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l.INTRODUCTION 

1.1.Isotachophoresis. 

The present state-of-art of the technique of 
isotachophoresis is such that one can look back upon 
the earlier developments as being a piece. of (recent) 
history. This history bas been more extensivily 
reviewed elsewhere [1,2,3,4,5). 
Chromatography and electrophoresis, being the two 
main physical separation methods in analytical 
chemistry, were born under diffeJ:ent circumstances. 
The theoretica! treatment by Kohlrausch [6] in 
1897 forms the basis of all electrophoretic 
techniques. Soon af ter that, Tswett [7] iritroduced 
chromatography in a more empirica! way. The 
development of electrophoresis in the early days was 
hampered by instrumental limitations (namely 
stabilization). Chromatography only grew rapidly 
after some fundamental requirements were understood 
[8]. The introduction of isoelectric focusing 
[9] and capillary electrophoresis (10] in the 
1960's increased the performance and applicability of 
electrophoresis. Capillary gaschromatography [11] 
and subsequently high-performance liquid 
chromatography [12] lead to a wide spread use of 
the technique in analytica! chemistry. 
Today, the number of publications on 
gaschromatography, high-performance liquid 
chromatography and electrophoresis amounts to more 
than 2000 per year each. 

The contribution of isotachophoresis to the latter is 
still moderate. The relative expansion of the 
technique is best illustrated in Fig.1.1. where it is 
seen that the relative number of publications on 
technique development (theory, instrumentation) is 
significant as compared to that in chromatography. 
Also, the total number of publications on the 
application of isotachophoresis is doubled every 2.5 
years. Some highlights from the past five years in 
isotachophoresis will be given. 
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CC LITERATURE 

A 
79% 

ITP LITERA TURE 

A 
58% 

HPLC LITERA TURE 

A 
88% 

Fig.1.1. The relative number of publications on 
instrumentation (I), theory (T), patents (P), 
applications (A) and reviews (R) in gaschromatography 
(GC), high-performance liquid chromatography CHPLC) 
and isotachopboresis (ITP) in recent years. The data 
were obtained from Chemica! Abstracts Selects. 
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1.2.Fundamental 

The principles of separation of isotachophoresis were 
largely understood at the time of publication of the· 
first monograph on the subject [l]. 
Since then, additional contributions [13,14] have 
given a better insight into the concept of 
resolution, which ultimately lead to the rintroduction 
of new equipment to enhance the load-capacity. 
The computer-programme of Beckers et al [l, 15] 
inspires Japanese researchers in simulating 
isotachophoretic parameters from pbysico-chemical 
data. Isotachophoretic data were measured and 
tabulated [17,18,19]. The influence of 
complexation was also investigated [20]. A number 
of publications have appeared on the calculation of 
molecular weight from isotachopboretic experiments 
[21,22,23,24,25]. 
Electroosmotic disturbances of the isotachophoretic 
separation put a limit to a number of operational 
parameters such as pH, concentration and 
fieldstrength. In section 5.1. a more detailed study 
of the effect of the zeta-potential of the capillary 
wall has provided tools for minimizing these 
disturbances [26]. 
The introduction of the zone existence diagram in 
isotachophoresis [27] gives a better overview of 
the different modes of migration in isotachophoresis, 
of which the stable mixed zone is especially 
interesting from a theoretical point of view. 

1.3.Instrumental. 

Instrumentation for capillary isotachophoresis (ITP) 
was recently reviewed [28]. Equipment bas been 
available from LKB · (Sweden) and Shimadzu (Japan) for 
a number of years. Recent developments in research 
insti tutes in the N'etherlands and Czechoslovakia are 
based on a modular design of the instrument, allowing 
flexibility to assemble a desired configuration. 
The most important development was column-coupling 
[29,30,31,32]. This enables a higher selectivity, 
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a higher sample load and even two..,.dimensional 
separations. The isotachophoretic analyser which 
recently became available on the Czechoslovak market 
is in f act based on this principle and on the 
publications quoted. Another development based on the 
modular design is volume coupling [33] where the 
desired load-capacity is easily adjusted. A closed 
system was developed for high-pH anionic separations 
[34]., see section 5.2 
For experiments on a micro-preparative scale, the 
fraction collector introduced by LICB is only rarely 
used recently [35]. Other researchers reported on 
discontinuous fractionation [36]. Japanese 
researchers reported on a preparatlve device [37]. 
The off-line coupling of ITP and mass spectrometry 
was reported [38]. The off-line coupling of ITP 
and HPLC was also investigated [39], whereas the 
on-line combination of the two techniques appeared in 
a Japanese patent [ 40]. 
Another review article [41] summarized some new 
developments in the field of detection in 
isotachophoresis. Some improvement in the design of 
the potential gradient detector was reported 
[42 ,43]. The high-frequency contactless detector 
[44,45] appears to receive less attent ion 
recently. On-line radiometric detection was reported 
[46]. l!ultiwavelength spectrophotometric detection 
was introduced [47]. In section 5. 5. we report on 
the introduction of dual-wavelength uv absorption 
detection in isotachophoresis [48]. The equipment 
developed also enabled detection with fluorescence 
emission and fluorescence quenching [49], the 
relevant publication can be found in section 5.6. 
In section 5.4., the possibilitles and.limitations of 
detection at 206 nm in isotachophoresis are 
discussed. 
Since 1980 a number of publications on computerized 
signal . processing for universa! · detection have 
appeared [50,51,52,53]. Section 5.3. deals wlth a 
domain-transform technique used in tbis respect. 
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1.4.Applications. 

In a review art iele on applications of 
isotachophoresis · [54] Kenndler · pointed out that. 
the majority of. applications of the technique lie in 
the biomedical field. This is quite understandable as 
in the early days of ITP proteins were the main field 
of interest, just as the other el~ctrophoretic 

techniques are still exclusively used for protein 
analys is. The use of i sotachophores is for the 
analysis of low-molecular weight substances bas 
received increasing attention during the last decade. 
Four important fields of application can be 
distinguished in this respect: interaction studies, 
biochemistry, pharmaceuticals and food analysis. 

Complexation is considered a useful additional 
parameter for selectivity in isotachophoresis, since 
the first paper on the subject in 1978 [55]. A 
considerable number of publications bas since 
appeared on the subject [57-78]. Not only can 
complexation be used as a means of achieving 
selectivity, ITP can also be used to study the 
interaction of lower and higher molecular weight 
substances. In section 5. 9. the binding of the drug 
theophylline to various proteins in human serum was 
investigated. 

Since the introduction of UV-detection in ITP, the 
technique bas proved valuable for nucleotide 
analysis. In 1980 a review article on the subject 
[79] contained 57 references. The conditions for 
separation ranged from pH 3 to 8.5. Today most 
nucleotide determinations are carried out in an 
anion ic operational system of pH 3. 9. It can now be 
considered a standard determination in a wide range 
of applications: serum, muscle extracts, rat liver, 
blood cells or sea snail embryos [80-96]. The use 
of dual wavelength UV detection for identif ication 
(section 5.5.) was especially suitable for these 
separands. 
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The anlysis of drugs by isotachophoresis was aJready 
reviewed in 1978. The review eontained 31 referenees 
(79]. Several groups in, Japan, Czechoslovakia and 
Germany have since reported on drug analysis, both in 
pharmaceutical preparations and in biological fluids 
(98-108]. Section 5.10. reports on the 
determination of quinine in pharmaceuticals, 
beverages and human urine after consumption of tonic. 

A review article of applieations of electromigration 
techniques in food science [109], published in 
1982 listed 98 references, many of which were in the 
field of isotachophoresis. As was mentioned in an 
introductory article on the use of ITP in food 
analysis [110], a large number of lower molecular 
weight acids can be determined simultaneously in 
wine, using a low pH anionic operational system. 
Section 5.7. consists of a publication on the 
determination of acids and additi ves to wines. The 
same operational condi tions can be used for a wide 
range of other samples [111-121]. 
A large number of other publications on food analysis 
with ITP have appeared, most of which in Japanese or 
German. [122-131]. 
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2. STEADY-STATE CHARACTERISTICS 

2.1. Definitions 

A steady-state implies a situation that is not 
subject to alteration. In isotachophoresis it can be 
defined as the existence of a series of adjacent 
compartments (zones) in a separation system, each of 
which bas a volume and a composition that is constant 
in time (see Fig. 2.1.). 

<Jr----
x 

Fig. 2.1. Steady-state of two isotachophoretic zones 
A and B between the leading zone L and èhe terminator 
zone T. The coordinate x is chosen with respect to 
any of the zone-boundaries. 

The compartments are separated by sharp boundaries 
that consist of a steep gradient in composition. The 
train of ·zones moves with equal veloci ty inside the 
separation system. If the coordinate in Fig. 2.1. is 
chosen with respect to any of the zone-boundaries, we 
have the following situation: an electric current 
passes through the train of zones. When the 
contribution of surface conductance is neglected, 
this current is carried only by ions of one charge 
(the counter-ions C+) and possibly by the solvent as 
well. 
As the saae current passes through all zones, their 
different compositions yield stepwise fieldstrength 
differences between the zones. The sequence of the 
zones is usually such that the ion with the highest 
effective mobility migrates in front. The mobility m 
is defined as the velocity v per unit of 
f ieldstrength E. or: 

m=v/E 2.1. 
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An equal velocity of 'the zones at a constant current 
implies a stepwise increase in resistance and 
therefore in fieldstrength. The concentration of the 
compounds separated (separands) tends to decrease. 
whereas for the separation of anions the pH tends to 
increase from leading to terminator zone ( see 
Fig.2.2.). 

R,E,pHÎ 

t 
T B A L 

,__ _ _.,-J '_ 

<]r----
x 

Fig. 2.2. Characteristic increase of resistance R, 
fieldstrength E and pH from leading to termlnator in 
an anlonlc separation. The concentration in the 
steady-state bas a tendency to decrease. 

2.2. The self-correeting properties. 

The steep concentratlon and pH steps enable the 
self-correcting properties of the zone-boundaries. 
These would otherwise disappear due to diffusion. 
Consider a boundary of zone A and zone B wlth zone A 
in front. The steep concentration gradient at the 
zone-boundary makes it likely for an ion A to diffuse 
into zone B. Because the veloclty of A in zone B is 
greater than the isotachophoretic velocity, the 
separand ion A will eventually reach its own zone 
again. A similar principle of self-correction applies 
to a separand ion B entering zone A. There are three 
mechanisms: 
- the fieldstrength E in zone B is greater than in 

zone B; 
- the mobility of A in B is greater because of the 

lower concentration (activity); 
- the mobility of A in B is greater because the pH is 

higher (dissociation). 
Of these three mecbanisms (fieldstrength, activity 
and dissociation) fieldstrength usually prevalls. The 
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effect of pH is limited to wealc ions, whereas the 
effect of concentration will be strongest for 
multivalent ions. 
The mechanism of self-correction · is proportional to 
the relative difference in velocity of a separand ion 
in lts own zone and in the adjacent zone respectively: 

2.2. 

2.3. The mixed-zone. 

The steady-state is achieved in two steps~ First the 
concentrations of the sample are adjusted to that of 
the leading electrolyte. As soon as they are 
adjusted, the total volume of the train of zones 
between leading and terminating electrolyte remains 
constant. Secondly the existing mixed-zones will 
disappear wi tb a characteristic speed according to 
the moving boundary principle. 
Consider a mixed zone of A and B that gives a zone A 
in front and a zone Bat the rear (see Fig.2.3.). 

T 

Fig. 2.3. Mixed zone of anionic separands A and B 
between leadin~ and terminating electrolytes. The 
mixed-zone AB 11 partially resolved into a zone A, 
migrating in front of the mixed-zone and zone B, 
migrating bebind. 

The effecti ve mobili ty m is related to the absolute 
mobility at infinite dilution mo by the rèlation: 

2.3. 

where a. is the degree of dissociation and y the 
activity coefficient. In this case, for the effective 
mobilities of the separands in the mixed-zone,' we 
have: 

2.4. 
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The difference of these mobilities will determine the 
speed witb whicb the mixed-zone will disappear. It is 
obvious that this diff erence will depend on a. and 
y and consequently on pH and concentration. 
For strong monovalent ions at concentrations not 
exceeding 10 mole/m3 it can be assumed that: 

mA,B:qnA,AB:qnA,A 

~.B~,AB:qnB,A 

2.5.1. 

2.5.2. 

In this case the disappearance of the mh:e-zone is 
regulated by the fieldstrength only, so that: 
EA<EA8<E8 2.6. 

As the composition of the mixed-zone remains 
unchanged during its existence, the mobility 
difference menlioned before remains constant and so 
does the rate of decrease of the mixed-zone. 

2.4. Enforced configurations. 

The composi tion of the mixed-zone, being determined 
by the properties and concentration ratio of the 
individual separands, can be such that: 

mA,AB>mB,AB 

and 

mA,A<mB,B 

2.7. 

2.8. 

In this enforced isotachophoretic situation A still 
migrates in front of the mixed-zone because of 
eqn.2.7., whereas B follows bebind. But the 
conditions (pH, concentrations) in the mixed zone can 
be such that, with eqns. 2.1. and 2.3.: 

EA>EB 2.9. 

Then, the mixed-zone can disappear only if: 

EA>EAB>EB 2.10. 

The steady-state fieldstrength profiles will now be 
as shown in Fig 2.4. 
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T R,EtJ A 
A+B 

l 

Fig. 2.4. Universal detector signal (R, E) of a 
mixed-zone in an enforced situation. 

The first example of an enforced configuration was 
given by Routs [1]. A more detailed treatment of 
the different modes of migration in cationic 
separations was recently presented [2]. 

2.5. Concentrations in the steady-state.· 

The concentration Cn of a separand n in the steady
state can be described by the equation of continuity 
in a one-dimensional form. For the separation in a 
cylindrically shaped vessel we assume tangential and 
radial symm.etry, where x is the axial coordinate: 

óc /Ót=-Ó/Ox(ÓD c /Ox-v c ) 2.11. n n n n n 
in which Dn is the diffusion coeff icient in 
m2s-1 and Vn the linear velocity in m s-1 of 
separand n. The latter can be written as: 
v =m E 2.12. n n 
which defines the effective mobility 1Dn in 
m2v-ls-l as the 1i near veloc i ty per unit of 
fieldstrength E in vm-1. 
For weak electrolytes we have the relation: 

m~m 213 n n n,o • · 
Where «n is the degree of dissociation and mo~ 
the absolute mobility in m2v-ls-1 of the fully 
dissociated form of n. Combining egns. 2.11 and 2.12 
for strong ions and neglecting diffusion within a 
steady-state zone, we have: 
6c /Ót=OE m c /6x 2.14. 

n n n 
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Summarized over all substances in the zone, this 
yields: 

óEci/Ót=6E1Em1ci/óx 2.15. 

The specific conductance A in Q-lm-1 of this 
zone is defined as: 

A=FEmi c1 2 .16. 

for monovalent ions with F Faradays constant in 
Ceq-1. The current density j in A m-2 is given by 
the modified Ohm•s law: 
j=AE 2.17. 

Combination of eqns 2.16 and 2.17 gives: 
EEm

1
c1=j/F 

From eqn. 2.15 it is now evident that: 

óEc
1
/ót=6j/F/Óx=0 

Devision of eqn. 2.15 by m1 gives: 
óEc./m,/ót=6EEc./óx 

1 1 1 

2.18. 

2.19. 

2.20. 

Within the zones electroneutrality is assumed, which 
means Ec1=0 so that: 

Ecilm1=constant 2.21. 

Eqn. 2. 21 is known as Kohlrausch' s regulating 
function. 
The concentrations in the zones can be calculated 
from the leading electrolyte concentration with the 
aid of eqn. 2.21. When working with one counter-ion, 
the eharged concentrations of the separands equal 
those of the counter-ion. Then eqn. 2.21 can be 
rewritten as: 
c./m.+c./m =cL/m..+cL/m 

1 1 1 C L C 
2.22. 

giving the coneentration ei of any separand i in 
its zone in relation to the counter-ion mobility 
•c• the separand mobility m1, the leading ion 
mobility ~ and the leading concentration cL. 
Devision by cL/mi and rearrangement gives: 

c1/cL=mi(D\.+mc)/D\.(mi+mc) 2.23. 

From the definition of the transport number T1: 
2.24. 
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it follows that the ratio of concentrations of 
separands in their zones equals the ratio of their 
respective transport numbers: 
ci/cL=~i/~L 2.25. 
Under aêtual condi tions, the concentrations of all 
separands in their steady-state zones are determined 
by the composition of the leading-electrolyte. This 
conèentration is limited in range. The requirement of 
a buffering capacity prohibits the use of 
concentrations below 1 mol m-3. Also electroosmotic 
disturbances are more pronounced under these 
condi tions. A high concentration will increase the 
limit of detection in isotachophoresis and will also 
limit the applicability of the technique due to 
solubility problems. Leading-electrolyte 
concentrations of 10 mol m-3 are usual. 

The mobility of the counter-ion should be as low as 
possible for reasons of a high current efficiency and 
short analysis time. There is another reason to work 
wi tb a high leading-electrolyte transport number. At 
low transport numbers, the concentration of separands 
with low effective mobility in their zones can 
decrease to an unacceptable level, even though the 
leading-electrolyte concentration is within the 
desired range. This can be shown as follows. 
For the leading electrolyte it is seen that: 

mc=Cl/~L-l)mL 2.2&. 

Substituting me in the transport number of separand 
i we obtain, after rearrangement: 
mi/~=(l/~L-1)/(l/~i-l) 2.27. 

Rearrangement of the right side of eqn. 2.27. 
combination with eqn. 2.25. gives: 

mi/~=Ci(l-~L)/cL(l-~i) 

and 

2.28. 

As the f ieldstrength Ei in zone i is inversely 
proportional to the effective mobility m1 of 
separand i. we have: 
Ei/EL=CL(l-ci~L/cL)/ci(l-~L) 2.29. 

On the basis of eqn. 2.29, Fig. 2.5. shows that a 
high transport number of the leading electrolyte is 
essential for the use of high relative fieldstrengths 
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without the zone concentratlons decreasing to an 
unacceptable low level. 

ei/cl 

î' 
0.5 

2 " 6 

Fig. 2.5. Decrease in relative concentratlon of the 
separand in its zone as a function of lts relative 
mobllity and the transport number of the leading 
electrolyte T. The range of the x-axis is the 
nor~al workÏng range in isotachophoresis. 

2.6. Temperature profiles. 

To achieve, and maintain a steady-state in 
isotachophoresis it is essential that an electric 
current will pass through the train of zones. The 
amount of heat generated inside the separation 
compartment is given by: 

P=j 2 / A 2 .30. 

where P is the heat production in W m-3, j the 
current density in A m-2 and A the specific 
conductivity in o-lm-1. For a leading 
electrolyte in a capillary of O. 2 mm ID, average 
values are: j=103A m-2 and 
A=io-lQ-lm-1. This means that with a 
capillary volume of 10-8 m3 the amount of heat 
generated is ca. 10-lw. The leading electrolyte 
would be heated to the bolling point of water within 
30 seconds if the heat would not be dissipated. The 
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heat dissipation will result in a series of radial 
temperature profiles, the contribution of each of 
which will be estimated. The subject has been dealt 
with in detail by Coxon et al [3], Brown et al 
[4]. Ryslavy et al [S], Bocek et al [6] and 
Verheggen et al [7]. 
As the. specific conductivity is different from 
zone-to-zone, there will also be a stepwise change in 
heat production at the zone boundaries. This leads to 
an axial temperature profile, that makes thermometrie 
detection posslble. Thls can also lead to 
disturbances at the zone-boundarles, mainly because 
of convection. The contribution of this disturbance 
to the distortlon of the zoneboundaries is estimated. 

2.6.l Radial temperature profiles. 

The total radial temperature drop between the 
capillary axis and infinity is made up of the 
following contributions as given in Figure 2.6. 
For the estimation of the different contributions, lt 
will be necessary to make the assumption that no 
convection takes place inside or outside the capillary 

a.For the determinatlon of (T0-T1) an exact 
mathematica! description is rather awkward because of 
the influence of temperature on both specific 
conductance and thermal conductivity of, the liquld. 
Only the f ormer was taken into account by some 
authors [3,4,5,6]. Bocek [6] calculated a 
<r0-r i of 0.7 K in a 0.5 mm capillary under 
nonilal conditions. Therefore it seems justified to 
neglect the influence of the following terms: 

(óA/óT)/A=0.02 K-l 

(Ó~/ÓT)/~=0.002 K-l 

2.31. 

2.32. 

where A is the speeif ic conducti vity in Q-1 
m-1 and the thermal conductivity in w m-lK-1. 
The values given are approximate values for strong 
ions in water at room temperature. 
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Consider an element of volume rdrdx at distance r 
from the axis of a capillary with an internal radius 
R1 (see fig. 2.6.). The amount of heat entering the 
element per second at r is: 
<l>

1
=-2ÎÎrÀÓx(ÓT/Ór)r 2.33. 

with À the thermal conductivity of the sol,tion. 

~ 

dr 

-~ 

-* -2 

-~ 
~ 

---~ 
i--~;~~---.R-1~~-~~.~~~~'f' 

Fig. 2.6. The radial temperature profile of a 
capillary with: 
(To-Ti> the radial temperature difference inside 
the capillary, due to Joule heat and conductance; 
(T1-T2> tb~ temperat~re drop across the in~erface 
of the liqu1d and the inside of the capillary wall; 
(T2-T3) the temperature drop over the capillary 
wall; 
(T3-T4) the temperature drop across the interface 
of the outside of the capillary wall and the 
surrounding medium; 
(T4-T5) the temperature drop in the surrounding 
medium. 
The temperature differences are not drawn to scale. 

The amount of heat 
driving current inside 

<l>2=+21Trj 2óróx/A 

generated per second by 
the element of volume is: 

2.34. 

The amount of heat per second passing out of the 
element of volume at distance r+dr from the axis is: 

<i>3=-2'11ÀCr+ór)Óx(ÓT/Ór) ó 2.35. r+ r 
It is clear that in the steady-state, without 
eonvection: 
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<l> 1+<l>2=4> 3 

Combination of eqns. 2.33, 
rearrangement and division 
approaching zero gives: 

-j 2 / AÀ.=llr(c5/6r(rÓT/Ór)) 

After rearrangement: 

-Jó(rÓT/ór)=j 2 Jrór/ AÀ. 

2.36. 

2.34, 2.35 and 2.36, 
by 21Tróróx1'. wi tb dr 

2.37. 

2.38. 

With ÓT/Ór=O at r=O it follows that: 

óT/Ór=-j 2r/2AÀ. 2.39. 

Integrating once more with T=To at r=O: 

T
0
-Tr=j2r 2 /4AÀ. 2 .40. 

