europox 730 and Eurodur 40 were obtain from Schering 

(Bergkamen, Germany). Methanol was from FSA (Loughborough, England). 

Isotachophoresis 

The analytica! lTP experiments were performed in a home-made capillary ITP 

apparatus, equipped with an AC-conductivity detector and a single wavelength (254 

nm) UV-absorption detector [26]. The driving electric current was delivered by a 

model 807R power supply (Brandenburg, Thomton Heath, England). The detector 

output was recorded with a potentiometric recorder, model BD41 (Kipp & Zonen, 

Delft, the Netherlands). The various ITP systems applied, are listed in Table 3.1. 

The inner diameter of the PTFE (Teflon) capillary to perform the ITP separation 

was 0.45 mm and the electric current applied was 75 p.A. Mowiol was added to 
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suppress the . electro-osmotie flow. The step-heights of the test compounds and the 

applied dyes during tbe ITP experiments are listed in Table 3.2. 

The preparalive ITP experiments were carried out on a LKB Multiphor n Elec

trophoresis unit equipped with a LKB 2197 power supply (Pharmaeia LKB, Uppsala, 

Sweden) or on a home-made apparatus, based on the LKB Multiphor n Electrophor

esis unit, equipped with both a LKB 2197 and a Brandenburg 807R power supply. 

The preparalive gel experiments were performed in home made separation com

partments which could be positioned in the Multiphor n unit. These separation 

compartments are shown in Figure 3.1. 

Table 3.1: Operatioual aqueous systems fot isotachophoresis. MES= morphótino
ethauesuJfonic acid; Mowiol= polyvinylalcobol; C= concentration; AHA= amino
hexaooic acid 

Name Electrolyte Anion c Counter pH Additives 
[M] ion 

A teading chloride Ho-2 
__ _!~~-- 4.5 mowiol -· ----- ---- -------

terminating propionale Ho-3 sodium 7 -
B' teading chloride Ho-2 L-histidine 6.0 mowiol ·-!------- '--------- ----- --------

terminating MES Ho·3 L-histidine 6.4 -
c teading chloride Ho-1 L·histidine 6.0 mowiol ----- ~----- -------- ----- --------

terminating MES S·lo-2 L-histidine 6.4 -

Table 3.2: The step-beights of the markers and the le5t ~mponents relative 1o · the 
termiDatiDg zone. Por operatioual systems see Table 3.1. HVA= hydroxyvanillic acid, 
MES=~acid. 

Compound SystemA SystemB 

HVA 0.82 0.67 .. 

aa.r8Dfhred 0.18 0.23 

br~hlue o.so 0.54 

medtyloraap 0.70 0.78 

propioaa1e 1.00 -
MES - 1.00 
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Figure 3.1: Schematic presentation of a number of home-made separation compartments 
for preparalive ITP experiments. Dimensions in mm. Construction material PMMA 
(Perspex). Side-views of compartments 2, 3, 4 and 6 are similar to the side-view of 
campartment 1. Campartment 3: terminating electi'olyte conneeled to the wide side. 
Campartment 6: (J varying from 30° to tso• by 30• steps. 

The connections between the separationcompartments and the electrode compart

ments were constructed of household tissues of viscose-polyester (85:15) (Vroom en 

Dreesman, the Netherlands) or of cellulose acetate (Reichelt Chemietechnik, 
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Heidelberg, Germany). Glass beads, 140-160 ILm O.D. (Alltech, Eke, Belgium) and 

Ultrodex (Pharmacia) were used as a support materlat The ITP systems applied are 

the same as those applied for analytical ITP (Table 3.1) and detection was performeel 

with dyes (Table 3.2). The electric current durlng the ITP separations was maximal

ly 10 mA. The desorption tubes model 2117-502, equipped with a nylon frit with 10 

ILm pores, were obtained from Pharmacia. 

The packed ITP-open ITP experlments were performeel with the same equipment 

as used for · preparative and analytical ITP experiments. The ITP-separation com

partments consisted of either oompartment 5 or 6 (Figure 3.1) connected with a 

PTFE capillary of 1.0 mm I.D. A schematic presentation of the experlmental set-up 

is presented in Figure 3.2. 

r-----------PS1 ----------------~ 

L s T 

t m m m 
D bed 

Figure 3.2: Schematic presentation of tbe packed ITP-open ITP equipment. The packed 
separation oompartment consistsof either oompartment 5 or 6 conneeled toa Teflon ITP 
capillary ·of 1.0 mm I.D. E= electrode compartment, L= teading compartment, T= 
terminating electrolyte, S= sample compartment, F= funnel section, D= detector, m= 
membrane, PS= power supply. 

Liquid chromatography 

Two sets of HPLC equipment were used. The fust set consisted of a Merck

Hitachi-L-6000 pump and an UV-absorption detector, model.L-4000 {Merck-Hitachi, 

Darmstadt, Germany). Sample injections were performeel with a Rheodyne injection 

valve, model 7125 (Rheodyne, Cotati, CA, USA), equipped with a sample loop of 

20 ILl. The second HPLC configuration consisteel of a modellOOA pump (Beckman 
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Instruments, Palo Alto, CA, USA) and a model Uvidec 100-111 UV-absorption 

detector (Jasco Spectroscopie, Ishikawa~cho, Hachiotojicity, Japan). Injections were 

made with a Valco N-60 HPLC injection valve (VICI-Valco Europe, Schenkon, 

Switzerland) equipped with a sample loop of 30 #Ll. The output of the detectors in 

both sets of LC equipment was recorded with a potentiometric recorder, model 

BD41 (Kipp & Zonen) and a Merck-Hitachi-D-2000 Chromatographic Integrator. All 

chromatographic runs were carried out at ambient temperature and at a flow rate of 

1.0 ml/rnin. The HPLC eluent consistedof a 90:10 v/v mixture of 5·10-3M aqueous 

phosphate buffer, pH 3.2 and methanol. A C18 modified silica reversed-phase 

column of 125x4.0 mm, with 5~-Lm particles was applied (type "Lichrospher", 

Merck-Hitachi) and UV-absorption detection was performed at 280 nm. 

Measurement of conductivity 

The conductlvities of the samples containing sodium chloride and of the urine 

samples were measured using a Radiometer Conductivity detector, model CDM83 

(Radiometer, Copenhagen, Denmark). The cell constant of the conductivity cell was 

3.16 [cm"1]. 

3.3 Evaluation or the off-Iine ITP-m'LC procedure for HV A as test compound 

As stated above, this study is a continuation of the workof Claessens et al. [2]. 

For the analysis of anions, · they tilled the separation oompartment with glass beads 

or fitcodex gel as the support materiaL After the completion of the separation, 

which was monitored by the addition of dyes to the sample, the zones of interest 

were removed from the Perspex separation compactment with a spatula. These parts 

of the . gel slab were transferred to a desorption tube. The desorption of the com

pounds from the gel was performed with some milliliters of methanol andlor water. 

The solvent was evaporated under a nitrogen atmosphere and the residue was re

dissoluted in some hundreds of #Ll of methanol. Subsequently, these samples were 

analyzed by HPLC. In Figure 3.3 a scheme of the ITP~HPLC procedure is shown. 
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In this study, the influence of the ionic strength of samples on the recovery in 

ITP pretreatment procedures was studied. However, fust the ITP-HPLC procedure 

was evaluated backwards, starting with the HPLC analysis, applying hydroxyvanillic 

acid (HV A) as the test compound. The relative standard deviation of the HPLC 

metbod for that compound was 2.5% (n=8). 

ITP HPLC 

cutting 

Figure 3.3: scheme of an off-line ITP•HPLC metbod 

3.3.1 Re-dissolution 

The use of methanol in the re-dissolution step of the residue, after the extraction 

of part of the gel from the ITP-separation oompartment and the subsequent 

evaporation step, resulted in bad peak shapes and the appearance of some ghost 

peaks in the chromatogram. Therefore, water was tested as the solvent for HV A. 

100 1'1 of a metbanolie 1·10"3M HV A sample were evaporated under a nitrogen 

atmosphere at 40 oe and, subsequently, re-dissoluted in 100 1'1 or 500 1'1 water. 

Both experiments yie1ded reeoverles of 100%; however, the repeatabllity for the 

analyses of the samples re-dissoluted in 500 1'1 water waspoor (rsd> 10%). 

3.3.2 EvaporaJion 

Methanol and alkaline methanol, being strong universal eluents, cao be used as 
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desorption solvents. First, both solvents were tested in the evaporation step under a 

nitrogen atmosphere. Therefore, portions of 4 ml of each, with the addition of 100 

pl of a metbanolie .1·10""3M HV A solution, were evaporated and the residues were 

re-dissoluted in 100 pl water. Insome cases HCI was added to the water, to neutral

ize the slightly alkaline solution. The reeoverles for both methods were near 100% 

(rsd <5%). If 10 plof a solution of 1·10""3M of the dyes bromophenol blue and 

methyl orange, used for the detection, were added to the samples the reeoverles 

decreased to 92%. When re-dissoluting the residues in 200 pl water the reeoverles 

increased to 98% (rsd 2.5%). 

3.3.3 Desmption 

Because both the methanol and the alkaline methanol solutions showed compar

able results with respect to the evaporation and re-dissolution steps, the desorption 

capability was tested of both of these. First the volume of the solvent to achieve a 

complete desorption of the RVA compound from ·the support material was deter

mined. Using ITP system "B" and bromophenol blue and methyl orange as the 

detection dyes, 100 pl of a HV A solution of 1·10"3M were separated. After the ITP 

separation the HV A zone was cut out of the gel slab and the gel was put into the 

desorption tube. Subsequently, 4 portions of 1 ml methanol were flusbed through the 

tube and collected separately. In each fraction the amount of HV A was determined; 

HV A could be detected only in the ftrst three eluates. 

3.3.4 Desorption, evaporation and re-dissolution 

To test the complete desorption procedure, experiments were performed in which 

the desorption column was ftlled with glass beads. On this bed of glass beads 100 pl 

of a HV A solution of 1·10""3M solution was absorbed. Desorption was performed 

with 4 m1 methanol or alkaline methanol. After evaporation and re-dissolution, the 
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amount of HV A was determined by HPLC. Reeoverles of these experiments were 

95% for both solvents with oomparabie standard deviations (3.5%). So, in con

clusion, a decrease in the recovery of 5% of HV A occurred from the desorption, the 

· evaporation and the re-dissolution steps together. 

3.3.5 Cutring 

Two metbods were tested to cut out the zones from the separation compartment. 

In one method, the carrier material in the separation oompartment in between 

bromophenol blue and methyl orange, which is most probably the HV A zone, was 

removed from the separation oompartment using a spatula. In the second metbod all 

the gel except the part between the dyes was removed. Subsequently, the remaining 

HVA zone was flusbed out of the separation chamber, using methanol as the eluent. 

In both cases the HV A concentration in the desorbales was determined. The reeov

erles of both methods were 91 %, but the varlation coefficient of the second metbod 

was 8 fold larger than that of the first method. 

To check the reliability of the isotachophoretic separations obtained in a number 

of experiments, 1, 2 and 3 cm before and after the zone of the HV A test compound 

were removed from the separation oompartment and analyzed by the metbod describ

ed so far. In none of these sections HVA could be detected. 

3.3.6 Separation compartment 

So far, all ITP pretreatment experiments were performed with oompartment 1 

(Figure 3.1) and ITP operational system "B" (Table 3.1). The use of oompartment 4 

combined with operational system "B" yielded oomparabie results. When using the .. 

compartments 2 and 3, the reeoverles of HVA were somewhat lower. This was, 

probably, due to some toss during the removal of the zone from the compartment. 

Due to the low electric current in the wide side of the separation chamber, the 
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separation time for the experiments using oompartment 3 was significantly longer 

than when using the other compartments. In ITP oompartment 3 the electric current 

was limited by the maximal allowable current density in the stem of the funnel. 

So far, the sample volumes introduced into the ITP system were limited to 100 

pl. To study the possibilities of higher sample capacities, a HV A sample of 1 mi 

was pretreated applying oompartment 4 and operational system "B". The recovery of 

HVA in these experiments came up to 93% (rsd 2%, n=5). 

3.3. 7 Conclusions 

From the results described above, it can be concluded that the separation of 100 

pl of a solution of 1·10-3M HV A as test compound, applying the "cut-between-dyes" 

metbod to cut out the zones with the subsequent desorption of HV A with 4 portions 

of 1 ml methanol, resulted in a recovery of 91%, (rsd 5%, n=5). In this procedure 

the methanol solution was evaporated under a nitrogen atmosphere, after which the 

sample was re-dissoluted in 200 pl water. The loss in recovery may be caused by 

the cutting ( -5%), incomplete desorption ( -3%) and the re-dissolution ( •2%). It 

was also shown that the separation of sample volumes up to 1 ml is possible with the 

described ITP-separation equipment. 

3.4 Influence of the ionic strength of samples in ITP-HPLC 

3.4.1 Irrfluence ofsalt concentration 

To study the influence of the ionic strength on the separation capacity of the ITP 

equipment, samples with different sodium chloride concentrations were analyzed ap

plying the procedure described in the previous section. These samples were separat

ed using ITP compartments 1 and 4, shown in Figure 3.1, and ITP operational 

systems "B" and "C" (Table 3.1). The results of these experiments, which are 
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summarized in Table 3.3, support the workof Bocek and Hirokawa [4,5] discussed 

in the introduction. The sample capacity in ITP is limited by the ionic strength of 

the sample and, thus, an increasing salt concentraDon of the sample decreases the 

separation capacity of an ITP system. As can be concluded from the results summa

rized in Table 3.3, targetcompoundsin sample matrices with salt concentrations up 

to 20%, can be separated satisfactorily by selecting the proper combination of the 

ITP-separation oompartment and ITP operational system, in this study ITP oompart

ment 4 combined with ITP electrolyte system "C". 

From visual observation it was clear that in cases, where samples with high salt 

concentraDons were analyzed, the front-side of the zone of the test solutes was 

migrating in a zone electrophoretic mode at the beginning of the experiment. After a 

while the velocity of this front-side of the zone decreased. The back-side, migrating 

in an isotachophoretic way, joined the front-side and an ITP steady-state situation 

was reached. In some cases, i.e. when using campartment 1, part of the dyes 

migrated out of the oompartment before the isotachophoretic steady-state -for the 

remaining part of the dyes- could be obtained. So, to complete ITP separations 

attention bas to be paid to the ionic strength of the sample and the length of the ITP 

separation compartment. 

Table 3.3: The reeoverles of separations of HV A in aqueous samples with different 
NaCl concentrations; ree= recovery, rsd= relative standard deviation, n= number of 
experiments, ree= recovery, CHV A • concentration HV A. ITP procedure as described 
in §3.3. ITP and HPLC equipment as summarized in §3.2. 

Compartment 1 Compartment 4 Compartment 4 
CHVA % Naa system "B" system "B" system •c• 
[M] [w/w] 

rsd rsd n rsd ree n ree [~ n 
[%] [%1 [%1 [%] %] [%] 

5·to·3 0 92 2 s 
6·10·3 1.0 91 s s 89 6 5 

3·10·3 2.5 90 3 s 87 3 s 
4·10"3 5.0 56 -- 1 86 s 5 88 -- 1 

8•10"3 19.5 87 6 3 
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3.4.2 ITP-HPLC analyses of HVA in urine samples 

From the results listed in Table 3.3, one might expect that urine samples, which 

usually have a conductivity oomparabie to a NaCI solution of 2.5% (w/w), can be 

separated using oompartment 1 and operational system "B". But the separation 

capacity decreases with an increasing number of sample compounds, as discussed 

above. So, when the complexity of the urine matrix is taken into account, lower 

reeoverles can be expected, Both a blank and a HV A spiked urine/water sample, 1:1 

(v/v) were analyzed by HPLC with and without the ITP sample pretreatment. In this 

case ITP compartments 1 and 4 with operational system "B" were used. The results 

are summarized in Table 3.4. The resulting chromatograms are shown in Figures 

3.4 and 3.5. It can be concluded from the HPLC chromatograms that the urine 

sample contains a compound eluting with the same retention time as HV A, but that 

this compound is not present in the chromatogram after the ITP sample pretteat

ment The same conclusion can be drawn from Table 3.4, where the HPLC analysis 

of a urine sample spiked with 5·104 M HVA resulted in a recovery of 145% and 

94% withoutand with the ITP sample pretreatment, respectively. 

Table 3.4: The results of the analysis of HVA in urine/water samples (1:1); ree= 
recovery, rsd'"' relative sta11dard deviation, n= number of experiments, CHVA = con
centration HVA in sample. ITP procedure as described in §3.3. ITP and HPLC equip
ment as summarized in §3.2. 

~A 
[M] 

Direct HPLC Campartment 1 Campartment 4 
analysis system "B" system "B" 

---+--~~----~-+----~r---~--~1 

n ree 

? 0 

5·104 145% 2 78% 
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Figure 3.4: Analysis of a urine/water (1:1) sample by HPLC (left) and ITP-HPLC 
(right), the arrow indicating HV A. Time in minutes, ITP oompartment 4 and electrolyte 
system *B•. Range= 0.03 AUFS. ITP procedure as described in §3.3. ITP and HPLC 
equipment as summarized in §3.2. 

/ 

i 
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Figure 3.5: The analysis of a urine/water (1:1) sample spiked with S·lcr4M RVA, 
analyzed by HPLC (left) and ITP-HPLC (right), the arrow indicating HV A. Time in 
minutes, ITP compartment 4 and electrolyte system "B". Range= 0.03 AUFS. ITP 
procedure as described in §3.3. ITP and HPLC equipment as summarized in §3.2. 

45 
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3.5 lTP detection system in gel-packed beds 

Detection in open ITP systems is usually performed by UV:·absorption or conduc

tivity detection. Because conductivity detection systems for gel-packed columns were 

not available at the time, dyes were applied for visual detection of the test com

pounds. Figure 3.6 shows a chromatagram of a pretreated sample consisting of only 

bromophenol blue and methyl orange as the detection dyes .in the HV A experiments, 

resulting in a lot of interterences in this "blank" experiment. Indicated are peaks 

resulting from methyl orange (M), bromophenol blue (B) and the ITP system (S). 

The first system peak is, probably, the counter ion histidine. Consequently, for the 

ITP sample pretreatment experiments invalving complex sample matrices, the use of 

dyes to support visual detection should be avoided. 

s 
"" 

0 20 40 60 80 100 

time [mini 

FigUre 3.6: The chromarogram of an lTP pretreared sample containing ooly bromo
phenol blue and methyl orange. ITP procedure as described iD §3.3. ITP and HPLC 
equipment as summ.arized iD §3.2. M= methyl orange, B= bromophenol blue, S= 
system peak. Range= 4·10·3 AUFS. 
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3.5.1 Thermometrie tieteetion 

A thermocouple and a conductivity detector were constructed as detection system 

in the packed-bed ITP experiments. The thermocouple detector was constructed from 

a capper wire of 30 /Lm diameter and a constantan wite of 25 /Lm diameter, which 

were soldered tagether. This probe was folded into two PTFE capillaries. The upper 

side of this probewas closed by using glue (see Figure 3.7). The measured voltage 

(U), expressed in mV, is related to the temperature (7), expressed in "C, by: 

(3.1) 

The two constants K1 and K2 tumed out to be 21.7 "C, rsd 6%, and 3.4·10·2 

"C/mV, rsd 2%, respectively, for this thermocouple (n=l6). 

s 
w ~-------------w~ 

1 -----------------· ----· ___________ _J ~·--( 

W "" 2 -------

Figure 3.7: Schematic drawing of the thermocouple. C1,1= PTFE capiUaries, W1= 
constantall wire, W1= copper wire, S= solder point, G• glue. 

Table 3.5 summarizes the results from experiments using chloride/histidine 

(system "B") as the teading electrolyte and several compounds as the ITP ter

minating ion. In this table the temperature at the zone boundary between the leading 

and the terminating electrolyte are listed. The temperature of the terminating electro

lyte far beyond the boundary and the calculated relative step-height, related to MES 

as the terminating ion for the temperatures measured far beyond the boundary are 

listed too. In Figure 3.8 an isotachopherogram recorded with the thermocouple 

detector is shown. As can be concluded from these results, a thermocouple is not 

suitable as detection system for the applied gel-tilled separation compartments, 
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because the temperature adjustment of the isotachophoretically migrating sample 

zones is too slow. Consequently, the "isotachophoretic temperature" of a zone is 

only obtained for relatively long ITP zones. 

Table 3.5: Tbe thermometrie detection of the ITP zone temperatures for chloride/ 
histidine, pH 6.0, as the leading electrolyte and several compounds as the terminating 
electrolyte. Tbe temperature at the zone boundary (T 1), the temperature of the termina
ting electrolyte far beyond the zone boundary (T:a) and the calculated relative step-height 
based on temperature T2 and related to morpholino-ethanesulfonic acid (MES) as the 
terminating ion (RSH:a) are listed. Also presenled are the relative step-heights measured 
with a conductivity detector at a capillary ITP instrument (RSH"d). In the case of acetate 
and MES, the zone boundary was monitored by applying a dye. The temperature of the 
teading electrolyte was 30 "C. n= number of exper:iments. 1TP and HPLC equipment as 
summarized in §3.2. 

Terminating ion T, ("C) T2 ("C) RSH2 RSHcd n 

ponceau red 31 34 0.20 0.23 2 

acelate 32 37 0.35 0.29 1 

bromophenol blue 33 41 0.55 0.54 3 

MES 38 50 1.00 1.00 7 

T 

L 

Temp. 

T Time 

~ 
F'JgUre 3.8: Isotachopherogram recorded with the thermocouple detector. Sample con
sisled of 1 mM bromophenol blue, 1 mM methyl orange and 1 mM amaranth red. 
Sample volume 150 J.Û.. L= teading electrolyte, T= terminating electrolyte. ITP equip· 
mentand procedure as summarized in §3.2 and §3.3. 
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3.5.2 Conductivity dereetion 

Next, an AC·conductivity detector was constructed, based on the a.xial conduc

tivity detector reported by Evernerts et al. [26] (see Figure 3.9). Two pieces of 

platinum foil (5x5 mm, 10 ttm thickness) were glued onto, a high-voltage isolation 

foil of 100 ttm thickness, one on each side. This probewas moulded in an Europox/ 

Eurodur mixture (3:1) and hardened at 40 °C, The upper side of the detector was 

scoured and polisbed with sandpaper. Three positions were tested to mount the 

detector: horizontally undemeath the gel, horizontally on the top of the gel or ver

tically along side the gel. 

The resulting properties, like the response time and measured RSH, proved to be 

oomparabie with the AC-conductivity detector used in capillary isotachophoresis. 