The total radial temperature difference in a 
capillary of internal radius Ri is thus: 

.2 2 4'A'\ 2 41 r
0
-T

1
=J R11 1\~ • • 

As can be seen from eqn. 2. 41 and Figure 2. 1, under 
normal conditions the total radial temperature 
difference inside the capillary is less than 1 K. It 

î' 
0.5 

parameter /\ 

j = 103 Am-2 

0 o 0.1 0.2 o.3 o,q o.s 
---t> l.D. mm 

Fig. 2. 7. Radial temperature difference (T:P-T1> 
between r=O and r=R1, calculated wi th eqn. 2. 4 . as 
a function of the internal diameter and the specific 
conductivity of the zone at constant current density. 
The range of parameter A corresponds to usual 
leading and terminator zones. 
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was therefore justified to neglect the contribution 
of eqns. 2.31 and 2.32 for the estimation of 
(To-T1). 

For a usual leading electrolyte of 
m-1 at normal current density j=l03A 
capillary of 0.2 mm ID witb R1=10-4 m: 

T0-T1=0.04 K 

A=o.10-1 
m-2 in a 

and for a terminator of A=o.020-l.m-l.under 
the same conditions: 
T0-T1=0.21 K 

The zone-boundary profile, which will be discussed in 
detail in 2.10, also bas a contribution from the 
radial temperature profile. 
The radial temperature profile gives rise to a radial 
mobility profile. According to Hjertén [10] this 
is the main eau se of disturbance. other than 
diffusion, in zone electrophoresis because the effect 
is cumulat i ve: it increases during separation. 
However this is not the case in isotachophoresis. 
Here the radial pressure gradient on the zone 
boundary is caused by the radial mobility profile and 
electroosmosis. This effect is counter-acted by the 
self-correcting properties. The contribution of the 
radial temperature gradient can be estimat~d as 
follows: 
If the relative change of velocity of an ion between 
r=O and r=R1 is given by C: 
C=(T

0
-T1)óv/vÓT 2.42. 

where v is that veloc i ty (m s-1) • then the value of 
this parameter C should be compared with unity. 
Combination of eqns. 2.1. and 2.42 gives: 

C=(T
0

-T
1

)(EÓm/ÓT+móE/ÓT)/mE .2.43. 

As ÓE/ÓT=ÓE/ór.ór/óT and ~E/Ór=O, the 
term móE/ÓT is zero and thus: 
C=(T

0
-T

1
)óm/móT 2.44. 

Wi tb óm/mót=óA/ AóT=O. 02 K-1, i t is 
seen tbat under normal condi tions in a capillary of 
0.2 mm ID, the contrlbution of the radial temperature 
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profile to the disturbance of the zone-boundary is 
small: 
C<0.01 

b. The temperature drop across the interface of the 
liquid and the capillary wall (T1-T2> is equal to 
the ratio of the heat flux (W m-2) and the heat 
transfer coefficient a.1 (Wm-lK-1). The former 
is obtained from eqn. 2.39: 

ct>Rl=j 2
R

1
12A 2.45. 

so that: 

Tl-T2=j2Rl/2Aa.1 2.46. 

The value of «1 is not easily obtained 
experimentally as it depends on many variables. It is 
however assumed that the corresponding heat transfer 
is rather efficient, as there is a larger radial 
velocity gradient near the wall, caused by 
electroosmosis (see 2.7.). 
The order of magnitude of a.1 is estimated as 
follows: 

now, 

=l K 
· ,,.103A m-2 

=lo-4m 
=10-10-tm-1 

c. The temperature drop over the capillary wall 
(T2-T3) is obtained from a balance of heat-fluxes 
in the stationary state over an element of volume 
i!Trdrdx inside the capillary wall. For the 
temperature drop inside the wall: 

6/6r(r6T/6r)=0 2.47. 

Integrating once gives: 

6T/6r=c1/r 2.48. 

At Ri the heat fluxes in the liquid and the wall 
are equal: 

~1 <6T/6r)tiq=~2 <6T/6r>wall 2.49. 

in which ~2 is the thermal conductivity of the 
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capillary materi al. It now follows from eqns. 2. 45. 
2.48 and 2.49 that c1=j2RÎl2A'k2 so 
that integration of egn. 2 .48 with T=T2 at Ri and 
T=T3 at R2 (see figure 2.6) gives: 

T2-T3=j 2R~ln(R/R1)12A'k2 2. SO. 

T2-T3 can now be 
electrolyte conditions: 

estimated f rom leading-

=103A m-2 
=lo-4m 
=2 
=10-10-im-1 
=0.25 w m-lK-1 (teflon) 

Now, T2-T3=0.14K 
There are some limi tations when trying to minimize 
T2-T3. R21R1 cannot be decreased much more 
for reasons of stability of the equipment. The 
capillary material used (teflon) could possibly be 
replaced by pyrex glass <'k2=1.13 w m-lK-1) or 
silica glass <'k2=1.36 W m-lK-1). 

d. The temperature drop e:cross the interface of the 
capillary wall and the surrounding medium is equal to 
the ratio of the heat flux at R2 and the heat 
transfer coefficient u2 . The former follows from 
eqn. 2.45: 

2 2 
<l>R2=j Rll2AR2 

so that: 

t3-T4=j
2R~/2AR2u2 

This temperature drop can be 
R2/R1. The most important 
however is u2 which can be 
througb forced convection. 

2 .51. 

2.52. 

reduced by decreas i ng 
parameter available 

increased by cooling 

e. For the estimation of T4-T5, heat transport 
througb conductance in the surrounding medium is only 
important when working in a solid, where a stationary 
state is not attained. In practice, with a liquid or 
gaseous medium, free or forced convection will always 
play a dominant role so that this temperature drop is 
levelled out. 
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The following table gives a sWlll\ary of the different 
contributions to the radial temperature profiles (see 
Fig. 2.6.). 

parameter f ormula est. 

To-T1 j2RÎJ4AÀ. <1.K. 
T1-T2 j2Rr2Aa1 =<1.K. 
T2-T3 j2R ln(R2IR1) /2AÀ.2 <1.K. 
T3-T4 j2R /2AR2a.2 >l.K. 

2.6.2.Axial temperature profiles. 
Verheggen [7] reported on the inf luence of the 
diameter of the separation compartment and the 
current density on the temperature in the zones. From 
bis data, replotted in Fig. 2.8., it can be concluded 
that: 

TT- TL (K) 

Î
30 

parameter l.D. (mm) 

20 0.5 

10 

0 0 0.2 0.4 0.6 0.8 1.0 .2 
--t> J 106A2M-q 

Fig 2.8. Axial temperature difference between a 
leadin' and a terminator zone in a standard anionic 
operat1onal system, as a function of the current 
density and the internal diameter. The PTFE capillary 
was surrounded by air (data are from [7]). 
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- both the temperature in the zone wi tb respect to 
the ambient temperature and the temperature 
difference between leading and terminator are 
proportional to j2 and to RÎ. 

It is likely that these differences in temperature 
are also proportional to l/A. 
When the zone boundary passes through the liquid in 
the capillary with the isotachophoretic velocity, the 
joule heat is continuously warming-up the liquid. 
This takes time and leads to convective disturbances 
over a certain length of capillary. These 
disturbances will be dealt with in 2.8. 

2.7. Electroosmosis. 

The radial temperature gradient, axial diffusion and 
convection due to the axial temperature difference 
are not the only disturbing effects that act on the 
zone-boundary. Under normal operational conditions, 
the contribution of electroosmosis can be 
considerable, unless certain precautions are taken 
[8]. 
The materials in which isotachophoretic separations 
are carried out, show a negative zeta-potential under 
most operational condi tions. The element of volume 
just outside the electric double-layer has a positive 
charge for reasons of electroneutrality. The electric 
field applied parallel to this double-layer is the 
cause of the electroosmotic velocity of the liquid, 
given by: 
v =-c(E/~ 2.53. eo 
in which ( is the zeta-potential of the capillary 
wall, c the dielectric constant of. the liquid, E 
the fieldstrength and ~ the viscosi ty of the 
liquid. Combined with the isotachophoretic velocity, 
the following expression can be derived for the 
relative electroosmotic disturbance: 

v lv1 =-c(/TJlll 2 54 eo so . · · 
With a zeta-potential of -0.l.V, to be expected in a 
terminator zone of a high-pH anionic operational 
system, the relative electroosmotic disturbance 
difined above, approaches unity. 
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Because the separation compartment is a closed 
system, the net volume flow is zero. Consequently 
there is a poiseuille counterflow superimposed on the 
electroosmotic plug-flow (see Fig.2.9.) The 
net-flowprof ile differs from zone-to zone and is 
given by eqn. 2.55. 

viso î Î vpoiseuille 

0 

l 
I l vplug 

\ 
\ 

+ 
viso 

Fig. 2.9. The C-potential of the capillary wall, 
combined with the axial fieldstrength, generates an 
electroosmotic plug flow. In a closed system, a 
poiseuille counter-flow in the other direction yields 
a zero net volume-flow(-----). 

For the net 
agreement with 

J21Trv( r)Ór=O 

volume-flow, this relation 
the following condition: 

2.55. 

is in 

2.56. 

The direction of the net flow profile is different 
for anions and cations, as it seen from the sign of E 
in eqn. 2.55. The equations given above are valid for 
infini tely long zones. In practice, discontinuities 
take place at the zone boundaries. 
The electroosmotic flow-profile introduces a 
disturbance af the steady-state zone-boundary, to be 
discussed in 2.10. From eqn. 2.55 it is seen tbat 
there are several ways to decrease tb is disturbance. 
Increasing the viscosity , either in the bulk of the 
solution or only near the wall, decreasing the 
zeta-potential with surface active agents, or 
decreasing the dielectric constant with the choice of 
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another solvent. A more detailed description of 
electroosmosis [9] is given in 5.1. 

2.8.0ther convective disturbances 

A distinctlon is made between convection in the bulk 
of the zone due to radial temperature differences, 
and eonvecti ve dlsturbanee of the zone-boundary due 
to axial temperature differences. 
The driving current leads to zone-to-zone differences 
in temperature. A difference in density of the liquid 
results. If the isotachophoretic equipment has a 
vertieal separation capillary, these denslty 
differences aceross the zoneboundaries will lead to 
free convection under normal gravitatlonal 
circumstanees. With a horizontally mo'unted capillary 
this convection will not take place to the same 
extent. However, in both cases a different, more 
important effect will take place. The volume flow of 
the liquid with respect to the boundary is given by: 

4>=1Tr2mE 2. 5 7. 

The amount of power necessary to rlse temperature of 
this volume flow from T1 in zone 1 to T2 in zone 
2. is: 

P=îf'r2mE(T2-T1 >pep 2.58. 

in whlch p is the density in kg m-3 and Cp the 
specific heat of the solution in J kg-lK-1. 
The above mentioned power is generated by the driving 
current. Per unit of volume this is: 

p=E.j 2.59. 

It is clear that the temperature rise from T1 to 
T2 is not instantaneous. It requires the joule heat 
dissipated in a volume equal to: 

V=P/p=1l'r
2

mPCP<T2-T1)/j 2.60. 

The length of the convective disturbance due to the 
axial temperature rlse, per degree, is glven by: 

length/degree=pC mij 2.61. p 

The order of magnitude of this disturbance is now 
calculated from average values. 
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m =S0.10-9m2v-ls-1 
j =103A m-2 
p =103kg m-3 
Cp =4.2.103J kg-11-l 

The resulting length of the disturbance is 0.2 mm 
K-1 

Decreasing the zone-to-zone temperature differences 
is the only way to overcome this convective 
disturbance, for instance by the use of spacers. As 
the zone-to-zone temperature difference is 
proportional to the square of the current density, a 
decrease of the driving current will have the same 
effect (see Fig. 2.8). 

2.9. Counter-flow 

The electroosmotic flow, given by eqn. 2.53. exerts a 
pressure on the zone-boundary that is given by: 

-2 
P(r)=%pv(r) 2.62. 

Because of the differences in electroosmosis between 
two adjacent zones, the net pressure on the boundary 
between these zones is given by: 

2· 2 2 2 2 2 2 2 
Pe

0
=%pc In (l-2r IR1 ><C2E2-(1E

1
> 2.63. 

From r=O to r=Ri the total pressure, which has a 
poiseuille profile, ranges over: 
p =PC2/n2 ('2E2-(2E2) 

eo 2 2 1 1 
2.64. 

E:xperiments by . other authors [8,10] have shown 
that a counter-flow of electrolyte wi 11 sharpen-up 
the zone-boundaries. The effect of a certain ~ of 
counter-flow was not the same for all zone-boundaries 
in anion ic separations. The mechanism of electrolyte 
counter-flow is such that i t exerts a pressure of 
equal but opposite profile from that of the 
electroosmotic disturbance (eqn. 2. 64.). The 
poiseuille counter-flow between r=O and r=Ri ranges 
over 2V2, and the pressure over: 

P -~~v2 =2nv2 po is ,.,., max "" 2.65. 
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For the optimal counter-flow, ·Ppois•Peo• so after 
the combination with the definition of the 
isotachophoretic velocity, we obtain the following 
relation for the relative counter-flow, that is with 
respect to vis0 : 

v/v. •t((l-(E11E2>2>%1TJUV'"2 2.66. 
lSO 

in wbich, as an approximation, zone-to-zone 
differences of the zeta-potential are neglected. 
It appears that the relation for optimal counter-flow 
(eqn 2.66) does not depend on a1 . Tbis is because 
of all convective disturbances acting on the 
zone.-boundary, electroosmosis is the only one that 
does not depend on the temperature and on the 
internal radius R1· 
The order of magnitude of the relati ve counter-flow 
is estimated as follows: At a lot. fieldstrength 
difference between the zones and a mobility of 
so.10-9 m2v-ls-1, the optimal counter-flow of 
electrolyte is: 

v/viso~o.2 

This is in agreement with experimentally determined 
values by other authors, so that it is assumed that 
eqn.2.66. gives a fairly good description of the 
relative amount of counter-flow in anion ic 
separations. 

Also evident from eqn.2.66. is that the optimal 
counter-flow is increased at high zeta-potentials, 
low viscosities and low effective mobilities, as 
expected. Exact calculation is hampered by the lack 
of data on the zeta potential in the. zone. With the 
zone-concentration decreasing and the pH increasing 
at lower mobilities in anionic operational systems, 
the absolute zeta-potential of the terminator-zone is 
certainly signif icantly higher than that of the 
leading electrolyte. Experiments in Teflon [9] 
h&ve indicated that: 

(Ó(/ÓpH)/(=0.2 

c(Ó(/Óc)/(=1. 5 

40 

2.67. 

2.68. 



The expected decrease in concentration is a factor 
O. 5. , the expected pH increase is- +1. Therefore the 
conclusion seems justified that, with respect to the 
optimal counter-flow, the effect of mobility (by a 
f ac,tor 5) predominates over the effects of 
concentration and pH. 
Th'is is an interesting observation from a practical 
point of view, as it implies that the optimal 
counter-flow is inversely proportional to the 
effective mobility and thus directly proportional to 
the signal-amplitude of the conductivity detector, 
which in reality is a re si stance detector. Thi s makes 
it possible to regulate the counter-flow directly by 
the conductivi ty detector. Needless to say that the 
analysis time is adversely effected as the relative 
counter-flow approaches uni ty. Therefore i t is more 
effective to deerease the zeta-potential in order to 
minimize the disturbing effects of electroosmosis. 

So far, only anionic separations were considered. For 
cationic separations, the electroosmotic flow-profile 
is reversed with respect to the isotachophoretic 
velocity. Analogy would indicate that a co-flow of 
electrolyte could possibly bring improvement. In 
practice · however, cationie separations do not need 
detergents to decrease electroosmosis. 

2.10. The zone-boundary 

An adequate description of the zone boundary is 
necessary for two reasons. First i t is important to 
know how sharp a zone boundary is, that is the length 
over which there is an influence of diffusion on the 
concentration distribution, and what parameters it is 
related to. Secondly, the zone boundaries are not 
straight but parabolic, an ef f eet that is as cri bed to 
electroosmosis and the radial temperature gradient. 
Both effects are important for the accurate detection 
of the zone boundaries in quantitative analysis. They 
effect both accuracy and precision as will be shown. 
First an equation is deri ved for the concentration 
distribution of ions in the zone boundary, neglecting 
the influence of electroosmosis and the radial 
temperature gradient. It begins with a basic balance 
of mass fluxes, as was introduced by Longsworth 
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[11]. Consider a zone boundary between separand 1 
and 2, with m1>m2 in an anionic separatlon. The 
coordinates are with respect to the zone boundary. 

flow + 
-v1 c. so 1 

migration 
+m

1
ciE(x) 

+ diffusion =0 
-D(óc

1
/6x)=0 2.69. 

This also applies within a zone where the third term. 
is zero and the other can be rewritten as: 

2.70. 

where Bi refers to the homogeneous zone of s~parand 
i. In the boundary consider the situation at dlstance 
x for any of the two separands 1 or 2, i 

-miEic(x)+mic(x)E(x)-D(óc/6x>x=0 2.71. 

at distance x+6x: 
-m. E. c(x+óx)+mic(x+óx)B(x+Óx) -D(Óc/Óx) 6 =0 

i 1 x+ x 2. 72. 

Substraction, division by óx with 6x approaching 
zero gives: 

6 2 2 +miEi(óc/6x>-m
1
6CcE)/ x +D(6 c/óx )=0 2. 73. 

This differential equation describes the concentration 
distribution of both separands 1 and 2 in their zone 
boundary. For the counter-ion it is easily se;en that 
the following differential equation can be derived in 
a similar manner: 

2 2 +v
1 

(Óc/6x)+m Ó(cE)/Óx +D(Ó c/óx )=0 2.74. 
so c 

in which me is the mobility of the counter-ion. 
Another approach to describe the concentration 
distribution was made by Longsworth who combined eqn. 
2.69. with Einstein's relation for the diffusion 
coefficient of monovalent ions: 

D=im.kT/e=m.RT/F 2.75. 
1 1 

so that: 
-v

180
ci+miciE(x)-miRT/F.(Óc/Óx)=0 2.76. 

Multiplying by F/RTmici and rearrangement gives: 
l/c(óc/Óx)=F/RT(E(x)-v

180
/m

1
> 2.77. 
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or: 
ólnc./Óx=F/RT(E(x)-vi /mi) 

1 so 2.78. 

The same relation can be derived for the other 
separand j: 
ólnc,/Óx=F/RT(E(x)-v

1 
/mj) 2.79. 

J so 
Substraction of eqns. 2.78. and 2.79. and integration 
gives: 
ci/cj=exp(-Fv. /RT(l/m,-1/m.)x) 

110 1 J 
This can be rewritten as: 
c./c.=exp(-Bx) 

1 J 
with the parameter B given by: 

B=Óm/m.FE/RT 

2.80. 

2 .81. 

2.82. 

The choice of the coordinate x is such tbat ci/Cj 
= 1 at x = 0. 
From a graphical representation of ci/(ci + Cj) 
vs x the conclusion may be drawn that the diffusion
controlled boundary ranges over 4/8. A more accurate 
calculation of the zone-boundary thickness is only 
possible when the absolute rather than the relative 
concentration distribution is known. Longsworth, 
Konstantinov, Routs and others assume a continuous 
distribution for all ions, including the counter-ion 
on the basis of electroneutrality in the 
diffusion-controlled boundary. However, there is a 
field strength gradient ÖE/Öx in the boundary, so 
that application of Maxwell• s law over a rectangular 
box perpendicular to the field E, shows that 

anions m < o cations m > o 

Fig. 2.10. Application of Maxwells law over a 
rectangular box wi th surf ace area A perpendicular to 
the electric field E. The box contains part of zone 1 
and zone 2. 
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electroneutrali ty does not apply ( see Fig. 2 .10.) . The 
box bas a surface area A perperdicular ;to the 
fieldstrength. 
It is seen from the sign of q/A that for both anions 
and cations there is a counter-ion excess in the zone 
boundary. Here, we have to assume that c is èonstant 
and equal for both zones. This can be illustrated by 
Grahame•s relation: 

2 2 2 (c(E)-n0)/(t(O)-n0 )=1/(l+bE ) 2.83. 

with n0 the refractive index <no = 1.33 for water) 
and b = i.1.10-16y-2m2. With a fieldstrength of 
io4vm-l,,eqn. 2.83. shows that the influence of E 
on tcan be neglected. 
Within the boundary, the charge density satisfies: 

IPl=c(6E/6x) 2.84. 

In this respect, eqn.2.69. is not exact. However, if 
the result of the calculation of the thickness is in 
the correct order of magnitude and the following bold 
assumption is made: 

-ÓE/Óx=BCE2-E1 )14 

then the charge density is given by: 

IPI =EÀE6mEF / 4RTm 

with E1=104v m-1, E2=1.1.104v 
m=SO .10-9m2v-ls-l, F=losc eq-1, T=298 
R=8.3 J K-lmo1-l and c=708.10-12F m-1 we 
calculate for monovalent ions: 

IPl=7 .10-8eq m-3 

and: 

4/B=l00.l0-6m 

2.85. 

2.86. 

can 

So the counter ion access is small compared with the 
electrolyte concentration (10 eq m-3). 
The above mentioned derivation of the zone-boundary 
thickness is not exact for two reasons: 
- c11c2(x) is calculated instead of c1 Cx); 
- electroneutrality is assumed. 
Kaintaining the second assumptlon, a descriptlon of 
c1Cx) is obtained from an iterative procedure. The 
method is swmnarized in a symposium contribution in 
Japanese [12]. Starting from eqn. 2.69.: 
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2.87. 

for both separands. Substltution of eqn. 2. 75. and 
Viso=miBi o where Bi o is the fieldstrength 
in the buik of zone i, gfves: 

óc/Óx=Fci/RT.(E(x)-Ei,O) 2.88. 

With E(x)=j/K and K=FEc1m1 we have: 

óc/Óx=jci/RT(l/(m..c1+m2c2+m c )~l/c (m +m )) 
l c c 1.0 1 c 2.89. 

The iteration uses the above equation, together with: 

ci(x+dx}=c
1

(x)+óc/óx.dx 2.90. 

The iteration is started at x=O where c1=c2 • The 
concentration at x=O is itself determined by an 
iteration procedure. The correct value is only 
obtained if the following boundary conditions are met: 

x 00 

x -00 

c1=ci,o and 
c1=0 and 

The resulting profile does not differ much from the 
relative eoneentration distribution c1/(c1+c2) 
as long as m1=m2 . 
Coxon and Binder [13] 
non-electroneutrality by 
Ez.c.=-c/F.ÓE/óx 

1 1 

do include 
inserting: 

the effect of 

2.91. 

The resulting concentration distribution is exact and 
leads to a zone-boundary thickness that does not 
deviate much from the approximated value. 
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3. Detection in isotachophoresis 

3.1 Detector requirements and classification 

The aim of detection in isotachophoresis is 
measuring steady-state properties of the 
indentification purposes and detection 
transitions for quantification. 

Measuring steady-state properties. 
The following requirements should be met: 

twofold: 
zones for 
of zone-

- independence of certain operational conditions; 
- not destructive; 
- no chemical or physical interaction with the 

detector material. 

detection of zone transitions. 
For accurate zonelength measurements, a number of 
additional requirements should be met: 
- response should be sufficiently fast; 
- the volume of the detector cell should be small; 
- the transitions should be detected with sufficient 

precision and accuracy. 

Classification of detectors is possible on the basis 
of the parameter that is measured (heat, resistance, 
light). Another classification is between universal 
and specific. The distinction between universal and 
specific detection presented here is not indentical 
to the one introduced before [l.]. 
Detectors in isotachophoresis are classified as 
either universa! or specific: 
- Uni versal detectors make use of a bulk property of 

the zone, such as temperature, electri.c resistance 
or fieldstrength. The same applies to any specific 
property of the solvent or the counter-ion, because 
it is present in all zones. There is an unequivocal 
relation between the detector response and the 
effective mobility of the separand detected. This 
relation is usually non-linear and it depends on a 
number of operating condi tions and the properties 
of the separand. 
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a specif ic property 
that some separands 

- Specific detectors make use of 
of the separand. This implies 
show now response, and 
zone-transitions may be detected. 

that not all 

Both detector signals give information on the 
properties of the separand. A number of detectors, 
such as the spectrophotometer, can be used in a 
scanning mode, as will be shown. Scanning is greatly 
facilitated by the homogeneous composition of the 
zone. 
The following detection 
between universal (U) 
introduced. 

Detection method 

Thermal 
Conductivity a.c. 
Conductivity h.f. 
Conductivity d.c. 
Reflection 
Refraction 
UV-absorption 
UV-absorption scanning 
UV-absorption dual wave 
Radiometry (~-emission) 
Fluorescence emission 
Fluorescence quenching 

3.2 Thermal detection. 

methods, to be distinguished 
and specific (S) have been 

type Year ref. 

u 1964 2, 3 
u 1968 4,6a 
u 1971 5,19 
u 1968 6a,6b 
u 1932 7 
u 1966 8 
U/S 1970 9 
s 1975 46 
s 1983 lOa,lOb 
s 1983 11 
s 1983 12, 13 
u 1984 13 

The introduction of thermal detection [2] first 
enabled qualitative and quantitative information to 
be obtained from an isotacbopboretic analysis. 
Thermal detection bas several advantages: 
- the detector is relatively easy to construct; 
- complicated electronics are not required; 
- the response is highly stable and reproducible, in 
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The only drawback is the lack of fast response and 
thus resolution. This is because the heat transfer 
through the wall of the capillary is slow. The 
deviation of the measured temperature profile from 
the actual concentration profile bas been extensively 
dealt with in the literature [1,14]. Quantitative 
information is obtained from the differential of the 
signal [14]. This differential is available either 
from a differentially mounted set of thermocouples 
[14,15] or from an electronic differentiator 
[16]. For the latter special arrangements must be 
made because of the low frequency of the signals 
(typically <0.1 Hz). Special components such as 
tantalum capacitors were needed for an acceptable 
signal-to-noise ratio. The use of expensive 
dir~ct-coupled amplifiers can be avoided by using a 
thermistor [17]. The results show good lineartity, 
as compared to a normal thermocouple. 

3.3 conductivity detection 

Af ter Bello [6a], Fredriksson [4] continued 
work on a.c. conductivity detection in 
isotachophoresis. The measuring electrodes were 
mounted in a 4 mm ID glass separation chamber, 
surrounded by a cooling liquid. Essentially, the d.c. 
level of the eltrodes was decoupled by high-voltage 
capacitors (see Fig. 3.1.). 

Fig.3.1 circuit diagram for a.c. conductivity 
detection in isotachophoresis. The oscillator 
operated at 20 kHz (ref.4). 
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In the eii:per imen ts reported [ 4], the m101mum 
detectable zone was ca 10 µl, corresponding to a 
zonelength of ca 1 mm. It h doubtful whether the 
measuring electrodes, which were adapted from an 
earlier publication [18), would have been suitable 
for capillaries. 
In 1971, a high-frequency conductivity detector was 
introduced (5, 19], the detector cell of Which 
consisted of two thin platinum discs, separated by a 
sheet of insulating material. The cell forms part of 
the wall of the separation chamber, consequently 
consisting of two circular electrodes mounted 
uially. The design of this detector, suitable for 
capillaries, forms the basis of several later models 
[20,21,22). 
The detector cell was connected to a parallel 
resonant circuit and decoupled by a capactitor and an 
insulating transformer. If the circuit is in 
resonance, the demodulated signal is mainly 
determined by the Ohmic resistance of the cell. The 
circuit, operating at frequencies of 0.5-10 MHz, is 
shown in Fig. 3.2. 

@d~e ~----l ree 
cell 

Fig. 3. 2. Block diagram of a . h igh-frequency 
conductivity detector for lsotachophoresis (5). 

Whereas Fredriksson [4] used capacitive coupllng 
at 20 KHz, Bozicevic et al used inductive coupling in 
the !!Hz range [5]. In a later publication, 
Everaerts et al [21] made a comparative study of 
capacitive and inductive coupling. Using capacl.tive 
coupling, the resp'onse was not linear for low 
measuring currents. The measuring frequencies used in 
this comparative study were in the range 0.1-100 kHz. 
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Ezcellent coupling was obtained by using a 1:1 
transformer with 500 turns of 0.1. mm copper wire. At 
different electrolyte concentrations, the signal 
response was determined as a funct ion of the 
measuring frequeney. Mazimum values were obtained at 
frequencies of 4-4.5 kHz. 
In 1968, Hello [6a] used platinum foil as 
eleetrode matarial. Both (a.c.) eonduetometric and 
(d. c.} potentiometric modes of operation were tried. 
The former was abandoned because of interference from 
the oscillator. No details of the eleetric circuit 
were given. To achieve a d.c. mode of conductivity 
detection, Van de Wiel [6b] used non-polarizable 
calomel electrodes, separated from the capillary by 
cellulose aeetate membranes and liquid junctions. 
Th~ equivalent length of the detector is 0.45 mm, 
equal to the internal diameter of the capillary. The 
effective cell volume is ca. 70 nl. 
Disadvantages are the dead volumes of the liguid 
junctions where the fieldline dens i ty is low. 
Ezperiments have shown that cross-eontamination of 
consecutive zones due to diffusion of separands in 
the liquid junctions actually takes place. The danger 
of current leakage remains, reason why the high 
impedance electrometer and the recorder could not be 
earthed. 
A more elegant way of d.c. measurement is possible 
with azially mounted miniature sensing electrodes. 
High impedance voltage measurement yields a s ignal 
directly proportional to the fieldstrength. The 
effeetive cell volume depends on the internal 
diameter of the capillary and the distance between 
the electrodes. Typical values are 10-20 nl in a 0.45 
mm capillary and ca. 3 nl in a 0.2 mm capillary. 
For the electronics needed for d.c. measurement, 
three principles can be used for decoupling the d.c. 
level of the cell with respect to earth. 
a. With an opto-coupler [22,23] the voltage 

(potential gradient} between the electrodes is 
converted to a pulse-train with a 
voltage-to-freguency convertor. The output of 
the opcoupler ia tben demodulated. The method 
seems attractive and can be highly linear over a 
wide range. Of course, an isolated supply 
voltage is also needed. 
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b. A home-made isolated high-impedance voltmeter 
can be used [24]. In this case the detector 
electrodes consisted of two platinum wires of 
30 µm diameter, mounted at SO µm distance in 
a flat capillary groove. The effective cell 
volume will to a large extent depend on the 
field line density distribution of the mea•uring 
current. From the experimental results 'given 
[24], a value of ca 10 nl can be calculated. 

c. Decoupling with an isolation transformer in a.c. 
conductivity detection is very effective 
[1,25]. A d.c.-a.c. convertor is necessary to 
use the transformer in the d.c.-mode. 

An entirely different construction principle of a 
simple cell for conductivity detection in 
isotachophoresis was presented by kaniansky et al 
[26] recently. The method implies welding of a 
0.03-0.05 mm Pt/Ir wire into the wall of the 
capillary tube. Finally, the cell cons ists of two 
radially mounted electrodes. The method was even 
suitable for capillaries of 0,15 mm intern•l 
diameter. The results claimed equal those of the 
conventional detector [l] in a 0.2 mm capillary, 
which is far better than the detectors commercially 
available at the moment. 

A different type of conductivity detector [27] 
makes use of a high-frequency transmitter and 
receiver in a configuration with four raJdially 
mounted electrodes. The electrodes do not' make 
contact with the liquid. The system requires good 
shielding and electronics somewhat more sophisticated. 
It was found [1] that the response of the detector 
was somewhat lower than the normal conductivity 
signal at ca 1 MHz and 0.0.1 N leading electrolyte 
concentration. Although the emi tting electrodes are 
not at a high-voltage level, attention must be paid 
to a proper symmetrical alignment, otherwise signal 
distortion and artifacts will occur [27]. 
Optimal performance was achieved at a relatively low 
specific condictivity of io-2Q.m-1. This 
corresponds to a leading electrolyte concentration of 
ca. 0.001 N. It was pointed out [27] th~t the 
contactless high-frequency detector would be 
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especially suitable for non-aqueous solvents where 
higher fieldstrengths (lower dielectric constants) 
are usually encountered. The same applies if a low 
leading electrolyte concentration is permitted by the 
buffering capacity and/or electroosmotic disturbances 
[28]. 

A number of phenomena occuring in conducti vi ty 
detèction have been described in the past. Everaerts 
et al [1,21] reported on electt"ode polarization 
and the generation of gas bubbles due to electrode 
reactions. The effect of the driving current on the 
qualitative interpretation of the isotachopherograms 
was reported by several authors [29,30]. The 
effect of electroosmosis and the use of additives on 
the detection was also subject of several 
publications [1,28,31,32] and will be treated in 
section 5 .1. 
A number of interesting phenomena were reported 
[32] on modified electrode surf aces, especially 
when a.c. and d.c. conductivity detection were 
compared. After a number of analyses, the gold 
electrodes had been covered by a layer of oxide. A 
dramatic change of performance was abserved. 
Electrophoretic coating of the measuring electrodes 
by anodic polymerization of aromatic 
(1-aminoaphthalene or 1-aminoanthracene) was fut"ther 
investigated [32]. The most important conclusions 
can be summarized as fellows: 
- multivalent anions and cations showed a higher 

apparant a.c. reslstance than monovalent ions when 
a coating was applied; 

- the effect increased with increasing measuring 
frequency in the range 1-4 kHz; 

- the effect increased wi tb increasing coating 
thick~ess; 

- the observed effect did not take place with d.c. 
conducti vity detection. 

The response of the a.c. conductivity detector thus 
becomes less universal, and not suitable for the 
calculation of effective mobilities from relative 
stepheights. Coated electrodes can now be used for 
specific detection of multivalent ions, when d.c. and 
a.c. conductivity signals are compared. 
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Fig.3.3. Isotacbophoretic separation with 
conductivity detection of nitrate {1) and sulphate 
(2) at J;_>H 6.0. The electrodes of the detector were 
coated w1tb 1-aminoantbracene. Detection was d.c. (a) 
and a.c. (b) conductivity [32]. 

The minimum detectable amount in isotachophoresis is 
determined by the concentration of the separand in 
lts zone and by the volume of the detector cell. For 
reasons of solubility and buffering capacity the 
fermer is limited in range (1-50 Hol m-3). 
Practically the detector cell volume cannot be made 
infinitely small of course, but theoretically it is 
useless on account of the uncertainty in the exact 
location of the zone boundary. There are two reasons, 
as will be evident from the preceeding chapter: the 
thickness of the diffusion controlled boundary and 
the profile. Some typlcal values in a 0.2 mm ID 
capillary will illustrate this: 
For a 10~ mobility difference under normal 
operational condltions (E=lo4v m-1) · the thickness 
of the diffusion controlled layer is 10-4m. This 
corresponds to a volume of 3.10-12m3, which is 
approximately the same as the detector cell volume. 
Bearing in mind that the volume of the boundary is in 
the same order of magnitude, it is evident that a 
smaller detector is of no use. The use of a potential 
gradlent detector of length s.10-Sm in commercial 
isotachophoretic equipment (Shimadzu) therefore seems 
doubtful, especially in a O.S mm ID capillary where 
the boundary profile is more pronounced. 
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For the detection of zone boundaries, the stepwise 
change of the detector signal is usually 
differentiated. A maximum in the differential then 
corresponds to an inflection point in the original 
signal. For an accurate measurement, the detector 
cell should at that moment be filled with equal 
volumes of both zones. Theoretically this is only the 
case with perfectly straight boundaries. For 
zone-boundaries with a radial profile and tangential 
symmetry, the effective cell geometry will determine 
wbetber the boundary is correctly detected. As an 
example, cons ider the conducti vi ty detector when two 
different construction principles have been used (see 
Fig~3.4.). 

a b 

Fig.3.4. Construction of conductivity detector with 
axially mounted circular electrodes (a) and radially 
mounted eleetrodes (b) [1]. 

Type a bas perfect rotational symmetry, whereas the 
axial lengtb of type b is smaller. The field-line 
density distribution of the alternating measuring 
current applied, will determine the effective cell 
volume. This is not easily established as it will 
also depend on the specific resistance of the zone, 
the dielectric constant of the solvent, the 
temperature and the measuring frequency. But already 
a qualitative representation of the field-line 
density distribution will make clear which type of 
cell should be pref er red f or the accurate 
determination of zonetransitions and zonelengths (see 
Fig. 3.5.). 
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2 2 

Fig.3.5. Field-line density distribution in a type a 
and type b conductivity detector cell during the 
detection of a zone boundary (see text). 

In cell type a the field-line density increases with 
the distance from the central axis. This is not the 
case wi th cell type b. Fig. 3. 5. shows that a zone 
boundary with a pronounced profile is not properly 
detected. When half of the volume between the 
circular electrodes is filled with zone 2, it is seen 
that the resistance of the cell is determined by zone 
1 for more than 50~. 
The front of zone 1 ( not shown in Fig. 3. 5.) wi 11 
certainly show a less pronounced profile, so that the 
error in detecting the beginning of zone 1 is less 
than the one at the rear of the zone. The net result 
will be that zone 1 seems longer than it actually is. 
The effect mentioned above bas been verified 
experimentally be analysing an anionic separand under 
standard operational conditions. The zonelength of a 
certain amount of the separand was measured with 
different separands following bebind. The apparent 
zonelength was indeed greater if the separand was 
followed by an ion of low effective mobility. The 
effect amounted to a difference of up to 1 second at 
normal current densities in a 0.2 mm ID capillary 
with a type a cell. This effect will in many cases 
explain a slight intercept in standard calibration 
graphs and should be corrected for in trace analyses. 
In routine analyses wi th zonelengths of 30 s. or 
more, the effect can be neglected, also because the 
slope of the calibration graph is not influenced by 
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the effect. The use of spacers or a smaller current 
density during detection will help as the 
zone-boundaries will be straightened. Unfortunately 
it will also inerease the thiekness of the 
diffusion-eontrolled boundary. So, euriously enough 
an increase in accuracy coincides wi th a decrease in 
precision. 

Another possible source of error in zonelength 
measurements is lack of current stabilization of the 
high-voltage supply. Manufacturers of high-voltage 
supplies seem to have some difficulty in stabilizing 
25 µA within 0.1'1. at a 15 kV level. However this 
ean be adjusted by eoulometric registration as 
introduced by Bocek [33]. The coulometer drives 
the stepping motor of the recorder, so that the paper 
speed is directly proportional to the driving current. 

ITP 
column 

tk 

VFC _..__Jlf1JlJ1Jl_-----1 recorder 

Fig.3.6. Block diag;am for coulometrie registration 
in isotacbopbores is L33, 34]. 

The block diagram in Fig.3.6. illustrates the 
principle. The current is monitored as the potential 
drop over a series resistor R on the earth side. This 
voltage is amplified and converted to a TTL 
compatible pulse-train whieh drives the stepping 
motor of the recorder. A pulsecounter for monitoring 
the progress of the anlysis or for special functions 
(recorder on/off) can also be attached. The ultimata 
aceuracy is also determined by the quali ty of the 
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stepping motor. The resolution of the coulometer (the 
number of coulombs corresponding to 1 pulse) is also 
important. When working at 25 µ,A in 0.2 mm ID 
capillary. a resolution of l\LC was found sufficient 
[34]. In this way. the instability can be reduced 
to 0.004'- within 15 minutes at 25 1J.Ai. The 
coulometer makes it possible to wort at constant 
voltage as well. or to switch current during 
registration. 

3.4. UV-absorption detection. 

In the developmental stage of isotachophoresis it was 
soon recognized [35] that the resolution of the 
termal detection was low. due to the heat transfer 
limitation through the capillary wall. Actual 
concentration profiles were calculated as being much 
sharper than the recorded ones. In 19 70. when the 
potential utility of conductivity detection [4] 
was not fully recognized yet. Arlinger and Routs 
[9] introduced UV-absorption detection in 
isotachophoresis. Use was made of a modified 
commercial photometer. A mixture of fumaric and 
maleic acid was separated at pH 6 with nicotinic acid 
as a terminator. The resolution of UV detection 
compared with thermal detection was clearly 
demonstrated. Several UV-absorbing impuri ties in the 
electrolyte system. clearly distinguished by the UV 
detector, remained unnoticed by thermal detection. 

The application of non-UV absorbing spacers for 
protein analysis was suggested, a method still widely 
used for this kind of application. Ampholyte 
solutions of several pI ranges were applied to the 
analysis of serum proteins [1]. As a disadvantage 
of UV detection it was observed [9] that non-UV 
absorbing separands could not be detected. Later 
experiments have shown that this is not always the 
case. Kopwillem [36] investigated the enzymic 
conversion of pyruvate to succinate. The zonelengtbs 
of these and otber separands were separated from each 
other by tiny amounts of naturally occuring 
UV-absorbing compounds, among which A!IP and ADP. In 
this kind of application, additional confirmation of 
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the identity of a zone is still necessary, e.g. by 
standard addition. A universal behavior of the uv 
detector is obtained by using a UV-absorbing 
counter-ion, as introduced by Arlinger [37 ,38]. 
The method was said to make use of the pH dependence 
of the molar absorbance of the counter-ion in the pH 
range used, utilizing the stepwise change of pH 
between the successive zones. The response is most 
favourable if the change in molar absorbance of the 
counter-ion ranges over a decade or more. The choice 
of wavelength, not specified in the earliest 
experiments [9] bere obviously plays an important 
role. Another effect that occurs is the stepwise 
decrease in concentration of the counter-ion in the 
successive zones. This effect will normally not 
pradominate over the pH effect, except when an 
absorbing substance is added as a co-counter-ion at 
low concentration. 

L 
254 

t 
<J---

Fig.3.7. Analysis of anions at pH 3 with quinine as a 
counter-ion, wi th UV-detection at 254 nm. 
l=phosphate, 2=salicylate, 3=tartrate, 4=ci trate, 
S=malate, 6=lactate, 7=gluconate, 8=succinate, 
9=benzoate, lO=ascorbate, ll=glutamate, 12=acetatei 
13=sorbate, 14=propionate. The separands were 30u 
pHoles eacb. 
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A number of UV-absorbing counter-ions offer quite 
interesting possibilities. For low pH anionic 
operational systems, quinine (plC 4.3) is an ideal 
candidate [13] because of its high UV-absorption 
and low effective mobility. Fig.3.7. shows an 
analysis of a standard mixture of anions at pH 3 with 
quinine as a counter-ion. 
For some of the zones, additional absorption is 
caused by the separand, e.g. ascorbate and sorbate. 
The analysis shows good resolution with a detection 
limit of certainly less than 100 pHoles, comparable 
witb conductivity detection. 

The construction of the UV-detector cell is ratber 
straightforward: on-column detection is preferred. 
Here the separation capillary is uninterruptedly 
pulled through a slit. UV-light penetrates 
perpendiculary to the capillary. In order to avo id 
loss of intensity in air, light conduction with 
quartz rods to and from the capillary was applied 
[1]. 
Obviously, the quartz rods should be mounted as close 
to the capillary as possible. A distance of more than 
l mm however is inevi table. Loss of UV-light 
intensity is thus caused by three effects; 

- loss by absorption in air; 
- loss by absorption in the capillary wall; 
- loss by dispersion in the exit slit. 
With respect to the last mentioned, it was shown 
[13] that the capillary wall bas a focusing effect 
on the incident light, which causes dispersion in the 
exit slit. 
Chromatographers will wonder how the cylindrical 
measurement cell with effect the linearity of the 
detector. In isotachophoresis, the linearity of the 
response of the respective parameter (temperature, 
resistance, molar absorbance) is only of minor 
importance as compared wi tb the cell volume: 
quantitative information is generally not derived 
from the amplitude of the signal. 
Hjertén [39] for capillary free zone 
electrophoresis bas treated the subject both 
theoretically and experimentally. Later, Svoboda and 
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Vacik [40] found that linear calibration graphs, 
extending from a UV-spike to zone-lengths, were 
obtained over four orders of magnitude. Logari thmic 
conversion of the signa! into absorbance units and 
integration however, were necessary [41,42]. It 
was shown that, because of the focusing effect of the 
capillary wall the intensi ty of the UV-light is not 
constant over the whole pathlength: it was shown to 
increase by a factor 1.4 in a PTFE capillary of 0.2 
mm I.O. and 0.35 mm o.o. [13]. 
By using the spike-method, the calibration graph is 
extended to zone-volumes smaller than the detector 
cell volume. Spacing with non-UV absorbing spacers is 
necessary. The mobili ty difference between the 
spacers should be as small as possible to avoid 
int.erferences [41]. 
A second method to measure picomole amounts of 
uv-absorbing separands is the use of steady-state 
mixed-zones, as introduced by Wielders et al [42]. 
The method requires careful tuning of the operational 
condi tions in order to prevent the mixed-zone from 
resolving. Susceptibility to interference from 
complex mixtures severely limi ts the usefulness of 
the method, even more than the spike-method. In an 
enzymic conversion by UOP glucuronyltransferase, 
Holloway et al [43,44] determined l- and 
2-naphthylglucuronides in their mixed-zone. The 
separands, although not separated from each other, 
could be simultaneously determined, as the total 
amount directly followed from the zonelength ( equal 
response factors in zonelength/ amount assumed) and 
the ratio of the amounts of the two isomers was 
calculated f rom the UV-absorbance at 254 nm. 