Yet, some problems occurred when gas bubbles appeared on the platinum electrades 

or when the gel became too dry~ This was the case when the detector was mounted 

on top of the horizontally installed separation compartment. It was concluded that an 

AC-conductivity detector was the best option as a detection system in ITP experi

ments with gel supports. However, some limitations with respect to the electrical 

current applied during the ITP separation and the positioning of the detector still 

remain. 

ITP migration 
direction 
----------... -... ..:• 

electronics 

Figure 3.9: Schematic drawing of the AC-conductivity detector. D- distallee between 
tbe electredes (0.1 mm), W== widtb electrode (10 JUD), L= lenJlh electrode (5 mm), 
H= height electrode (5 mm). 
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3.6 Coupling of a gel-packed ITP system to an open ITP capillary 

3.6.1 Funnel-shaped interface 

In the previous experiments, the zones of interest were cut from the gel slab by a 

spatula and an additional desorption step had to be carried out, rnaicing the metbod 

laborious. As stated in the introduction, a direct on-line conneetion between the gel

packed ITP system and HPLC was not possible for reasons of incompatibility 

between the systems. We assumed that the use of non-packed ITP systems offers 

better possibilities for the on-line coupling to HPLC. Therefore, in this study an 

attempt was made to conneet packed ITP pretteatment systems to HPLC by using an 

open capillary ITP interface. 

Everaerts et al. [23-25] constructed a bifurcation campartment to couple a non

paclred ITP capillary of 0.8 mm I.O. to an lTP capillary of 0.2 mm I.O. A sche

matic presentation of this oompartment is shown in Figure 3.10. In this. study, a 

same kind of construction was used to conneet a packed ITP column (compartment 

5) with an open ITP capillary. In Figure 3.2 a schematic drawing of this model is 

shown. For the conneetion of the ITP column with the ITP capillary a funnel-shaped 

section was designed. In this funnel a number of holes were drilled at regular distan~ 

ces. A schematic drawing of this funnel sectionis presented in Figure 3.11. 

··--··· 0.8·-----· 

1 
0.05 

---•0.2•----· 

Figure 3.10: Schematic presentation of 
the bifurcation block. Sizes in m.m. 

-..1....-
-14-

Figure 3.11: Schematic drawing of the 
funnel section used to conneet ITP 
compactment ·s• or "6" witb the ITP 
capillary. Sizes in m.m. 
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Due to the holes in the funnel the fust ITP separation can be performed in the 14 

mm packed column, applying a relatively high electric current of some mA. When 

the resulting · stacked zones have migrated to the top of the funnel, then the electric 

power is switched from power supply 1 (PSl) to power supply 2 (PS2), which will 

deliver an electric current of 200 p.A. As a result the zones will migrate down the 

funnel into the capillary tube. The packed ITP column is positioned horizontally and 

the upper side is left partly open (see oompartment "5" in Figure 3.1), which facili-

. tates the filling and cleaning of this column. The sample was introduced in the gel

free section "S" of the packed-bed (see Figure 3.2), either mixed in the gel support 

or as a gel-free solution, indicated as methods 1 and 2, respectively. The cellulose 

acetate membranes, adjacent to oompartment "S", prevenled disturbances of the gel 

support. Introduetion of a sample volume of 2 mi of a solution of the dyes, using the 

first method, or 3 ml using the second method, resulted in sharp zones in the 

column compartment. When 10 ml of this sample were introduced. in oompartment 

"S", using the gel-free metbod the ITP steady-state was not reached due to sample 

overload of the system. 

A volume of 3 ml of this sample was separated in the packed ITP column section 

of the ITP equipment, and did, after switching the power supplies, migrate into the 

open ITP capillary. However,· this migration occurred at the costof severe mixing in 

the . funnel-shaped part of· the ITP oompartment The separation obtained in the 

packed ITP column section, which resulted in sharp zones, was lost by this mixing 

process. 

3.6.2/njluence ofthe angle ofthefunnel section 

As the angle of the funnel was believed to influence the mixing process, a num

ber of experiments were carried out using flat. separation compartments (see Figure 

3.1, "6"). These consisteel of funnel-shaped parts with various angles ranging from 

30° to 180°. In these tunnels the voltage gra.dient was measured to obtain infor

mation about the homogencity of the electric field. In Figure 3.12 the voltage 
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gradient measured in a funnel of 180° is presented as an example. Because of the 

small voltage drop at the outer region of the gel-packed funnel, with respect to the 

voltage drop in the centre region, part of the zones will tend to migrate straight 

ahead instead of in the direction of the stem of the funnel. This could be verified by 

the isotachophoretical migration of a dye using the same separation compartment, 

which is schematically presented in Figure 3.13. As a consequence of this migration 

behaviour, a lot of mixing occurred in the funnel section. The voltage gradients and 

the ITP migration behaviour were also measured in funnel sections with a smaller 

angle. In these funnel sections V -shaped zones were formed and in some cases the 

zones migrated through the holes in the funnel. The smaller the angle of the funnel, 

the more the zones of the test compounds tended to migrate through these holes, but 

the less the zones showed V -shaped formations. 

Figure 3.12: Voltage gradient measured in a 180° funnel. X-axis: radial distance, Y
axis: axial distance, Z-axis: measured voltage. Values are in arbitrary units. Reference 
point ([x,y,z] =[0,0,0]) at the entrance of the capillary section. Right: exploded view. 

1 1 1 1 1 1 1 

l'l 

Figure 3.13: The migration of a 
zone in a 180° funnel. 
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Even when applying the funnel with the smallest angle (30°), no sharp zones 

were obtained in the capillary section. As discussed, the use of compartment "3" 

(Figure 3.1), which can be considered to be a large funnel with an angle of 37°, 

proved to be successful, just like the bifurcation oompartment of Everaerts and 

Verheggen (a funnel of 180°). Therefore, a provisional conclusion was that the 

electric current density may well influence the zone reconstruction after the mixing 

of the zones in the funnel-shaped section. 

3.6.3 Electric current densityin thejûnnel section 

Next, the influence of the electric current density in the funnel section was 

studied. Using the most promising 30° funnel, the electric current density during the 

ITP-ITP experiments was varled by a factor of 2.8, applying an electric current of 

0.9 up to 2.5 mA. Forthese experiments the smaller part of the ITP oompartment 

was also tilled with the gel and connections to the catbode and anode compartments 

were made using household tissues. The distornon of the stacked ITP zones became 

acceptable at electric current values larger than 1.5 mA. At these currents the 

mixing of the zones that still occurred could be corrected by the separation capacity 

of the ITP process in the small part of the ITP compartment. From theory no clear 

explanation for better zone formation at increased electric current densities is avail

able. The thickness of the zone boundaries even increases when the temperature rises 

due to the high electric current. Therefore, zone sharpness should decrease by 

increasing the electric current density in ITP systems. Possibly a relation exists 

between the isotachophoretic self-correcting property and the electtic current in non

homogenous, funnel-shaped electric fields. When applying a current of 1.5 mA to an 

open ITP capillary of 1.0 mm LD. boiling of the electrolytes will occur. Therefore, 

solving the mixing problems encountered in this study by using a high electtic 

current was not an realistic option. 
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3.6.4 Conclusions 

Despite extensive experiments and several modifications to the ITP-separation 

systems, the coupling of gel-filled ITP compartments to open lTP capillaries by use 

of a funnel-shaped interface was not successful. The only available way to praeeed 

in this direction, is a more extensive study of the backgrounds of ITP in non-homo

geneous electtic fields, to understand the mixing phenomena and, then, to develop 

altematives. 

3. 7 Conclusions 

Experiments discussed in this chapter show that it is necessary to select the 

proper combination of the lTP separation oompartment and the lTP electrolyte 

conditions, to obtain a satisfactory ITP-HPLC analysis of compounds in complex 

sample matrices. It is also possible to isolate compounds from complex sample 

matrices with reeoverles up to 90%. The overall recovery determined in this study 

for the off-line ITP-HPLC combination, using HV A as the test compound, was 90% 

(rsd 4%, n=42). Also, the recovery and the determination of the test compounds in 

samples of high ionic strength, equivalent to up to 20% NaCl solutions, showed 

satisfactory results. 

To replace dyes as a deleetion system in gel-packed ITP compartments a ther

mocouple is not suitable. However, conductivity detection proved to be a useful 

salution for the deleetion in packed ITP systems, if some conditions with respect to 

the applied electtic current and the positioning of the detector were met. 

Notwithstanding the possibilities of conductivity detection and the potentially high 

sample capacity, gel-packed lTP systems can not be coupled on-line with HPLC 

equipment. An interfacing device was constructed to couple the gel-packed lTP oom

partment to an open capillary ITP system. The main part of this device was a fun

nel-shaped section. However, in this device mixing of the sample zones occurred. 

Both the influence of the shape of the tunnel and the electtic current density in the 
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funnel were examined in this study. Mixing of the sample zones decreased with a 

decreasing funnel angle but even at an angle, of 30° no sharp sample zones were 

obtained. Increasing the electric current density in the funnel improved the ITP 

migration of the sample zones significantly. However, in order to obtain sharp zones 

the current should be increased to values which are not compatible with the open 

ITP capillary part of the interface. To understand and solve the occurring mixing 

problems, a further study will be necessary concerning the use of ITP in non-homo

geneous electric fields. 
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CHAPTER4 

ISOTACHOPHORESIS IN OPEN CAPILLARIES AS 

SAMPLE PRETREATMENT TECHNIQUE PRIOR TO 

LIQUID CHROMATOGRAPillC ANALYSIS1 

Summary 

The results of a study on the on-line coupZing of isotachoplwresis (ITP) and 
liquid chromatography (HPLC) are presented. First, the possibililies of thls tech
nique are demonstrared by the coupling of an ITP capillary of 1. 0 mm I.D as the 
sample pretreatment seclion conneered toa HPLC column of 4.6 mm I.D. Because 
the injeclion volume of the ITP equlpment is limited to 30 p.l, the ITP sample pre
treatment step concerns the seleclivity of ITP in this case rather than a sample 
preconcentration. For the ITP-HPLC inteiface a non-metallic rotor dlsc valve was 
used. This valve slwwed good performance with respect to the electric shieldlng and 
no extra band broadening was introduced in the HPLC analysis step. However, the 
maximum pressure of that valve was restricted to 55 bar. 

Next, attention was paid to impravement of the ITP-HPLC inteiface with respect 
to the pressure limitalion and the applicability in micro-bore HPLC. Therefore, a 
second rotor disc valve and some new types of commercially available HPLC valves 
were tested. Next to the rotor disc valves only one valve of VICI-Valco met the 
requirements placed on ITP-HPLC inteifaces. 

By peiforming ITP column-coupling rogether with miniaturisation of both the ITP 
equipment and the HPLC equipment, the full advantage of the isotachophoretic 
concentrat/on effect was pursued. Here, the ITP equipment consisred of a capillary 
of 1.0 mm l.D. conneered toa capillary of 0.3 mm l.D. by a bifurcalion compart
ment. The HPLC analysis was peiformed on packed .{used silica capillaries of 0.32 
mm l.D., which were connected on-line to the ITP pretreatment section. Problems 
related to detection sensilivity and analysis time using this approach will be dis
cussed. 

To demonstrate the potentlal of ITP-HPLC the herbleides bentazone, prometryne, 
desmetryne and paraquat in river water, drinking water and bank-jUtered suiface 
water samples we re analyzed. From the results of this study it can be concluded that 
on-line ITP-HPLC offers high seleclivity for the analysis of compounds from complex 
samples. 

An ITP study with respect to the separalion of the anionic humic substances 
present in water samples revealed that the commercial available humlc acids of 
Fluka and Aldrich are not representalive as test compounds for ITP-HPLC studies of 

Part of this chapter has been publisbed [1,2]. 



58 Ch. 4: ITP in open capillaries as .... 

compounds in real water samples. In addition, some types of water samples con
tained such an amount of humic substances, that during the ITP pretreatment step 
only one mixed zone migrated in between the leading electrolyte and the temûnating 
electrolyte. 

4.1 Introduetion 

As already discussed in Chapter 3 in principle both paclred and open tubular 

isotachophoretic systems can be used as sample pretreatment techniques. In Chapter 

3 the possibllities of packed ITP were discussed. In this chapter the use of open 

capillary ITP systems is investigated. Several capillary lTP sample pretreatment 

systems have been reported in literature. The most simple modification was made by 

Schootset al. [3], ma.king a heart-cut of the ITP capillary tube to collecta sample of 

5 pl for subsequent HPLC analysis. The use of a valve [4-7] or a flushing cell [8] is 

based on the same principle. Kobayashi et al. [9] used a micro-syringe to withdraw 

the sample zones from the capillary after the ITP pretreatment step. Continuous 

elution systems, similar to those discussed for packed ITP systems, were also used 

[10-12]. A similar system was commercially available under the name Tachofrac 

(LKB, Bromma, Sweden). The on-line coupling of ITP and HPLC applying either 

one of the above-mentioned heart-cutting or continuous elution methods was ham

pered by the low pressure range of the valves and the extra band broadening intro

duced by the interfacing capillaries. 

Recently, Debets et al. [13-16] reported the on-line coupling of zone electro

phoresis as the sample pretreatment step prior to liquid chromatographic analysis. 

The CZE-HPLC interface constructed by Debets et al. consists of two serially 

positioned non-metallic rotor disc valves with an internal sample loop (Figure 4.1). 

In these valves a flat disc-like rotor is sandwiched between two disc-like stators. A 

number of holes were drilled straight through the PTFE rotor and the polymerie 

stators. The main disadvantage of these valves is the lirnited pressure range. Ishii et 

al. constructed a similar valve suitable for micro-bore HPLC [17,18] and also the 

Rheodyne Model 7520 sample injector [19] consists of a sandwiched disc-like rotor. 
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A disadvantage is tbat those valves are constructed of metal. 

In this chapter the results of a study on the on-line coupling of ITP with HPLC 

by use of rotor disc valves similar to the one used by Debets et al. are presented. 

The possibilities of some new types of commercially available HPLC valves as · 

potential ITP-HPLC interface were investigated too. 

It is inherent to the concentration effect of isotachophoresis that diluted samples 

will elute in small volumetrie zones. In cases where the injection volume in HPLC is 

. very limited the detection sensitivity can be increased by decreasing the inner dia

meter of the HPLC column as discussed in Chapter 2. So, the on-line coupling of 

ITP and micro-bore HPLC should have a high potenrial with respect to the detec

tability of compounds. 

The benefits of the ITP-HPLC technique were demonstrated in this study by the 

analyses of the herbicides bentazone, prometryne, desmetryne and paraquat in river 

water, drinldng water and bank-filtered surface water. 

6 7 

9 10 

F~gure 4.1: Scbeme of the ZEST valve. 1 = conneetion disc. 2= PTFE sample disc. 
3= Kel-F transfer disc. 4= PTFE injection disc. S= central a.xis. 6= switching bar of 
sample disc. 7= switching bar of injection disc. 8= switch position of switching bars. 
9= inlet cbannels. 10= outlet ehannels [4S}. 

4.2 Experimental 

Chemieals 

Benzoic acid, benzene, toluene, ethyl benzene, propyl benzene, butyl benzene, 

ponceau red, bromophenol blue, hydrochloric acid, sodium acetate, acetic acid, 

potassium hydrogen phosphate, ortho-phosphoric acid, urea, B-alanine, E-aminoca-
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pronic acid, sodium propionate, potassium glutaminate, sodium capronate, N-2-

hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), tris(hydroxymethyl)

aminomethane (TRIS), Mowiol and barium hydroxide were either from Merck 

(Darmstadt, Germany) · or Sigma (St-Louis, MO, USA). Methanol and acetonitrile 

were from FSA (Laboratorium supplies, Loughborough, England) and bentazone, 

paraquat, prometryne and desmetryne from Schmidt (Amsterdam, the Netherlands). 

Water was demineralized with a Milli-Q-Water Purification System (Millipore, 

Milford, MA, USA). Mowiol was purchased from Hoechst (Frankfurt, Germany). 

Isotachophoresis 

The capillary ITP experiments were performed in home-made instruments, 

equipped with a UV-absorption detector andlor an AC-conductivity detector [7]. 

Figure 4.2 shows a schematic presentation of the ITP equipment. Before use, the 

ITP equipment (left) was fûled with the terminating and leading electrolytes. Elec

trode compartment number 1 and the injection block (2) were tilled with the ter

minating electrolyte, by opening valve number 3. The bottorn electrode oompartment 

(5) and the separation capillary were fJ.lled with the leading electrolyte, by keeping 

valve 3 in the open position and closing and opening the two-way valves (6) at the 

top and the bottorn of the instrument, respectively. After repositioning valves num

ber 6, valve 3 was closed again. The sample was injected into the ITP injection 

oompartment through a septum, by use of a micro-syringe. The ITP separation was 

started by switching on the power supply. 

The ITP-ITP equipment (right) was filled in a similar way. The power supply 

was oonnected to the terminating electrolyte compactment (1) and the leading elec

trolyte oompartment (5) in the middle, in the fust instance. A specific time after that 

the conductivity detector (4) at top of the bifurcation block (8) monitors the sample 

zone, the power supply is disconnected from the electrode compartments. The ITP 

separation can be oontinued by oonnecting the power supply to eleètrode compart

ments number 1 and number 5, at the top and the bottorn of the ITP-ITP instrument, 

respectively. 

The constant driving electric current was delivered by either a model 807R 
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(Brandenburg, Thomton Heath, England), or a FUG HCN 35-35000 (Fug Electronk 

GmbH, Rosenheim, Germany) power supply. The detector output was recorded by a 

potentiometric recorder, type BD41 (Kipp & Zonen, Delft, the Netherlands) and a 

computer, type dt386sx (Tulip, 's-Hertogenbosch, the Netherlands) equipped with a 

home-made interface Multilab-TS. Data analyses were performed with Caesar (B

Wise software, Geleen, the Netherlands). The operational ITP conditions applied are 

listed in Table 4.1. Mowiol was added to suppress the electro-osmotie flow during 

the electrophoretic process. The relative step-heigbts of tbe test compounds in the 

applied ITP systems will be discussed in the following. 

2 2 

6 
3 3 

Figure 4.2: Schematic presentation of the ITP equipment. Left: lTP capillary of 1.0 
mm or 0.3 mm l.D. Right: ITP-ITP consisting of capillaries of 1.0 mm and 0.3 mm 
I.D. 1 = Electrode and terminalins electrolyte compartment, 2== injection compartment, 
3= valve, 4= conductivity detector, 5= electrode and leading electrolyte compartment, 
6 = two-way valve, 7 = cellulose acetate membrane, 8 = bifurcation compartment. 
Electric current applied 100 to 200 pA in the case of a capillary of 1.0 mm and 15 to 
60 p.A fora capillary of 0.3 mm. Inner diameter injection compartment.(2) 1.6 mm or 
0.8 mm for the ITP capillaries of 1.0 mm and 0.3 mm I.D., respectively. 
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Table 4.1: Operational systerns for isolachophoresis. The concentration and the pH refer 
to the aqueous phase. MES= morpholino-ethanesulfonic acid, HEPES= N-2-hydroxy
ethytpiperazine-N'-2-ethanesutfonic acid, TRIS = tris(hydroxymethyl)aminomethane, 
PVA= potyvinyl alcohol (Mowiol), DIT= di-iodotyrosinate, AHA= aminohexanoic 
acid. 

"pH 4.0" 

"pH 4.5" 

"pH 6.0" 

"pH 7.5" 

"pH5.1" 

"pH 5.1M" 
I) 

"pH 7.4" 
2) 

"pH 2.0" 

Electrolyte Leading ion 

teading chloride 

terminating capronale 

teading chloride 

terminating capronale 

teading chloride 

terminating MES 

teading chloride 

terminating HEPES 

_ _l~-d~L- _.E,~~!~~-
terminating gtycine!H+ 

teading potassium 
---------- -----------
terminating 

Conc Counter pH 
[M] ion 

1·10"2 E·AHA 4.0 

5·10"3 

1·10"2 

5·10"3 

sodium 

E·AHA 

sodium 

7.0 

4.5 

7.0 

1·10·2 histidine 6.0 

5·10-3 histidine 6.4 

TRIS 7.5 

Addi
tives 

PVA 

PVA 

PVA 

PVA 1·10"2 

5·10"3 TRIS 8.5 Ba(OHh 

1·10-2 acelate 

2·10"2 

1·10"2 

2·10"2 

acelate 

acelate 

acelate 

5.1 

4.5 

5.1 

3.0 

PVA 

PVA 

teading potassium 1·10-2 3,5-DIT 7.4 PVA 
---------- ----------- -------- --------
terminating TRIS acelate 7.0 

teading 1·10-2 chloride 2.0 PVA 

terminating TRIS 1·10"2 chloride 6.0 

1): solvent water/methanol 60:40 % (v/v), 
2): solvent water or water/methanol 95:5 % (v/v). 
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Liquid chromatography 

For the HPLC analyses several pumps, detectors, columns and injectors were 

used. For the conventional-bere and narrow-bore HPLC experiments a model 100A 

(Beckman Instruments, Palo Alto, CA, USA) or a model PU4100 (Unicam Ana

lytica! Systems, Cambridge, UK) HPLC pump was used. For the micro-bore ex

periments a Phoenix 20CU HPLC pump (Carlo Erba, Milan, Italy) was applied. 

The applied reversed-phase HPLC columns are listed in Table 4.2. In all cases 

the average size of the particles of the packing material was 5 ~tm. Detection was 

performed with either a UV-absorption, diode array UV-absorption detection (DAD) 

or a fluorescence-emission detector. These detectors are listed in Table 4.3. The 

HPLC injection valves used in this study are listed in Tables 4.4a and 4.4b. Details 

about these valves are discussed in. the text (§4.4). 

For the data output of the detectors a potentiometric reeorder, type BD41 (Kipp 

& Zonen), a model 2500 integrator (Merck-Hitachi) or a DT386SX computer (Tulip) 

equipped with a home-made interface Multilab-TS and the data software package 

Caesar (B-Wise software) was used. The data acquired with the model 2500 in

tegrator were handled with the data software packages D2500 and HPLC-Manager, 

both from Hitachi-Merck. The DAD detector was operated by a Unicam 286 com

puter, equipped with the software package PU6003 (Unicam). The acquired data 

were handled with the same computer and with the software package PU6000 

(Unicam). 

All chromatographic runs were performed at ambient temperature. The eluent 

consisted of aqueous phosphate or acetate buffers with methanol or acetonitrile as 

the organic modifiers. The eluent flows were in the range 0.2-1 mVmin, 0.1-0.4 

mi/min and 1-10 ~tVmin for the conventional-bore, narrow-bore and micro-bere 

columns, respectively. 
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Table 4.2: Columns used for HPLC analysis. Zorbax, Nucleosil and Rosil stationary 
phases purcbased from Rockland Technologies (New Port, DE, USA), Machery-Nagel 
(Duren, Germany) and Bio-Rad RSL (Nazeretb, Belgium), respectively. 

Manufacturer Statiooary pbase Column Dimensions 
{mm] 

Rockland Technologies Zorbax SB-CIS 4.6xl50 

Rockland Technologies - Zorbax RX -Cl8 4.6x150 

Rockland Technologies Zotbax ODS 4.6x1SO 

Rockland Technologies Zorbax SB-CIS 2.lxlSO 

Rockland Technologies Zotbalt RX-ClS 2.lx1SO 

home-packed Zorbax SB-CIS 0.32x43S 

home-packed Nucleosil CIS 0.32x415 

home-packed Rosil CIS 0.32x412 

Table 4.3: Detectors used for HPLC aoalysis. 

Manufaeturer Detector model flow cell 

Volume path lenght 
[p.IJ [mm] 

Jasco Spectroscopie, I00-111 s 10 
Ishikawa-cbo, UV -absorption 
Hachiojieity, Japan 

Jasco Spectroscopie 100-111 1 6 
UV -absorption 

Applied Biosystems, 78SA 2.4 6 
Poster City, CA, USA UV -absorption 

Applied Biosystems 78SA 0.04 I) s 
UV -absorption 

Unicam Analytica! Systems PU422S "linear type• 9 6 
Cambridge, UK UV -absorption 

Unicam Analytica! Systems PU422S "linear type• 0.035 0.24 
UV -absorption 

Unicam Analytical Systems PU4120DAD 
UV -absorption 

Hitaehi-Merck, FlOSO Fluorescence-
Darmstadt, Germany emmision 

1) U-shaped detector cell (LC-Packings, .Amsterdam, tbe Netbedands) 
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Table 4.4a: HPLC injection valves. Abbr= abbreviation, Vol= volume of the sample 
loop. 

Manufacturer Model Abbr. 

Rheodyne 4-way steel 7410 
(Cotati, CA, USA) 

Rheodyne 6-way steel 7125 

6-way steel 7125 20 

6-way steel N60 

4-way steel C14W 0.06 

Table 4.4b: ITP-HPLC interfaces. Abbr= abbreviation, Vol= volume of tbe sample 
loop, lenght= lenght of sample loop. 

Manufacturer Model Abbr. Vol 
[JLI] 

VICI-AG Valco Europe modified C14W MC14W 0.135 1.67 
(Schenkon, Switzerland) 

VICI-AG Valco Special I Sl 0.249 6.0 

VICl-AG Valco Special2 S2 1.178 6.0 

Rheodyne combination of K1400 2.0 5 
(Cotati, CA, USA) 9125 and 7725 

Free University Amsterdam rotor disk 3.9 5.0 
The Netherlands 

Free University Amsterdam rotor disk 0.245 s.o 

ITP-HPLC intelface 

65 

In Figure 4.3 an outline of the experimental set-up of both the ITP-HPLC and 

the ITP-ITP-HPLC equipment is shown. In both outlines the interface is indicated by 

"I". A number of non-metallic HPLC valves were studied as potential ITP-HPLC 

interfaces. These valves are summarized in Table 4.4b and indicated as MC14W, 

Sl, S2, K1400, RDl and RD2. Figure 4.4 shows a schematic presentation of these 

valves. Both Rotor Disc (RD) -valves were constructed of a PVDF (polyvinylidene-
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fluoride) rotor and two Arnite (polyether-etheneterephtalate) stators. The inner 

diameter of the holes through these rotor and stators is 1.0 mm for valve RDl and 

0.25 mm for valve RD2, while the length in both cases is 5.0 mm. The maximum 

pressure for both valves was 55 bar. The Rheodyne valve Kl400 was constructed of 

a polyethyletherketone (PEEK) stator, a cerarnic stator face assembly and a Tefzel 

rotor. The pressure limit of this valve is similar to common HPLC valves: 340 bar. 

The construction matenals of the VICI-Valco valves were polyalkyletherketone 

(PAEK) for the stator and Valcon E for the rotor. The maximum pressure of these 

valves was 140 bar. 

PS 
·--1 

ITP 
I sarll)le 

0 I 
I treatment 
I 
I • . • . 
I 
I • . ·----1 ·---1 

I 1-PLC 
analysis 

0 
____ } 

__ ..... . 
I ITP-ITP 

sample I treatment 
I 
I 
I 
I 
I 

! ___ ..J 

----ï 
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I 

0 ---.J 

Figure 4.3: Schematic presentation of the ITP-HPLC equipment. Top: ITP-HPLC, oottom: ITP-ITP· 
HPLC. E= electrode compartment, S= sample introduction, D= detector, IC= ITP capiUary, I= 
interface, P= HPLC pump, C= HPLC·column, B= bifurcation compartment, PS= power supply. 
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VICI-Valco ·s· 
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Figure 4.4: Schematic presentation of the non-metallic ITP-HPLC interfaces. From left 
to right: side view, front/back view, flow path 1TP position and flow path HPLC 
position. 

67 



68 Ch. 4: ITP in open capillaries as .... 

4.3 Coupling of ITP to conventional-bore HPLC 

At the start of this study, the only commercially available non-metallic high

pressure injection valve was from Rheodyne, type 9125 [19]. This valve is schema

tically outlined in Figure 4.5. When this injection valve is used as an ITP-HPLC 

interface, a large voltage drop occurs across the sample loop positioned between the 

ITP inlet and the ITP outlet connections of the valve. Because of this large voltage 

drop the major problem is the possibility of an electtic shortcut along the valve from 

ITP-inlet to ITP-outlet instead of an electtic field in the sample loop. Furthermore, 

the minimum length of the sample loop is several cm, which is too large for taking a 

selective heart-cut of the sample zones from the ITP capillary. Therefore, instead of 

the Rheodyne 9125 valve, we used the valve developed by Debets et al. [13-16]. 

This valve is indicated bere as Rotor Disc valve number 1. 

ITP INLET 

Figute 4.5: Schematic presentation of the use of a Rheodyne type 9125 injection valve 
as the ITP-HPLC interface. 

4.3.1 Rotor Disc valve number 1 

Valve RDl was manufactured at the mechanical workshop of the Free University 

at Amsterdam. Figure 4.4 shows a schematic diagram of this valve. The valve RDl 

is equipped with an intemal sample loop of 5 mm length, 1.0 mm LD., volume 

approximately 3.9 ~tl. First, this valve was tested and compared to a VICI-Valco 
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N60 and a Rheodyne model 7125 injection valve, equipped with a sample loop of 30 

and 20 p.l, respectively. In the HPLC step a conventional-bare l50x4.6 mm Zorbax 

ODS column was used with bentazone as test compound. In these experiments valve 

RD 1 showed good performance with respect to the absence of extra-column band 

broadening. However, the maximum pressure of this valve was 55 bart consequent

ly, the eluent flow was limited to 0.6 ml/min for the selected column. 

4.3.2 Detennination of the switching-time 

Once the isotacbophoretical steady-state bas been obtained at the time that the 

zones are passing the detectort the velocity of the zones wilt be constant and as a 

consequence, the time between passage of the detector of a zone and presence of it 

in the valve wilt also be constant. This time, which is indicated bere as the switch

ing-time (tJ, can be determined in two ways. 

The fust metbod to determine the proper switching-time is by · the ITP-HPLC 

analyses of identical samples while varying IS· When the peak area of the sample 

compound, m~ured in the HPLC chromatogram, is plotted against the switching

time, then a trapezoid-like curve will be obtained. Figure 4.6 shows a schematic 

presentation of such a curve. The times are indicated at which the front of the 

sample zone enters (fm) and leaves (fouJ the sample loop. In practice, for low con

centrations the ITP sample zone is too small to be recognized by the ITP conduc

tivity detector. In these cases, the position in the isotachopherogram corresponding 

to the relative step-height (RSH) of the compound, can be selected as the starting 

point for the switching-time. 

The second metbod to determine the switching-time is to measure the amount of 

either the teading or terminating electrolyte in the HPLC chromatogram. Because the 

terminator electrolyte does not influence the isotachophoretic velocity, and therefore 

the switching-time, the easiest way to perform this is by selecting a terminating ion 

which can be detected in the chromatogram, e.g. an UV-absorbing compound. When 

the ITP-HPLC interface is switched too early no terminating ion can be determined 
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in the chromatogram. At the time at which the boundary between the teading and the 

terminating electrolyte (UT boundary) enters the sample loop (tm), the amount of 

terminating electrolyte present in the HPLC chromatagram will start to increase. 

When the UT boundary leaves the sample loop (t0uJ, the amount of terminating ion 

in the chromatagram will become maximaL Figure 4. 7 shows a schematic plot of the 

peak area against the switching-time. 
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Figure 4.6: Schematic presentation of a 
switching-time response curve deter
mined using method 1. 
ljn = time at which the zone enters the 
sample loop, lout= time at which the 
zone leaves the sample loop. 
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Figure 4.7: schematic presentation of a 
switching-time response curve deter
mined using method 2. 
tin= time at which the boundary bet
ween the teading and the terminating 
electrolyte enters the sample loop, 
t011t= time at which the Lfr boundary 
leaves the sample loop. 

In both methods the time difference (~tJ between ~n and lout equals the ratio of 

the length of the sample loop (Lz00p) and the isotachophoretical velocity (vm>· If the 

length of a sample zone (Lzone> can not be neglected, compared with the length of 

the sample loop, the time that the zone migrates completely in the sample loop 

(t100%) is: 

t _ (4x,p - LZDM) 
100~ -

Vm 
(4.1) 

Due to the concentrating effect in ITP the concentration in a sample zone approxi

mates the concentration of the teading ion, i.e. 10 mM. Therefore, for dilute 

samples, as in our case, Lzone ~Lloop• and the proper switching-time is the mean of 
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tin and t0111• As an illustration Figures 4.8 and 4.9 show tbe response curves obtained 

for tbe analyses of bentazone as tbe test compound and benzoic acid as tbe termina

ting ion. 
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Figure 4.8: Switching-time re&JlODSe curve detennined by ITP-HPLC of 5 J.ll of a 
solution of bentazone of 4.S·l<r'M, using metbod 1. Relative peak area of bentazone in 
the chromalogram is plotted against the switching. time. ITP electrolyte system "pH 
1.S", cutrent: 245 pA, lTP capillary: lSOxl.O mm, HPLC column: 150x4.6 mm 
Zorbax ODS, Eluent: aqueous phospbate buffer (5 mM, pH 3.0) and ACN (70:30), 
Flow 0.6 mllmin, UV-absorption 230 nm. 
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F~gure 4.9: SWitching-time response curve determined by ITP-HPLC, using benwie 
acid as the terminating electrolyte, using metbod 2. Peak area (A/25) and height (H) of 
benzoic acid in the chromatagram are plotteel against the switching time. ITP electrolyte 
system: "pH 4.0", current: IS pA, ITP capitlary: 150x0.3 mm, HPLC column: 
435x0.32 mm Zorbax SB-Cl8, Eluent: aqueous phosphate buffer (5 mM, pH 3.0) and 
ACN (70:30), Flow 1 1'1/min, UV-absorption 230 nm. 
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It is obvious that the time interval necessary for a sample zone to migrate en

tirely in the sample loop (t100r.,). decreases with an increase of the ITP migration 

velocity, which in turn is proportional to the electric current applied. In these cases 

the determination of the proper switching-time is hampered by the detection of the 

begin of the switching-time in the isotachopherogram. This is illustrated in Figure 

4.10, where all experimental conditions are similar to those of Figure 4.9 with the 

exception of the electric current which was 30 p,A instead of 15 p.A. 

Because the ITP migration velocity depends on both the composition of the 

leading electrolyte and the electric current density applied, the switching-time should 

be adjusted if these parameters are changed. This correction can be performed by 

determining the migration time of a dye over a discrete distance in the ITP capillary, 

before and after the adjustment. lt is evident that in applying an additional conduc

tivity detector, all ionic compounds can be used to determine the zone velocity in the 

ITP capillary. 

+ H 0 A 

450 
0 00% 

+I..,. t; 

360 cl 0 

~l 
.. 75% 

'" 270 /o 
+ / 

i~ 
50% 

1so·r: </1 

bs% '-f= ó /0 
I-

90 i 5 I 
0 ' 0% 

180 190 200 210 220 230 240 250 

switching time (seconds) 

Figure 4.10: Switching-time response curve determined as in Figure 4.9 with an electric 
cuerent of 30 p.A. 
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4.3.3 ITP-HPLC analysis 

The repeatability of the ITP-HPLC analyses system was determined by the 

analysis of bentazone samples of 5 #-'1, 4.5·1o-6M. These samples were injected into 

the ITP system with a micro-syringe. The relative standard deviation of these ex

periments was 7.1% (n=ll). 

In order to optimize the injection volume of the ITP-HPLC equipment under 

study, bentazone samples of a constant concentratien were analyzed using injection 

volumes from 2.5 #'I to 40 1-'1. The zone formation in this system was also studied by 

the analysis of different sample volumes of ponceau red under the same experimental 

conditions and observed by visual detection. Injection volumes up to 45 1-'1 of the 

dye resulted in sharp zone boundaries. However, the repeatability of the measured 

peak areas and peak heights of bentazone decreased (rsd> 10%), when injection 

volumes larger than 30 pl were applied. 

The minimum detectable concentratien of bentazone (S/N=2), which was deter

mined by the injection of 30 1-'1 of aqueous bentazone solutions in a concentration 

range 5.0·10"7M to 3.2·10-8M, was 2·10·8 M (= 4.8 pg/1). As an example the 

signals detected in the isotachopherogram and the corresponding HPLC chromato

gram are shown in Figure 4.11 for the analysis of a bentazone sample of 5 pl, 

2.5·10"7M. The electrio current was 245 pA and ITP electrolyte system "pH7.5" 

was used. 

In this isotachopherogram the leading electrolyte (chloride), the terminating 

electrolyte (HEPES) and a zone of carbonate are shown. In the same figure, the 

position where the bentazone zone passes the detector is indicated by an arrow. As 

discussed in §4.3.2 this relative step-height position of bentazone is taken as the 

starting point of the switching-time. Carbonate is present in this isotachopherogram, 

because a leading electrolyte at pH 7.5 was used for these analyses. Por applications 

using the ITP-HPLC equipment described in these sections see §4.6. 
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Figure 4.11: Isotachopherogram of lTP sample pretteatment and the oomsponding 
HPLC cbromatogram of the ITP·HPLC analysis of S ~-tl of a bentazone sample of 
2.5·10"7M. lTP capillary: 150xl.O mm; HPLC column: 150x4.6 mm Zorbax ODS; 
Eluent: aqueous phosphate buffer {S mM, pH 3.0) and ACN, 70:30; Flow 0.6 ml/min; 
UV -absorption 230 nm. 

4.4 Perfonnance of some potential interfacing valves for ITP-HPLC 

At the time this study was started, only one Rotor Disc valve was available as a 

possible HPLC-ITP interface. More recently a second rotor disc valve, indicated as 

RD2, became available. The disadvantages of these valves, i.e. the pressure limit of 

55 bar and the Jack of for automatic control, have already been mentioned. To 

evereome these problems, and to avoid electric short cuts and disturbances of the 

migrating ITP zones, both VICI-Valco and Rheodyne, prominent manufacturers of 

HPLC valves, were contacted to develop new valves for ITP-HPLC interfacing. 

The contacts with VICI-Valco resulted in the ftrst instanee in a version of a 

C14W valve constructed from polymerie materials. This polymerie injection valve, 

which will be indicated in this study as MC14W, is a four-way HPLC valve, where 

one of the slotsin the rotor serves as the sample loop (see Figure 4.4). The MC14W 

injection valve was especially developed for micro-bore HPLC, because in this 

technique injection volume of only several hundreds of n1 are used. In addition to 

this. valve, a new prototype of a HPLC valve was recently constructed, in which the 
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sample loop is drilled straight through the rotor. The principle of this valve, which 

is indicated here as either S1 or S2, is outlined in Figure 4.4. Again the stator and 

the rotor were constructed of polymerie matenals with a high electtic resistance. 

Due to the modifications, the upper pressure limitforthese three VICI-Valco valves 

was decreased from 340 bar to approximately 140 bar. 

Rheodyne combined some non-metallic parts of a type 9125 and a type 7725 

injection valve. This modified valve, which is indicated as "K1400", is also pres

. ented in Figure 4.4. 

For all three VICI-Valco valves, the Rheodyne valve and the two Rotor Disc 

valves, the HPLC performance was compared with that of common metal injection 

valves. These valves were also tested with respect to their electtic shielding proper

ties. Because these valves became available at different times during this study, they 

could not be tested under exactly the same experimental conditions. 

4.4.1 Rotor Disc valve number 1 

The use of the RDl valve for conventional-bore HPLC and the performance of 

this valve in an electtic field were already discussed in §4.3. In addition, this valve 

was also compared to some commercially available HPLC injection valves for the 

combination with narrow-bore, 150x2.1 mm HPLC columns. Both a standard 

Rheodyne 7410 injection valve, equipped with an internal sample loop of 5 /Ll, and a 

standard Rheodyne 7125 valve, equipped with a sample loop of 1 /Ll, were used for 

comparison. For UV-absorption detection, a conventional flowcellor a narrow-bore 

flow cell (Jasco) was used. Benzene derivatives and bentazone were used as the test 

compounds. The eluent flow was 0.1 mVmin. After reduction of extra-column band 

broadening by minbnizing the dimensions of the conneetion tubes, the RD 1 valve 

showed results similar to both the standard 7410 and 7125 injection valves. The 

reduced plate heights were 2.5 and the peak asymmetry factor (a.f.) at 10% of the 

peak height [20] was 0.94-1.4. For the 7125 injection valve equipped with a sample 

loop of 20 ~tl, strong tailing (a.f. > 1.5) and an increased reduced plate height of 3. 8 
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were observed, due to overloading of the HPLC columns. 

As discussed in Chapter 2, when the injection volume is very limited, the signal/ 

noise ratio can be improved by decreasing the column diameter of the HPLC col

umn. This is demonstrated for the analysis of a mixture of alkylbenzenes of 5·10-5M 

each, applying the RDl valve of 3.9 J.d and Zorbax SB-C18 columns of either 

150x4.6 or 150x2.1 mm. In both cases detection was performed with the conven

tional UV-absorption flow cell of Jasco. The eluent consisted of a mixture of 

methanol and water, 75:25 (v/v) and the flow rates were 0.4 mllmin and 0.1 mllmin 

for the 4.6 mm I.D. and the 2.1 mm I.D. column, respectively. 

The results of these experiments are shown in Figure 4.12. When the 4.6 mm 

I.D. column was applied, a reduced plate height of 2.3 and a peak asymmetry factor 

(a.f.) of 1.4 were measured for the fifth compound, while with the 2.1 mm LD. 

column, the reduced plate height and the a.f. were 3.0 and 1.2, respectively. The 

detection sensitivity increased approximately a four-fold, when using the 2.1 mm 

I.D. insteadof the 4.6 mm I.D. column, which is in good agreement with theory. 

The limit of detection (S/N =3) is 5·1o-6M for alkylbenzenes on the 150x2.1 mm 

column. 

0 10 20 30 40 50 

time [min] 

Figure 4.12: HPLC analysis of 3.9 11L of a mixture of alkylbenzenes, S·lO"sM, injected 
using valve RDl and HPLC Zorbax SB·C18 columns of either 150x4.6 mm (top) or 
150x2.1 mm (bottom). 
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4. 4. 2 Rotor Disc valve munber 2 

The performance of valve RD2, loop volume 245 nl, was compared with the 

standard valve VICI-Valco model Cl4W, loop volume 60 nl for the use in micro

bore HPLC. The test sample consisted of a mixture of alkylbenzenes and UV-ab

sorption detection was performed using an on-column flow cell (PU4225 detector). 

For the HPLC analysis a Rosil-C18 column of 412x0.32 mm was used. The eluent 

flow was 1 or 2 ~tl/min. The performance of the RD2 valve was oomparabie to that 

of the Cl4W valve. The reduced plate height of the columns was about 2. 7 and the 

peak asymmetry was 1.0 to 1.1. 

Under the experimental conditions the limit of detection was 5·10-5M. Using a 

U-shaped flow cell of 8 mm path length, the limit of detection even decreased one . 

decade. However, during use the sensitivity gradually decreased by a factor of ten. 

Flushing with solvents temporarily restored the sensitivity, but only by a factor of 

four. The main drawback of valve RD2 is the pressure limit of approximately 55 

bar. 

4.4.3 VICI-Valco valve MC14W 

The MC14W valve is a polymerie version of the C14W valve. Not surprisingly, 

the HPLC performance of the MC14W valve is comparable to that of the Cl4W. 

Using either bentazone or alkylbenzenes as the test compounds, reduced plate 

heights of 2.8 and peak asymmetry factors between 1.0 and 1.5 were measured. To 

test the electric shielding properties of the MC14W valve operatingat high pressure, 

it was positioned in an ITP apparatus and connected to the HPLC instrument. To 

determine possible ITP migration disturbances, these ITP tests were performed with 

ponceau red as the test compound. In these experiments no disturbances of the ITP 

migration behaviour and no problems with respect to the electric shielding of the 

valve were observed. 
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4.4.4 VICI-Valco valve Sl 

The volume of the sample loop of valve Sl is approximately 250 nl. Therefore, 

the performance of Sl was compared to the standard Cl4W injection valve, using 

bentazone as test compound. The results obtained with Sl were comparable to those 

obtained with the standard HPLC injection valve. The reduced plate height of the 

415x0.32 mm column, at a flow rate of 2 ILllmin, was 2.5 and the peak asymmetry 

was between 0.8 and l.O. A drawback of this valve is that a flushing procedure is 

required in order to avoid a sample injection, when turning the valve into the load 

position. Whén the valve is positioned in the inject position some sample may enter 

the by-pass by diffusion or leakage. Therefore, before repositioning the valve, the 

by-pass should be purged by a minimum amount of eluent. 

4.4.5 VICI-Va/co valve S2 

The sample volume of valve S2 is approximately 1.2 ILl. As calculated and 

discussed in Chapter 2 such sample volumes can only be injected onto columns of 

0.32 mm I.D. when on-column focusing is applied. To test S2, experiments were 

carried out with bentazone as test compound and a HPLC column of 415x0.32 mm. 