Spectropbotometric detection of isotachophoretic 
mixed-zones, after switching off the driving current, 
made it possible to calculate the mixed-zone 
composition from the UV-spectrum obtained [46]. 
The spectra of the individual separands must be known 
and. it is assumed that no mutual interference of 
spectra! properties in the mixed-zone occurs. In most 
cases, a mixed-zone of n separands requires detection 
at only n-1 different, well chosen wavelengths for 
complete determination. The importance of the choice 
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of wavelength for detection was also recognized in 
nucleotide analysis [47]. So far. only a discreet 
number of llnes of mercury and iodlne HF e:x:ci ted 
plasma lamps were used (206,254,280,340 nm). The 
ratio of absorption at 254 and 280 nm was used to 
identify nucleotides [47] by analysing the sample 
twice. The introduction of dual-wavelength 
UV-absorption detection [lOa,lOb] made it possible 
to detect at two wavelengtbs simultaneously and to 
apply computerized data reduction on the basis of the 
ratio of absorption at the two wavelengths. Two beams 
of light penetrate the capillary at right anglès. the 
effective cell volume being appro:x:imately 3.5 nl. The 
construction of the cell bolder made i t possible to 
apply fluorescence detection in a 90° configuration 
[12,13], whereby the fluorescence emission/ 
quenching was monitored simultaneously with the 
absorption at the wavelength of e:x:citation (see 5.5 
and 5. 6.). 

3.5 Otber detection techniques. 

The use of refractive index detection in 
isotachophoresis was introduced by Konstantinov 
[8] in 1966. The idea seems attractive and the set 
up rather straightforward. 

A parallel beam of light perpendicular to the 
capillary axis is diffracted and recorded 
photograplically. The refractive index of the zone 
was one of the parameters deterrnining the widtb of 
the diffraction pattern. 
It would be interesting to evaluate the suitability 
of the method for currently used isotachophoretic 
equipment. Konstantinov worked in 0.1-0.2 nun ID glass 
capillaries at leading electrolyte concentrations of 
1-5 K. The consequences for 0.2 nun ID teflon 
capillaries would be as follows: The lower 
electrolyte concentration would take the methcpd less 
sensitive by a factor 100. The sensitivity ca~ again 
be increased by increasing the distance from the 
capillary to the screen and the power of the light 
source. A monochromatic laser light source would be 
better in this respect. The refractive index of PTFE 
is 1. 30-1. 40 as compared ëo 1. 5 for glass. The lower 
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value for PTFE would seem favourable. The most 
important aspect of a lower leading electrolyte 
concentration would be that parameters other than the 
refractive index of the zone will determine the 
diffraction pattern. The most important of these 
would be temperature (for water 
6~/ÓT=lo-4K-1). This would mean a more 
universa! character of the signal: temperature is 
more directly related to effective mobility than 
refractive index. An optical temperature detector 
would have great advantages: truly universa! with a 
fast response. In Konstantinovs experiments, the 
effect of temperature could be neglected as compared 
to the refractive inde.x differences of the zones. 

As early as 1932, Longsworth [7] used reflector of 
light. to detect zone boundaries in moving boundary 
electrophoresis and what was then called displacement 
electrophoresis wi th this method, no identification 
is possible because only the zone boundaries are 
detected. No attention need therefore be paid to this 
method. 

In 1983, Kaniansky et al [11] reported on 
preliminary experiments wi th on-line radiometric 
detection with a solid scintillator for low energy 
~-radiation. The advantages of the method would seem 
to be i ts high specifici ty and when measuring zone 
volumes lower than the detector cell volume, the 
sensitivity with the so-called spike method. In this 
respect, it should be pointed out that the resolving 
power approaches that of thermal detection, not 
because of transfer limitations, but because a 
sufficiently long residence time of a zone in the 
cell is needed. This is necessary to have sufficient 
counting efficiency. The detector response, using a 
ratemeter in a coincidence circuit, was inherently 
slow. However for particular applications the 
selectivity of the detector might well prove valuable. 
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4. SIGNAL EVALUATION IN ISOTACHOPHORESIS 

4.1. Introduction 

During the development of isotachophoresis as a high
resolution analytical tool in the èarly 1970' s, it 
was recognized that automated signal-processing would 
provide attractive possibili ties.~ Computerized 
interpretation of on-line detection would facilitate 
unattended operation and full automation. 
The detector signals usually available Csee Fig. 
4.1.) include: 
- The universa! detector signal Cthermal, 

conductivity or potential gradient); 
- The differential of the universal detector signal; 
- The specific detector signal (UV, fluorescence or 

radiometric detection). 

T 

c 
B 

Î
dR/dt L ·~ 

'--------a __ u.____~ b 

r _J 
Fig.4.1. Isotachophoretic signals of separands A, B 
and C between leading L and terminator T. The 
conductivity signal Ca), its differential (b) and UV
absorption (c). A UV-absorbing impurity is visible 
between zone C and T in the UV signal. 

Because of the construction of the equipment, there 
is usually a time lapse of 10-100 s between the 
universal and the specific detector signals. 
When the universa! detector signal is used for 
identification purposes, the amplitude for a separand 
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is mostly taken with respect to tbat of a reference 
(the leading or terminating electrolyte or any other 
separand present) . Use of a reference increases the 
reproduci bil i ty [l]. 
The differential of the conductivity signal is used 
to deteet the inflection points between the zones in 
the linear signal, and consequently the length of the 
zones. Here i t is assumed that the inflection point 
is located half way between the two ad[jacent 
stepheights. This is the case with symmetrical 
differentlal peaks. 
The UV-detector provides additional information on 
the identi ty of separands (the molar absorptivity). 
Mixed zones of separands wi th different UV-response 
are also detected as such. For UV-absorbing separands 
and of ten also for non UV-absorbing separands, the 
UV-signal contains the same quantitative information 
(zonelength) as the differential of the conductivity 
signal (see Fig. 4.1.). This is because the 
zoneboundaries are often marked by tiny amounts of 
UV-absorbing impurities. A practical example is shown 
in section 5.7. In addition, because of the time 
lapse between the two detectors, the signals can also 
be used to verify the attainment of the steady-state. 
The time eonstants associated wi th isotachophoretic 
signals usually are in the range 1-3 s for atverage 
zone transitions. The response of the potentiometric 
recorder should therefore be sufficiently fast. 
Signal fluctuations of 50 Hz and more can be filtered 
out effectively by a first-order low-pass filter. 
Time resolution, associated with the residence time 
of the zone-boundary in the cell, usually requires 
manual zonelength measurements with a precision of 
0.5 s. 
The resolution of the signal amplitude on the 
recorder is normally sufficient for the desired 
dynamic range of the signal. A normal potentiometric 
recorder of 200 mm paper width and a good pen 
mecbanism bas a resolution of ea O. 2'.. lt sbould be 
remembered that this dynamic range applies to 
identification (mobility, UV-absorption) and not to 
the quantity. The dynamic range of the UV-detector is 
limited by a noise level (light source, pbotodiode) 
of typically 0.1~. The dynamic range of the a.c. 
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conductivity or potential gradlent detector is 
llmited by instabillty and drift, or:lginating from 
the liquid/electrode interface. However, the dynamic 
range of the thermal detector, in terms of stability 
and noise level, does exceed beyond the recorder 
resolution. An auto-ranging recorder would therefore 
facilitate precise mobility determinations. 
In UV-detection, zonelength measurements are possible 
as with conductivity detection, by differentiation 
and rectification. When the spike-method is used 
[2] the height of the spike is used for 
quantification. Logarithmic convers ion is then 
necessary to obtain linear calibration curves. A set 
of spacers without UV-absorption is necessary to 
isolate the separand from adjacently migrating 
components (see Fig. 4.2.). 

r x 
L c 

B 

T 
t 

---t> 

Fig.4.2. In the spike-method, the separana ö is 
spaced by the spacers A and C, in order to isolate 
the separand from other UV-absorbing consti tuents x, 
also migrating between leading L and terminator 
electrolyte T. 

The following addi tional requirements should be met 
for the spacers: 
- they should not mix up with the separand; 
- their difference in effective mobility should be as 

small as possible. 
As some of these requirements would seem to 
contradict, it will be difficult to find a set of 
ideal spacers for a particular separand, since that 
separand is bound to be the only UV-absorbing 
constituent migrating between the spacers. This can 
be a problem in complex mixtures (see 5.9.). 
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A different approach is applied in the steady-state 
mixed-zone technique (SSMZ). Here, a UV-absorbing 
separand is mixed with a non UV-absorbing carrier 
(see Fig. 4.3.). The sensitivity of the method is 
10-100 times greater than zonelength measurement of 
the pure separand [3]. 

r 
Fig.4.3. In the steady-state mixed-zone method, 
UV-absorbing separand B forms a mixed zone with a 
UV-absorbing carrier D. The zonelength of D does 
change when adding a tiny amount of B, but the 
absorotion of the mixed-zone does. 

the 
non 
not 
UV-

The resulting prof iles are integrated. Because of 
their shape, planimetrie integration bas to be 
applied. Wben trying to do so, spacers are needed to 
isolate the zone from the adjacently migrating 
constituents, so that the UV-spike teehnique might 
just as well be employed. Both the steady-state 
mixed-zone and the spike method require careful 
tuning of the operational conditions and they are 
therefore often subject to interference. 

4.2. Computerized evaluation 

4.2.1. Early developments 
First attempts towards automation [l ,4] implied 
the registration of subsequent zonelengths as 
determined from the differential of the universal 
detector signal. The differential is rectified and 
converted into a pulse with a Schmitt trigger (see 
Fig. 4.4.). These pulses, marking the zone 
boundaries, set and reset a series of counters. The 
lengths of the subsequent zones are printed in 
arbitrary units. The precision of the method is good 
(0.01 s), provided all zone-boundaries are detected. 

74 



r 
t 

--1> 

Fig.4.4. The conductivity signal (a) is 
differentiated and rectified (b) and converted to a 
series of pulses (c) by a Schmitt trigger. 

Qualitative information is restricted to the sequence 
of the zones, as the stepheight information is lost. 
Also, in complex mixtures wi tb a varying number of 
zones the results are obscured. The combination with 
a printer-plotter, not available at that time, would 
have eliminated most of these limitations. 

4.2.2. Signal acquisitions 
Computerized signal handling requires digitizing the 
analogue signal prior to storage. Components used 
include e'i ther an analog-to-digi tal convertor (ADC) 
or a voltage-to-frequency convertor (VFC). When 
comparing these devices in view of spectral response 
(the maximum sampling frequency, associ ated wi th the 
conversion time, the following division can be made: 
a ADC's with a successive approximation register have 

a convers ion time of 1-50 µs, depending on the 
resolution (8-16 bit). They are especially useful 
for high-speed sampling (1 kHz or more). 

b Integrating ADC's have a conversion time of 10- 50 
ms. They can only be used for medium to low 
sampling frequencies (100 Hz or less). Integration 
takes place during part of the conversion time only. 

c With a VFC, used in conjunction with an external 
counter, measurement of the signal is accomplished 
by a clock which stops the counter. After parallel 
read-out of the counter into computer, the counter 
is reset for the next measurement. 
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VFC' s are available wi tb frequency response up to l 
KHz full scale. The advantagè of VFC's is that 
integration (averaging) takes place during almost the 
entire conversion time. The resolution and the 
sampling frequency are interrelated, see Fig. 4.5. 

12 

10 

L ,____ ___ s rit 
10 100 11<... 
----.C> trequency Hz 

Fig 4.5. The relation between resolution and sampling 
frequency when using a VFC for signal acquisition. 
For 100 kHz full scale, VFC32 (Burr Brown) can be 
used, for 1 KHz 460K (Analog Devices) is suitable. 

It is seen from Fig. 4.5. that signal acquisition at 
sampling frequencies of 100 Hz or less, required for 
analytica! separation methods, can be performèd wi tb 
a resolution that is usually sufficient. For these 
applications, the main advantage of a VFC over an ADC 
is that spectral information at frequencies higher 
than the sampling frequency, is effectively filtered 
out by averaging. This is a more straightforward and 
flexible way of filtering as compared to a sharp 
low-pass cut-off filter before conversion. Also, a 
VFC is cheaper than an ADC. 

4.2.3.Signal processing 
For the conductivity detector, Shimadzu introduced a 
signal processor for isotachophoresis (type IElB) 
that is based on an early model chromatography 
integrator. The conductivity signal is differentiated 
and treated as a chromatogram. The advantages wi tb 
regard to earlier methods seem promising: the 
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qualitative information is retained as well. One 
drawback remains, as failure to detect a zone
transition will lead to incorrect processing of 
adjacent zones. This is because the differential of 
the conductivity detector signal bas a comparatively 
large dynamic range as compared with the linear 
signal, which makes it difficult to set peak
detection criteria correctly. Therefore, for manual 
zonelength measurements, the differential is 
logarithmic, where it can still range over 1-2 
decades. 
The Shimadzu signal processor bas a capacity for 50 
zones, with limited possibilities for reprocessing. 
The quantitative resolution is somewhat poor for 
trace analysis in a 0.2 mm I.D. capillary. 
Qualitative resolution however is excellent, enabling 
accurate determination of relative stepheight values. 
This is enabled by a voltage-to-frequency convertor 
(VFC, see 4.2.2.), with data. integration over 0.1 s. 

A domain-transform technique for the conductivity 
detector, as suggested by van Noorden [5] was 
introduced [6] to obtain a clear distinction 
between the qualitative parameter (stepheight, signal 
response) and the quantitative parameter (zonelength). 
The method implies a conversion of the linear signal 
R versus t to dt/dR versus R (see Fig. 4.6.). This 
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Fig 4.6. The conversion of an isotachopherogram R 
versus t (a) to a signal dt/dR versus R (b). A 
zonelength in ( a) corresponds to the area of a peak 
in (b). 
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converted signal, stored in a small portion of the 
computer memory, bas the properties of a chromatogram 
and is treated as such. A drawback is that drift of 
stepheights will decrease the resolution and that 
enforeed configurations are not detected as sueh. The 
method is especially suitable for zones approaching 
the theoretical minimum detectable volume, as the 
quantitative resolution is good (0.02 s). Qualitative 
resolution is 8 bit which is sufficient considering 
the reproducibility of the relative stepheight values 
and drift. The programma is written in BASIC and runs 
on any laboratory microprocessor with an 8 bit 
analog-to-digital convertor (ADC) and 12 kbytes of 
Random Access Memory (RAM) [7]. Further details 
can be found in section 5.3. 
A mieroprocessor-based interface was eonstructed 
[8], where the converted signal is stored in RAM 
and, on a pushbutton conunand, is sent to a 
ehromatography integrator as an analogue signal. The 
input and output frequencies and the resolution can 
be optimally chosen. There is also the possibility of 
measuring on the basis of an interrupt from a 
eoulometer, eorrecting for drift of the driving 
eurrent. 

Other autbors [9] reported the use of the 
differential signal treating it as a chromatogram. 
The method uses excessivie computer memory as the 
entire signal must be stored. The differential will 
especially require a high resolution because of i ts 
dynamie range (12 bit or more). After signal 
acquisi tion, the linear signal is reeonstrueted from 
its differential. 

Computerized signal processing was also reported for 
multi channel isotachophoresis [lOa,lOb], where 
the transient-state is examined by 255 axially 
mounted condueti vity detectors. These detectors are 
mechanically multiplexed at 20 s intervals. Next to 
this somewhat archaic set-up, the system seems to 
have limited additional use as an analytica! tool, 
whereas the transient-state ca~ just as well be 
examined with two detectors and a bit of thinking. 
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For the UV-spike method, i t was found [11] tbat 
area measurement should be pref erred to determination 
of the spike height. This requires computerized 
integration. Although the shape of the spike is not 
Gaussian (it also depends on the driving current), 
standard chromatography integrators can be used, 
provided they are fast enough. The width of a 
UV-spike in isotacbophoresis in a 0.2 m I.D. 
capillary can be less tban l s. so that a sampling 
frequency of 10 Hz (a normal value) may not suffice. 
In contrast to chromatography however, exact 
determination of the time coordinate of the spike 
maximum is not required, except when using the zone
length of one of the spacers as an internal standard. 
This means that, when using a VFC only the 
beginning and the end of the spike will have to be 
determined. The sens i ti vi ty of the measurement 
exceeds that of zonelength measurement. The use of 
logarithmic conversion of transmission to absorbance 
units is imperative. 

The introduction of dual-wavelength UV-absorption 
detection [12,13] required dual channel monitoring 
(see Fig. 4.7 ). Evaluation by a microprocessor is 
extremely useful for data reduction and measurement 
of UV-absorption ratios of steady-state zones for 
identification purposes. The purity of a UV-spike can 
also be verified by these ratio measurements. In 
these cases reprocessing after data-reduction makes 
it necessary to store both signals. Here the amount 
of computer memory will put a limit to the sampling 
frequency, the measuring time and the qualitative 
resolution. In the BASIC programme, the sampling 
frequency for dual channel 8 bit measurement could be 
chosen up to 59 Hz in a microprocessor with a BASIC 
interpreter (see section 5.5.). 

The simultaneous measurement of UV-absorption and 
fluorescence emission or quenching [14] can use 
the· same software as for dual-wavelength detection. 
The spike method f or fluorescence detection seems 
attractive because of the greater sensi tivity, but 
the non-lineari ty will be a limi tation to the use of 
standard chromatography software (see section 5.6.). 
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c 

d 
Fig.4.7. Dual-wavelength detection. The absorption 
signals (a) and (b) at two wavelengths are stored. A 
plot of the ratio of absorption can be generated (c). 
The signal in (a) can be reduced to those zones that 
comply with a certain ratio (d). 

Computerized signal processing makes it theoretically 
possible to correlate the conductivity and the UV 
signals by applying a time shift between the signals. 
In practice, the instability of the driving current 
during detection will prohibit correlation, 
especially of short zones and spikes wbere 
correlation would yield most addi tional information. 
In these cases, zonelengths should remains constant 
within 0.2 s. The stability of the driving current 
during detection (300 s) should therefore be 0.07!.. 
This does not agree with the specifications of 
currently available high-voltage power supplies. A 
solution to this problem would be the use of a 
coulometer (chapter 3), using a TTL pulse-train as an 
interrupt for the computer [15]. 
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In conclusion it may be observed that none of the 
signal processing methods mentioned can be called the 
ultimate solution for all isotachophoretic 
configurations. However, with the large-scale 
introduction of versatile microprocessor systems i t 
is relatively easy to implement dedicated software 
for any particular signal in isotachophoresis. In 
this respect it is illustrative to point out the 
following characteristics of isotachophoretic 
detection: 
- detection requires only a fraction of the time that 

is needed for separation. 
- the information is condensed during detection (no 

empty baselines). 
- the time of detection is clearly marked by leading 

and terminating electrolyte zones. 
- the detector response is not extremely fast. 
All of the considerations mentioned above make it 
possible to write software.in user-friendly computer 
languages .such as BASIC and PASCAL. This obvious 
benifit will improve mutual conmunication between 
specialists and users of computerized s~gnal 
evaluation in isotachophoresis. 
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SUMMARY 

The effect of electroosmosis on the relative sharpness of the zone boundaries 
and hence the detection limit in isotachophoresis is discussed. A high concentration 
and a low pH of the leading electrolyte were found to be favourable. The magnitude 
and sign of the (-potential of the capillary wall was measured by streaming potential 
determinations as a function of concentration, pH and additives. Poly(vinyl alcohol), 
hydroxyethylcellulose and hydroxypropylmethylcellulose decrease the (-potential 
sufficiently, whereas cationic detergents reverse its sign and thus the direction of the 
electroosmotic flow. Both were found to be favourable in anionic separation. Fused
silica capillaries and the effect of methanol were also investigated. 

INTRODUCTION 

Electroosmosis is one of the main electrokinetic disturbances in isotachopho
resis, whether a high-viscosity, a high-density or a capillary system is used as a, 
stabilizing medium. As the use of capillary systems is most promising from an analyti
ca} point of view, consideration of electroosmotic effects in this paper is limited to 
those in capillary systems. In this case the dimensions of the separation compartment 
are relatively well defined. Most equations, including those used in (-potential 
measurements, can easily be modified to either a gel system with a well defined pore 
size distribution or a capillary system with a rectangular cross-section. Electroos
mosis is strongly related to the (-potential of the capillary material in which it occurs. 
Electroosmosis often leads to less sharp zone boundaries, which increases the min
imal detectable amount considerably. Moreover, electroosmosis generally increases 
at lower electrolyte concentrations, which are preferred in trace analysis in normal1"2 

or in coupled column systems3•4 . The effects of (non)-ionic surfactants and polymers, 
concentration and pH of the electrolyte on the '-potential have been measured and 
related to the relative sharpness of the zone boundaries in the isotachophoretic steady 
state5

• 

Another disturbing factor in capillary systems is the surface conductance. 
Therefore, both electroosmosis and surface conductance will be esthnated in capil
laries under operational electrophoretic conditions. Sharp and straight zone boun-
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daries in the isotachophoretic steady state are_ also disturbed by axial and radial 
temperature differences6 , especially at higher field strengths and with large capillary 
diameters. These effects were not dealt with in this investigation. 

ELECTROOSMOSIS 

The order of magnitude of the thickness of the electrical double layer in capil
lary systems at commonly used electrolyte concentrations (0.001--0.01 N), is much 
smaller than the inner diameter of the capillary. Therefore, as a first approximation, the 
capillary wall can be considered to be flat. Assume a volume element ofliquid of unit 
surface area parallel to the liquid-solid interface (see Fig. 1) and thickness dx per
pendicular to the wall. In an electric field E parallel to the wall the electric force on the 
volume element is QEdx, where (}is the charge density. In the stationary state this 
force is equal to the frictional force -d('lov/ox), where '1 is the viscosity and v the 
linear velocity of the liquid. Thus 

eEdx + d("ov/ox) o (1) 

With the assumption that Eis independent of x and that for the viscosity of the liquid 
nèar the wall an average value of ii is taken, integration between 0 and oo gives 

00 00 

E J qxdx + r; J xd(ov/ox) = 0 
0 0 

with 
w 

J exdx 
0 

we have 
00 

Er = [17xov/ox]Q' - r; J èv/oxdx 
0 

.-x 

<1>f 

(2) 

(3) 

(4) 

x -0-1-~~~~~~c::;111__,.--~-

0 

Fig. 1. Choice of coordinates when considering an element of volume of thickness dx near a flat solid
liquid interface parallel to a potential gradient E. 

Fig. 2. Potential lfJ versus distance x from a flat solid-liquid interface with double layer thickness ó. 
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When 11 = 0 at x = 0 and 11 = 1100 (the electroosmotic velocity) and ov/ox = 0 at x = 
oo, eqn. 5 is obtained: 

(5) 

The relationship between rand Ç, the '-potential at x = 0, is obtained from Poisson's 
equation in a one-dimensional form: 

where <Pis the potential (see Fig. 2). 