The test results of valve S2 were not satisfactory. Only at sample concentradons 

near the detection limit of 3·10"7M, Gaussian-shaped peaks were obtained. At higher 

sample concentradons the peaks showed severe fronting. The reduced peak heights 

were in between 2.8 and 3.5. The asymmetry factor ranged from 0.45 to l.O. 

Moreover, after a number of experiments the valve showed serious leakage pro

blems, probably due to rotor problems. Therefore, this valve was not tested in com

bination with larger inner diameter columns. 
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4.4. 6 Rheodyne valve K14fXJ 

The Rheodyne valve K1400 was tested for its compatibillty with narrow-bore, 

150x2.1 mm HPLC columns. Again, benzene derlvatives were used as the test 

compounds. For UV-absorption detection a conventional flow eelt was used. The 

reduced plate height was about 3.0, while the asymmetry factor was approximately 

1.2. To test the possible use of this valve for ITP-HPLC experlments, it was posi

tioned in an ITP apparatus. Due to the formation of air bobbles it was not possible 

to obtain a stabie ITP system. The bubbles were formed in the valve as a result of 

the distorbed electrlc field by the construction of the sample loop. So, this valve can 

not be used as ITP-HPLC interface. 

4.4. 7 Summary 

From the results of the experlments described above, it can be concluded that 

with the exception of valves S2 and K1400 all the investigated valves showed satis

factory results and, therefore, are potential interfaces for ITP-HPLC. The most 

important results of the tests are summarlzed in Table 4.5. 

4.5 Coupling of lTP to narrow-bore and micro-bore HPLC 

The application of micro-bore HPLC techniques should be considered when using 

ITP a:s on-line sample pretteatment in HPLC, because the sample volumes, . after 

heart-cutting from the ITP system, are very limited. The overall sensitivity of the 

analytical system not only depends on the inner diameter of the HPLC column, but 

a:lso on the injection volume introduced into the ITP-separation system. As discussed 

in §4.3, tbe maximum ITP injection volume is 30 f'l of the ITP instrument applied 

(a capillary of 1.0 mm I.D.). However, the inner diameter of the ITP capillary 

should be adapted when sample loops with inner diameters smaller than 1.0 mm, i.e. 
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Table 4.5: Test results for non-metsllic injection valves. h= reduced plate heigbt, a.f.= 
asymmetry factor. 

Name column dimen· Test b a.f. Comment 
sions (mm) mixture 

MC14W 43Sx0.32 bentszone 2.9 l.S none 
43Sx0.32 alkylbenzenes 2.8 1.0 

Sl 41Sx0.32 bentszone 2.5 0.9 flushing proce-
dure necessary 

S2 41Sx0.32 bentszone 2.8-3.S 0.4S-l.O leakage 

RD2 412x0.32 alkylbenzenes 2.7 1.1 pressure limit 
SS bar 

K1400 lSOx2.1 alkylbenzenes 3.0 1.2 no stsble ITP 
system 

RDl alkylbenzenes 2.4-3.0 ,).0-1.2 pressure limit 
ss bar 

alkylbenzenes 2.4 0.9·1.4 

the valves MC14W, Sl and RD2, are used. Due to the reduced diameter of the ITP 

capillary, the maximum allowable inner diameter of the ITP injection oompartment 

decreases too. Therefore, the maximum ITP injection volume decreases using valves 

MC14W, Sl or RD2. 

Using ITP-ITP column coupling (coupling of e.g. a capillary of 1.0 mm I.D. 

before the smaller ITP capillary) the larger ITP injection oompartment can be used 

again. In Table 4.6 an overview is presented of the estimated detection sensitivities 

for different ITP-HPLC configurations. These estimations are based on experimental 

HPLC detection limits for alkylbenzenes discussed in sections 4.4.1 and 4.4.2. For 

bentazone it is assumed that the sensitivity is approximately 100 times larger than 

for the alkylbenzenes (log(e)= 4.4 (at 229 nm) and log(e)= 2.3 (at 254 nm) respec

tively). 
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Table 4.6: Estimated detection limits for bentamne analyzed with different ITP·HPLC 
configurations. 

ITP pretteatment HPLCcolumn Vmax [JLI] Detection 
dimensions [mm] limit (M) 

l.OmmiTP-> 150x4.6 30 2.6·10-8 

l.OmmiTP-> 150x2.1 30 (Î:5·10"9 

1.0 mm ITP -> 0.3m ITP ··> 400x0.32 30 I 4.1·10·9 I) 

0.3 mm ITP ··> 400x0.32 6 2.0•10"3 l) 

1) UV·absorption deleetion using an on-column flow cell. When applying a properly 
working U·sbaped detector cell, the limit of detection will decrease approximately one 
decade. 

4.5.1 Limitsof dereetion using a HPLC column of 4.6, 2.1 or 0.32 mm I.D. 

81 

In §4.3 the detection limit for the analysis of 30 ~-tl of a bentazone sample, with 

an ITP capillary of 1.0 mm I.O. and a HPLC column of 150x4.6 mm, was deter

mined to be 2•10'8M, which is almost identical to the estimated value given in Table 

4.6. Also, direct HPLC and ITP·HPLC analyses using a HPLC column of 150x2.1 

mm resulted in a detection limit for bentazone close to the estimated value. 

Contrary to the results with wider bore columns, the experiments using a HPLC 

column of 0.32 mm LD., the U-shaped flow cell and valve RD2 were less satis

factory. Direct HPLC analysis of 245 nl of bentazone samples resulted in a detection 

limit in the order of 10'7M. However, the detection sensitivity decreased as a func

tion of time. After a number of experiments, the detection limit of the direct HPLC 

measurements with 245 nl injections came close to 1·10-6M for bentazone. The 

estimated limit of detection for the analysis of bentazone samples of 30 J.tl and 6 pl 

using ITP-ITP-HPLC or ITP-HPLC, respectively (as in Table 4.6), would then 

equal 8·10"9M or 4·10-sM. 
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4.5.2 ITP coupled to micro-bore HPLC using valve RD2 or valve SI, respectively 

Because of the satisfying results obtained with valve RDl for ITP-HPLC ex

perlments with HPLC columns of either 4.6 or 2.1 mm I.O., it seemed logical to 

start the ITP-micro-bore HPLC experlments with valve RD2, which had a smaller 

sample loop volume. The experlments were performed with a Teflon ITP capillary 

of 15dx0.3 mm as the sample pretreatment section and a Zorbax SB-C18 HPLC 

column of 435x0.32 mm. For the ITP separation electrolyte system "pH 4.0" was 

used. The HPLC eluent was a mixture of an aqueous phosphate buffer of 5 mM, pH 

3.5, and acetonitrile, 70:30 (v/v). For UV-absorption detection, at 230 nm, either 

the U-shaped or the on-column flow cell was used. The ITP injection block had an 

inner diameter of 0.8 mm; the maximum injection volume determined using a dye, 

is approximately 10 JLl. The switching-time was determined according to both 

methods discussed in §4.3.2, with bentazone as the test compound or benzoic acid as 

the terminating ion. Recovery experlments for 4.2 JLl of 6.2·10-5M samples of 

bentazone yielded reeoverles near 90%. By the ITP-HPLC analysis of injection 

volumes between 1 and 8 JLI of bentazone samples of 9.8·10'8M, the maximum 

injection volume for this ITP-HPLC equipment could be determined. For injection 

volumes up to 6 JLl the recovery was 96% (rsd 7%). For sample volumes larger than 

6 JLl the rsd increased. To test the reproducibility of this system, bentazone samples 

of different concentrations were analyzed. From the results summarized in Table 

4.7, it can be concluded that, with one exception, the relative standard deviation is 

less than 8%. Probably, the high reeoverles at the low concentrations are due to 

impurities in the system. We also observed that the isotachophoretic velocity, i.e. 

the switching-time, changed with time. Other problems were frequent blocking of 

the ITP channel in the RD2 valve and the occurrence of cross contamination. 

The results of experiments with valve Sl are comparable to those with valve 

RD2, the pressure limit being approximately 140 bar. 
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Table 4. 7: Repeatability of ITP-HPLC of bentazone sample using valve RD2. Ree= 
recovery, rsd= relative standard deviation, n = number of measurements. 

Concentradon [M] ree[%] G[%] 

~I 7.7·10"8 95.2 17 

9.8·lo-S 95.6 7 6 

7.7·10'7 82.5 - 2 

7.7·10·7 70.6 7 8 

7.7•10'7 84.5 8 7 

9.8·10"7 74.2 6 6 

9.8·10·7 95.9 5 6 

7.7-10-6 80.0 - 2 

7.7-10-6 76.6 5 s 

4.5.3/TP coupled to micro-bore HPLC using valve MC14W 
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Use of the MC14W valve resulted in an unexpected switching-time response 

curve. This curve was determined twice by the analysis of 2.05 ~-tl samples of a 

bentazone solution of 5.8·1<JÓM. For the ITP separation, electrolyte system "pH4.0" 

and a capillary of 0.3 mm LD. were used. The injection volume was 2.05 ~-tl. For 

the HPLC analysis, a Zorbax SB-Cl8 column of 435x0.32 mm was used. 

In Figure 4.13 the peak height divided by the maximum peak height, indicated as 

the relative peak height, is plotted against the switching-time for both experiments. 

In both cases the maximum recovery did not exceed 38% and the response curve 

tailed. 

Too smalt a sample loop or too high an electric current could both serve as an 

explanation for this phenomenon. Ho wever, decreasing the electric current from 30 

~-tA to 10 ~-tA did not improve the recovery or the shape of the curve. Also, a de

crease of the sample concentration from 5.8·10-6M to 2.3·10-SM did not improve the 

recovery. Moreover, in these experiments a poor repeatability made it difficult to 

determine the proper switching-time response curve: actually, the reeoverles ranged 

from 0% to 400%, withoutHers up to 800%! 
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The geometry of the sample loop is supposed to be the main cause for the ob

served results. The entrance and the exit of this interface have a rectangular shape, 

while the loop itself is convex; this probably causes a disturbance of the homoge

neity. of the electtic field. Consequently, the isotachophoretic migration and a proper 

zone development are disturbed . 
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Figure 4.13: Detector response curves for tbe determination of tbe switching-time 
("first method"), in case ITP-HPLC interface valve MC14W, using a bentazone solution 
of S.S·lo-6 Masthetest sample ("fint metbod"). Eluent: aqueous phosphate buffer of 
5·10-3M, pH 3.5, and ACN, 70:30 (•) or 60:40 (•) (v/v); UV-absorption: 230 nm, U
shaped flow cel!. 

4.5.4 ITP-ITP-HPLC experiments 

The maximum sample capacity of the ITP injection oompartment applied is only 

6 pl, using 0.3 mm I.D. ITP capillaries. Increasing the sample capacity of this oom

partment by increasing the inner diameter, from 0.8 mm I.D. to 1.6 mm I.D., as 

used in the experiments with 1.0 mm I.D. ITP capillaries, was not possible because 

the differences in diameters disturb the isotachophoretic migration. Using "column

coupling" equipment [21-23], a larger amount of ana.J.yte can be introduced selec

tively into the small capillary. Here, this design was used to conneet an ITP capil

lary of 1.0 mm I.D. to an ITP capillary of 0.3 mm I.D., which subsequently was 

connected to the HPLC equipment by ITP-HPLC interfacing valve RD2 or Sl. In 
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this way the 1.6 mm I.D. injection oompartment could be used again and so sample 

volumes up to 30 ~tl could be analyzed by ITP-ITP-HPLC. The results of these ex

periments were quite similar to those obtained with the coupling between 0.3 mm 

ITP capillary and the 0.32 mm HPLC column: the reeoverles for the bentazone 

samples ranged from 60 to 80%. Compared to an ITP capillary of the 0.3 mm I.D., 

the volume of the electrolytes in the ITP-ITP equipment is large. Therefore, the 

ITP-ITP system was even more sensitive to interferences in the electrolytes, which 

formed ITP zones between the leading and the terminating electrolyte. Special care 

had to be taken in preparing these electrolyte solutions for that reason. The analysis 

of a "real" sample applying this specific ITP-ITP-HPLC set-up is described in the 

next section. 

4.6 Some applications 

This section · describes some examples of the analysis of anionic and cationic 

pestleides in drinking water, river water and bank-fi.ltered surface water using on

line ITP-HPLC (§4.3). All these samples were preconcentrated with either Solid 

Phase Extraction (SPE) or Liquid-Liquid Extraction (LLE). In almost all the cases, 

the samples were spiked with the test compounds after the extraction, because this 

study did not concern the extraction procedure. 

These SPE or LLE extractions were performed at the laboratory of KIWA N. V. 

Research and Consultancy, Nieuwegein, the Netherlands. By SPE, the water samples 

were extracted by the use of a C18-modified silica or styrene-divinylbenzene (ST

DVB) stationary phase and eluted with either ethyl acetate or cyclohexane. The 

eluates were evaporated under a nitrogen atmosphere and the samples were redis

solved in 1 mi of water. A detailed discussion about SPE will be presented in Ap

pendix 2. In the case of an LLE extraction 1,000 mi of the sample were extracted 

twice with 100 m1 ethyl acetate. The ethyl acetate was evaporated and the sample 

redissolved in 1 ml water, the enrichment factor thus being 1,000 for LLE; for SPE 

enrichment valnes between 1,000 and 40,000 were reached. 

! 
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Next to xenobiotic compounds, water samples contain much naturally occurring 

organic materiaL This organic material, mainly humic substances, is formed by the 

decay of dead organisms. Humic substances consist of a large number of compounds 

all present in a very low concentration. These compounds can be divided into dif

ferent groups based on their solubility characteristics. Figure 4.14 presents an 

overview of this sub-division [25]. Another less frequently used metbod is a division 

of humic substances with respect to their origin. So far, no clear theory about the 

possible interactions and exchanges between the different groups of humic substances 

bas been developed. A lot of these compounds can change their aggregation state 

and precipitate, hydrolyse and biodegrade, where also the presence in a colloidal 

system is possible. Humic substances are probably composed of lignin, carbohy

drates, proteins, phenols and some metal ions. The centre of the 3-dimensional 

molecular structure is dense and the outer layers form a more open structure. By 

element analysis only smalt differences between the humic acid and the fulvic acid 

group can be determined [24] (see Table 4.8). Much research bas been publisbed 

with respect to the characterisation of humic substances with Size-Exclusion Çhro

matography (SEC) [25]. Usually, two specific groups can be distinguished in SEC 

chromatograms: one with a weight distribution ranging from a few hundreds to 

several thousands molecular weight <Mw> and a second group ranging from several 

thousands to some millions Mw. These groups are associated with fulvic acids and 

humic acids respectively. For a more detailed discussion about humic substances the 

reader is referred to [24-26]. 

Table 4.8: Element analysis of humic and fulvic acids [24]. 

Element[%] 

c H N s 0 

humic acid 56.2 4.7 3.2 0.8 35.5 

jGvicacid 45.7 5.4 2.1 1.9 44.8 
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Figure 4.14: . Schematic presentation of humic substances present in several types of 
water samples. 1= American terminology, 2== German definition [25]. 

4. 6.1 Anionic compounds 

• Bemazone 
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The anionic herbicide bentazone was selected to examine the applicability of the 

ITP·HPLC approach for the analysis in real samples. This pesticide, which is not al· 

lowed in water retrieval areas, bas a maximum allowable concentration in drinking 

water of 0.1 pgll. This is regulated by the EC drinking water directive (801778/EC), 

while the World ~Health Organisation (WHO) uses a limit of 25 pg/1 and the 

American Environmental Proteetion Agency (US·EPA) allows 17.5 pg/1. The highest 

concentration (22.4 pg/1) measured in the Netherlands was determined in the river 

Rhine in· September 1987 as a result of an accident at the Oerman concern BASF. 

Bentazone is highly soluble in water, 500 mg/1, and the sodium salt 480 gfl, bas a 

molecular weight of 240.3 g/mole and a PKa value of 3.20. In Figure 4.15 the 

chemical structure of bentazone is presented. At a pH of 4.0, when the dissociation 

degree is 0.86, the mobility of bentazone was determined2 by capillary zone elec· 

trophoresis at 21.7+0.49·T [in 10·9 m2/V·s], where T is the temperature in °C. The 

2 Fused silica capillary, SO pm I.D, Lde~=432 mm, ~1=SOS mm, Voltage drop 
20 K.V, Electrolyte: S·lo-3 M Tris/ acetate, pH 4.0. 
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relative step-heights of bentazone in the electrolyte systems "pH 4.0", "pH 4.5" and 

"pH 7.5" are 0.60, 0.81 and 0.57, respectively. For more information about 

bentazone and the presence of bentazone in water the reader is referred to [27-29]. 

H 

(i( ~,r2 

~·' 11 CHICH3l2 

0 

Y~gUre 4.15: Structure of bentazone. 

Using an ITP-HPLC apparatus consisting of an ITP capillary of 1.0 mm I.D., 

valve RDl and a HPLC column of either 4.6 or 2.1 mm I.D., a number of ben

tazone-spileed river water and drinking water samples were analyzed. These samples 

were preconcentrated by LLE or SPE, with resulting a concentration factor of 1,000 

to 40,000. 

In order to study the ITP separation of bentazone in river water, a Rhine water 

sample, was extracted with ethyl acetate at pH 2, yielding an enrichment factor of 

1,000. Because of the low detection sensitivity of the ITP analysis, this extract was 

spileed with 24 mg/1 bentazone, based on the volume of the extract. From this spileed 

sample 5 pl were analyzed with analytica! ITP equipment using electrolyte system 

"pH 7.5". From the results presented in Figure 4.16, it can be concluded that in the 

lTP separation of bentazone, propionic acid (RSH = 0.49) and · morpholino-propane

sulfonic acid (RSH= 0.76) act as ITP spacers. 

A Rhine water sample was spilred with 0.3 pg/1 bentazone. This sample was 

extracted by LLE, yielding a enrichment factor of 1,000. Samples of 30 pl of this 

extract were analyzed with the ITP-HPLC equipment described in §4.3, using an 

lTP capillary of 1.0 mm I.D. and electrolyte system "pH 7.5". For the HPLC 

analysis a column of 4.6 mm I.D. was used. RDl was used as the interfacing valve. 
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Figure 4.16: Isotachopberogram of a bentazone spikeel Rhine water extract of 5 ~-tl witb 
0.1 14l 0.1 M pentanoic acid and 2 pl 0.01 M MOPS as ITP spacers. The sample was 
spikeel witb bentazone to a concentratien level of approximately l·lo-"M, after tbe 
extraction. Lower trace: conductivity detector, upper trace: UV-absorption detector (254 
nm). OperationaJ system "pH 7.5". L= leading electrolyte (chloride), P= propionate, 
B= bentazone, M= MOPS, T= terminating electrolyte (HEPES). 
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The results were compared with the direct analysis of 30 J.tl of the same sample 

under identical HPLC conditions. In Figure 4.17 the chromatograms obtained after 

the direct HPLC analysis (dotted line) and after the ITP-HPLC analysis (solid line) 

are shown. Obviously, a strong reduction of the intertering background of this 

sample was obtained. The concentration in the sample is 3 times the EC drinking 

water limit. From the signal-to-noise ratio, it appears that the present procedure is 

sufficiently sënsitive to determine bentazone below the maximum allowable con

centration. 

Tbe repeatability of the ITP-HPLC analyses of these real samples was not as 

good {rsd • 30%) as that of the ITP-HPLC analyses of aqueous standard solutions of 

bentazone (typically rsd= 7%). This was probably the result of the limited sepa

ration power of the ITP equipment used. The recovery of bentazone in the spiked 

river Rhine sample, calculated from the ITP-HPLC analysis, was 80-167%. 



90 Ch.4: ITP in open capillaries as .... 

10 • . 
A 

9 \ r 
a \ r! 

~ V\/\ 
1 7 \'I 
0 'J I .... 6 ' I.() /' \ 

\ * 5 

.§ \. '-., 
4 .... 

i 3 

111 2 

0 
0 5 10 15 20 25 

time (min) 

Figure 4.17: Chromatograms of the direct HPLC (dotted line) and ITP-HPLC (solid 
line) analysis of 30 1'1 of extracts of river Rhine water. The arrows indicate bentazone. 
Befure extraction the sample was spilred with bentazone, 0.3 l'g/1. UV absorption was 
measured at 230 111'D, 0.005 AUFS. HPLC column: 150x4.6 mm Zorbax ODS. Eluent: 
aqueous phosphate buffer (5 mM, pH 3.0) and ACN, 70:30. 

Bank-filtered surface water was extracted on an XAD-4 column at pH 2, yielding 

a concentration factor of 40,000. The eluate, ethanol, was diluted with water by 

1:40. So, the fmal enrichment factor was 1,000. This extracted sample was spiked 

with 4.8 mg/1 bentazone. The ITP-HPLC analyses were carried out with electrolyte 

system "pH 4.0" (Table 4.1) and the equipment as described in §4.3, an lTP capil

lary of 1.0 mm I.D. and valve ROL The subsequent on-line HPLC analyses of the 

lTP zone were performed under gradient conditions as given in Table 4.9, with 

HPLC columns of 150x4.6 mm or 150x2.1 mm. For detection both a diode array 

UV-absorption and a fluorescence-emission detector were used. Although the HPLC 

equipment was not optimized for 150x2.1 mm columns, the detection limit for 

bentazone was stilllower than for 150x4.6 mm columns. Figure 4.18 presents the 

chromatograms of ITP-HPLC analyses of 20 1'1 of extracts of bank-flltered surface 
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Table 4.9: HPLC gradient of solvent A 
(H1010.01 '1b H3POiO.Ol% HAc (v/v)) and 
solvent B (acetonitrile/0.01% HAc (vlv)). 
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Figure 4.18: ITP-HPLC analysis. of 20 p,l of a SPE extracted, pH 2, bank-filtered 
surface water sample. The concentration factor was 1,000 and the sample was spiked, 
after extraction, with 4.8 mgll bentazone; Dotled line: 150x4.6 mm Zorbax SB-ClS 
HPLC column, flow rate 0.6 mi/min. Solid line: 150x2.1 mm Zorbax SB-CIS HPLC 
column, flow rate of 0.15 mi/min. UV -absorption: 219 nm. 
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Figure 4.19: Direct HPLC (dotted line) and ITP-HPLC (solid Iine) analysis of 20 p,l of 
a SPE extracted bank-fittered surface water sample spiked with bentaz.one to a con
centration of 4.8 mg/1, after extraction. Left: UV-absorption deleetion (À= 219 run), 
right: fluorescence-emission deleetion <X.x= 340 nm, Xem• 430 nm). Other experimen
tal conditions as in Figure 4.18. 
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water,using Zorbax SB-CIS columns of 150x4.6 mm and 150x2.1 mm. UV-absorp

tion detection was measured at 219 nm. The reeoverles of bentazone were 91% and 

95% for the 4.6 mm I.D. and 2.1 mm I.D columns respectively. In Figure 4.19 the 

chromatograms of the direct HPLC and the ITP-HPLC analysis of 20 1.d of the bank

filtered surface water sample are compared, using the same experimental conditions 

and a HPLC column of 150x2.1 mm. The recovery of bentazone of the ITP-HPLC 

experiment is 95% compared to direct HPLC analysis. As can be concluded from 

both the UV-absorption and the fluorescence-emission chromatograms, a strong 

reduction of the humic background of this water sample was obtained. However, 

interlering humic compounds still show up in the chromatograms. The addition of 

ITP spacers, like lactate, acetate and succinate with RSH values of 0.43, 0.67 and 

0.53, respectively, to improve the ITP pretreatment step, reduced the interlering 

background in some cases. However, at the sametime the recovery of bentazone de

creased. Apparently, the sample contained such an amount of humic compounds, 

that the separation capacity of the ITP analysis was notadequate to achleve the ITP 

steady-state situation. 