Substitution of (! in eqn. 3 gives 

00 

r = -e J o2 t1>/ox2 
• xdx 

0 

(6) 

(7) 

where it is assumed that e does not depend on x. Integration between ö and oo (Fig. 2) 
gives 

'l: = -e( (8) 

Substitution of eqn. 8 into eqn. 5 now gives the Helmholtz-Smoluchovsky equation: 

(9) 

Calculating the order of magnitude of the linear electroosmotic velocity ( v 00) and 
comparing it with the isotachophoretic velocity (vi80), a good indication is obtained of 
the significance of the electroosmotic disturbance during detection. The isotachopho
retic steady-state equation (eqn. 10): 

(10) 

' 
where mis the effective mobility, combined with eqn. 9, yields 

(Il) 

The order of magnitude of the '-potential in, e.g" glass in 0.001 M potassium chloride 
solution is 0.1 V7•8 . With an anionic mobility (Cl-) of m = -76· 10- 5 cm2 v- 1 

sec - 1, a dielectriç constant of 708 · 10- 12 F m - 1 and a viscosity ij' = 10- 3 N m - 2 sec, 
eqn. 11 gives 

This means that the electroosmotic velocity cannot be neglected with respect to 
the isotachophoretic velocity, regardless of the self-correcting properties of the iso
tachophoretic steady state. 
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SURFACECONDUCTANCE 

When applying an electric field over a liquid in a capillary, surface conductance 
has to be considered. Surface conductance of an insulator is caused by the fact that 
the charge density and concentration near the electric double layer ditfer from those 
of the bulk solution. The total conductance of a liquid in a capillary is therefore the 
sum ofboth. The total resistance R of a capillary of unit length and radius r0 is given 
by 

(12) 

where K is the bulk conductance and K" is the surface conductance per unit of capil
lary circumference. When applying an electric field E across a capillary of unit length, 
the total current due to surface conductance is 

00 

i = K"E J (>V dx (13) 
0 

Now, on combining eqns. l and 13, with v 0 at x = 0 and ov/èx = 0 at x = oo, 
rearrangement gives 

x 

K" = ij/E2 J (ov/ox)2 dx 
0 

(14) 

If we assume that êv/èx is approximately equal to ve0 /o in the diffuse part of the 
double layer and integration is limited to the double layer thickness o, we obtain 

(15) 

Using eqn. 9 for veo• this yields 

(16) 

The thickness of the electric double layer o can be approximated with the Debye
Hückel theory. For relatively dilute solutions of a monovalent electrolyte at 25°C, it 
may be approximated by: 

(17) 

where cis the molarity of the solution. At an electrolyte concentration' of 0.001 M, o 
= 10 nm. From this it can be concluded that the assumption that the capillary wall is 
a flat solid-liquid interface was justified. In eqn. 12, 2K"/r0 K is the relative contribu
tion of the surface conductance. Substitution of K" from eqn. 16 gives 

2K"/r0K = 2e2(/'i;or0K (18) 

For Ç = -0.l V, µ == 10-3 N m-2 sec, ö = 3.3 nm at c = 0.01 M, r0 lo-4 mand 
K = 0.1 S m-1, eqn. 18 gives: 
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2K"/r0 K = 3 · lo-4 

The relative contribution of surface conductance can therefore be neglected under the 
conditions normally used in isotachophoretic analyses1

. For very low electrolyte 
concentrations a small contribution is expected. 

ZET A POTENTIAL 

As can be seen from the Helmholtz-Smoluchovsky equation (eqn. 9), the (
potential of the solid-liquid interface will play an important role in the electroosmotic 
disturbances during the isotachophoretic analyses. Obviously, electroosmosis can be 
decreased by-increasing the viscosity of the liquid, but according to eqn. 9 this effect is 
lost at increasing field strength, which is inevitable in the consecutive zones between 
leading to terminator. Measurement of the (-potential of the capillary wall, under 
operational conditions, therefore gives valuable information for minimizing the effect 
of electroosmosis. The (-potential was measured with either the streaming current or 
the streaming potential across a capillary, through which an electrolyte solution is 
streaming under a well defined pressure gradient. If a laminar liquid flow can be 
considered, due toa pressure gradient Pina capillary with radius r0 and length /,the 
Poiseuille velocity profile is given by 

v(r) = P(r0 
2 r2)/4iJ/ (19) 

At close range, the capillary wall can be approximated by a flat wall (see eqn. 17). 
Changing coordinates from r to x with x = r0 - r, the velocity near the wall can be 
assumed to be equal to 

v(x) = Pr0 /2iJlx (20) 

Now, if no external potential is applied, the streaming current per unit wall circum
ference is equal to the current generated by surface conductance. On substituting eqn. 
20 into eqn. 13, we obtain 

00 

i = Pr0 /2 iJI J exdx 
0 

(21) 

The integral is now substituted by means of eqns. 3 and 8. The total streaming current 
in a capillary of wall circumference 2nr0 is given by 1 = 2nr0 i, so that the equation 

(22) 

can be derived. This is a direct relationship between the measured strearning current I 
and the (·potential as a function of the radius of the capillary and the pressure drop 
per unit length P/l. The electrical resistance of the capillary generates a potential drop 
between the ends of the capillary: the strearning potential, E.1• According to Ohms 
law, 
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-IR (23) 

The capillary resistance R is given by 

(24) 

under the assumption that the surface conductance can be neglected with respect to 
the total capillary conductance in eqn. 12. If eqns. 22 and 24 are substituted into eqn. 
23, eqn. 25 is derived: 

(25) 

This equation, from which the capillary dimensions have vanished, gives Ç directly 
from the streaming potential E.1 measured as a function of pressure drop P and 
specific conductance K of the solution. 

EXPERIMENT AL 

In selecting the experimental conditions for the determination of the (-poten
tial, attention should be paid to the proper choice of dimensions. From eqn. 25 it can 
be concluded that a high pressure drop wil! increase the sensitivity. The porosity of 
the PTFE capillary material limited the pressure to 105 N m - 2

• Care should be taken 
that the flow remains Iaminar. A capillary length of ca. 150 mm was chosen, with LD. 
0.2 mm. Moreover measurements in a capillary of fused silica (0.22 mm LD.) were 
performed, although these capillaries are seldom used in isotachophoresis experi
ments. The capillary was mounted between two electrolyte-filled vessels (see Fig. 3). 
in each of which a silver-silver chloride electrode of dimensions 1 x 40 mm was 
mounted. By means of a series of valves, a 105 N m - 2 nitrogen pressure was applied 
on each of the electrode vessels alternatively at 15-sec intervals. In streaming potential 
measurements, the electrodes were directly connected with a high-impedance ( 1012 Q) 
mV/pH meter, Type PW 9414 (Philips, Eindhoven, The Netherlands). The output 
was recorded with a potentiometric recorder, Type BD 41 (Kipp, Delft, The Nether
lands). The experiments were continued until a stable signa! level was achieved. The 
viscosity of the electrolyte was measured in the same equipment by flow measurement 
through the capillary at the same operating pressure of 105 N m - 2 • The conductivity 
was measured with a digital conductivity meter, Type CDM 83 (Radiometer, Copen
hagen, Denmark). 

The isotachophoretic experiments were carried out in home-made equipment 
as described by Everaerts et al. 1• The driving current was 70 µA in a PTFE capillary 
of 0.45 mm 1.D. The sample injected was a thirteen-component standard mixture of 
anions with a concentration of ca. 0.0005 M each. The injection volume was 3 µI. 

Water was taken from a Milli-Q water purification system (Millipore, Bedford, 
MA, U.S.A.), with a specific resistance of > 107 Q cm. 

The reagents were all of analytical-reagent grade and purchased from either 
Merck (Darmstadt, G.F.R.) or Sigma (St. Louis, MO, U.S.A.). The operational 
systems are listed in Table 1 and the additives to the leading electrolyte investigated 
are Iisted in Table II. 
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E 

Fig. 3. Equipment for measuring streaming potentials of capillaries. A Electrolyte vessels; B = Ag
AgCI electrodes; C = capil\ary; D = magnetic valves for applying nitrogen pressure; E high-impedance 
pH/mV meter; F = Faraday cage. 

The relative zone-sharpness (a) was measured by means of the UV signa!, 
defined5 as the ratio of the theoretica! (-r0 ) and the actual residence time (t) of the zone 
boundary in the detector cell. The former can be calculated from 

to = l/viso (26) 

where l is the length of the detector cell along the capillary axis and v;so the iso
tachophoretic velocity. The actual residence time r is measured from the UV signa!. 
This signa! was sampled at 16 Hz with a Puzzle microprocessor system (E. Steiner, 
Vienna, Austria) equipped with 12-bit analogue-to-digital (ADC) and digital-to-ana
logue convertors (DAC), differentiated and plotted together with the original UV 
signa!. Of the differentiated signal, the width of the peaks corresponding to seven 
"UV-non-UV" zone transitions in the isotachopherogram of the standard mixture 
was measured, and the r and u values were calculated. 

After each experiment the capillary was thoroughly rinsed with at least 500 ml 
of pure water, as a considerable memory effect was observed with some of the addi
tives. Therefore, between the experiments a control run without additives was per
formed. 

TABLE l 

OPERATIONAL SYSTEMS USED IN THE (-POTENTIAL AND/OR ZONE SHARPNESS EXPERI
MENTS 

The additives are listed in Table ll. 

pH Leading ion Concentration ( M) Counter ion 

3.0 Chloride 0.01 P-Alanine 
3.5 Chloride 0.01 P-Alanine 
4.8 Chloride 0.01 Creatinine 
6.0 Chloride 0.01 Histidine 
8.2 Chloride 0.01 Tris 
9.0 Chloride 0.01 Ammediol 
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TABLE II 

ADDITIVES TO THE LEADING ELECTROL YTE 

-·-·---······----·····----- -------------------
Abbreviation Name Concentration Manufacturer 
-------·-·-·-----·····---------····· 

PVP 
Triton 
PVA 
HEC 
HPMC 
CTAB 
Priminox 

Polyvinylpyrrolidone 
Triton X-100 
Poly(vinyl alcohol) (Mowiol) 
Hydroxyethylcellulose 
Hydroxypropylmethylcellulose 
Cetyltrimethylammonium bromide 
Priminox-32 

RESULTS AND DISCUSSION 

Effect of pH and concentration 

0.1 % 
0.1 % 
O.OS% 
0.2% 
0.2% 
0.1 mM 
0.05% 

Fluka, Buchs, Switzerland 
Rohm & Haas, Philadelphia, PA, U.S.A. 
Hoechst, Frankfurt, G:F.R. 
Polysciences, Warrington, PA, U.S.A. 
Fluka 
Merck, Darmstadt, G.F.R. 
Rohm & Haas 

. ·--····--------

Streaming potential measurements were carried out on both PTFE and fused 
silica capillaries. The effect of the Ieading electrolyte pH was investigated with a 
number of0.01 M chloride buffers (Table 1) without additives. The results are shown 
in Fig. 4. . 

The reproducibility of the streaming potential measurements was generally not 
within l 0 %, hut it was adequate to conclude that the (-potential decreases signific
antly at lower pH for both PTFE and fused silica capillaries in a comparable manner. 
The electroosmotic flow will vary correspondingly, as can be seen from eqn. 9. 
Moreover, the electroosmotic flow will increase from leading to terminator with 
increasing field strength E in isotachophoretic experiments (eqn. 9). As will be evident 
from Fig. 2, an increase in the electrical double layer thickness ö at lower electrolyte 
concentrations (eqn. 17) will result in a higher Ç-potential. This was verified experi
mentally with three leading electrolyte buffers of different pH (Table•I). 

In Fig. 5 the measured Ç-potential is shown as a function ofleading concentra
tion and pH. These results indicate that increased electroosmotic disturhances are to 
be expected at high pH and low concentrations. Tuis is in complete agreement with 
the observation that less sharp zone boundaries are encountered under these con
ditions. The limit of detection qmin in capillary isotachophoresis is defined5 •9 as 

(27) 

where r0 is the capillary radius, l the detector length and c the concentration of the 
sample ion in the zone. The value of qmin would decrease significantly if a lower 
leading electrolyte concentration could be chosen. One important limiting factor in 
doing so is the electroosmotic disturbance to be expected. Other limitations are the 
buffering capacity and disturbances due to H + or OH-. 

Effect of additives 
The effect of additives to the leading electrolyte on the quality of the iso

tachopherogram bas been previously investigated1
• Special attention was paid to the 

influence of these additives on the micro-sensing Pt and Pt-Ir ( 10 %) electrodes of the 
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Fig. 4. The '-potential of PTFE (~) and fused-silica (A) capillaries when filled with a 0.01 M chloride 
buffer as a function of pH. For counter ions see Table I. 
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conductivity (potential gradient) cell. In order to investigate the mechanism by which 
these additives decrease electroosmosis, a series of (-potential measurements were 
carried out in PTFE and fused silica capillaries, filled with a pH 6.0 leading electrolyte 
containing one of the additives listed in Table II. On the basis of the results, sum
marized in Table III, the additives can be subdivided into two categories: 

(a) Those which decrease the (-potential to a considerable extent. Of these, 
Triton X-100 and PVP are least effective, although it may be expected that a higher 
concentration of any of these additives will increase their effectiveness to a certain 
ex tent. An increase in viscosity near the capillary wall is likely, and sometlmes the bulk 
viscosity is also increased, such as with HEC and HPMC. 

(b) Those which change the sign of the (-potential from negative to positive 
and thus reverse the direction of the electroosmotic flow. These cationic detergents 
(CT AB. Priminox) should be added at a sufficiently lower concentration compared 
with the leading ion concentration, as otherwise a deviation from the ideal isotacho
phoretic conditions is to be expected. A relatively low concentration, however, is 
sufficient for the (-potential to change sign. 

As mentioned earlier, the relative electroosmotic disturbance in isotachopho
resis can be described by the ratio of the electroosmotic and the isotachophoretic flow 
as given by eqn. 11. This is illustrated in Fig. 6, where the above-mentioned ratio is 
plotted on a logarithmic scale against the effective mobility of the sample ions. 1t can 
be seen that the magnitude of the disturbances due to electroosmosis ranges over 
several decades and that the use of additives is imperative. lt should be noted here 
that, as only the (-potential values of the capillary with the leading buffer and the field 
strengths are considered, variation of the relative electroosmotic disturbance per zone 
may occur owing to specific properties of the sample ions concerned, resulting from 
characteristics such as temperature, pH and 'Concentration. 

In the experiments mentioned above, and in the derived equations, the possible 
increase in viscosity near the wall, to be expected with certain additives, is not con
sidered because these data were not available. It wilt be evident, however, that such an 
effect will be equally advantageous in reducing electroosmotic disturbances. 

TABLE III 

'-POTENTIAL OF PTFE AND FUSED SILICA CAPILLARIES INA pH 6.0 BUFFER (TABLE 1) 
WITH DIFFERENT ADDITIVES (TABLE II) AS DETERMINED BY STREAMING POTENTIAL 
MEASUREMENTS 

Additive 

None 
PVP 
Triton 
PVA 
HEC 
HPMC 
CTAB 
Priminox 
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K 

(µS cm- 1 ) 

852 
865 
860 
851 
918 
867 
870 
851 

----~·-·----··-----·---·----~···· 

11 Ç (mV) 
(cp) 

PTFE Fused silica 

1.0 -41 -25 
1.0 -3 -4 
1.0 -4 -9 
1.0 1 -2 
3.1 -l l 
4.4 -2 -2 
1.0 +40 +18 
LO +21 +14 
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Fig. 6. The relative electroosmotic disturbance r,0 /1·,", in isotachophoresis. calculated from measured ~ -
potential values of the leading electrolyte, obtained in a PTFE capillary as a function of the effective 
mobility of the sample ion. pH and concentration shift and sample-to-sample diffcrences were not con
sidered. 

Zone sharpness 
A number of zone sharpness measurements were carried out in order to verify 

the electroosmotic disturbance semi-quantitatively. Each zone, migratîng in the iso
tachophoretic steady state, is expected to înduce its own (-potential on to the wall. 
regardless of the inevitable field strength diff erences. Therefore, significant zone- to-zone 
differences of the relative zone sharpness a are to be expected. For this reason. in the 
analysis of the pH 6.0 standard mixture of anions, the effect of the additîves to the 
leading electrolyte on seven individual zone transitions was monitored. Fig. 7 shows 
such a UV trace, where Priminox was added to the leading electrolyte. 

The results are summarized in Table IV. Statistica! analysis of these data was 
performed under the assumptions that the minimum detectable relative zone sharp
ness er was 0.10 and that the standard deviation of the measurement of each in
dividual zone transition was 0.05cr units. Student's t-test was applied fora 0.95 confi
dence interval, and yielded the following results for the comparison of the different 
additives: (a) the use of PVP and Triton X-100 will improve the zone sharpness; (b) 
PV A, HEC, HPMC, CT AB and Priminox are all more effective than Triton; and (c) 
CT AB is just as good as PV A, HEC, HPMC and Priminox. 

From these results, and those of the (-potential measurements (Table III), ît 
can be concluded that the relative zone sharpness is improved by suitably changing 
the (-potential of the capillary wall toa value approximately equal to or above zero. 
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Fig. 7. UV trace (A) and its dilferential (A') of the analysis of a thirteen-component standard mixture of 
anions, in a 0.01 M chloride buffer at pH 6.0 and with 0.05 % Priminox as an additive. 

lf positive, the magnitude of the (-potentialis not of importance, at least for anionic 
separations. For cationic separations, no additives are generally needed, as the elec
troosmotic flow is in the same direction as the isotachophoretic velocity5 • If in a 
cationic separation the (-potential of the capillary wal! is made more negative, e.g" by 
the addition of sodium dodecylsulphate, the relative sharpness of the zone boundaries 
is not significantly increased or decreased. 

The choice of additive will depend to a large extent on the sample ions to be 
separated. The possibility of an interaction between the additive and the sample ions 
should always be checked, but the same applies to the counter ion. CT AB, for in
stance, is not recommended for protein determinations, as it binds strongly to the 
proteins, the effective mobility of which was found to decrease. lt may, however, be 

TABLEIV 

RELATIVE ZONE SHARPNESS u OF SEVEN ZONE TRANSITIONS IN A pH 6.0 LEADING 
ELECTROL YTE WITH DIFFERENT ADDITIVES 

The isotachophoretic experîments were carried out in a PTFE capillary. 

Additive E* (Vcm- 1 ) ( (mVJ 

116 121 129 142 188 201 216 

None 0.44 0.32 0.42 0.36 0.15 -41 
PVP 0.45 0.35 0.54 0.39 0.57 0.59 0.14 3 
Triton 0.48 0.38 0.54 0.51 0.35 0.30. 0.17 -4 
PVA 0.62 0.51 0.78 0.72 0.66 0.66 0.72 -1 
HEC 0.56 0.47 0.66 0.66 0.51 0.38 0.29 -1 
HPMC 0.60 0.45 0.69 0.69 0.62 0.60 0.56 -2 
CTAB 0.66 0.47 0.72 0.62 0.62 0.62 0.44 +40 
Priminox 0.59 0 ~6 0.69 0.66 0.59 0.53 0.27 +21 
---------·-·-~ -----

* The E values refer to the average electrical field strength at the respective zone boundaries. 
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advantageous when analysing low-molecular-weight substances at a high pH. Anoth
er important reason for the use of additives in isotachophoresis is to suppress elec
trode reactions at the microsensing electrodes of the conductivity or potential 
gradient detector. Cationic detergents such as CT AB did not entirely inhibit these 
reactions; a slight drift of some of the isotachophoretic zones, as detected by the 
conductivity detector, was observed. 

Therefore, in practice a combination of additives will often be used. We found 
a favourable effect in the combination of CT AB to decrease electroosmotic disturb
ances and HEC to suppress electrode reactions. The concentrations of both additives 
can be lowered by a factor of up to 10, to decrease the amount of impurities, without 
seriously changing their effectiveness. 

N on-aqueous isotachophoresis 
The additional possibility of performing isotachophoresis in mixtures of water 

and an organic modifier (methanol, acetone) broadens the scope of the technique. 
Electroosmotic disturbances are to be expected in this instance also (eqns. 9 and 11). 
Because of generally lower effective mobilities, higher field strengths are expected, 
whereas on the other hand lower dielectric constants are encountered. The (-potentials 
of PTFE and fused silica were measured with a pH 6.0 buffer containing various 
percentages of methanol. From Fig. 8 it can be seen that in this in stance electroosmosis 
can be expected to be less, and PTFE is evidently better than fused silica. A higher 
viscosity and a lower dielectric constant decrease the electroosmotic flow even more 
than is apparent from Fig. 8, as is shown in Table V. The action of additives to those 
leading electrolyte buffers containing, e.g., methanol proceeds in a comparable way: 
PV A decreases the (-potential of PTFE to ca. - 1 m V and CT AB yields a positive 
(-potential. 

-{f <mv> 
40 

20 
... 

20 

... 

40 60 -
"/. methanol 

Fig. 8. The (-potential of PTFE (.6.) and fused-silica (A) capillaries when filled with a pH 6.0 buffer 
containing varying percentages of methanol. 
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TABLE V 

EFFECT OF METHANOL ON THE (-POTENTIAL AND THE RELATIVE ELECTROOSMOTIC 
FLOW INA PTFE CAPILLARY FILLED WITH A pH 6.0 BUFFER 

---······~·-·------·----··------·---

Methanol (%, v/v) e, 

0 80 
10 77 
20 73 
40 64 
60 55 

CONCLUSIONS 

1.0 
1.3 
l.5 
1.8 
1.7 

-41 
-7.2 
-7.8 
-5.0 

1.7 

-3280 
-430 

380 
180 

-50 
---··-·------··--·-- ···--·-------···-----

The relative zone sharpness and the minimum detectable amount in capillary 
isotachophoresis are adversely affected by electroosmosis when the electroosmotic 
flow and the isotachophoretic velocity have different directions. This is mostly the 
case for anionic separations in PTFE or fused-silica capillaries. The relative zone 
sharpness is improved by decreasing the electroosmosis with PV A, HEC or HPMC 
(Triton and PVP are less effective) or by reversing the direction of the electroosmotic 
flow with the use of cationic detergents (CT AB, Priminox). Although the latter are 
ionic, whenever possible they are to be preferred because of their higher purity 
(CTAB) and because the tenability of the leading electrolyte buffer is significantly 
increased. It may be necessary to add a non-ionic detergent also to suppress electrode 
reactions in the conductivity or potential gradient detector. The use of fused silica 
instead of PTFE capillaries is generally not recommended when considering elec
troosmosis only. The additives mentioned act similarly in non-aqueous media, where 
more electroosmotic disturbances are generally not expected. 
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lsotachophoretic analyses of anions at high pH 
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nology, 5600 MB Eindhoven (The Netherlands) 

(First received December 3rd. 1982; revised manuscript received January l 7th, 1983) 

In isotachophoretic analyses of anions, performed in operational systems at 
high pH (pH ~ 7), disturbances due to carbon dioxide from the air can be expected. 
Even at neutral pH the isotachophoretic features can be obscured by this disturbance, 
because the pH of the sample zones has a tendency to increase from the leading zone 
towards the terminating zone in anion analysis 1 •2 • This disturbance, according to the 
principles of zone electrophoresis, can be caused by carbon dioxide dissolved in the 
terminating electrolyte. A minor disturbance can be expected from carbon dioxide 
dissolved in the leading electrolyte. 

lt was found very convenient to prepare both the leading and terminating 
electrolytes under nitrogen. Barium hydroxide (analytical-reagent grade) was added 
to the terminating electrolyte to prevent carbonate from entering the separation com
partment. The terminator compartment still needed to be refreshed completeley after 
each analysis. Complex formation between Ba2 + with sample anions was minimized 
by careful injection. Addition of barium hydroxide to the leading electrolyte is not 
recommended. Unwanted complex formation often occurs and precipitation of bar
ium carbonate can block the capillary column. In this paper it is shown that iso
tachophoretic analyses of anions at pH ~ 7 can be carried out by closing the sep
aration compartment with semi-permeable membranes of cellulose polyacetate (0.1 
mm thick) and having solely doubly distilled water in the electrode compartments. 
Both the leading and terminating electfolytes are consequently not in direct contact 
with air. Carbon dioxide already dissolved in the electrolyte during preparation ~till 
has to be taken into account. 

EXPERIMENT AL 

Instrumental 
Commonly, isotachophoretic analyses are performed in equipment such as that 

described in ref. 1. In our home-made equipment a PTFE capillary (LD. 0.2 mm, 
O.D. 0.35 mm and length ca. 25 cm) is applied. This separation compartment is 
connected to the injection block, which has a connection, via a valve (l MM l; Ham
ilton, Bonaduz, Switzerland), toward~ an open terminating reservoir. Commercial 
equipment also has such an open terminating reservoir. At the end of the separation 
compartment a set of detectors (UV absorption, conductivity or potential gradient) 
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is mounted. The counter-electrode compartment is equipped with a semi-permeable 
membrane to prohibit any hydrodynamic flow. 

The above mentioned equipment is compared with the equipment shown sche
matically in Fig. l. In this device semi-permeable membranes separate the terminating 
and leading electrolytes from air via a barrier of doubly distilled water, which was 
found to conduct the electric current sufficiently. This set-up is also called a "com
pletely closed" system. 

Sample introduction 
In the reservoir (Fig. l, a) a nitrogen bubble was purposely introduced: in-

a 
Term. 

c 
1 

Terminating cornpartrnent 
/ 

lnjec.t1on block 

---m 

Separation compertment 

Leading compartment 

Fig. 1. Isotachophoretic equipment suitable for analysis at high pH. The conventional equipment' modi
fied by adding items a--d in the terminating compartment. a = Polypropylene syringe filled with termi
nating electrolyte; a nitrogen-bubble was introduced before sample introduction (see text); b, e, g = 
two~way valves (Hamilton IMMI); c = terminating electrode immersed in doubly distilled water; d = 
semi-permeable m&nbrane (cellulose polyacetate); f silicone-rubber septum; m = home-made valve 
with connection towards drain; h = UV detector; k = conductivity (potential gradient) detector; 1 = 
counter electrode immersed in doubly distilled ·water. 
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a 

e 

f 9 

Fig. 2. Beaker for préparing electrolytes under an inert gas atmosphere. a = Beaker made of acrylic; 
b = combined glass pH electrode (Corning, No. 003 11 306L); c = home-made valve; d = hole for inert 
gas supply or addition of electrolyte constituents; e = polypropylene syringe; f = PTFE stoppers; g = 
connector for inert gas supply. 

jecting a sample in the injection block now caused a displacement of terminating 
electrolyte owing to the penetration of the needie of the syringe and finally injection 
of the sample. Withdrawing the syringe again caused a flow of terminating electrolyte. 
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After sample introduction, valve b was closed to separate the reservoir a with 
the pressurîzed nitrogen bubble from the separation compartment. 

Iflarge volumes need to be injected, valve bis closed before injection and valve 
g at the counter-electrode compartment is opened. Injecting the sample hence causes 
a displacement of leading electrolyte. In such experiments a pre-separation com
partment3 is commonly used. 

Device for preparing electrolytes at high pH 
The testing of the "completely closed" system was carried out with electrolyte 

systems prepared under nitrogen. The device used (Fig. 2) is made of acrylic and has 
a content of ca. l 00 ml. At the bottom four connections are made for polypropylene 
syrînges with a volume of 20 ml each. The cap is equipped with an 0-ring, a two
way valve, a hole for mounting a pH electrode and a hole for mounting a connector 
for supply of nitrogen gas. The electrolyte was stirred via a magnetic device. During 
stirring nitrogen was supplied. The valve (Fig. 2, c) was open to prevent disturbances 
of the electrolyte inside the pH electrode due to overpressure. During addition of 
electrolyte constituent(s), the nitrogen supply was disconnected. Carbon dioxide that 
penetrated adsorbed on crystals or dissolved in liquid bases needed to be removed 
separately. Liquid bases can simply be purified by redistilling under vacuum in a 
desiccator (at room temperature) into a beaker filled with doubly distilled water. 
Carbon dioxide adsorbed on solid constituents can be removed under vacuum in a 
desiccator (at room temperature) containing sodium hydroxyde pellets. 

After preparation of the electrolyte, the syringes (Fig. 2, e) could be filled, 
closed and stored in a refrigerator until used. 

RESUL TS AND DISCUSSION 

To compare the performance of conventional equipment1 with that of the 
"completely closed" system (Fig. 1), a series of isotachophoretic analyses was carried 
out with xanthosine as sample constituent. The operational conditions are given in 
Table I; all chemicals were of analytical-reagent grade. 

Disturbances of carbonate, dissolved in the terminating electrolyte, were found 
in the elongation of the zone length (quantitative parameter) and the reduction of 

TABLE 1 

OPERATIONAL SYSTEM FOR ANION ANALYSES AT pH 8.9 

l = 0.08 A cm-2 ; chart speed of recorder= 6 cm sec-1 ; analysis time= ca. 9 min. P-Ala = beta-alanine; 
Mowiol polyvinylalcohol: a 5% (w/v) stock solution has been purified with mixed-bed ion exchanger 
(Merck, Dannstadt, G.F.R.). 

Electrolyte 

Anion 
Concentration 
Cation 
pH 
Additive 
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Leading 

Chloride 
0.007 5 M 
Ammediol 
8.9 
Mowiol; 0.05% 

Terminating 

P'61a/OW 
ca. O.ot M 
(Ba2+) 
ca. 10 
None 
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the step height (qualitative parameter) of xanthosine, both due to the "diluting" 
effect (zone electrophoresis). 

In Figs. 3 and 4 the influence of carbonate clearly is shown. Both qualitative 
and quantitative information is poor in analyses carried out at high pH in conven
tional equipment. In the experiments the terminating reservoir was purposely not 
refreshed completely after each analysis to show the disturbance of carbonate. In the 
"completely closed" system a straight calibration line (correlation coefficient = 
0.9999) for xanthosine was obtained (Fig. 3). The carbonate zone had a constant 
length of 7 mm, which means it no Jonger obscured the analytical result. In fact, the 
terminating electrolyte was simply refreshed completely after each analysis. 

From Fig. 4, it can be seen that in conventional equipment the zone length of 
carbonate is elongated (ca. 15 mm) in the experiment in which solely leading electro
lyte versus terminating electrolyte was analysed. The zone length of carbonate in
creased in a series of analyses. Experiments with the "completely closed" system (Fig. 
1) proved that addition of Ba 2 + to the terminating electrolyte was no longer neces
sary. Unwanted complex formation with sample c<1nstituents thus could be excluded. 

I! 
I! 
g ,,.. 

IO ,... 

0 
IO 

The amount of terminating electrolyte between the injection point and the 

, 

2 3 4 

,d 

5 

I , , 
, 

I 

0 ,' 
I 

' I 

/O 
I 

,/'/ 
I • 

6 7 8 pt 

Fig. 3. Calibration line of xanthosine in the operational system (Table 1). The analyses were performed 
(0) in conventional equipment1 and (e) in the equipment shown in Fig. l. The correlation coeflicient in 
the latter line is 0.9999. The deviation of the other line (0) is due to the carbonate orginating from the 
terminating electrolyte (see text). 
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NOTES 

Fig. 4. The zone lengths (0) of carbonate in a series of analyses in conventional equipment, in which 
increasing amounts of xanthosine were injected. These zone lengths were taken from isotachopherograms 
from which the calibration line (0) in Fig. 3 was constructed. The reduction of the step height of xan
thosine (e) is also shown. For further explanation, see text. 

membrane needs to be chosen properly, to prevent the terminator becorning exhaust
ed, especially if a high sample load is applied (long analysis time). Twice the total 
volume of the separation compartment was found to be sufficient, assuming the con
centration of the terminating electrolyte was of the same order of magnitude as the 
leading electrolyte. 

Fig. 5 shows an isotachopherogram of xanthosine, allopurinol, guanosine and 
adenine (for operational conditions, see Table I). The terminator was in the reservoir 
of the equipment for ca. 15 h before the analysis. The zone length of carbonate still 
did not shown any elongation. 

CONCLUSIONS 

Analysis of, e.g., purines bases, peptides and proteins can be carried out at pH 
;;;:: 7 with no disturbances from Ba2 + or carbonate. Most commercial equipment can 
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2 
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Fig. 5. Isotachophoretic analysis of xanthosine, allopurinol, guanosine and adenine in the equipment 
shown in Fig. l. Operational conditions are listed in Table I. Note the small zone of carbonate, which 
was found to be constant from one analysis to another. 1 = Chloride; 2 = carbonate; 3 xanthosine; 
4 = allopurinol; 5 guanosine; 6 = adenine; 7 = IJ-alanine. R = increasing electric resistance; t = 
time; and A UV absorption. 

be simply modified with a semi-permeable membrane at the terminating reservoir. 
"Completely closed" systems are recommended if electrode reactions with terminator 
and/or additives are expected. 
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CHROM. 16,356 5.3. 
SIGNAL PROCESSING IN ANAL YTICAL ISOT ACHOPHORESIS USING 
STANDARD CHROMATOGRAPHIC INTEGRATION PROCEDURES 

J.C. REIJENGA*, W. VAN IERSEL, G. V.A. ABEN, Th. P. E. M. VERHEGGEN and F. M. 
EVERAERTS 
Laboratory of Instrumental Analysis, University of Technology, P.O. Box 513, 5600 MB Eindhoven (The 
Netherlands) 

SUMMARY 

A method for conversion of the universa! detector signal in isotachophoresis 
which enables the use of conventional chromatographic integration procedures is 
introduced. A microcomputer monitors the detector signal at 48 Hz with an 8-bit 
accuracy. The converted signal is stored in the computer memory and can be pro
cessed as if it were a chromatogram. The computer program was evaluated with a 
series of test mixtures and applied in the determination of anions in wine and urine. 

INTRODUCTION 

The application of isotachophoresis (ITP) in routine analysis is gaining in 
popularity. In 1982, for example, 58% of the papers published on ITP dealt with its 
application. The use of automatic signal processing equipment would be of great 
advantage in this respect. 

For monitoring the UV signal in isotachophoresis a chromatographic ap
proach1·2 is commonly used and it will not be dealt with in this paper. The signal 
resolution obtained when using a universal detector has greatly improved since ther
mometrie detection was replaced by a.c. conductivity (potential gradient) detection3 - 5 • 

However, the nature of the universal detector signal precludes a chromatographic 
approach to signal processing. The amplitude of the signal does not give any quan
titative information at all, whereas the time axis comprises both qualitative infor
mation (sequence of zones) and quantitative information (length of zones). 

Methods to detect zone boundaries by means of the differential signal are 
widely used for measuring zone lengths manually. Attempts to use the differential 
signal for automatic processing have been made6 , hut the sensitivity of the method 
was rather critical, susceptible to interference and not unambiguous as the qualitative 
information is obscured in signals with a varying number of zones. 

The only commercially available signal processor for isotachophoresis is in 
facta modified chromatographic integrator (Type 1-EIB; Shimadzu, Kyoto, Japan). 
This employs the differential of the isotachopherogram for the detection of zone 
transitions. Correct setting of the so-called wave-processing parameters is required 
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in order to detect all zone transitions; failure would obscure the quantitative infor
mation. The dynamic range of this method enables accurate determination of relative 
step heights or potential unit values3 •5 . In one analysis up to 50 zones can be mea
sured. The sampling frequency of 10 Hz will be a limitation in measuring short zones. 
Other authors 7 •8 have also reported the use of signal-processing procedures. Storage 
of the complete isotachopherogram has obvious advantages, but requires much com
puter memory when sampling at 50 Hz and 8 bit. 

We9 •10 have introduced a signal-processing method for isotachophoresis, 
which applies a conversion to a signal with chromatographic properties and which 
is treated as such. The original isotachopherogram can be reconstructed from the 
converted signal which is stored in a small portion (1.3 kbytes) of the computer 
memory. The computer program, which is written in BASIC, can be used in any 
microprocessor with an 8-bit analog-to-digital convertor (ADC) and a 12-kbyte 
memory. The principle of the method is the conversion of the isotachopherogram 
(step height, h, vs. time, t) to a signal of amplituqe, dt/dh, vs. step height h, as illus
trated in Fig. 1. 

EXPERIMENT AL 

The isotachophoretic experiments were performed in equipment developed and 
built by Everaerts et al. 3 • The universa} detector is an a.c. conductivity detector, 4 
kHz, 10 µA, with two axially mounted Pt/Ir (10%) electrodes, thickness 10 µmand 
distance O. l mm, in a 0.2 mm I.D. cell, unless otherwise indicated. The output voltage 
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Fig. 1. The principle of signal conversion. a, The isotachopherogram of a standard mixture of chlorate 
(l ), chroma te (2), malonate (3), salîcylate (4), gluconate (5), succinate (6) and acetate (7) (each 370 pmoles), 
analysed at pH 6 (Table 1). b, The converted signa! showing peaks corresponding to the zones in the 
isotachopherogram. This can be interpreted as if it were a chromatogram which can be reconstructed (c) 
from the converted signa!. L = Leading electrolyte; T = terminator. 
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of the detector, which is directly proportional to the electric resistance of the cell, is 
corrected for the leading electrolyte conductivity and amplified to match the input 
level of the ADC. 

The signa! processing is achieved with a PUZZLE microprocessor (E. Steiner, 
Vienna, Austria). A digital casette recorder (Hans Knürr, München, .F.R.G.) is used 
for program storage, a visual display terminal (Type ADM3A +; Lear Sigler, An
aheim, CA, U.S.A.) for interactive communication and both a graphic printer/plotter 
(IDS80; Integral Data System, Milford, MA, U.S.A.) and a potentiometric recorder 
(Kipp, Delft, The Netherlands) for registration. The microprocessor is equipped with 
two 12-bit ADCs and two 12-bit DACs and 23 kbytes of random access memory 
(RAM). The BASIC program was written specifically for the microcomputer used. 

The rea,gents used for the operating systems and sample solutions were all of 
analytical reagent grade purity and obtained from either E. Merck (Darmstadt, 
F.R.G.) or Sigma (St. Louis, MO, U.S.A.). The operational systems are listed in 
Table 1. 

RESUL TS AND DISCUSSION 

For conversion of the isotachopherogram (step height, h, vs. time, t) to dt/dh 
vs. h, the signal is digitized by the ADC. When measuring in 8-bit 256-step height 
intervals, dh can be distinguished. An array, A%, of 256 elements in the computer 
program is declared: each time at 0.02-sec intervals a step height is detected, the 
corresponding element in the array is incremented by one. The BASIC command for 
this operation is: 

H% = PEEK (37376): A% (H%) = A% (H%) + 

At the end of the analysis the number in each element I in the array, A% (/), is 
proportional to both the zone length (dt) in the corresponding step height interval 
(dh) and the sampling frequency. The latter determines the quantitative resolution. 
We have used 48 Hz in BASIC which is sufficiently high (accuracy 0.02 sec) with 
respect to the minimum detectable zone length. The latter is equal to the average 
residence time of the zone transition in the detector cell 1 1 . Typical values range from 
0.3 to 3 sec, depending on the operating conditions. This means that, especially in 

TABLE I 

OPERATIONAL SYSTEMS USED IN THE ISOTACHOPHORETIC EXPERIMENTS 

The driving current was 25 µA unless otherwise indicated. PV A = Poly(vinyl alcohol); HEC = hydroxy
ethylcellulose. 

Leading ion 
Concentration 
Counter ion 
Additive 

Terminating ion 

pH 3.0 

Chloride 
0.01 M 

pH4.5 

Chloride 
0.01 M 

P-Alanine e-Aminocaproate 
0.05% PV A 0.2% HEC 
0.2% HEC 
Propionate Propionate 
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trace analysis, zone lengths approaching the theoretica! minimal value can be mea
sured quantitatively with sufficient resolution, e.g., 1 % for a 2-sec zone length (ca. 
0.2 nmole). 

The quantitative accuracy in isotachophoresis with a well defined leading elec
trolyte transport number is determined only by the stability of the driving current 
and the accuracy with which the zone lengths are measured. With the method de
scribed it was found possible to take both these effects into account. If the micro
processor monitors the driving current and the detector signa! simultaneously, the 
quantitative information is directly corrected for any slight drift in driving current. 
To achieve this, the driving current is sampled at 12 bit (0.024%) and the detector 
signa! at 27 Hz (0.037 sec). This means that fora zone length of 40 sec an absolute 
accuracy of 0.1 % can be achieved. A coulombmeter12•13 would be a useful alterna
tive. 

After a specific leading electrolyte/terminator system has been chosen (solvent, 
concentration, pH, mobility, counter ion, additive), the qualitative resolution ob
tained is determined by the number of bits used in the ADC. We found that 8 bit 
(0.4% resolution in step height) gave best results. A lower resolution wilt lead to an 
unacceptable loss of information, whereas a higher resolution may lead to inaccurate 
results, as the peaks in the converted signa! will split up due to a possible slight drift 
of the step height, especially of Jonger zones. Furthermore, the peaks are not neces
sarily gaussian. For adequate resolution they need not be described by more than 
one data point. It should also be noted that the reproducibility of the detector re
sponse (step height) is usually not better than l %. This can be slightly improved by 
using relative step height (or potential unit) values, a reason why a 0.4% resolution 
was chosen. The data-reduction procedure used will normalize the results to 201 
step-height intervals, so that a final qualitative resolution of 0.5% is obtained and 
up to 99 zones can theoretically be distinguished. 

Some data reduction takes place in another respect, namely when an enforced 
zone3 visible by a so-called "back step" is detected, because time information is lost 
for this exception to the isotachophoretic steady-state sequence. Enforced zones are 
measured correctly but no distinction is made from "normal" zones of the same step 
height. 

Fig. 1 shows an isotachopherogram (h vs. t) of a seven-component standard 
mixture (a), and the corresponding converted signal dt/dh vs. h (b). The analysis was 

TABLE II 

REPRODUCIBILITY OF RELATIVE STEP HEJGHT (RSH) AND EFFECTIVE MOBILITY (M) 

Four constituents in a standard mixture were analysed at pH 4.5, measurements being made manually 
and with the computer program (n = 12). 

Ion 

Oxalate 
Tartrate 
Phosphate 
Citrate 

110 

Manually 

RSH 

0.133 
0.234 
0.306 
0.406 

Computer 

S.D. RSH 

0.001 0.133 
0.004 0.225 
0.003 0.304 
0.003 0.406 

JOS. M S.D. 
( cm2 V-1 sec-1 ) 

S.D. 

0.002 49.0 0.2 
0.002 39.3 0.3 
0.003 33.5 0.2 
0.003 28.2 0.2 



SIONAL PROCESSING IN ANAL YTICAL ITP 221 

Î 
ZL 
manually 

2 

n:12 
cc ,Q.9998 

Zl 
computer 

~ 2 

Fig. 2. The correlation of zonelengths (ZL) of oxalate <•) and citrate (.A) relative to tartronate as an 
internal standard at pH 4.5, measured manually and with the computer, in the range 0.5-8 nmoles. 

perf ormed at pH 3.0 (Table I). The area under the peaks is directly proportional to 
the sampling frequency and the length of the corresponding zone in the original 
isotachopherogram. From the converted signa) a normal isotachopherogram. can be 
reconstructed (Fig. Ic, where data reduction has taken place). 

The computer program is also provided with an integration procedure for the 
converted signal. The integration in this BASIC program lasts ca. 30 sec, which is 
sufficiently short with respect to the analysis time (10-15 min). lt should also be 
mentioned that, upon detection of the terminator, the next analysis can be started 
immediately. Signal processing ofthat analysis will only have to start ca. 1 min before 
detection of the first zone transition. After integration, the results will yield, from 
leading electrolyte to terminating electrolyte: the zone number, the step height relative 
to that of the terminator, the length of the zone in units of 0.02 sec and the effective 
mobility of the sample constituents. 

Two facilities for selective data reduction are provided for in the program. The 
listing of the zone lengths can be limited to those zones having lengths exceeding a 
preset threshold value, comparable with a minimum area, as used in chromatographic 
integrators. The second possibility is to limit the results to those step heights corre
sponding to a discrete number of preset values, i.e" of the sample constituents of 
interest. Therefore a search window of 10% of the corresponding relative step height 
values is incorporated. Additional features of the program include a complete listing 
of the array, calculation of the total amom,1t of ionic material migrating between the 
leading elecrolyte aQd terminator and calculation of the average mobility of all iso
tachophoretically migrating substances. In order to prevent the leading electrolyte 
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10 fa 
nMoles 

ZL sec 
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10 100 

Fig. 3. The calibration graphs of chromate (.C:.), salicylate (Il) and succinate (.Ä), at pH 4.5 in the range 
0.1-IO nmoles, without the use of an intemal standard, as calculated by the computer. Q = Quantity; ZL 

zonelength. 

and terminator zones from contributing to the last two calculations, only relative 
step heights between 0.03 and 0.97 are considered. 

The computer program was first tested for accuracy, reproducibility and lin
earity by use of an electronic device which simulated an isotachophoretic analysis. 
Theo a comparison was made between the relative step heights, mobilities and zone 
lengths determined experimentally and these calculated by the computer. In these 
isotachophoretic experiments a standard mixture was analyzed. The results, summa
rized in Table II, show a good reproducibility. The calibration graph (Fig. 2) was 
limited to injected amounts of 0.5-8 nmoles, because very short zone lengths cannot 
be measured accurate]y enough manually. A calibration graph over 2 decades cover
ing the subna1wmole level (Fig. 3) illustrates the linearity of the method just above 
the theoretical minimum detectable amount, 30. pmoles in this case. Some of the 
converted isotachopherograms from which the calibration graph was constructed are 
shown in Fig. 4. 

Depending on the relative sharpness of the zone boundaries, which will show 
differences from zone to zone, amounts approaching the minimum detectable amount 
can be quantified with sufficient signal-to-noise (S/N) ratio, as is illustrated in Fig. 
4d: the S/N ratio is ca. 10 in this ·example. With actual samples, higher noise or 
background levels in the converted signal may occur. 