The bentazone-spiked bank-filtered surface water sample described above was 

also analyzed using the ITP-ITP-HPLC equipment discussed in §4.5.4. A sample of 

20 J.Ll was injected at the top of the 1.0 mm LD. ITP capillary. After the frrst sepa

ration the bentazone containing zone was transferred to the second 0.3 mm I.D. ITP 

capillary. The electric current was 100 J.LA and 15 J.LA, respectively. For the ITP 

separation electrolyte system "pH 4.0" was used. As can be concluded from the iso

tachopherogram shown in Figure 4.20, a large mixed zone was migrating between 

the leading and the terminating electrolyte. The part containing bentazolle of this 

mixed zone was injected into the micro-bore HPLC system using interfacing valve 

RD2. A chromatagram of this analysis is presented in Figure 4.21. 

Although bentazone could be detected its recovery in these experiments did not 

exceed 19%, while severe fronting occurred due to a concentration overload of the 

HPLC system. The water sample was spiked to a fmal concentration of 2·10-5M 

bentazone, so an injection volume of 20 J.Ll contains 4·10-10 mole of this compound. 

The experimental recovery (19%), indicates that 7.6·10-11 mole was injected in the 
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Figure 4.20: ITP-ITP separation of 20 pl of an acidic extract of a bank-fittered surface 
water sample, spiked with 4.8 mg/1 bentazone. L= Ieading electrolyte, T= terminating 
electrolyte. 
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Figure 4.21: ITP-ITP-HPLC analysis of the same sample as in Figure 4.20. HPLC 
column: 43Sx0.32 mm Zorbax SB-CIS; UV-absorption: 230 nm, U-shaped flow cell; 
Eluent: aqueous phosphate buffer (5 mM, pH 3.5) and acetonitrile, 70:30. Flow rate 2 
~-tl/min. B = bentazone. 
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HPLC system. This is comparable to the direct HPLC analysis of 245 nl of a stan

dard sample of approximately 3·104 M. However, such a high concentration would 

overload the chromatographic system and result in fronting peaks. This is especially 

true for the Stabie Bond stationary phase having a relatively low specific surface 

area. 

Using an ITP-HPLC system containing an ITP capillary of 1.0 mm I.D, 150x2.1 

mm HPLC column and valve RD 1, two drinking water samples were analyzed. For 

the ITP separation electrolyte "pH4.0" was used. The HPLC analysis was performed 

under gradient conditions as listed in Table 4.7. The drinking water samples were 

extracted using Cl8-modified silica at either pH 10 or pH 2,which gave concentra

tion factors of 1,000. After the extraction, these samples were spiked with bentazone 

(4.8 mg/1). The HPLC analysis was performed using a 2.1 mm I.D. column. The 

use of lactate as an ITP spaeer and acetate as the terminating electrolyte improved 

the results, because these samples contained less humic compounds than the bank

filtered surface water and Rhine water samples. In Figures 4.22 and 4.23, the 

chromatograms of the analyses of 20 pl of these two samples are presented. The 

reeoverles of the ITP-HPLC analysis compared to direct HPLC analysis for the basic 

and the acidic extracts were 76% and 77%, respectively. In both cases the fluor

escence-emission chromatograms showed a significant reduction of the interlering 

background. Usually, a basic extract of a water sample contains less humic material 

than an acidic extract. This is also noted when comparing Figures 4.22 and 4.23. 

Comparing Figures 4.23 and 4.19 it is obvious that the drinking water extract 

contains less humic substances than the bank-filtered surface water sample. Next toa 

reduction of the humic background in the basic extract, a reduction of the number of 

intenering co-eluting compounds after the ITP pretreatment is also observed (Figure 

4.22, fluorescence-emission signal). 
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Figure 4.21: Direct HPLC (dotted line) and ITP-HPLC (solid line) analysis of 20 ~tl of 
a SPE extracted drinking water sample. The extracts were spikeel with bentazone (4.8 
mg/1). SPE procedure at pH 10. Left: UV-absorption detection (>.= 219 run). Right: 
tluorescence-emission detection <Xex= 340 run, Xem= 430 run). 
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Figure 4.13: Direct HPLC ( dotteel line) and ITP-HPLC (solid line) analysis of 20 ~tl of 
a drinking water extract spikeel with bentazone (4.8 mg/1) after extraction. SPE proce
dure at pH 2.0. Left: UV-absorption detection ().• 219 run). Right: tluorescence-emis
sion detection <Xex= 340 run, Àem= 430 nm). 
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- Humic substances 

Because of its low PKa value, bentazone is extracted from the water matrix at a 

low pH. At this low pH part of the organic material will be extracted too. Many 

studies have been devoted to the electrophoretic separation of humic and fulvic 

acids. Among the techniques used are (gradient) gel electrophoresis [30,31], ITP 

[32-38] and isoelectric focusing (lEF) [32,33]. Notwithstanding the good reproduci

bility of most of these experiments published, their significanee is not clear, 

especially in the case of lEF because humic material is not supposed to show a pi 

point [31,35]. 

To study the isotachophoretic migration behaviour of humic substances in the 

samples extracted by the "KIW A-method", four samples were tested: 

- Sample 1, extract of the lake Markermeer obtained after SPE on styrene-divinyl

benzene, at pH 7. The solvent used for desorption was ethanol. After desorption 

the ethanol was evaporated under a nitrogen atmosphere and the sample was 

redissolved in an aqueous solution of 12 mM KOH, pH= 12. The enrichment 

factor was 25,000. 

- Sample 2, an ethyl acetate extract obtained by LLE at pH 2, of samples from the 

river Rhine. After completion of the extraction the organic solvent was evapo

rated and the sample was redissoluted in an aqueous solution of 12 mM KOH. 

The enrichment factor was 1 ,000. 

- Sample 3, an aqueous solution of 1 g/1 of humic acids from Fluka, Mw 600-

1,000. 

- Sample 4, an aqueous solution of 1 g/1 of the sodium salt of humic acids from 

Aldrich. 

The isotachophoretic migration behaviour of these samples was determined using 

the ITP electrolyte systems "pH 4.5", "pH 6.0" and "pH 7.5". The ITP equipment 

consisted of a Teflon capillary of 0.45 mm I.D. and was equipped with both a UV

absorption and a conductivity detector. The isotachopherograms showed that the 

samples 3 and 4 did not migrate like the "real" samples and, consequently, could not 

be used as test mixtures in further ITP-HPLC experiments. This can be explained by 
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assuming that the migrating compounds in samples 1 and 2 mainly are of fulvic 

acids. These conclusions support the experimentsof Baxter [31], who also concluded 

that the commercially available humic acids can not be used as test mixtures instead 

of "real" humic substances. The isotachopherograms of both the Markermeer sample 

and the Rhine sample are quite similar: Only one mixed zone was migrating between 

the teading and the terminating electrolytes. Obviously, the sample capacity of the 

ITP system applied was not sufticient to separate the large number of humic com

pounds present in the samples in more specific zones. As an example, an isotacho

pherogram of the separation of 2 tLl of the Markermeer sample in electrolyte system 

"pH 7.5" recordeet with an UV-absorption and a conductivity detector is shown in 

Figure 4.24. Besides a concentration difference of approximately 25 between the 

Markermeer and the Rhine water samples due to the sample pretreatment, more 

acetate was found to be present in the Rhine water sample too. Remarkably, hardly 

any compound with a higher effective mobility than acetate was found in either 

sample 1 or 2. 

0 5 10 15 

time [min} 

Figure 4.24: ITP separation of 2 1-d of an extract of the lake Markermeer. Top: UV
absorption detection at 254 nm, bouom: conductivity detection. For the ITP separation a 
capillary of 200x0.45 mm and electrolyte system "pH 7.5" were used. Data acquisition 
was started 10 min after the beginning of the experiment. 
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Kaniansky et al. [37 ,38] demonstraled that the addition of polyvinylpyrrolydone 

(PVP)3 to both the teading and the terminating electrolyte influenced the effective 

migration of humic sub stances. However, in our study the addition of PVP in con

centrations of 0.1%, 1% or 5% (w/w) to the electrolytes did not influence the 

migration significantly. Ultrafiltration [41] of the samples, using cut-off filters of 

300 or 500 Mw (Amicon, lausanne, Switzerland), or the addition of urea as a 

denaturizing agent [30] did not influence the isotachophoretic migration of the humic 

substances either. 

From the results discussed above, it can be concluded that the extracted water 

samples contain a lot of smalt humic substances, which show high electrophoretic 

mobilities. These compounds were migrating in one large mixed zone, in which in 

many cases the target compounds are present too. Only when a large arnount of a 

test compound was added to the sample, an ITP zone could be determined. 

4. 6. 2 .cationic pesticides 

Similar to bentazone, the cationic herbiddes desmetryne, prometryne and para

quat also have a maximum allowable concentranon in drinking water of 0.1 p.g/1. In 

Figure 4.25 the structures of these compounds are presented. The triazine her

bicides, desmetryne and prometryne are slightly soluble in water, 2 and 0.2 mM, 

respectively. The pKb values are between 3 and 4 and the molecular weights are 213 

and 241 g/mole, respectively. The toxicity of these triazines is relatively low, but 

they are very stabie and persistent, and therefore, often show up in the environment. 

The dipyridilium compound paraquat (m= 178 g/mole) is a non-selective weedkiller 

and is toxic to humans and other animals (LD50=157 mg/kg for rats). Paraquat is 

well soluble in water and is permanently charged. Therefore, it is supposed to be 

very mobile in water. On the other hand paraquat adsorbs strongly to soil due to the 

positive charges and can be detected in agricultural areas several years after use. 

3 Polyvinylpyrrolydone is a complexing agent for polyaromatic compounds 
[39,40]. 
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Figure 4.25: Structures of desmetryne (left), prometryne (rigbt) and paraquat (middle). 

Prometryne and desmetryne 

To analyze desmetryne and prometryne in real water samples, the proper ex

perimental ITP and HPLC conditions had to be determined first. Both Stransky and 

Krivankova [42,43] reported the isotachophoretic analysis of triazines. Stransky used 

operational system "pH 5.1" with glycine as the terminating ion, while Krivankova 

et al. applied ITP system "pH 5.1M". However, the experimental conditions used by 

Stransk H+ is supposed to be the terminating ion and not glycine. The low con

centration of H+ -ions in this terminating electrolyte cause a high electric resistance 

of this ITP system. This was confmned by our experlments using this electrolyte 

system. For that reason the glycinate/acetate mixture was replaced by an acetic acid 

solution of 1·10"2 M. The relative step-heights of prometryne and desmetryne in this 

ITP system were 1.50 and 1.65, respectively. Using potassium acetate as the leading 

electrolyte at pH 5.1, and acetic acid as the terminating electrolyte at pH 4.5, 

aqueous triazine samples were analyzed using the ITP-HPLC equipment described in 

§4.3. 

From ITP-HPLC experiments with standard solutions the reeoverles of these 

triazines were between 40% and 85%, in the concentradon range 1·10·5 to 1·10"7 M. 

Because of these low reeoverles and the rather poor repeatability in these experl

ments, 40% of methanol was added to both the leading and the termirtating electro-
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lyte and the pH of the terminating electrolyte was decreased to 3. This system, 

indicated bere as "pH S.lM", is identical to the electrolyte system suggested by 

Krivankova et al.. In spite of the expected increase, the reeoverles of the triazines 

decreased to 25%. The discrepancy between our results and those of Stransky (85~ 

94% recovery) and Krivankova et al. (58~78% recovery) is not yet understood. 

Krivankova determined the triazines in milk extracts at a concentration level of 0.5 

mg/1 (2·lo-6M), using a SPE procedure with a Florlsil column. Stransky used LLE 

to extract the herbicides from water or soil samples, which were spiked in the con~ 

centration range 0.02 to 1 mg/1 {8·10-84·10-6 M). Both Krivankova and Stransky 

used analytical ITP todetermine prometryne and desmetryne. Possibly, the supposed 

instabllity of prometryne and desmetryne influenced our results [42,43]. Also ad

sorption to humic compounds present in the sample may have influenced the ex~ 

perlments. 

Next, using both the electrolyte systems "pH 5.1" and "pH 5.1M", both con

taining H+ as the terminating ion, some real water samples were analyzed. A rlver 

Rhine water sample was spiked with 27 basic and neutral pestleides in the concentra

tion range 0.04-1.6 p.g/1. Among these pestleides were desmetryne (0.20 p.g/1) and 

prometryne (0.20 p.g/1). This sample was extracted by LLE with an enrichment 

factor of 1,000. After the extraction the solvent was evaporated and the sample was 

redissoluted in water, after which 15 p.l of this sample were analyzed by the ITP

HPLC method. The chromatograms obtained were compared with the direct HPLC 

analysis of 6.5 p.l of the same sample. As an example two chromatograms are 

presented in Figures 4.26 and 4.27. Obviously, the ITP sample treatment resulted in 

a strong reduction . of the interfering background for both ITP systems. The reeov

erles for desmetryne and prometryne in both experlments were in the same order as 

those of the ITP-HPLC analysis of the aqueous standard so1utions and ranged bet

ween 25% and 80%. Note that Figures 4.26 and 4.27 are recorded using different 

HPLC eluent conditions, yielding to different retention times of the solutes. 
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Figure 4.16: Direct HPLC analysis of 6.5 "'l (dotted liné) and the ITP-HPLC analysis 
of 15 1'1 (solid fine) of an extract of river Rhine water. Before the extraction, the sample 
was spileed with 27 pesticides, including desmetryne and prometryne (0.2 p.g/1). SPE at 
neutral pH, enrichment factor 1,000. ITP capiUary: 150xl.O mm; 1TP electrolyte system 
•pH S.t•. UV-absorption: 220 nm, 0.015 AUFS. HPLC eluent: aqueous phosphate 
buffer (2 mM, pH 5.0) and acetonitrile, 60:40. HPLC column: 150x2.1 mm Zorbax 
SB-CIS. 
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Figure 4.27: Allalysis of the same sample and using the same ITP and HPLC conditions 
as in Figure 4.28. Only in this case ITP electrolyte system: "pHS.lM• and HPLC 
eluent: aqueous acetate buffer (2 mM, pH 5.0) and acetonitrile, 60:40. 
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Paraquat 

Because paraquat is always posidvely charged, a cadonic ITP electrolyte system 

at high pH can be used, which will result in a maximum selecdvity of the ITP pre

tteatment step. Stransky et al. [42,44] used a potassium/di-iodotyrosinate soludon, 

pH 7 .4, as the teading electrolyte and TRIS/acetate, pH 7, as · the terminadog elec

trolyte. In this pardcular ITP system, indicated as "pH 7.4", the reladve step-height 

of paraquat was 0.41. Forthese ex.periments the same equipment as described in the 

previous secdon was used. 

Samples of 15 p.l of standard soludons of 1·10-5 M paraquat were analyzed in the 

ITP-HPLC system and the results were compared with the direct HPLC analysis of 

5 p.l samples. In these experiments the reeoverles of paraquat were 20%. To study 

possible adsorpdon effects, 5% of methanol was added to both the teading and the 

terminadng electrolytes. The reeoverles now decreased further to 10%. Because 

paraquat is better soluble in water than in alcohols, the obseived decrease was at

tributed to adsorpdon effects involving paraquat, for instanee to the ITP equipment, 

due to the negadve r-potendal of the capillary wall, or to other compounds in the 

sample, i.e. humic compounds. Therefore, a number of experiments were carried 

out at a positively charged ITP capillary wall. To reverse the r-potendal of the 

capillary wall, electrolyte system "pH 2.0" was applied. Using this system, the 

reeoverles of paraquat were 20-25%. As also was the case with the analysis of the 

triazines, the discrepancy between our data and the results of Stransky, who obtained 

reeoverles of 65-102%, are not understood. As àlready mendoned, we attributed the 

decreased reeoverles of paraquat to adsorpdon effects. Sojo et al. [41] stated that the 

ultrafiltradon of samples containing paraquat was hampered by the presence of 

anions, chloride in particular. They assumed that the formadon of ion-pair com

plexes of paraquat and negative ions was the cause of these problems. Up dll now it 

is not clear whether the ITP separadon of paraquat is influenced by the presence of 

certain ions. 

Applying the ITP system "pH 7.4" again the spiked Rhine water extract, describ

ed in the previous secdon, was also analyzed for paraquat under the same experi

mental conditions. Therefor, the extract was spiked with 8·10-7M (0.2 mg/1) para-
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quat. In Figure 4.28 the chromatograms of the direct HPLC (dotted line) and the 

ITP-HPLC (solid line) analyses are presented. In these experiments the recovery of 

paraquat waspoor (15.4%) compared with the conesponding direct HPLC analysis. 

However, the selectivity and the repeatability (rsd=3.1 %, n=3) of the ITP pretreat

ment proved to be very high. 

c 
0 
+' 
0. 
0 
Cf) 

-g 

0 5 10 15 20 25 

time [min] 

Figure 4.28: Analyses of a Rhine water sample, extracted with a SPE method at a 
neutral pH. DirecUy 5 ~tl by HPLC (dotted line) and 15 pi by ITP-HPLC (solid line). 
After extraction the sample was spiked with 0.2 mgfl paraquat. UV-absorption: 258 nm; 
HPLC column: 150x4.6 mm Zorbax SB-C18 column. HPLC eluent: aqueous solution of 
7.5 mMsodium heptane sulfonic acid and 10 mM oftho.phosphoric acid, adjusted to pH 
3.0 with tri-ethylamine, and ACN, 85:15. Flow rate: 0.55 mi/min. 

4. 7 Conclusions 

In this chapter the on-line coupling of open capillary isotachophoresis as sample 

pretreatment before HPLC analysis is reported. Three of the tested high-pressure 

valves are suitable as ITP-HPLC interface. Rotor disc valve number 1 (RDl) allows 

coupling of an ITP capillary of 1.0 mm I.D. toa conventional-bore, 150x4.6 mm 

HPLC column. The second rotor disc valve (RD2) and VICI-Valco valve Sl can be 

used to couple an ITP capillary of 0.3 mm to micro-bore, 0.32 mm I.D. HPLC 

columns. Of these three valves the two rotor disc valves have the lowest pressure 
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limit, being approximately 55 bar. The pressure limit of S1 is approximately 140 

bar. In addition S1 can be operated automatically. From the experiments described 

in this chapter it can be concluded that S1 is the best valve for ITP-HPLC interfac

ing. 

With respect to the use of micro-bore HPLC columns of 0.32 mm, it was con

cluded that the improved detection sensitivity, predicted from theory, can be 

achieved. The U-shaped flow cells applied, gave good results initially, but the 

performance deteriorated with time. 

With the ITP-HPLC method, a number of river water, drinking water and bank

filtered surface water samples were analyzed. These samples were concentrated with 

either liquid-liquid extraction or solid-phase extraction, because the concentration to 

be detected is below the detection limit of the ITP-HPLC method. The samples were 

spiked with either bentazone, prometryne, desmetryne or paraquat. The results show 

that the selectivity of the ITP-HPLC technique is high, but that the repeatability of 

the method is not yet adequate. Moreover, we observed for some test substances in 

this study, viz. paraquatand triazines, a low recovery of typically 20%, compared to 

direct HPLC analysis. We attribute this effect to the large number of potentially 

interfering humic compounds present in water samples and possibly to adsorption 

effects. It can be concluded that the on-line coupling of ITP and HPLC may have a 

great potentlal as a trace analysis technique. However, further research should be 

focused on the elucidation of the decreased reeoverles and repeatabilities in the 

analyses of real samples. 

An ITP study, with respect to the separation of the anionic humic · substances 

present in extracted water samples, revealed that the commercial available humic 

acids of Fluka and Aldrich are no representative test mixtures for ITP-HPLC studies 

of real water samples. Some water samples contained such an amount of humic 

substances, that during ITP pretreatment only one mixed zone migrated between the 

leading and the terminating electrolyte. Therefore, the limited reeoverles for a num

ber of compounds in real samples must be attributed to the limited separation capa

city of the ITP pretreatment step. 
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In our opinion the on-line coupling of ITP with micro-bore HPLC · is a very 

promising technique, with respect to the high selectivity and sensitivity to be ob

tained. However, at the present, micro-bore HPLC analysis can not be operated in 

routine analysis. In the research on micro-bore HPLC analysis more attention should 

be paid to the ruggedness of the system, viz. the detector flow cell, the detection 

sensitivity and the quality and stability of the columns. 

From the results in this study, we concluded that the best experimental ITP

HPLC contiguration consists of an on-line combination of ITP with narrow-bore, 

150x2.1 mm HPLC column. A discussion about a number of components of the 

equipment will be presented in Appendix 1. 
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Summary 

CHAPI'ERS 

THE ISOTACHOPHORETIC DESORPITON OF 

ANIONIC COMPOUNDS FROM 

SOLID PHASE EXTRACTION SORBENrS1 

In this chapter the isotachophoretic desorption of anionic compounds from solid 
phase extraction (SPE) columns, is discussed. Octadecyl (C18) modified silica and 
Styrene-Divinylbenzene (ST-DVB) packings were used as the SPE sorbents. The 
isotachophoretic (ITP) desorption of the dye amaranth red from both the ODS and 
the ST-DVB sorbent showed good results with respect to zone formation. In distinct 
contrast, the ITP desorption of bromophenol blue resulted in a discontinuous desorp
tion and no distinct desorption zones · could be obtained. The ITP desorption of 
benzoic acid from the ST-DVB phase showed no reproducible results either, while 
the desorption yields of this compound from the ODS phase were signijicantly better. 
Adsorption and desorption experiments with MCPA and dieambo were peiformed 
using ITP-HPLC instrumentation. In these experiments no significant desorption of 
these pesticides could be obtained. The results of the ITP desorption experiments 
were compared with the co"esponding breakthrough volumes of the test compounds. 