The analogy between a converted isotachopherogram and a chromatogram 
also extends to the "quality" of an analysis and properties such as "resolution". For 
example, isotachopherograms of analyses in a 0.5-mm capillary show shorter zones 
and less sharp zone boundaries, compared with the 0.2-mm capillary. This is caused 
by a more pronounced radial temperature profile due to the driving current, which 
also limits the current density 14. The converted signa! of these isotachopherograms 
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Fig. 4. Converted isotachopherograms of the analysis of increasing amounts of the standard mixture 
illustrated in Fig. 1. Acetate is present as an impurity in the electrolyte system (a). The amounts injected 
were 14 pmoles (b), 41 pmoles (c), 123 pmoles (d) and 370 pmoles (e). 

shows peaks that are broader and less intense. At constant driving current and trans
port number, the peak area will of course be the same. This is analogous toa chro
matogram from an analysis carried out in a column with decreased efficiency. Quan
titative parameters such as resolution and quantitative parameters such as the sig
nal-to-noise ratio can be applied to both signals. It should be borne in mind that the 
causes of poor performance are completely different, i.e., electroosmosis15 and a 
radial temperature profile14 in isotachophoresis and diffusion in chromatography. 

The reproducibility of the signal-processing method is illustrated by the analy
sis of a sample of Greek Rosé wine under conditions described earlier16• The aim of 
the investigation was to analyse for additives such as sulphite and sorbate, and si
multaneously determine a number of organic and inorganic acids for characteriza
tion. The phosphate and tartrate peaks in the corresponding converted signal are 
shown in Fig. 5. The phosphate/tartrate concentration ratio was ten, whereas their 
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Fig. 5. Reproducibility of the determination of phosphate (1) and tartrate (2) in a wine sample at pH 2.9. 

relative step heights differed by 5%. Integration of the peaks yielded results com
parable to manual zone length measurements, both in terms of accuracy and preci
sion. The zone lengths were 1.3 ± 0.1 sec for phosphate and 13.8 ± 0.2 sec for 
tartrate, and the relative step heights were 0.165 ± 1%and0.210 ± 2% respectively. 
lt was not necessary to use an internal standard. 

Fig. 6 shows the analysis of human urine at pH 4.5 (Table I), in which oxalate, 
citrate, glycolate and phosphate were determined. This analysis was part of an in
vestigation into the metabolism of oxalate and glycolate in different types of oxaluria. 
The dynamic range that can be achieved is illustrated by the fact that both oxalate 
and phosphate, although off-scale, can be determined quantitatively under the con
ditions described. Moreover, Fig. 6 shows that zone transitions near the terminator 
are less sharp (and consequently the peaks are broader) because the electroosmotic 
counter-flow increases with field strength and pH15• 
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Fig. 6. Converted isotachopherograms of the analysis of 0.5 µI human urine. Oxalate (1), citrate (2), 
glycolate (3), phosphate (4) and acetate (5) were analysed at pH 4.5 10 • 

CONCLUSIONS 

The advantages of the signal-processing method described are obvious. With 
a relatively small computer memory the results of an entire isotachophoretic analysis 
can be stored and the original isotachopherogram can be reconstructed if necessary. 
A minimum requirement for this method is an 8-bit ADC and 12 kbyte of RAM. 
The converted signàl can either be processed by use of the program itself or integrated 
by any chromatographic signal-processing system. Ultimately, the high accuracy, 
precision and speed of computerized signa! processing will broaden the application 
of isotachophoresis in routine analysis. 
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5.4. 
UV DETECTION AT 206 NM IN ISOTACHOPHORESIS 

Th.P.E.M. Verheggen, F.M. Everaerts and J.C. Reijenga 

presented at the Third International Symposium on 
Isotachophoresis, june 1982, in Goslar, FRG 

ABSTRACT 

The theoretica! and practical possibilities and 
limi tations of UV detection at 206 nm are discussed 
wi tb respect to the operational systems, capillary 
material, UV light source and detection. 
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INTRODUCTION 

For UV detection in isotachophoresis a HF plasma 
source is usually applied. Mercury or Iodine is mostly 
used. This means that detection is possible at 
discrete wavelengths only. The 254 nm line of mercury 
is most commonly chosen. For protein work the 280 nm 
line of iodine is a practical choice. A UV sensitive 
photodiode, in conjunction with a filter is then used 
as detector. The 206 nm line of the iodine source bas 
now appeared to be a very useful additional 
possibility, provided the capillary material and 
operational systems used meet certain requirements. 

MATERIALS AND 'HETHODS 

UV light source. 
Home made HF oscillation plasma sources [l] were 
used in the experiment& mentioned. Either mercury or 
iodine was chosen. The wavelengths that can be used in 
the UV range of interest are listed in Table 1. 

TABLE I. 
wavelength light source 

206 nm iodine 
254 nm mercury 
280 nm iodine 
340 nm iodine 

Detector 
A UV sensitive photodiode (type 330-02, Hamamadsu, · 
Japan) was used in conjunction with commercially 
available UV filters (LKB, Bronma, Sweden) with a 
bandwidth of ca 25 nm. The UV light was conducted 
towards and from the slit by means of·quartz rods. 

Capillary 
The capillary material was PTFE. It was purchased by 
special specification from HABIA (Breda, the 
Netherlands). The internal diameter was 0.2 mm and the 
thickness of the wall approximately 0.075 mm. 
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Operational systems 
The operational systems were made from analytical 
grade reagents, purchased from either Kerck 
(Darmstadt, FRG) or Sigma (St. Louis, USA). 

RESULTS AND DISCUSSION 

Requirements for 206 nm detection 
The most important li.mitation of the use of the 206 nm 
line of iodine is the relatively low signal finally 
obtained. This is caused by a number of phenomena: 
- the 206 nm line is relatively weak; 
- the loss in air is considerable; 
- there is a significant loss in the capillary wall; 
- isotachophoretic buffers can show absorption 
- the filter transmission is less than usual; 
- the sensitivity of the photodiode is less. 

The loss of signal in air can be minimized by placing 
the quartz rods as close to the capillary wall as 
possible. Also the UV source and filter should be 
mounted against the quartz rods. The capillary wall is 
one of the most important sources of loss of UV light 
at 206 nm. The thickness of the wall should be minimal 

b 

5 

0 
200 240 280 · nm 

Fig.l. Transmission of commercially available uv 
filters (LKB, Bromma, Sweden) for 206 and 254 nm. Both 
are combined interference and cut-off filters. 
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without effecting the rigidi ty of the capillary. A 
thickness of ca 0.075 mm will give satisfactory 
results wi th the material mentioned, but significant 
batch-to-batch variations may be observed. 
Transmission of the 206 nm filter used was somewhat 
less than that of an ordinary 254 nm filter, both as a 
combined cut-off filter (see Fig.l.). The bandwidth, 
measured at 50'1 of maximum transmission was ca 25 nm 
for both filters. The decrease in sensivity of the 
photodiode is shown in Fig.2. 

s 

Fig. 2. Sensitivity of the vacuum photodiode type 
R330-02 from Hamamatsu (Hamamatsu, Japan).· 

The absorption of the buffers is considerably 
increased at wavelengths below 240 nm as is shown in 
Fig. 3. These spectra were measured in a 10 mm 
cuvette. Only the very small pathlengtb used in 
capillary isotachophoresis makes it possible to use 
some of the buffers at 206 nm. The pathlength in the 
separation compartment, as used by us, is 
approximately 0. 2 mm. It is obvious that in 
capillaries with larger internal diameter, such as 
those commercially available, buffer absorption will 
proportionally increase. Table II lists some of the 
commonly used leading buffers with their absorption at 
206 nm relative to water in a 0.2 mm I.D. capillary. 
Table II shows that only the commonly used histidine 
buffer (pH=6) bas an unacceptable absorption. In this 
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Fig. 3. The absorption of some leading buffers used in 
isotachophoresis as measured in a 10 mm cuvette, 
a=Cl/his, b=Cl/tris, c=HCl, d=K/acetate, all O.OlK. 

Table II. 
uv absorption at 206 nm of some isotachophoretic 
buffers, measured in a 0.2 mm I.O. PTFE capillary, 
relative to water. 

Leading ion counter ion pH Absorption 206nm 

0.01 c1- histidine+ 6.0 853 
0.01 c1- TRIS+ 8.2 63 
0.01 c1- ACA+ 4.5 93 
0.01 c1- ALA+ 2.9 33 
0.01 c1- ammediol+ 8.9 163 
0.01 K+ acetate- 5 .0 83 

case the absorption, due to the counter ion, shows a 
considerable pH dependence as well. An application of 
this effect is the determination of the pH in non-UV 
absorbing zones or to mark the boundaries of these 
zones. A good alternative for a pH ·6 leading buffer is 
hydroxylamine, which bas a comparable pK value and a 
low absorption at 206 nm. In all buffers mentioned so 
far the 206 nm absorption is mainly due to the counter 
ion and not to the leading ion. Leading ion or 
terminator ion absorption will of course not limit the 
applicability of 206 nm detection [l, page 335]. 
Additives to increase the sharpness of the boundaries 
are frequently needed, especially at high pH, high 
f ieldstrengths and low leading electrolyte 
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concentrations. Hydroxyetbyl cellulose (HBC) or 
hydroxypropyl methyl cellulose (HPMC) are commonly 
used. The effect of these non-ionic additives on the 
206 nm absorption was not investigated separately. 
Mowiol and HEC however do not interfere as is proved 
by the low absorption of the pH 2.9 buffer, mentioned 
in Table II. Both additives were used here at a 
concentration of 0.053 and 0.23 respectively. 

Possible applications 

One of the most prom1s1ng applications of UV 
detection at 206 nm in isotachophoresis is the 
specific detection of sample constituents with peptide 
bonds. The sensitivity for detecting these compounds 

a b 

A 

• 1 . 
----1[> t 

Fig.4 The analysis of a cationic dipeptide derivative, 
detected at 206 and 254 nm. 

with UV is considerable increased. Fig. 4 shows the 
detection of a dipeptide derivative, analysed as a 
cation, at both 206 nm and 254 nm. 
This will be especially useful, if a high resolution 
universal detector is not available. The single 
peptide bond in this monovalent ion already results in 
203 absorption. Monovalent oligopeptides have found to 
show a 206 nm absorption proportional to the number of 
peptide honds. When analys ing peptides and proteins, 
there can be a considerable contribution to the 206 nm 
absorption from a number of amino acid groups as well. 
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Fig. 5. shows the analysis of a severely contaminated 
histidyl histidine sample at 206 and 254 nm, analysed 
as a cation. Human serum albwuin was analysed as an 
anion at pH 8.2 with TRIS as a counter-ion. Fig. 6. 
shows the detector response at 206, 254 and 280 nm. 
More signal increase is to be gained by switching from 
254 to 206, rather than from 254 to 280 nm in this 
case. Additional impurities and absorption of the 
terminator is observed at 206 nm. The latter is caused 
by the terminating ion or by the counter-ion in the 
terminator zone, where the counter-ion concentration 
and the pH is usually higher than in the leading zone. 
When analysing proteins by isotachophoresis, non-UV 
absorbing spacers are usually applied to separate the 

a b 

' 
A 

--c:>t 
Fig. 5. The analysis of a contaminated 
histidyl-histidine sample detected at 206 and 254 run. 
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Fig. 6. Human serum albumin, analysed at pH 8.2 and 
detected at three different wavelenghts. 

individual UV absorbing zone and spikes. A choice can 
be made between a discrete set of spacers at certain 
mobilities or continuous series of spacers, such as 
ampholines. The use of commercially available 
ampholines however is not recommended at 206 nm, as 
can be seen from the high absorption at that 
wavelength (see Fig. 7). In conclusion we may say that 

A 

t 
---ooit> 

Fig. 7. A mixture of ampholine pl 7-9 analysed at pH 
8.2 and detected at 206 nm. 
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UV detection at 206 nm in isotachophoresis is 
possible, if the capillary material and operational 
systems used meet certain standards. The increased 
response for the detection of peptides and proteins is 
demonstrated. The specificity for peptide bond 
detection at this wavelength will yield new prospects 
for identification as well, especially when dual 
wavelength detection is available [2]. 

REFERENCES 

1. F.M. Everaerts, J.L. Beckers, Th.P.E.M. 
Verheggen, · Isotachophoresis; Theory, 
Instrumentation and Applications, Elsevier, 
Amsterdam, Oxford, New York, 1976. 

2. Th.P.1.11. Verbeggen, J.C. Reijenga, F.11. 
Everaerts, 3rd Int. Symp. Isotachophoresis, 
Goslar, FRG (1982). 

125 



126 



Journal of Chromatography, 267 (1983) 75-84 
Elsevier Science Publishers B.V" Amsterdam Printed in The Netherlands 

5.5. 
CHROM. 15,924 

DUAL-WAVELENGTH UV-ABSORPTION DETECTION IN CAPILLARY 
ISOT ACHOPHORESIS 

J.C. REIJENGA*, Th. P. E. M. VERHEGGEN and F. M. EVERAERTS 

Lahoratory of lnstrumental Analysis, Eindhoven Universily of Technology, P.O. Box 513, 5600 MB Eind-
hoven (The Netherlands) · 

(Received April l3th, 1983) 

SUMMARY 

lnstrumentation for dual-wavelength UV-absorption detection in isotacho
phoresis is described and evaluated. Computerized signa) storage and processing allow 
data reduction on the basis of the ratio of absorption at any two of the wavelengths 
206, 254, 289 and 340 nm. The purity of UV-absorbing spikes or zones is verified by 
platting the ratio versus time, the ratio versus one wavelength or one wavelength 
versus the other. The method is illustrated with the analysis of a nucleotide extract of 
eggs of Nassaril1s retici1/aris. 

INTRODUCTION 

In capillary isotachophoresis, the detection limit of a universa) (a.c. conduc
tivity or potential gradient) detector is directly proportional1 to the concentration of 
the leadingelectrolyte (ca. 0.01 M) and the volume of the detector cell (2-100 nl). UV
absorption detection makes it possible to detect zone volumes smaller than the detec
tor cell volume, provided that certain precautions are taken, such as the addition of 
non-UV absorbing spacers2 • In this instance, as in UV detection in liquid chromato
graphy, the detection limit also depends on the properties of the sample components 
such as the molar absorptivity, on interfering substances and on detector noise. The 
choice of wavelength is an important parameter for decreasing the detection limit. 
Whereas in isotachophoresis mainly fixed-wavelength detectors (h.f.-excited plasma 
sources) are used, in liquid chromatography continuously variable UV detection is 
also applied. Tuis makes it possible to optimize the detection by scanning peaks of 
interest at stopped flow. Fast scanning detectors, which permit the measurement of 
absorbance ratios at two wavelengths, are also available. It will take some time for 
these types of detectors to be introduced commercially for isotachophoresis. The 
advantages of multiple wavelength detection in isotachophoresis were recognized 
earlier3

•
4

. 

Vacik and Everaerts5 used a modified UV spectrophotometer to measure the 
UV spectrum of an isotachophoretically migrating steady-state mixed zone. The prop
erties of currently available fixed-wavelength detectors for isotachophoresis and 
liquid chromatography are summarized in Table 1. 
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TABLE 1 

TYPICAL SPECIFICATIONS OF COMMERCIALLY AVAILABLE FIXED-WAVELENGTH UV 
DETECTORS FOR ISOTACHOPHORESIS (ITP) AND HIGH-PERFORMANCE LIQUID CHRO
MATOGRAPHY (HPLC) 

The values in parentheses refer to our home-made ITP equipment1
• 

Parameter 

Light source 
Filter band width 
Cel! volume 
Slit diameter 
Path length 
Detector 
Noise 

ITP 

h.f.-excited plasma 
ca. 25 nm 
40-100 nl (2-{) nl) 
0.3-0.5 mm (O.l--0.2 mm) 
0.5 mm (0.2 mm) 
Photodiode 
0.0004 a.u. 

HPLC 

Low-pressure lamp 
1-10 nm 
2-8 µI 
2-Smm 
0.5-10 mm 
Photomultiplîer 
0.00001 a.u. 

In the adaption of UV detectors for isotachophoresis more attention bas been 
paid to the eelt volume than to the noise level, mainly because in most instances the 
signal amplitude is not used for quantitation purposes. This also explains why logarith
mic conversion of transmission to absorbance units is not yet standard in isotacho
phoresis. The use of the so-called UV-spike method and the introduction of zone 
electrophoresis in capillaries6 , however, will necessitate both logarithmic conversion 
and a lower noise level. In spite of the fact that attempts at miniaturization in liquid 
chromatography have led to detector cell volumes down to 0.3 µI, significant dif
f eren ces in detector cell dimensions of the two techniques remain. 

We have constructed a detector cell for dual-wavelength detection in isotacho
phoresis7 to be used with currently available h.f.-excited plasma lamps (mercury or 
iodine) and UV-sensitive photodiode detectors. Combinations of filters and plasma 
lamps allow detection at any two of the wavelengths 206, 254, 280 and 340 nm 
simultaneously in a 3.5-nl cell volume with an acceptable noise level. 

INSTRUMENT AL 

The construction of the UV cell is shown in Fig. l. The PTFE capillary (I.D. 
0.2 mm) is pulled through a 0.4-mm hole in a brass cylinder. Perpendicular to this 
hole, four holes are drilled equiplanar at right-angles. These holes have I.D. 0.15 mm 
and act as slits for UV detection. Four quartz rods, mounted in brass bolders and 
fixed by a screw, approach the centra! hole as close as possible to minimize the loss of 
UV light. The UV sources and detectors were connected at the ends of the quartz 
rods. Standard components1 were used to complete the instrument. 

The detector signals were monitored by a Puzzle (E. Steiner, Vienna, Austria) 
microprocessor system equipped with two analogue-to·digital convertors (ADC) 
operated at either 8· or 12-bits resolution. Signa! output with two 12-bit digital-to· 
analogue convertors (DAC) was recorded with a Type BD41 potentiometric X-t 
recorder (Kipp, Delft, The Netherlands) or a Type PM8120 X-Y recorder (Philips, 
Eindhoven, The Netherlands). The computer programs for signal evaluation were 
written in BASIC whereas the sampling frequency was in the range 10-59 Hz. 
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Fig. I. Construction of the unit for dual-wavelength UV detection in isotachophoresis. Perpendicular to 
the vertically rnounted PTFE capillary, Cour quartz rods in brass holders are rnounted equiplanar. 

The operational systems, listed in Table I, were made from analytical-reagent 
grade chemicals purchased from either Merck (Darmstadt, G.F.R.) or Sigma (St. 
Louis, MO, U.S.A.). The nucleotides were purchased from Boehringer (Mannheim, 
G.F.R .). 

RESULTS AND DJSCUSSJON 

Signa/ eva/ua/ion 
The mutual interference of the two UV light beams perpendicular to one anoth

er was determined with detection at 254 nm for both channels, with the filter placed 
at the detector side. It amounted to less than I %. This interference was completely 
eliminated when two different filters were placed before each detector. The noise level 
of each channel was measured with the DACs at 12 bits (0.025 %) resolution. As the 
I-Hz region of the noise spectrum of the detector signal is most important in iso
tachophoresis (with respect to the detector response time required), the amplitude of 
both detector signals was measured ten times at I-sec intervals. From these va lues the 
average baseline (offset) and noise we re calculated. The average noise level was ca. 
0.1 % (0.0004 a. u.) for 206, 254 and 280 nm. 

The detector signals were then continuously monitored at 12 bits, 2 Hz, where 
the baseline values were updated for drift. If the signal-to-noise ratio of one channel 
exceeds 4, signal storage will commence . Now the full-scale resolution was 8 bits 
(0.4 %), so that the detector noise was filtered out. Baseline offset correction was 
applied simultaneously. The sampling frequency couJd be chosen up to 59 Hz in the 
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BASIC program, depending on the time resolution required. However, there was ~ 
limit to the number of data points that could be stored in the available random accesi 
memory (RAM). 

At the end of the run a choice can be made from a number of output facilities: 
(a) visual display on the terminal of the ratio of absorption plus channel 1 of the 
entire run; (b) plotting with a two-pen recorder of channel l plus channel 2; (c) 
plotting of channel l plus the ratio of channels 1 and 2; (d) plotting of channel 1 plus 
those data points of channel 1 that comply with a certain ratio. Further, all signals 
can be plotted against each other with an X-Y recorder. In all instances the output 
frequency can be optimally chosen to match the response of the recording instrument. 

No logarithmic conversion of the transmission signals was applied. When 
calculating the UV ratio of a spike, the concentration distribution will cause some 
non-linearity above 50 % absorption. However, this poses no problems when using 
the ratio in a qualitative sense for identification or determination of the purity of a 
spike or zone. A threshold value for ratio calculation is chosen for both channels. 
Insignificant variations in the ratio at low signa! amplitudes are thus deleted. In that 
case the ratio is taken as zero. A ratio of greater than 10 is considered to be off-scale, 
so that the resolution is 0.04 ratio units when using the DAC at 8 bits. 

Selection of zones 
Fig. 2 shows the analysis at pH 3.9 (Table II) of a standard mixture of nucleo

tides detected simultaneously at (a) 254 and (b) 280 nm. It is known from the litera
ture3·4· 7 that the different classes of nucleotides can be characterized by a certain ratio 
of absorption at these two wavelengths. This ratio is more specific for a particular 
class of nucleotide than just the absorption at any of the two wavelengths. A ratio 
plot (Fig. 2c) illustrates this. The importance of dual-wavelength detection in verify
ing the purity of zones is also shown. 

Whereas detection at one wavelength may suggest a pure zone, an interference 
will be detected only at the other wavelength. If no choice can be made as to which 
wavelength is best for a certain class of compounds, such as nucleotides, a ratio plot 
includes the information of both wavelengths. Quantitation by measuring zone 
lengths can also be applied to the ratio plot. Further data reduction by the micro 
computer is possible. The entire dual-wavelength isotachopherogram can be plotted 
from the memory, but it can also be limited to those zones which comply with a 
certain ratio. This is illustrated in Fig. 2, in which the original 254-nm isotachophero
gram is shown together with a reduced isotachopherogram (Fig. 2d), where only the 
zones with a ratio of 3.0 are seen. For this facility, à ratio window for recognition has 
to be used. The width ofthis window (20 in this instance) must be greater than the 
variation of the ratio of the zones to be selected. Because of the sequence of the zones, 
the qualitative information from the time axis is more pronounced. Alternatively, the 
output can be limited to zones with a ratio above or below (Fig. 2e) a pre-set value. A 
threshold value for ratio calculation of 5 % absorption was used in this instance. 