5.1 Introduetion 

The application of High Performance Liquid Chromatography (HPLC) as an 

analytica! tooi to determine compounds in complex matrices or at low concentration 

levels, often necessitates a sample pretreatment step. As discussed earlier electro

phoresis can be used as an on-line sample pretreatment step for ionic compounds 

prior to HPLC analysis [2-4]. 

Another interesting application of electrophoresis includes the on-line combina

tion of this technique with Solid Phase Extraction (SPE). In SPE the compound is 

desorbed, after the sorption step, from the SPE sorbent by a strong eluent. An 

alternative way to desorb compounds from SPE sorbents is by applying an electric 

Part of this chapter has been publisbed [1]. 
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field across the SPE column. This technique is called electrodesorption. The ad

vantages of this technique, compared to SPE, are a more selective desorption in 

smaller desorption volumes. 

Recently a number of studies were reported on the use of zone electrophoresis to 

desorb proteins or antibodies from sorbents [5-11]. Also the combi.ned use of an 

electric field and a pressure-driven flow across and through SPE columns has been 

reported [6]. ClS-modified silica and Styrene-Divinylbenzene sorbents have been 

reported in solid phase extraction-electrodesorption (SPE-ED) experiments [12-20]. 

Both Cai et al. and Sioni et al. reported the use of organic modifiers as additional 

desorbing eluents for SPE-ED experiments. 

The use of isotachophoresis (ITP) to desorb proteins and polypeptides from high 

affinity stationary phases was first reported by . Prosik and KaSiëka [17-20]. The 

main advantages of ITP desorption compared to CZE desorption are the concentra

don effect and the resulting small desorption volumes. 

There are still a number of questions about the influence of an electric field on 

the interactions between compounds and stationary phases. Both Tsuda and Niessen 

reported a time-delay in attaining constant elution times in pseudo-electrochromato

graphy, when an additional electric field across a stabie chromatographic system was 

applied [21-23]. A change in the nature of the stationary phase by the electric field 

was assumed to be responsible for these observations. These latter observations and 

also those made in this study with respect to the electrodesorption of compounds, 

may be explained by the assumption that the electric field applied influences the 

interactions between compounds and sorbents. For example, when C18-modified 

silica is applied as the SPE-ED sorbent then the electric field may alter the interac

tions between charged compounds and the silanol sites at the silica surface. 

In addition, the electrodesorption may also be influenced by the electro-osmotie 

flow (EOF). As a result of the surface charge, an electro-osmotie flow (EOF) will 

generally occur in capillary tubes in electrophoresis. Simllarly, a packed-bed of a 

porous sorbent can be considered as a bundle of capillaries, in which an EOF will 

occur too. Because the channels and pores in packed-beds are not necessarily aligned 
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axially, there are still questions with respect to the homogeneity and stability of the 

EOF and the electric field strength therein. Probably, due to these phenomena the 

EOF in the channels will be reduced to · 50% of oomparabie values for open capil

laries [24,25]. 

In this chapter the results of the isotachophoretic desorption of a number of 

anionic compounds from Cl8 modified silica (ODS) and Styrene-Divinylbenzene 

(ST-DVB) as the SPE sarbents are presented. Benzoic acid, dicamba, MCPA and 

the dyes bromophenol blue and amaranth red were used as test compounds. Bromo

phenol blue and arnaranth red, were used to observe the ITP desorption process 

visually. Because of the limited detection sensitivity of the ITP equipment the ex

periments with benzoic acid as the test compound were performed in the 10·5M 

range. Also a number of experiments were carried out with the ITP desorption of 

the pesticides dicamba and MCPA, combined on-line with the ITP-HPLC pretreat

ment and analysis steps discussed in §4.3. To determine the conditions to load the 

SPE columns and to correlate the ITP desorption data with the sorption capacities of 

the SPE columns towards the test compounds, SPE breakthrough curves of the com

pounds were determined by HPLC. These experiments are described in Appendix 2. 

At the end of this chapter the results of the breakthrough and electrodesorption 

experiments are compared and discussed. 

S.Z Experimental 

Chemieals 

Benzoic acid (p'Ka= 4.2), bromophenol blue (p~= 4.0), ainaranth red, L-his

tidine, potassium hydroxide and hydrochloric acid were from Merck (Darmstadt, 

Germany). Methoxy,chloro-phenoxyacetic acid (MCPA, pKa= 3.2) and dicamba 

(pKa= 1.9) were from Schmidt (Amsterdam, the Netherlands). HPLC grade 

methanol and acetonitrile were from FSA (FSA Labaratory Supplies, Loughborough, 

England), polyvinylalcohol (Mowiol, Mw=44,000) from Hoechst (Frankfurt, 
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Germany), morpholino-ethanesulfonic acid from Sigma (St. Louis, MO, USA) and 

hydroxy-ethyl-cellulose (HEC) from Polysciences (Warrington, UK). Water was 

demineralized with a Milli-Q-Water Purification System (Millipore Waters, Milford, 

MA, USA). The 8 1-'ffi Styrene-divinylbenzene (ST-DVB) used as the packing mate

rials for the SPE-ITP experiments was from Polymer Laboratorles (Church Stretton, 

UK) and the 10 1-'m Cl8-modified silica, type Zorbax ODS, from Rockland Tech

nologies (New Port, DE, USA). The structures of benwie acid, bromophenol blue, 

amaranth red, MCPA and dicamba are presented in Figure 5. L 

Benzoic acid 

Bromophenol blue 

OH ..&:o 
'c~ 

I OH "";:.0 
CH 'c,... 

~~, ~~ 
MCPA Oicamba 

SOJ-Ja 

Amaranth red 

Figure 5.1: the stntctures of bromophenol blue, amaranth red, benzoic acid, MCPA.and 
dicamba. 
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Isotachophoresis 

The ITP equipment for the desorption experiments consisted of a home-made ITP 

apparatus [26] equipped with an in-line SPE column, two three-way valves (Hami

lton, Reno, NE, USA) and an AC-conductivity detector. Figure 5.2 shows the ITP 

desorption equipment with and without the counter-flow membrane pump. 

The inner diameter of the 13 cm long PTFE capillary was 1.0 mm (Alltech, 

Laarne, Belgium) and the electric current applied during the ITP desorption was 100 

p.A. Kel-F columns of 7x2 and 7xl mm were used for the ITP desorption experi

ments. These columns are indicated as columns I and II, respectively. The volume 

of column I is 22 mm3 and that of column II is 5.5 mm3• The SPE sarbents were 

positioned in the columns using two poly-ethylene frits, type A113, pore-size 2 p.m 

(Upchurch Scientific, Oak Harbor, WA, USA). Befare use, these columns are posi

tioned in a Tefzel low-pressure column cartridge bolder, type C283 (Upchurch 

Scientific). 

A number of ITP desorption experiments were performed using a home-made 

counter-flow membrane pump to increase the isotachophoretic desorption time. This 

pump was controlled by a power supply, model 807R (Brandenburg, Thomton 

Heath, England), which also delivered the constant driving electric current for the 

ITP desorption experiments. 

The output of the conductivity detector to monitor the ITP desorption process 

was recorded and processed with a computer, type DC268 (Tulip, 's-Hertogenbosch, 

the Netherlands) equipped with a home-made interface Multilab-TS. The data 

handling was performed with Caesar software (B-Wise Software, Geleen, the 

Netherlands). 

The ITP equipment was fllled with teading and terminator electrolyte similar to 

the metbod described in Chapter 4 (§4.2 "Isotachoplwresis"}. Only in this case the 

electrolytes were fllled up to the tree-way valves, number 9, at top and bottorn of 

the SPE column. The procedure foliowed for a complete loading experiment of a 

SPE column and the subsequent ITP desorption step is summarized in Table 5.1. 

The ITP electrolyte systems used for the ITP desorption of the test solutes are 

summarized in Table 5.2. Benzoic acid and the dyes were measured in electrolyte 
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system A and the pesticides in system C. Electrolyte system B was only used in ITP 

desorpdon experiments. with the membrane pump. Mowiol (PV A) or hydroxy-ethyl

cellulose (HEC) was added to the electrolytes, to suppress the electro-osmotie flow. 

The relative step-heights of benzoic acid, bromophenol blue and amaranth red in the 

electrolyte systems A and B were 0.43, 0.54 and 0.24, respectively. The relative 

step-heights of MCPA and dicamba in electrolyte system C were 0.31 and 0.45, 

respectively. 

2 
2 

F'Jgure 5.2: Schematic presentation of the ITP desorption equipment with and without 
the membrane pump. 1= term.inating electrolyte compartment, 2=injection block, 3= 
SPE column, 4= conductivity detector, S= teading electrode compartment, 6= mem
brane pump, 7= interface, 8= high-voltage power supply, 9= Hamilton two or three
way valve, 10= cellulose acelate membrane. 
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Table 5.1: The procedure for loading a SPE column with a test compound and the 
subsequent lTP desorption. 

Step Event 

1 Conditioning of the SPE-ED column witb 1 mi methanol 

2 Washing of tbe SPE-ED column witb 0.5 mi water adjusted to tbe 
appropriate pH. 

3 Loading of tbe SPE-ED column with a specific volume of an aqueous 
solution of a test solute; tbe solution was adjusted to tbe appropriate pH; 
the aample volumes ranged from O.S mi to 2.0 mi. 

D c~3lunllD with 0.25 mi water of the same pH as 

ith leading and terminating electrolytes. 

6 Starting of tbe ITP desorption process by tuming on tbe high-voltage 
power supply across the capillluy. Insome experiments the membrane 
pump was used to extend the desorption process. The lTP desorption 
experiments were performeel at a constant current of 100 p.A. 

Table 5.2: The eperationat systems for the isotachophoretic desorption experiments. 
MES= morpholino-ethanesulfonic acid, HEC= hydroxy-ethylcellulose, PVA= poly
vinyl alcohol, His= histidine, Ala= alanine. Concentradon HEC= 0.2% (w/w), Con
centration PVA= 0.05% (w/w). 

I Name Counter pH Additives 
ion 

A leading chloride 1-1o·2 His 6.0 HEC 
----------- --------· ----------

_____ ..., ___ ---- ----------
terminating MES 5•10'3 His 6.4 ---

B teading chloride 1.00·10"2 His 6.00 PVA 
----------- --------· ----------· --------- ---- ----------

terminating MES 6.54-10-3 His 6.43 --
c leading chloride 1·10·1 P·Aia 3.0 PVA 

----------- 1---------· 1----------- 1---------- r-;~- ----------terminating MES Ho·3 P·Ala --

ITP-HPLC experiments 

113 

The on-line ITP-HPLC apparatus consistedof home-made ITP equipment, com

mercial HPLC equipment, and rotor disc valve RD 1 as the interface. The ITP 

instrument is described in the section "Isotachophoresis". The HPLC instrument 

consisted of a model lOOA pump (Beckman Instruments, Palo Alto, CA, USA); a 
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model PU4225 UV -absorption detector (Unicam, Cambridge, England) and a model 

N-60 HPLC injection valve (VICI-AG Valco Europe, Schenkon, Switzerland). The 

pesticides MCPA and dicamba were detected by UV-absorption at 228 nm. The 

detector output was recorded by a potentiometric recorder, type BD41 (Kipp & 

Zonen, Delft, the Netherlands) and a computer, type DC268 (Tulip) equipped with a 

home-made interface Multilab-TS. The data handling was performed with Caesar 

software (B-Wise Software). The HPLC eluent in these experiments was a mixture 

of acetonitrile and an aqueous phosphate buffer of 5·to·3M, pH 3.5, 35:65 {v/v). A 

Zorbax SB-Cl8 column of l50x4.6 mm with 5 1-'m particles was used for the HPLC 

analysis (Rockland Technologies, New Port, DE, USA). All chromatographic runs 

were performed at ambient temperature using a flow rate of 0.2 mVmin. For more 

details about this valve and the ITP-HPLC equipment the reader is referred to §4.3 

of this thesis. 

5.3 Results and Discussion 

To study the efficiency of ITP desorption, amaranth red and bromophenol blue 

were loaded on the SPE columns according to the procedure of Table 5.1. The 

effluent from the SPE sorbents during the ITP desorption step, was monitored 

visually. Because of the visual inspection, no quanitative data are given. 

First, 1 ml of a solution containing 1·10-5M amaranth red and bromophenol blue, 

pH 2, was sorbed on both the ODS and the ST-DVB sorbents using column I as the 

SPE column. The breakthrough volumes of amaranth red and bromophenol blue at 

the ODS phase were 0.8 and 3.6 Vcm3 empty column volume, respectively. For the 

ST-DVB phase the breakthrough volumes were 0.3 and 1.1 llcm3 empty column 

volume, respectively. It is obvious that, because of these large breakthrough 

volumes, the sorbed amount of both the test solutes under the ITP desorption con

ditions were far below the maximum capacities of the SPE rorbents. 

Amaranth red formed a narrow red zone showing sharp zone boundaries, when 

desorbed by ITP from both the SPE sorbents packed in column I. After each ex-
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periment the remaining SPE sorbent was extracted by methanol in order to deter

mine whether the ITP desorption process was completed. In these extracts no 

amaranth red could be observed visually, indicating that the desorption of this 

compound had been performed satisfactorily. 

Contrary to these results for amaranth red, the desorption of bromophenol blue 

resulted in a non-continuons desorption process with diffuse zones. To investigate 

whether a local change in the electtic field, by the conneetion of the 2 mm I.O. 

SPE-ED column ("I") applied to an ITP capillary of 1.0 mm I.O., might have dis

torbed the electrodesorption process, the bromophenol blue experiments were repeat

ed using column ll astheSPE-ED column. In these experiments the ITP desorption 

of bromophenol blue also resulted in broad diffuse zones. 

To find · out whether electro-osmotie flow (BOF) could be responsible for the 

irregular desorption patterns of bromophenol blue observed, finally 0.05% w/w 

mowiol (PVA) was added to the washing water to suppress the BOF. In these 

experiments no impravement of the desorption of bromophenol blue was obtained 

either. 

ITP processes are completed when the steady-state situation bas been achieved. 

To obtain this steady-state in relatively short lTP capillaries, a counter-flow opposite 

to the migration direction of the target compounds can be applied. To find out 

whether the desorption of bromophenol blue could be completed, a number · of 

experiments were carried out using a counter-flow durlog the ITP desorption. The 

counter-flow experiments were performed on both SPE-ED sorbents in column II, 

using ITP operational system B. After toading of 1 ml of an aqueous bromophenol 

blue salution of 1·10"5M on the SPE columns, the ITP desorption was started. Five 

minutes later the counter-flow was applied. From visual observations, it became 

clear that in these experiments a significant improvement of the desorption of 

bromophenol blue from both SPE pacldngs was obtained. Counter-flow experiments 

are equivalent to the use of longer separation capillaries, so it can be expected that 

the ITP desorption of bromophenol blue may be completed by using longer ITP 

capillaries, which, however, would introduce serious resistance problems. 
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A further impravement was obtained. by adding 10% methanol (v/v) to both the 

leading and terminating electrolytes, therefore decreasing the interaction between the 

sorbent and bromophenol blue. In these experiments a temporary counter-flow was 

applied too. 

The results on amaranth red and bromophenol blue, show that the ITP desorption 

of amaranth red from both · SPE-ED sorbents could easily and quantitatively be 

performed and resulted in sharp narrow zones. The ITP desorption of bromophenol 

blue proved to be much more complicated and did not result in a complete desorp

tion from the sorbents studied. The improvements obtained in the bromophenol blue 

experiments, applying both a counter-flow and the addition of 10% v/v methanol to 

the electrolytes, indicate that the SPE-ITP system was overloaded. 

Reversed-phase liquid chromatography phases, which have been used as the SPE

ED sorbents bere, may show a strongly different behaviour towards these com

pounds, especially under the aqueous conditions used in this study. Therefore, it is 

believed that the large differences between the ITP desorption of amaranth red and 

bromophenol blue may be explained by their different interaction with the SPE 

sorbents. 

To investigate the ITP desorption process in more detail further experiments with 

benzoic acid as the test compound were carried out. The desorption of benzoic acid 

from the SPE-ED sorbents was monitored by a conductivity detector, allowing a 

more quantitative interpretation of the data. The eaUbration graph of the amount of 

benwie acid (Q) expressed in moles vs. the resulting ITP zone length (zl) expressed 

in seconds, determined by direct ITP analyses, is given by equation 5.1: 

zl = 2.06·1<f-Q + 9.2 

r = 0.994 

with r= regression coefficient. 

(s) 
(5.1) 

Because no evidence was found that a reduced inner diameter (column II) im

proved the ITP desorption process, the electrodesorption experiments were carried 
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out in column I, packed with either the C18-modified silica or the ST-nVB sorbent. 

The toading of the SPE columns, the washing and the ITP desorption were again 

carried out according to the procedures of Table 5.1. The SPE columns were loaded 

with aqueous solutions of benzoic acid of concentrations of 2·10"5M or 1·104 M, 

using loading volumes ranging from 0.25 to 2.0 mi of the standard solutions. After 

loading, the ITP desorption was accomplished using operational system A. 

As can be seen from the breakthrough volumes in Table A2.6 in Appendix 2, the 

amount of benzoic acid loaded on the SPE-ED columns did not exceed the maximum 

capacity of the ST-DVB packed columns. However, the sample volumes loaded on 

the ODS packed column were near, and even exceeded, the breakthrough volume of 

benzoic acid under these experimental conditions, especially when the volume of the 

washing solvent is taken into account. 

Results of the ITP desorption experiments with benzoic acid on both SPE sor

bents, summarized in Table 5.3, show that, especially with the ST-nVB sorbent, the 

desorption was not quantitative. The ITP desorption of benzoic acid from the ons 

sorbent gave better results. Only in the case of the loading of samples of 1 mi of 

benzoic acid on the ons sorbent the reeoverles were low. As stated above, this is 

caused by the sample volume loaded onto the column, which was exceeded the 

breakthrough volume. 

Table 5.3: Reeoverles of the isotacbophoretic desorption of benzoic acid from the ODS 
and the ST-DVB pbases as the SPE sarbents in column III. The desorption was caTried 
ont in operational lTP system A. SPE toading of the test compounds was caTried out at 
pH 3.0. Conc= concentration, ree= mean recovery, n= number of experiments. 

Exp Conc loaded volume ODS I [M] 
[ml] [ml/cm3] rec. [%) n rec.[%} n 

1 2•10'5 0.25 11 100 2 --
2 2·10"5 0.5 23 98 2 78 1 

3 z.to·s 1.0 45 34 2 62 1 

~2.0 91 56 1 

5 H04 0.5 23 61 3 

6 1·104 1.0 45 46 ~ 
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Next, the possibilities of ITP desorption on-line connected with the ITP-HPLC 

analysis method, described in §4.3, were investigated. This was done. in order to 

find out whether ITP desorption may contribute to an improved selective sample 

introduction. in ITP-HPLC systems. Therefore, SPE-ITP-HPLC experlments were 

carried out with aqueous solutions of 0.5 mi of either 1•10'5M dicamba, pH 2.0, or 

1·10'5M MCPA, pH 2.0. These samples were loaded on column n, which was dry

packed with the ODS sorbent. Operational system C was used to isotachophoretically 

desorbed these pestleides from the sorbents. The subsequent ITP migration of the 

sample zones into the ITP-HPLC interface is as described in Chapter 4. These ex

periments were performed 5 times for dicamba and 4 times for MCPA. In none of 

these nine experiments reeoverles larger than 1% were obtained, while under the 

same experimental ITP-HPLC conditions the reeoverles of aqueous solutions of 

dicamba and MCPA were 99% (rsd 10%, n=lO) and 92% {rsd 10%, n=4), respec

tively. From these results, it was concluded that either no desorption of the test 

compounds occurred, or that the desorption process altered the ITP-HPLC con

ditions and, therefore, the switching-time. 

The background of the observations made in the desorption experiments of 

benzoic acid, the dyes, bromophenol blue and amaranth red, and the pesticides, 

MCPA and dicamba, is not completely clear yet. With ODS sorbents secondary 

retention effects, often observed on these types of phases, i.e. by residual silanol 

sites, may be responsible for the limited efficiencies observed in electrodesorption. 

With ST-DVB phases in HPLC, a small amount of organic modifier usually bas 

to be added to the eluent to activate the surface of the stationary phase. The ad

sorption and desorption experiments of benzoic acid· on this sorbent were performed 

in purely aqueous solutions. The low reeoverles of benzoic acid mày be caused by 

the insufficient activation of the ST-DVB surface. 

From the results of the ITP desorption experiments, it can be concluded that 

further research should be focused on the elucidation of the nature of the ITP de

sorption process and especially on the role of the nature of the SPE sorbent. 
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5.4 Conclusions 

Preliminary results on the desorption of amaranth red, bromophenol blue, ben

zoic acid, dicamba and MCPA by ITP from two different SPE sorbents are present~ 

ed. Por amaranth red the ITP desorption from both SPE sorbents result in narrow 

zones with sharp boundaries. 

The ITP desorption experiments of bromophenol blue on both SPE sorbents gave 

unsatisfactory results. However, a significant improvement of the desorption ef

ficiency could be obtained by applying of a counter-flow and adding of 10% (v/v) 

methanol to both the ITP electrolytes. 

The experiments with benzoic acid, sbowed that the ITP desorption of this 

compound from the ODS sorbent resulted in almost complete desorption. However, 

the ITP desorption from the ST·DVB sorbent were not quantitative. 

The results of the on-line SPE·ITP-HPLC experiments with dicamba and MCPA 

show that under the experimental conditions no desorption could be obtained. 

The present results no doubt indicate that the ITP desorption of ionic substances 

from SPE sorbents may well have potentlal as a sample treatment. However, a better 

understanding of the principles underlying the electodesorption process is urgently 

required. A study with respect to the sorption mechanisme of the compounds of 

interest may reveal some of the results. To provide visual information of the desorp

tion proces the gel~filled ITP compartment discussed in Chapter 3 can be used. 
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APPENDIX 1 

SOME INSTRUMENTAL ASPECTS 

OF ON-LINE ITP-HPLC EQUIPMENT 

Al.llntroduction 

In this appendix a number of instromental aspects of the on-line ITP-HPLC 

equipment developed will be discussed in some more detail. A procedure for on-line 

ITP-HPLC will be presented too. 

A1.2ITP-HPLC interfacing valve 

The ITP-HPLC interface, which is a valve, is the heart of the on-line coupled 

pretreatmentlseparation instrument. The valve should have high electtic shielding, a 

sufficient pressure .limit and possibilities for automation. From the results of the 

experlments presented and discussed in Chapter 4, it can be concluded that only 

valve Sl met these requirements. However, the combination of this interface with 

micro-bore HPLC, using columns of 0.32 mm I.D., was rather disappointing. 

The leakage problems met in the experlments with valve S2, probably, can be 

solved by some technical improvements [1]. Therefore, we concluded that at present 

the most promising expertmental equipment is a combination of ITP and narrow

bore HPLC, where the interfacing valveisof the VICI-Valco "S" type. The sample 

loop of an "S" type valve is drilled straight through the rotor, which is possible in 

the diameter range of 0.4 to 0. 75 mm. To avoid electrophoretic migration problems 

caused by disturbed electtic fields, as a result of differences between the sizes of the 

several connections, the holes in the stator and the ITP capillary should be of the 

same diameter. To obtain a sample capacity of the ITP system, as high as possible 

an inner diameter of the sample loop of 0. 75 mm is favourable. 
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A1.3 ITP detection system 

Usually, lTP detection is performed by use of a conductivity and/or a UV-ab

sorption detector. To determine an eventual change in the migration velocity of the 

lTP zones and, consequently, in the switching-time, when an lTP electrolyte system 

is replaced, a combination of at least two detectors is recommendable. The first 

detector should be a universa! detector necessary to determine step-heights in real 

samples. Therefore, a conductivity detector is preferabie as the first detector. lf a 

conductivity detector is added as the second detector all compounds can of course be 

monitored by both. The use of a UV-absorption detector as the second detector, may 

give extra information about the migrating compounds. 

The conductivity detector was constructed by moutding platina/iridium sheets or 

wires at the proper position. For the construction of the detector, a copper or a brass 

tube is a necessary part. These tubes are available with several outer diameters in 

the range 0.4 to 0. 75 mm from Goodfellow (Cambridge, England). As mentioned in 

section Al.2 the diameters of the capillary, the sample loop of the interface and the 

detector should be the same, teading to the conclusion that 0. 75 mm is selected. 

lt is self-evident that the solvent of the lTP electrolytes should be selected with 

regard to the characteristics of the body and the moutding matenals of the detector. 

The ITP conductivity detectors used for the experiments described in Chapter 4 fully 

comply with these requirements. 

A1.4 ITP iJVection system 

The sample can be introduced into the lTP system by the use of a micro-syringe, 

a valve or a U or Z-shaped injection · compartment. In Chapter 4 the sample intro

duetion was perfórmed by micro-syringes and, therefore, this will be discussed in 

more detail. 
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Micro-syringe 

In the injection compartment of the ITP equipment a channel was drilled and a 

small valve was positioned in the compartment to fill the equipment with the leading 

and the terminating electrolytes. To increase the sample capacity of the injection 

compartment the channel is usually drilled somewhat larger than the I.D. of the ITP 

capillary. As already stated, too great a differences between the inner diameters 

might introduce problems, with respect to the homogeneity of the electric field. We 

applied an injection compartment of 1.6 mm I.D. to introduce the sample in an lTP 

capillary of 1.0 mm I.D. Therefore, it is reasonable to assume that an injection 

compartment of 1.2 mm I.D can be applied for sample introduetion in a capillary of 

0.75 mm I.D. The maximum sample capacity of an injection compartment of 1.2 

mm I.D. is approximately 15 J.tl. 

Injection valve 

Another possibility to increase the sample capacity is the use of an "S" type 

VICI-Valco valve to introduce the sample in an lTP system. This kind of sample 

introduetion was published by Everaerts et al. [2] Kaniansky et al. [3,4], who used 

6- and 4-way low-pressure valves respectively. Like in the "S" type valves'discussed 

in §4.4, a hole was drilled straight through the rotor here too. In such injection 

systems the sample capacity is limited to a few microliters. 

U or Z-shaped injection device 

A third alternative is the use of a U or Z-shaped sample device, where two 

feeders, i.e. valves as the one used in the first sample injection compartment, are 

used to introduce the sample. In the sample devices reported by Verheggen et al. 

[5,6], the diameter of the injection compartment was 0.55 mm and the valves were 

fixed in such a way that the sample volume was limited to some J.tl. Figure A 1.1 

shows a scheme of this injection compartment. When a capillary is positioned bet

ween these valves the injection volume can be increased by use of either a longer or 

a wider capillary. As discussed for the micro-syringe injection method, too great a 

difference in between inner diameters might introduce problems with respect to the 
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formation of the ITP zones. The length of the injection channel is limited in cases 

where the conductivity of the sample is low compared to the leading and terminating 

electrolytes. In these cases the voltage drop across the sample zone will become very 

large. Additional advantages of the second and third injection methods are the some

what better prospects for automation and the possibility to use different sizes of 

sample loops. 

I:Eirminatlng electrolyté/ 
electrode oompartment 

sample in 

sample out 

separation capillary 

Fagure Al.l: U-shaped injectioo compartment. 

Al.S ITP capillary 

ITP capillaries should be of the same inner diameter as the ITP~HPLC interfacing 

valve. The use of Teflon for. the ITP capillaries has the advantages of its inertness 

and flexibility. Moreover, it is very easy to conneet to the other ITP compartments. 

The Teflon capillaries, which are often used in ITP, are commercially available in a 

large range of inner and outer diameters from several manufacturers. For relatively 

simple samples a ·length of 20 cm of the ITP capillary will usually be sufticient to 

obtain the steady~state situation. When capillaries with outer diameters of 1116" are 

used, the capillary can easily be connected to the interface by the use of standard or 

•Finger-Tight" nuts. The length of the capillary between the ITP detector and the 

ITP-HPLC interface should be as short as possible. The voltage drop over the 

capillary between the detector and the teading electrode campartment (ground) can 

be minimized by selecting a small wide-bore Teflon capillary. 
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A1.6 ITP electrode compartments and conneetion parts 

All the parts of the ITP equipment developed by. Everaerts et al. [2] were con

structed from Perspex (polymetamethylacrylate). This material is highly suitable for 

aqueous electrolytes and also, to a limited extent, it can be applied for hydro-organic 

solvents mixtures, e.g. methanol/water or acetonitrile/water. 

A1.7 Power supply 

In ITP the power supply must deliver a constant current in the range of 10 to 300 

p.A, where the conesponding voltage should be stabie between some hundreds to 

10,000 Volts. The Fug HCN 35-35000 power supply (Fug Electronic, Rosenheim, 

Germany) used in our study, was selected because the deviation of the rated value is 

less than 1·10·5 fora main voltage varlation of 10%, the short and long term sta

bility are less than 2·104 , the setting timefora rated load is 100 to 500 ms and the 

discharge time constant for output without load is 1-10 s. These stability criteria 

have proved to be satisfying for ITP experiments. A specific advantage of the Fug 

equipment was the possibility of remote control by use of the data software package 

Caesar and the interface Multilab-TS data and control system. 

A1.8 ITP software 

For our experiments the data software package Caesar (B-Wise, Geleen, the 

Netherlands) was used. This package was especially developed for data handling in 

ITP and CZE and the automatic control of specific ITP and CZE equipment. How

ever, this package was not developed to control the on-line coupling between ITP 

and HPLC. Consequently, for a fully automatic control of the ITP-HPLC coupling 

the program Caesar must be adapted or a new program has to be developed. 
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A1.9 ITP-HPLC metbod 

To analyze a specific compound in a (complex) sample by ITP-HPLC, this 

compound must be soluble in the lTP and the HPLC solvents. Moreover, the 

electrophoretic mobility of the compound should have a realistic value within the pH 

ranges suitable for ITP. When selecting of the proper lTP and HPLC conditions the 

possible introduetion of intertering compounds, like the counter-ion of the ITP 

system, into the HPLC system should also be taken into account. A detailed discus

sion about these criteria is presented in Chapter 2. 

Once the proper lTP system for a specific separation has been selected, the 

relative step-heights of all the compounds involved in the system have to be deter

mined first. Next, the switching-time has to be determined, preferably by measuring 

the amount of terminating ion in the HPLC chromatograms. When new batches or 

other ITP electrolytes are prepared, the resultant change in the migration velocity 

can be determined by use of two serially positioned detectors or by measuring the 

migration velocity of a dye. After that the switching-time of the system can be 

adjusted. Next, once the switching-time is known, the repeatability and recovery of 

the target compounds in the ITP-HPLC system can be determined. Reeoverles can 

be calculated by comparing of the results of the ITP~HPLC analysis with direct 

HPLC analysis. 
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APPENDIX2 

DETER.MINATION OF BREAKTBROUGH VOLUMES 

ON SOLID PHASE EXTRACTION COLUMNS 

A2.1 Introduetion 

In isotachophoretic desorption experiments the solid phase extraction-electro

desorption (SPE-ED) columns are loaded with the sample compounds, using the 

same procedures as are applied in solid phase extraction (SPE) methods. In SPE the 

conditions to load the column can be related to the breakthrough volumes of the 

compounds determined under specific conditions. Consequently, the conditions to 

load SPE-ED columns with test compounds can also be related to these parameters. 

In this appendix, the determination of breakthrough volumes of the test compounds 

used in Chapter 5, is described by the use of frontal analysis HPLC in SPE 

columns. 

A2.2 Theory 

Solid phase extraction (SPE) is based on the same principles as liquid chromato

graphy, where compounds are distributed between a stationary and a mobile phase. 

The partition coefficient of a compound depends mainly on the characteristics of the 

stationary phase, the composition of the eluent and the nature of the compound. The 

analyte/solvent, analytelsorbent and solvent/sorbent interactions are major factors, 

which strongly determine the. selectivity of SPE methods. When weak eluent or 

sample solvent conditions are applied, resulting in a low affinity of specific sample 

compounds in a sample towards the eluent, a number of compounds will be sorbed 

on the stationary phase. Next, by increasing the strength of the eluent the com-
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pounds will show increased affinity towards the eluent and, consequently, will be 

desorbed from the stationary phase. The ratio between the adsorbed volume and the 

desorption volume is indicated as the enrichment. 

The main factors influencing the maximum amount of a compound to be sarbed 

at a SPE column depend on the stationary phase, on the sorption kinetics and on the 

eluent and sample composition. The relation between the amount of a compound 

sorbed (Q.,.) and the amount of a stationary phase equals [1]: 

Q, = v;, . p • s . (1-e) • ~ • c--.s (A2.1) 

where Vc= column volume, p= density of the SPE sorbent, S= specific surface 

area, e = total porosity, Cnuu:,s = maximum sorption per surface area unit and 4> = 
surface coverage. The surface coverage can be expressed as: 

(A2.2) 

with K = sorption constant, C= molar concentration; subscripts i and x refer to the 

test compound and the other sample compounds, respectively. The sorption constants 

of the substances involved can, in practice, be infl.uenced by the solvent strength. 

Moreover, the ionic strength and the pH of both the eluent and the sample solvent 

are particularly important for the sorption efficiency of SPE procedures of ionic 

compounds. The temperature and the eluent flow will mainly infl.uence the sorption 

kinetics. 

The break:through volume (Vb,i) can be expressed as the sorbed amount of com

pound (Q.,.,1) divided by the sample concentration (c,): 

Q$,1 
Ys.j = C. 

f 

(A2.3) 

From equations A2.1 to A2.3 it follows that if (K;-C1) < (1 + :E (Kx ·Cx)), the break:

through volume of a compound will be independent of the concentration of this 

compound in the sample. It must be emphasized bere, that the selectivity and effi

ciency of SPE procedures for real samples may be infl.uenced strongly by interfering 
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matrix constituents, like proteins in blood or humic acidsin water. 

Breakthrough volumes can be measured experimentally or predicted from chro

matographic data. The most frequently used metbod to determine the breakthrough 

volume is frontal analysis. In this technique the influences of matrix constituents on 

the sorption process can be taken into account to a certain extent. After proper 

conditioning of the SPE column, the sample is flusbed through the column under 

constant flow conditions. Under ideal conditions (kinetics!) an S-shaped break

through curve is obtained. The frontal analysis technique is schematically presented 

in the upper part of Figure A2.1. The lower part shows the corresponding detector 

signal. 
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Figure Al.l: Schematic presentation of frontal analysis chromatography. Bottom part: 
detector signa!. 

The intieetion point of the S-shaped breakthrough curve corresponds to the 

retention volume (Vr) of the compound under HPLC conditions. The difference in 

retention volume, corresponding to a change of the detector signal from 15.9% to 
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84.1% of its maximum value, is defined as 2 times the elution band broadening (u). 

The breakthrough volume (Vb) can be defined as [2,3]: 

(A2.4) 

An alternative method to determine breakthrough volumes is by using a liquid 

chromatographic system with the sample solvent, usually water, as the HPLC eluent 

and the SPE column as the LC column [4,5]. By measuring the retention volume of 

the compound of interest and the resulting band broadening, the breakthrough 

volume of the compound can be calculated. In this metbod large errors may occur 

because of the low plate numbers, the poor peak shapes and the large capacity 

factors of the compounds generally measured under SPE conditions. 

The retention volume of compounds can, in principle, also be calculated by 

extrapolation of the plots of the logarithm of capacity factors vs. the composition of 

binary mobile phases [6]. However, breakthrough volumes calculated from these 

data are often not very accurate. 

An efficient approach to measure breakthrough volumes is loading SPE columns 

with known and increasing volumes of a sample and determining the recovery after 

each desorption. As long as the recovery remains essentially completely, the break

through volume is not yet obtained. 

A2.3 Experimental 

For all experiments the same chemieals as those listed in §5.2 were used. The 

breakthrough volumes of the test solutes were measured by frontal analysis, using 

equation A2.4. Two different experimental set-ups were used for these experiments. 

These are presented schematically in Figure A2.2. For the breakthrough experiments 

Kel-F columns of 7xl.O mm and 10x2.0 mm were used. The volumes of these 

columns, indicated as columns II and III, are 5.5 mm3 and 31 mm3, respectively. 
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Figure Al.2: Schematic presentation of tbe systems used for tbe measurements of tbe 
breakthrough volumes. Top: equipment la, Bottom: equipment lb. 1= eluent, 2== 
HPLC pump, 3= SPE-column, 4= 6-way valve, 5= UV-absorption detector, 6= 
waste, 7= interface, 8= computer, 9= S ml sample loop, 10= restrietion column. 
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System la, which was used for the experiments with benzoic acid, bromophenol 

blue and amaranth red as the test compounds, consisled of a model lOOA pump 

(Beckman Instruments, Palo Alto, CA, USA); a model PU4225 UV -absorption 

detector (Unicam, Cambridge, England), a model N-60 HPLC injection valve (VICI

AG Valco Europe, Schenkon, Switzerland) and column II or m. 
System lb was used for the experiments with the pestleides MCPA and dicamba, 

and consisted of a model M-6000 pump (Millipore Waters); a Unicam, type LC3 

UV-absorption detector, VICI-Valco N-60 HPLC injection valve and SPE column TI. 

The SPE columns were positioned in a stainless-steel high-pressure column 

cartridge bolder, type C270 (Upchurch Scientific, Oak Harbor, WA, USA). The 

columns were either dry-packed or slurry-packed. The slurry-packing metbod was 

performed using THF as the suspension liquid. The slurry was ultra-sonificated for 5 



132 A.2: Determination of breakthrough volumes on .•.. 

min and the stationary phases were paclced in the SPE column under 250 bar. 

During the breakthrough experiments, the SPE column effluent was monitored by 

UV -absorption detection between 220 and 230 nm. The detector output was recorded 

by a potentiometric recorder, type BD41 (Kipp & Zonen, Delft, the Netherlands) 

and a computer, type DC268 (Tulip, 's-Hertogenbosch, the Netherlands) equipped 

with a home-made interface Multilab-TS. The data handling was performed with 

Caesar software (B-Wise Software, Geleen, the Netherlands). The procedure to 

measure the breakthrough volumes of the test solutes is summarized in Table A2.1. 

If not specified otherwise, the flow through the column during the breakthrough 

experiments was 0.1 to 0.5 mllmin. When using system lb the eluent flow rate was 

regulated by splitting the effluent from the pump over the SPE and a restrietion 

column. The samples as well as the demineralized water for the washing steps were 

adjusted to the proper pH by adding appropriate volumes of 1 M HCl. 

To compare the results from the experiments performed on the different columns 

the measured breakthrough volumes are tabulated in the units mllerol empty column 

volume (Tables A2.2 to A2.6). 

Table Al.l: Procedure for the measurement of the breakthrough volumes, using the 
systems outlined in Figure AS.2. 

of the SPE column by flushing with some mi methanol. 

2 Washing the SPE column with some mi water, adjusted to the 
appropriate pH. 

3 System la: 
By positioning the valve in the proper posi.tion, the complete tubing 
system of the equipment (except the SPE column) is tilled by the 
specific sample solution. 
System tb: 
filling of the sample loop with the specific sample solution. 

4 Adsorption of the compound by switching the 6-way valve. The effluent 
is monitored by a UV absorption detector. 
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A2.4 Results and discussion 

Column-pacldng procedure 

The pacldng reproducibility of the SPE columns was evaluated for dry-packing 

and slurry-packing methods. To test the reproducibility of the dry-packing metbod 

for the columns applied, six 7xl mm columns number II were packed with the ODS 

stationary phase. These columns were positioned iri system la and breakthrough 

experiments were performed as described schematically in Table A2.1. The 

breakthrough volumes of benzoic acid solutions of 1·10"5M, pH 2.0, were deter

mined at a flow of 0.1 mVmin. The results of these experiments are summarized in 

Table A2.2. Analysis Of Varianee (ANOVA), with a reliability of 95%, was used to 

analyze whether the between-column varianee could be explained by the within

column varianee [7]. From these ANOV A results, it can be concluded that the mean 

breakthrough volumes differ significantly. Therefore, it is concluded that the dry

packing procedure influences the breakthrough volumes. 

Table A2.2: Breakthrough volumes (VtJ of aqueous benzoie aeid solutions of 1·1CT5M, 
pH=2. Flow O.lmlfmin. SPE-column ll, dry-paeked with the ODS pbase. n= number 
of experiments, rsd= relative standard deviatiou. 

Experiment vb D rsd [%] 
number [ml/cm3] 

ss 4 6 

2 6'1 4 4 

3 68 4 s 
4 61 7 8 

s 60 6 7 

6 6 8 

In an attempt to improve the quality of the SPE columns a slurry-packing metbod 

was used, and 5 columns with the ODS phase were prepared. The results of these 

experiments are summarized in Table A2.3. For comparison in Table A2.3 the 
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average breakthrough volume for dicamba (153 ml/cm3, rsd 5% ), obtained on a dry

packed SPE column are given. The mean breakthrough volume in the slurry-packed 

columns was 153 mllcm3• Again ANOV A was used to test the reproducibility of the 

pacldng procedure. From the ANOV A test data it can be concluded that the slurry

packing procedure influences the breakthrough volumes of the test. compounds sig

nificantly. Moreover, these test data were almost identical to those obtained with the 

dry-packing method. Obviously, the slurry-packing metbod applied did not improve 

the reproducibility of the packing of the sorbent columns under study. Since the dry

packing metbod is easier to perform, dry-packed SPE columns were used in all 

further experiments. 

Table Al.3: Breakthrough volumes (V.,) of dicamba acid solutions of l·Ur'M, pH=2. 
Flow 1 mi/min. SPE column 11, slurry-packed with the ODS phase. n= number of 
experiments, rsd= relative standard devation. 

Injluence of the flow 

The influence of the flow on the breakthrough volumes was detèrmined, applying 

aqueous test solutions ofl·l0-5M dica.mba of either pH 2.0 or pH 3.0, and 1·10-5M 

MCPA of pH 4.5. These experiments were performed on colunm n, dry-packed 

with the ODS sorbent. The results of these experiments are summarized in Table 

A2.4. It is obvious that within the flow range 0.1-1.0 ml/min the breakthrough 

volumes of the test solutions were constant, which is in agreement with literature 

[8]. 
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Table A2.4: Influence of the flow on the ~Ie capacity of adsorbent columns mea
sured with aqueous dicamba solutions of HO' M, at pH 2.0 and pH 3.0 and MCPA 
solutions of 1·10'5M, at pH 4.5. SPE column ll, dry-packed with the ODS phase. 
Relative standani deviation in all cases below 6%. Vb= breakthrough volume, n= 
number of experiments. 

Flow Dicamba, pH 2.0 Dicamba, pH 3.0 MCPA, pH4.5 
[mi/min] 

vb vb vb n n n 
[ml/cm3] [ml/cm3] [ml/cm3] 

0.10 158 65 3 168 4 

0.50 152 66 2 

1.00 152 69 2 

lnjluence of the pH· 
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The influence of the pH on the breakthrough volumes was examined for both 

dicamba and MCPA as the test solutes. These experiments were carried out with 

aqueous test solutions of 1·10-5M dicamba and Ho-5M MCPA, applying SPE 

column II, dry-paclred with the ODS pacldng material. The results are presented in 

Table A2.5, showing a strong influence of the pH on the breakthrough volume. 

Table A2.5: Influence of the pH of the sample solution on the breakthrougb volumes 
(VtJ measured for aqueous dicamba solutions of t-10"'5M and aqueous MCPA solutions 
of Hct5M. Flow 1.0 mi/min. SPE column ll, dry-packed with the ODS phase. n= 
number of experiments. 

Dicamba MCPA 

n vb [ml/cml] n 

7 > 637 4 

7 

518 5 

4.5 26 6 171 5 

6.0 17 6 121 5 
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Injluence of the concentranon 

The infli.i.ence of the concentration of a compound on the breakthrough volume 

was examined for benzoic acid ánd dicamba as the test substances. The dicamba 

experiments were performed applying SPE column II, dry-packed with the ODS 

phase and the benzoic acid experiments were· performed using· colunm m, packed 

with either the ODS phase or the ST-DVB phase as the SPE sorbent. The results of 

these experiments are presented in table A2.6. lt can be concluded that the break

through volumes of these compounds at low concentrations are not concentration 

dependent 

Table A2.6: Influence of the concentration of the test substances on the breakthrough 
volumes [ml/cnf] measured for aqueous solutions of dicamba and benzoic acid. Con· 
ditions dicamba experiments: pH= 2.0, flow= 1.0 mi/min, SPE column Il dry·packed 
with the ODS phase. Conditions benzoic acid experiments: pH= 3.0, flow= 0.5 
mllmin, SPE column III dry-packed with the ODS or the ST-DVB phase. C= con· 
centration. 

Dicamba Benmie acid 
C[M] 

ODS ODS ST·DVB 

1·10·7 335 

5·10·1 351 

Ho-6 344 25 331 

1·10·5 143 22 229 

1·104 22 181 
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SUMMARY 

Liquid chromatography (HPLC) is a very common analytic technique, routinely 

applied for the analysis of numerous classes of chemical compounds. Notwithstand

ing its widespread use, this technique still has a number of shortcomings. The 

limited resolving power and limited detection sensitivity often necessitate a number 

of sample pretteatment steps prior to the final HPLC analysis. In addition to e.g. 

liquid-liquid extraction and solid-phase extraction, electtophoresis can also be used, 

in principle, as a selective sample pretteatment technique for ionic compounds in 

complex sample matrices. Among the electtophoretic techniques, isotachophoresis 

(ITP) offers the best prospects as a sample pretteatment technique. 

In Chapter 2 a number of theoretical and instromental aspects of ITP and HPLC, 

relevant for the on-line coupling of these techniques, is discussed. Ionic compounds 

migrate in very narrow zones in ITP, after reaching the steady-state. For the ana

lysis of small sample volumes, micro-bore HPLC appears to be very attractive. 

The results of a study on the possibilities of isotachophoresis as a sample pre

tteatment technique in an off-line mode are presenled and discussed in Chapter 3. 

Here, gel-tilled flat-beds are used as the ITP-separation compartments. After the 

completion of the ITP sample pretteatment, the zones of interest were cut from the 

gel, extracted and subsequently analyzed by HPLC. Besides the sample handling 

steps, the ionic strength of the sample and the geometry of the separation oompart

ment were studied too with respecttotheir influence on the recovery. Hydroxyvanil

lic acid (HV A) was used as the test compound and the potential of the ITP pretteat

ment technique was demonstraled for the determination of this compound in urine 

samples. 

From the results it can be concluded that when the proper separation campart

ment and operation system are selected, it is possible to isolate compounds in dis

tinet ITP zones from complex matrices with reeoverles of approximately 90%. As an 

additional advantage, it was shown that the sample capacity of packed ITP systems 
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is relatively large (sample volumes up to 3 m1 can be separated in distinct ITP 

zones). 

The test compounds, HV A and some dyes, were monitored by visual, thermo

metrie and conductivity detection. A thermocouple as detection system gave disap

pointing results, however by contrast the conductivity detector operated very satis-. 

factorily. 

In order to couple packed.-bed ITP direcUy to the. HPLC instrument an interface 

was constructed. The interface consisted of a funnel-shaped device connected with an 

open ITP capillary. The use of the funnel-shaped campartment gave unsatisfactory 

results, because severe mixing of the ITP zones occurred in the funnel section. In an 

attempt to solve this problem the influence of the angle of the funnel and the current 

density in the funnel section were investigated. However, in this study this mixing 

problem could not be solved adequate. 

The on-line coupling of open capillary isotachophoresis (ITP) as the sample 

pretreatment step and liquid chromatography (HPLC) is presented in Chapter 4. 

First, the possibilities of this approach are demonstrated by the coupling of an ITP 

capillary of 1.0 mm I.D. connected to a HPLC column of 150x4.6 mm. Since in 

this contiguration the injection volume of the ITP equipment is limited to 30 pl, the 

ITP sample pretreatment step concerns the gain in selectivity by ITP, rather than its 

preconcentration potential. In the first instanee a non-metallic rotor disc valve was 

used for the ITP-HPLC interface. This valve showed satisfactory results with respect 

to its electric shielding properties and no extra band broadening was introduced in 

the HPLC analysis step either. However, the maximum allowable pressure was 

restricted to approximately 55 bar. 

After the on-line ITP-HPLC coupling had proved to be successful, attention was 

paid to the impravement of ITP-HPLC interfaces, especially with respect to the 

pressure limitations. Therefore, another rotor disc valve and some new types of 

commercially available HPLC valves were evaluated. Besides the rotor disc valves 

only one valve of VICI-Valco met the requirements placed on ITP-HPLC interfaces. 
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By performing ITP column-coupling combined with the miniaturisation of the 

HPLC system, full advantage could be taken of the isotachophoretic concentranon 

effect. In these experiments the ITP system consisted of an ITP capillary of 1.0 mm 

I.D. connected to an ITP capillary of 0.3 mm I.D., by a bifurcation block. The 

HPLC analyses were performed in narrow·bore columns of 150x2.1 mm and in 

packed fused silica capillaries of 0.32 mm I.D. The ITP pretreatment section was 

connected on-line by an ITP·HPLC interfacing valve to the HPLC column. These 

experiments will be discussed. From the results of this study also conclusions were 

drawn with respect to the development of new on-line ITP·HPLC equipment. In 

Appendix 1, a number of components from the equipment are discussed in detail. 

To demonstrate the potentlal of the on-line ITP-HPLC technique the herbicides 

bentazone, prometryne, desmetryne and paraquat were analyzed in river water, in 

drinking water and in bank-filtered surface water samples. From the results of this 

study it can be concluded that the on-line ITP-HPLC technique offers a high selec

tivity for the analysis of compounds în complex samples. However, in a number of 

applications the reeoverles were not complete. 

Another application of ITP as a sample pretteatment technique is the combination 

of solid phase extraction (SPE) and ITP. In Chapter 5 a study is descibed on the 

isotachophoretic desorption of compounds from SPE adsorbents. In principle, a more 

selective analysis of target compounds can be obtained by electrodesorption. At the 

same time additional preconcentration steps can be avoided. Octadecyl (C18) modi

fied silica and Styrene-Divinylbenzene (ST-DVB) packings were used as the SPE 

sorbents. 

The ITP desorption of amaranth red from both the ODS and the ST-DVB sor

bents showed good results. However, the ITP desorption of bromophenol blue 

resulted in a discontinuons desorption and no distinct zones could be obtained. 

However, the addition of methanol to both the leading and the terminating electro

lytes in combination with a temporary counter-flow, improved the desorption and the 

zone formation of this compound significantly. 

The ITP desorption of benzoic acid from the ST-DVB phase as the SPE adsor-
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bent showed no reproducible results, while the desorption yield from the ODS phase 

was significantly better. 

A number of sorption and desorption experiments with MCPA and dicamba were 

performed. Aqueous samples containing MCPA and dicamba asthetest compounds 

were trapped on an sorbent. Subsequently, these compounds were isotachophoretical

ly desorbed and analyzed in the ITP-HPLC system. In this study no desorption of 

these pestleides was observed. 

As part of this study, the sample capacities of the investigated SPE adsorbents 

were determined by measuring the breakthrough volumes of a number of test com

pounds under several experimental conditions (Appendix 2). The results of tbe ITP 

desorption experiments were compared with the corresponding breakthrough vol

umes, but no direct relationship could be made. 



SAMENVATTING 

Vloeistofchromatografie (HPLC) is een veel gebruikte analytisch chemische tech

niek, die wordt toegepast voor de analyse van uiteenlopende groepen chemische 

verbindingen. Ondanks het brede toepassingsgebied, heeft deze techniek nog een 

aantal tekortkomingen. Zo ·zijn het scheidend vermogen en de detectiegevoeligheid 

beperkt, waardoor, voorafgaande aan de uiteindelijke analytische stap een monster

voorbewerking vaak noodzakelijk is. Veel gebruikte monstervoorbewerkingstech

niekèn zijn vloeistof-vloeistof extractie en vaste-fase extractie. Behalve deze twee 

technieken kan voor de opwerking van ionogene componenten in complexe matrices, 

ook electraforese gebruikt worden. Van de electroforetische technieken biedt iso

tachoforese (ITP) de beste mogelijkheden om als monstervoorbewerkingstechniek 

gebruikt te worden. 

In Hoofdstuk 2 worden enkele, voor de koppeling van ITP en HPLC relevante, 

theoretische en praktische aspecten behandeld. Bij de ITP analyse van een verdund 

monster worden, na het bereiken van de stationaire toestand, erg kleine component

zones gevormd. Voor de HPLC analyse van een monster met een klein volume, lijkt 

de toepassing van micro-HPLC vele voordelen te bieden. 

In Hoofdstuk 3 worden vervolgens de resultaten gepresenteerd van een studie 

naar de mogelijkheden van ITP als "off-line" monstervoorbewerkingstechniek vooraf 

gaande aan vloeistofchromatografische analyse. Hierbij werden met gel gevulde 

scheidingsruimten gebruikt, waaruit, na het volbrengen van de ITP voorscheiding, 

de componentzones werden uitgesneden. Na een extractie-, een indamp- en een 

heroplossingsstap werden deze zones geanalyseerd met behulp van HPLC. Behalve 

de diverse mosterbehandelingsstappen zijn ook de invloed van de ionsterkte van het 

monster en de geometrie van de scheidingsruimte onderzocht. Bij deze experimenten 

werd Hydroxyvanillezuur (HV A) als testcomponent gebruikt. Om de mogelijkheden 

van de ITP-HPLC methoden te demonstreren werd de concentratie HVA in urine 
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bepaald. 

Bij het kiezen van de juiste combinatie van de scheidingselectrolieten en schei· 

dingsruimte, blijken· componenten, zelfs uit complexe matrices, met een opbrengst 

van ongeveer 90% geïsoleerd te kunnen worden. De volumetrische belaadbaarbeid 

van de gel gepakte ITP systemen kan erg hoog zijn, in deze studie werden monster

volumina tot 3 ml voorbewerkt. 

Om de migratie van de testcomponenten te registreren werden behalve kleurstof· 

fen, ook een thermokoppel en een geleidbaarheidsdetector geëvalueerd. Het thermo

koppel bleek niet bruikbaar, doordat de temperatuursinstelling van de zones erg traag 

verliep. De geleidbaarheidsdetector voldoet goed. 

Om de gel gevulde ITP scheidingsruimten direct, "on-line•, te kunnen koppelen 

met de HPLC apparatuur werd een interface ontwikkeld. Dit interface bestond uit 

een trechtervormig scheidingscompartiment en een open ITP capillair. In het trech

tervormige gedeelte van de scheidingsruimte trad een menging van de reeds ges

cheiden ITP zones op. Daardoor werden in de gehele ITP voorscheiding erg slechte 

scheidingsresultaten behaald. In een poging om dit mengprobleem op te lossen 

werden de invloed van de trechterhoek en de invloed van de dichtheid van de 

stroomsterkte in de trechter onderzocht. In deze studie is het niet gelukt om het 

mengprobleem naar tevredenheid op te lossen. 

In Hoofdstuk 4 wordt de "on-line" koppeling tussen lTP en HPLC gepresenteerd. 

De mogelijkheden van deze aanpak worden allereerst gedemonstreerd door de 

koppeling van een ITP capillair, met een inwendige diameter van 1 mm, met een 

150x4.6 mm HPLC kolom. Omdat het injectievolume van deze configuratie beperkt 

is tot 30 pi, wordt in dit geval door de ITP voorscheiding alleen aan selectiviteit 

gewonnen en worden de voorconcentrerings mogelijkheden niet gebruikt. Als inter

face tussen de ITP en de HPLC apparatuur werd een niet-metalen schuivenkraan ge

bruikt. De elektrische beveiliging van deze kraan was goed. In vergelijking met een 

standaard metalen HPLC kraan werd ook geen extra-bandverbreding geïntroduceerd. 

De maximaal toelaatbare druk bleek ongeveer 55 bar te bedragen. 

Nadat de "on-line" koppeling tussen ITP en HPLC succesvol was gebleken, werd 
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aandacht besteed aan de verbetering van het ITP-HPLC interface, in het bijzonder 

aan de druklimiet. Om die reden werden nog een ander schuivenkraan en enkele 

nieuwe commercieel verkrijgbare HPLC kranen getest. Behalve de schuivenkranen 

bleek slechts één van de commerciële kranen voor ITP-HPLC bruikbaar. 

Door zowel ITP-kolomkoppeling als miniaturisering van de HPLC opstelling toe 

te passen, kon gebruik worden gemaakt van het ITP concentreringseffect. Bij deze 

experimenten werd door middel van een "bifurcation" blok een ITP capillair van 1 

mm I.D. gekoppeld met een ITP capillair van 0.3 mm I.D. Voor de HPLC analyses 

werd een kolom van 150x2.1 mm gebruikt. Uit de resulaten zullen conclusies en 

aanbevelingen worden getrokken met betrekking tot het ontwerp van een nieuw ITP

HPLC apparaat (Appendix 1). 

Om de mogelijkheden van de "on-line" koppeling tussen ITP en HPLC te demon

streren werden de bestrijdingsmiddelen bentazon, prometryn, desmetryn en paraquat 

aangetoond in rivier-, drink- en oevergrondwater. Uit de resultaten blijkt dat de "on

line" ITP-HPLC techniek, voor de analyse van componenten in een complexe 

matrix, een hoge selectiviteit heeft. Echter in enkele gevallen was de opbrengst niet 

volledig. 

Een andere toepassing van ITP als monstervoorbewerking is de combinatie met 

vaste-fase extractie (SPE). Deze techniek, die ook wel isotachoforetische desorptie 

wordt genoemd, wordt beschreven in Hoofdstuk 5. Als vaste-fasen werden CtS

gemodificeerd silica (C18) en styreen-divinylbenzeen (ST-DVB) toegepast. 

De ITP desorptie van amarantrood van zowel de C18 als de ST-DVB fase gaf 

goede resultaten. Echter de ITP desorptie van broomfenolblauw verliep discontinu en 

resulteerde in de vorming van onscherpe zones. Het gebruik van een tijdelijke vloei

stof-tegenstroom en de toevoeging van methanol aan de electroUeten verbeterde de 

desorptie aanzienlijk. 

De ITP desorptie van benzoëzuur resulteerde bij gebruik van een ST-DVB fase in 

slecht reproduceerbare resultaten. Toepassing van de C18 fase gaf resultaten die 

significant beter waren. 

Door gebruik te maken van een "on-line" ITP-HPLC opstelling werden de moge-



144 Samenvatting 

lijkheden van de ITP desorptie van de bestrijdingsmiddelen MCPA en dicarnba 

onderzocht. Echter in geen enkel van deze experimenten kon desorptie . van de 

bestrijdingsmiddelen worden vastgesteld. 

Om inzicht te verkrijgen in het ITP desorptieproces werden de doorbraakvolu

mina van de twee vaste-fasen, voor de vijf testcomponenten, vastgesteld. Deze 

experimenten staan beschreven in Appendix 2. Uit een vergelijking van de door

braakvolumina en de ITP desorptie resultaten kon geen relatie tussen beide worden 

vastgesteld. 



LIST OF SYMBOLS, ABBREVIATIONS AND ACRONYMS 

Symbols 

c concentation mol·m·3 

Dm diffusion coefficient m2:s·l 
d diameter m 
E electric field strength V·m·1 

F flow m3·s·1 
f retardation and rela.xation coeficlent 
H plate height m 
h reduced plate height (=H·~-1) 
K constant 
k capacity factor 
Mw molecular weight kg·mor1 
N plate number 
n number of experiments 
p pressure N·m·2 

Q amount 
r regression coefficient 
s specific surface area m2·kg·l 
T temperature oe 
ts switching time s 
u voltage v-
V volume m3 
V velocity m·s·1 

a dissociation constant 
E column porosity 

molar extinction coefficient 
À flow profile factor 

wavelength m 
'Ao* molar ionic conductance at infinite dilution m2·o·1·mor1 

fl absolute mobility m2·v·I8-t 

fleff effective mobility m2·v·I8-I 

p density kg·m·3 
er band broadening m3 
1' detector response time s 
lP surface covering ratio 
r zeta potential V 
/T Faradays constant (9.64·lif) C·mol"1 



subscripts 

b breakthrough volume 
c column or capillary 
cd measured by conductivity detection 
det detector 
e electronic circuits 
eff effective 
em emission wave length 
ex extra column band broadening 

excitation wavelength 
inj injector 
L teading electrolyte 
max at the peak top 

maximum amount 
p peak 

partiele 
r at retention time or retention volume 
s sample 

sorbed 
t tubes 
tot total 

Abbreviations aod acronyms 

a.f. 
ANOVA 
Amite 
bentazone 
dicamba 
d.f. 
HEC 
HEPES 
HVA 
MCPA 
MES 
MOPS 
Màwiol 
PAEK 
PEEK 
Perspex 
PMMA 
PVA 
PVDF 
RSH 
SPE-ED 
ST-DVB 
TRIS 

asymmetry factor at 10% of the peak height 
two way analysis of varianee 
polyetheretheneterephtalate 
3-isopropyl-2,1,3-benzothia-diazin-4-an-2,2-dioxide 
3,4-dichloro-2-methoxy benzoic acid 
dilution factor 
hydroxyethylcellulose 
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid 
hydroxyyanillic acid 
4-chloro-2-methylphenoxyacetic acid 
morpholinoethanesulfonic acid 
morpholinopropanesulfonic acid 
polyvilyl alcolhol (PV A) 
polyalkyletherketone 
polyetheretherketone 
PMMA 
polymetamethylacrylate (Perspex) 
polyvinyl alcohol (mowiol) 
polyvinylidenefluoride 
relative step height 
solid phase extraction-electro desorption 
styrene-divinylbenzene stationary phase 
trishydroxymethylaminomethane 



DANKWOORD 

Allereerst wil ik mijn dank .uitspreken aan mijn promotoren, Prof.Dr.Ir. Carel 

Cramers en Prof.Dr.Ir. Frans Everaerts voor de mogelijkbeden die zij mij de af

gelopen vier jaar hebben geboden. Eveneens ben ik veel dank verschuldigd aan mijn 

directe begeleiders Dr.Ir. Theo Noij (KIW A N. V.) en Henk Claessens, want zonder 

hun. inzet en bijdrage had dit proefschrift niet voor u gelegen. 

Verder wil alle (oud-)medewerkers van de vakgroep Instrumentele Analyse 

bedanken voor de samenwerking. Zij stonden altijd klaar om met mij discussies aan 

te gaan en velen deelden mijn emoties bij zowel de succesvolle als bij de iets minder 

succesvolle experimenten. 

Ook buiten de Technische Universiteit Eindhoven hebben diverse mensen zich 

ingezet voor mijn promotieonderzoek, mijn dank geldt ook voor hen: 

- Hans van Beveren en Margo van de Kooi, van KIWA N.V, omdat zij zoveel 

monsters voor mij hebben voorbewerkt, 

- Chris van Tilburg, van VICI-AG Valco Europe, voor het construeren van diverse 

niet-metalen HPLC kranen, 

- Ir. Andre Dams, van Rockland Technologies, voor het beschikbaar stellen van 

verschillende Zorbax SB-C18 HPLC kolommen, 

- De 'vakbroeders' van de Vrije Universiteit te Amsterdam, Prof.Dr. Udo Brink

man en Dr. Alexander Debets, voor de vruchtbare samenwerking, 



21 januari 1964 
aug. 1976-juni 1981 

aug. 1981-juni 1983 

sept. 1983-aug. 1989 

okt. 1989-sept. 1991 

okt. 1991-april1994 

Curriculum Vitae 

geboren te 's-Hertogenbósch 
HAVO, 
Rijksscholengemeenschap, 's-Hertogenbosch 
Atheneum, 
Rijksscholengemeenschap, 's-Hertogenbosch 
Studie Scheikundige Technologie, 
Technische Universiteit te Eindhoven 
Onderzoekersopleiding Scheikundige Technologie, 
Instituut Vervolgopleidingen, 
Technische Universiteit te Eindhoven 
Promotieonderzoek in de vakgroep Instumentele 
Analyse, Technische Universiteit te Eindhoven 



STELLINGEN 

behorende bij het proefschrift 

ISOTACHOPHORESIS AS A SELECTIVE 
SAMPLE PRETREATMENT TECBNIQUE 

IN LIQUID CHROMATOGRAPHY 

van 

Petrus Johannes Maria Hendriks 



1 Er zijn verschillende oorzaken aan te wijzen waardoor er, 20 jaar na 
het opstellen van de hypothese, nog geen eenduidigheid is bereikt over 
het gebruik van fenylazijnzuur als marker voor manisch-depressieve 
psychose. 

H.C. Sabelli !IDd A.D. Mosniam, Am. J. PsychiOJry, 131 (1974) 695. 

2 De in de massaspectrometrie gebruikte term 'ion-spray' kan beter 
vervangen worden door 'pneumatic-assisted electro-spray'. 

M.G. Ikomonou, A.T. Blades and P. Kebarle, Anal. Chem, 63 (1991) 
1981. 

3 Een veiligheidsreglement kan op een laboratorium. alleen nageleefd 
worden als de stafmedewerkers dit in woord en daad ondersteunen. 

4 Kleurstoffen zouden bij analytisch chemisch werk veel vaker gebruikt 
moeten worden. 

5 In het door Stransky gebruikte isotachoforetisch electroliet systeem is 
g+ het terminerend ion en niet glycine+. 

Z. Stransky, J. ChromOJogr, 326 (1985) 219. 

6 De enige algemeen geldende argumenten om miniaturisering in de 
vloeistofchromatografie door te voeren zijn een verminderd gebruik van 
eluent en stationaire fase. 

Zie dit proefschrift hoofdstuk 2 



7 De door Tsuda et al. gegeven verklaring voor de waargenomen 
migratieprofielen van ionogene componenten is onwaarschijnlijk. 

T. Tsuda, M. Ikedo, G. Jones, R. Dadoo and R. Zare, J. Chromatogr, 
632 (1993) 201. 

8 Een verkeerd bepaald soortelijk gewicht voor een CIS-gemodificeerde 
silica stationaire fase wordt niet juist door te refereren aan het werk van 
iemand anders. 

D.C. Shelley, V.L. Antonucci, T.J. Edkins and T.J. Dalton, 
J. Chromatogr, 485 (1989) 267. 
S. Hoffmann and L. Blomberg, Chromatographia, 24 (1987) 417. 

9 Het door Hiro et al. geponeerde model voor 'countercurrent 
electroconcentration', zou significant verbeterd worden als de effecten 
ten gevolge van het radiale temperatuurprofiel toegevoegd zouden 
worden. 

A. Hiro, T. Matsumoto, Y. Nimura, M. Ikedo, H. Okada and T. 
Tsuda, Anal. Chem, 65 (1993) 2882. 

10 Het refereren naar lezingen en posters moet in een overzichtsartikel 
vermeden worden. 

T. Tsuda, LC-GC Int, 5 (1992) 26. 

11 De eerst volgende recessie als gevolg van een investerings-(Juglar)
crisis zal zich inzetten net na de eeuwwisseling. 

J.J. van Duijn, Safe, (1993) 18. 

Pieter Hendriks 26 april 1994 