The method of selection of zones on the basis of the UV ratio was applied to 
the analysis of an extract of nucleotides from sea snail (Nassari11s retic1i/aris) eggs4. 
Fig. 3a and b show the isotachopherograms at 254 and 280 nm, respectively. Positive 
identification is obtained from the ratio plot (Fig. 3c), where the plateau value of the 
ratio corresponds to the value in the standard mixture. Therefore, this ratio can be 
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Fig. 2. Analysis at pH 3.9 (Table II) of a standard mixture of nucleotides, detected simultaneously at (a) 
254 nm and (b) 280 nm. The 254/280 nm absorption ratio (c) can be plotted from the computer memory. 
Each class of nucleotides is characterized by a distinct ratio: cytidine ca. 0.8, guanosine ca. 1.5, uridine ca. 
2.4 and adenosine ca. 3.0. Selected output of the isotachopherogram at 254 nm is possible on the basis of 
this ratio. A ratio of 0.3 with a 20% window will select the zones of adenosine nucleotides (d). In this 
sample only the cytidine nucleotides have a ratio smaller than 1 (e). The threshold value for ratio calcu
lation was 5 %. 

used as a third method of identification, together with the conductivity or potential 
gradient trace (not shown) and the absorption at any wavelength. In this example 
there is no preference for any of the two wavelengths, in terms of the height of the 
plateau values. For the adenosine nucleotides 254 nm seems to be the best choice, hut 
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TABLE II 

OPERA TIONAL SYSTEMS FOR ISOT ACHOPHORETIC ANALYSES OF ANI ONS 

The current was 25 µA in a PTFE capillary (l.D. 0.2 mm). PVA = poly(vinyl alcohol), Mowiol (Hoechst, 
Frankfurt, G.F.R.}: CTAB = cetyltrimethylammonium bromide (Merck, Darmstadt, G.F.R.); HEC = 
hydroxyethylcellulose(Polysciences, Warrington, PA, U .S.A. ): MES = 2-morpholinoethanesulphonic acid. 

Parameter 

Leading ion 
Concentration 
Counter ion 
Additive 

Terminating ion 
Concentration 

pH 3.9 

Chloride 
0.01 M 
P-Alanine 
0.05% PVA 
0.02mMCTAB 
Caproate 
ca. 0.005 M 

pH6.0 

Chloride 
0.01 M 
Histidine 
0.05% PVA 
0.2% HEC 
MES 
ca. 0.005 M 

for the cytidine nucleotides clearly 280 nm is to be preferred. For isotachophoretic 
zones smaller than the detector cell volume, the plateau value of the absorption will 
decrease. If, however, such a UV spike consists of only one UV-absorbing compound, 
the concentration distribution will not affect the UV absorbance ratio. If this ratio is 
not constant during the detection of a UV spike, a UV-absorbing interference can be 
suspected. In Fig. 3c this is probably the case with the CDP spike, in spite of the fact 
that both the 254- and the 280-nm spike do not indicate an impurity (no shoulder). 
The use of the UV ratio to verify the purity of UV spikes was therefore investigated 
further. 

Pi1rity of spikes or zones 
Fig. 4 shows an example of the different methods for signal representation by 

the method described. From the 254-nm trace of a UV spike (Fig. 4a) no impurity is 
suspected, probably not even from the second differential, a method used to detect 
impurities in chromatographic peaks. In the 280-nm trace (Fig. 4b) a shoulder is 
present, although 280 nm is, in this example, not the optima! wavelength with respect 
to response. A ratio plot (254/280 nm) from the computer memory (Fig. 4c), however, 
indicates three compounds. Each of these is characterized by a certain absorption 
ratio at the wavelengths chosen and can therefore be represented by a point in the 254 
versllS 280 nm absorption vector space. This is illustrated in Fig. 4d, where the 280-nm 
absorption is plotted against the 254-nm absorption with an X-Y recorder. This 
figure gives only a qualitative indication of the purity of a spike or zone, as time 
information is obscured in this representation. A pure UV spike or zone would have 
given a straight line from the origin to the corresponding point in the 280 versi1s 254 
nm vector space. The slope of that line would correspond to the reciprocal value of 
the 254/280 nm ratio. Also, the 254/280 nm absorption ratio can be plotted against 
the 254-nm absorption on an X-Y recorder. Here also the three compounds with their 
respective ratios can be recognized (Fig. 4e). In this example compound 2 was de
liberately added, whereas compounds 1 and 3 were present as impurities between the 
spacers. 
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Fig. 3. Analysis at pH 3.9 of a methanol (50 %) extract of sea snail (Nassarius retic11/aris) eggs4 detected at 
(a) 254 nm and (b) 280 nm. Several nuc!eotides were identified by the plateau value of the 254/280 nm. 
absorption ratio (c). For small zones/spikes such as CDP, the ratio indicates possible interfering sub
stances. Adenosine nucleotides, for example, can be selected with a ratio of 3.0 and a 20 % window (d). In 
addition to the cytidine nucleotides, other minor constituents also comply with a ratio smaller than l (e). 

Two standard mixtures of UV- and non-UV-absorbing compounds were pre
pared and analysed in different proportions in an operational system at pH 6.0. In an 
analysis of the non-UV-absorbing compounds only, a number of UV-absorbing im
purities can be seen (Fig. 5a). These originate from either the sample or the oper
ational system. The ratio plot indicates that between some of the spacers more than 
one impurity is present. When in addition to the spacers a number of UV-absorbing 
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Fig. 4. Analysis of a UV spike of 10 ng of sulphanilate (2) wîth acetate and glutamate as spacers at pH 6.0 
(Table Il). The relative effeetive mobility difference between the spacers was 22 %. Deteetion was per
fonned at (a) 254 nm and (b) 280 nm sîmultaneously. The 280-nm trace indicates one impurity, whereas the 
UV-absorption ratio (c) indicates two impurities (! and 3). Each of the constituents of the spike can be 
characterized by a point in the 280 nm versus 254 nm vector space (d) or in the 254/280 nm ratio versm 254 
nm plot (e). See text for further explanation. 

compounds are injected (Fig. 5b), the contribution of the impurities can only be 
neglected for peaks 2, 4 and 8, as can be seen from the corresponding ratio plot. Peaks 
6 and 10 contain major impurities. When a plateau value in the absorption of the 
compounds is reached (Fig. Se), the amplitude of the ratio signa] of the pure zones (4 
and 8) does not differ from the value of the spikes (Fig. Sb). Quantitation by zone
length measurement in this instance is more reliable when using the ratio plot, as 
illustrated. 

In Fig. Sd, the 280 nm verws 2S4 nm plots of the zones in Fig. Se are shown. 
Zones 6 and 10 contain most impurities, as can be seen from the deviation from a 
straight line. Zones 2, 4, and 8 are relatively pure. 

The number of interfering substances when using the so-called UV spike 
method can be decreased by decreasing the relative effective mobility difference be
tween the spacers. Indeed, this relative difference was smallest ( 13 %) for peaks 4 and 
8 in Fig. S, although minor impurities were present between all spacers in this stan
dard mixture. 

CONCLUSIONS 

Dual-wavelength detection with ratio measurement is a useful method for de
termining the purity of UV spikes or zones in isotachophoresis, especially when 
developing a UV spike method2 •8 to be used in a complicated matrix. It has obvious 
advantages as an additional method of identification of UV-absorbing compounds 
and mixed zones in isotachopherograms with many UV-absorbing zones. The use of 
computerized signal processing, however, is imperative. In addition to the 280/254 
nm combination mentioned, the use of 206 and 280 nm is especially useful for the 
identification of peptides and proteins9

•
10

, as these wavelengths give information on 
the number of peptide honds and UV-absorbing amino acids, respectively. 
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Fig. 5. Analysis of ca. 100 ng each of the following non-lN-absorbing substances at pH 6.0 (a): l 
Formate; 3 = glucarate; 5 = acetate; 7 = butyrate; 9 = glutamate containing minor impurities; 11 
MES. This mixture was also analysed together with 2 = pyrazole-3,5-dicarboxylate, 4 = phtbalate, 6 
= sulphanillate, 8 = p-aminobenzoate and 10 = bippurate. Of these, (b) 10 ng and (c) 30 ng of each 
were injected. The peaks 2, 4, 6, 8 and 10 from the Jatter are also represented in the 280 nm versus 254 nm 
plot (d). 
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SUMMARY 

Equipment for simultaneous ftuorescence and UV absorption detection in iso
tachophoresis is described and evaluated. The sensitivity and linearity of the method 
were determined with quinine and fluorescein as reference substances. The possible 
fields of application are illustrated with the isotachophoretic analysis with fluorescence 
detection of quinine in soft drink, the vitamin B6 compounds pyridoxamine, pyridoxal 
and pyridoxine in a pharmaceutical dosage form and bovine serum albumin, and the 
analysis of an amino acid at neutra! pH as a fluorescamine derivative. The use of fluo
rescence quenching as a method of identification for non-fluorescent compounds is il
lustrated in an operational system with quinine as a fluorescent counter ion. Strong and 
weak unidentified components can thus be distinguished. 

INTRODUCTION 

The performance of analytical separation techniques is improved when a more 
;;pecific detection system can be applied. lt makes the method less susceptible to in
terferences from the matrix in which the compounds of interest are to be determined, 
and also gives a greater sensitivity. In capillary isotachophoresis, the detection limit of 
the universal (a.c. conductivity/potential gradient) detector is determined by the de
tector cell volume1

. The same applies to the UV detector, except when using the "spike" 
method2

• Dual-wavelength detection3 also gives greater specificity. 
The detection unit developed for dual-wavelength UV absorption detection in 

isotachophoresis, in which two beams of light penetrate the sample zone perpendicular 
to each other, makes fluorescence detection in a cell volume of ièss tha~ 10 nl possible. 
Simultaneously, the absorption at the wavelength of excitation can be monitored. 

EXPERIMENT AL 

The isotachophoretic experiments were performed in equipment developed and 
built by Everaerts et al. 1, with the following modifications. The light source was a 150-
W xenon are lamp used in conjunction with an excitation grating monochromator of a 
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Fig. 1. Construction of the detection unit. The PTFE capillary (T) is mounted in a brass bolder (B) into which 
four slits are drilled equiplanar. Light is conducted with a quartz optica! fibre (C) or quartz rods (D). Per
pendicular to the excitation (E), fluorescence emission (F) is measured. The absorption at the wavelength of 
excitation is monitored simultaneously ( A). 

Model MK-1 spectroftuorimeter (Farrand, New York, NY, U.S.A.). The grating cau
sed some polarization of the incident light, which, after the excitation slit, was con
ducted to the detection unit with a 400-mm quartz optical fibre of 1 mm diameter, 
allowing a spectra! bandwidth of 10 nm. Because of a radial refractive index gradient 
within this fibre, a parallel beam of light can be assumed to enter the detection unit. 

Fig. la shows a cross-section of the detection unit for dual-wavelength UV ab
sorption detection in isotachophoresis as introduced earlier3

. The material used was 
brass. The PTFE capillary in which the analyses were carried out was pulled through 
a 0.35 mm hole in this unit, perpendicular to which, were drilled equiplanar four holes 
of ca. 0.15 m diameter. The refractive index of PTFE (1.30-1.40) will cause the incident 
light to be focused (Fig. lb). In the range 300-400 nm the 0.075 mm thick PTFE wall 
will absorb ca. 96% of the incident light. There is virtually no difference in refractive 
index between PTFE and water (1.33). As can be seen in Fig. lb, the focusing of the 
light will give rise to a higher intensity at the next water-PTFE interface. Tuis factor 
was calculated to be approximately 1.4. Then again ca. 96% of the light is absorbed 
by the capillary walt and further focusing takes place outside the capillary in the brass 
slit. The loss of light due to dispersion in the exit slit is significant. After a path length 
of ca. 2 mm in air, a quartz rod of 3 mm diameter and 60 mm length mounted in a 
brass bolder conducts the light towards a photodiode detector for absorption measu
rements. The detector was equippedwith a UV-bandpass filter, Type CS 7-54 (Coming 
Glass,No. 9863) and a continuously variable neutral density filter consisting of two sheets 
of polarizing material. The latter was necessary to prevent detector overload. The ftuo
rescence emission was measured perpendicular to the excitation. Owing to the random 
direction of the ftuorescence emission, only ca. 5% will eventually reach the exit slit, 
even without taking into account the absc;>rption by the PTFE wall. The exit slits for 
absorption and emission were identical, so that significant loss of emission intensity was 
also inevitable, especially due to dispersion. For emission measurement, the narrow-
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band filter normally used in UV absorption detection in isotachophoresis was replaced 
with a high-pass cut-off filter, Type CS 3-72 (Coming Glass No. 3387), unless otherwise 
indicated. The amplification of the current from the photodiodes was 106

• The detector 
signals were registered with a potentiometric recorder, Type BD 41 (Kipp, Delft., The 
Netherlands) and a PUZZLE microprocessor system (E. Steiner, Vienna, Austria) run
ning a BASIC program described elsewhere3

• 

The operational systems for the isotachophoretic analyses were made from analy
tical-reagent grade chemicals purchased from either Merck (Darmstadt, G.F.R.) or 
Sigma (St. Louis, MO, U.S.A.). 

RESULTS AND DISCUSSION 

The detection unit was tested with quinine and fluorescein as model substances. 
The emission was measured with a 470-nm high-pass filter. The relationship between 
fluorescence intensity (F) and concentration (c) is 

(1) 

where 4>F is the quantum yield, / 0 the intensity of the excitation, e the molar absorp
tivity at the wavelength of excitation and l the path length. lf for, e.g. dilute solutions, 
sic<< 1, then eqn. 1 reduces to 

(2) 

The relative intensity of the light source /0 was calculated with the aid of eqn. 
1, 4>F values from literature4 and the ftuorescence intensities (F) of the reference so
lutions. It amounted to ca. 9.10-12 A in the range 330-360 nm with a 10-nm excitation 
bandwidth (see Table 1). 

A drawback of PTFE in optical detection systems in isotachophoresis is the loss 
of UV light. With a wall thickness of 0.075 mm, the loss of UV light over the entire 
capillary amounted to 99.8% in the range 300-400 nm. The use of quartz capillaries in 
this respect is onder investigation. A higher signal level is especially important if the 
signal amplitude is used instead of zone length for quantitation. Although the mea
suring cell volume is less than 10 nl, with a path length of 0.2 mm, the relatively high 
concentration of the sample ions in the steady state (ca. 0.01 M) makes fluorescence 
detection in isotachophoresis possible. 

UV absorption in capillary isotachophoresis is usually in the range 0.1-1 absor-

TABLE I 

EVALUATION OF FLUORESCENCE DETECTION SYSTEM FOR CAPILLARY ISOTACHOPHO
RESIS WITH STANDARD SOLUTIONS 

See text for further explanation. 

Substance Solution Transmission tl>p F .\.,.. lo 
(%) (pA) (nm) (pA) 

Quinine 1 mM in 1 N H2S04 15 0.51 2.5 360 8.7 
Fluorescein 1 mM in 0.1 N NaOH 21 0.9 4 330 9.0 
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TABLE II 

OPERATIONAL SYSTEMS USED FOR THE ISOTACHOPHORETIC EXPERIMENTS 

PVA = poly(vinyl alcohol); HEC = hydroxyethylcellulose; HEPES N-2-hydroxyethylpiperazine-N' -2-eth
anesulphonic acid; MES= 2-(N-morpholino)ethanesulphonic acid; Tris = tris(hydroxymethyl)aminomethane. 
The driving current was 25 µA in a 0.2 mm I.O. capillary. 

Parameter Standard Standard Fluorescent 
cationic anionic anionic 

Leading ion Potassium Chloride Chloride 
Concentration 0.01 M 0.01 M 0.01 M. 
Counter ion Acetate Histidine Quinine 
pH 5.0 6.0 4.13 
Additive None 0.05% PVA 0.2% HEC 

Terminating ion H+ HEPES MES 
Concentration ca. 10-5 M ca. 0.005 M. ca. 0.005 M. 
Counter ion Acetate Tris Tris 
pH ca. 5 ca. 7 ca. 7 

bance unit, which means that the intensity of the fluorescence emission (eqn. 1) is no 
longer linearly related to the concentration (concentration quenching). This was veri
fied experimentally by the isotachophoretic analysis of quinine and fluorescein in a ca
tionic and an anionic operational system, respectively (Table II). The corresponding 
excitation spectra thus determined are shown in Fig. 2. The concentration of the sample 

F 
15 pA 

10 

/ 
/ 

5 
__ / 

Fig. 2. Excitation spectra of fluorescein (&)and quinine (6) migrating isotachophoretically in an anionic and 
cationic operational system (Table H). 
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a b 

Fig. 3. Isotachophoretîc analysis with simultaneous UV absorption (A) and fluorescence emission (F) detec
tion of (a) a 400-ng quinine standard and (b) a 5-µI soft drink containing 30 mg/I of quinine. The wavelength 
of excitation was 370 nm. For the cationic operational system, see Table II. 

constituents in their zones are in the range 5-10 mM, that is, 5-10 times as high as in 
the standard solution in Table 1. The resulting fluorescence, however, is approximately 
the same for quinine (Fig. 3), which can be ascribed to quenching due to pH, concen
tration, viscosity, the effect of the counter ion and the temperature profile in the ca
pillary. 

The temperature rise in the zones due to the heating effect of the driving current 
is small in a 0.2 mm LD. capillary. We did not observe any inftuence of the driving 
current on the ftuorescence intensity of quinine and fluorescein, although temperature 
is known to have a pronounced effect on fluorescence intensity 4 . The results have shown 
that although significant quenching may take place, fluorescence detection of zones in 
isotachophoresis is possible. 

The relatively high signal-to-noise ratios (SIN) encountered wil! make the me
thod even more useful for the detection of spikes, and eventually capillary zone 
electrophoresis5

. Because of the serious dependence of fluorescence intensity on the 
conditions (pH, concentration, temperature, viscosity, impurities), a deviation from 
Iinearity with the spike method was expected, because of its susceptibility to interfe
rence from adjacent zones (spacers, impurities). A calibration graph for quinine at the 
sub-nanomole level was constructed (Fig. 4) using the heights of the fluorescence and 
absorption spikes. The absorption was sufficiently Iinear with respect to concentration 
at levels below 10% absorption, as expected. Fluorescence, however, did show non
linearity, as illustrated by the ftuorescence/absorption ratio (Fig. 4), which is a quali
tative indication of quenching. However, it cannot be attributed solely to concentration 
quenching at detector cell absorption percentages in the range 0-20%. The increase in 
the fluorescence of fluorescein was more evident (Fig. 2), especially in the range 350-400 
nm for the excitation. For this compound an emission filter with a cut-off wavelength 
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Fig. 4. Calibration graphs of quinine with the spike method in isotachophoresis. The absotption spike height 
(&)is linear below 25 pmole. The fluorescence height (•) remains non-linear because of quenching (•). See 

. text for further explanation. 

higher than 470 nm would have been more appropriate, although fluorescein could be 
detected with SIN 30,000 when excited at 410 nm in the present configuration. Quinine 
is detected with SIN 600, a value acceptable in the detection of isotachophoretic zones. 

An application of the determination of quinine with fluorescence detection is 
shown in Fig. 3. Both ftuorescence and absorption traces are shown for the determi
nation of quinine in soft drink. The UV absorption exibits an SIN ·Înferior to that of 
fluorescence. Part of the specificity of fluorescence detection is found in the possibility 
of optimizing both the excitation and emission wavelengths. In the equipment descri
bed, only the wavelength of excitation is tunable with a monochromator. For emission 
a choice is made from a number of high-pass cut-off filters. Because of the high band
widtb, this increases the sensitivity. 

In the case of substances that show ftuorescence in the range 350-450 nm, an 
emission filter Type CS 0-52 (Coming Glass, No. 7380) can be used. An example is 
shown in Fig. 5 for the se~aration of vitamin B6 constituents. The analysis was carried 
out in standard equipment for conductivity (Fig. Sa) and UV absorption detection (Fig. 
5b) at 254 nm. Ina separate run, UV absorption at the wavelength of excitation (Fig. 
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Fig. 5. Analysis of 8-vitamin constituents in a cationic operational system (Table II) with conductivity 
detection (R), UV absorption at 254 nm (A 1 ), UV-absorption at 340 nm (A2), the wavelength of excîtation 
and fluorescence emission (F) with an emission filter, Type CS 0-52. l Thiamine 8 1; 2 = pyridoxamine 
8 6 ; 3 = pyridoxine 8 6 ; 4 = pyridoxal 86; 5 = icotinamide. 

Se) and ftuorescence emission (Fig. Sd) were measured. Pyridox.amine, pyridoxine and 
pyridoxal were detected specifically in a standard mixture. Excitation was at 340 nm, 
the optimal wavelength in terms of response. The standard mixture also contained thia
mine and nicotinamide which did not exhibit ftuorescence. Computerized data reduc
tion on the basis of the ratio of simultaneously detected fluorescence emission and UV 
absorption is possible. The computer pro§ram used was the same as for dual-wave
length UV absorption described elsewhere . 

An example is shown in Fig. 6, where from the absorption at the wavelength of 
excitation (Fig. 6a) and the fluorescence emission (Fig. 6b) the fluorescence/absorption 
ratio was calculated and plotted {Fig. 6c). Data reduction on the basis of this ratio 
yielded a ftuorescence plot (Fig. 6d) of only those zones which comply with a certain 
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Flg. 6. Computcrîzcd data rcduction of the analysis in Fig. 5. From the ahs.orption (a) and l'luoreso;;Cncc signals 
{b), the fluorcsccncc/absorption ratio is calcula1cd und ploucd (c). Jn (d) only the zone with fluorcscen
ce/absorption ratio of IA± 10% is sdcclcd. 

ratio, in this instance 1.4 for pyridoxamine. The absorption and excîtation spectra of 
the vitamin B6 cornpounds were constructed by repeated analysis at different wave
Jengths of excitation. These experirnents have shown that although the optimal wave
length of excitation was in the range 340-350 nm, the wavelength of maximum ab
sorption was in the range 300-320 nm. This is contrary to what is generally encountered4

. 

Fig. 7 shows the fluorlrnetric dererminatîon of pyridoxine in a pharmaeeutical dosage 
form (B-complex rablet) containing 0. 75% of pyridoxine hydrochloride. The sample 
was dissolved and directly injected. 

Proteins can be detected by their relatîvely weak native ftuorescence, which is 
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Fig. 7. Sclcctîvc dctcction of 0. 75o/c pyridoxine hydrochloridc in a pharmaccu1ica! dnsagc form of S vitamins. 
Conditions as in Fig. 5 and Tablc lL 

Fig. 8. Isotachopboretic amtlysis of 33 µg of bovine serum a!bumm as a cation (Tahk Il}, wlth UV absorplion 
(A) and tloorescencc dc1ectlon (f') oplimizcd for lryptophan. Wavclcng1h of exdtaHon, 300nm; cmission filler, 
Type CS 0-52 

a b 

T 
1pA 
1 

Fjg. 9. FJuoresccnce dc:tcctlon of fiuorcscaminc dcrivativcs. A blank run (a) shows a non·fiuorcs<:cnt rcaclion 
producL Execss of rcagcnt did nol interfcrc in the fluorc5ccncc detecLion of the: a-alanine dcri\·ath•c (b). 
Wavclcngth of exdlatîon. 390 nm: cmission filter. Type CS 3-72. 

145 



1 

108 1. C. REIJENGA et al. 

mainly due to amino acids such as tryptophan. Fig. 8 shows the analysis of bovine serum 
albumin (BSA) as detected by UV absorption and fluorescence. The optimal wave
length of excitation was 300 nm, corresponding to the value reported for tryptophan. 
The fluorescence of an amino acid in a protein is known to depend on its environment, 
i.e., the protein conformation4 • Conformational studies of proteins during their iso
tachophoresis can thus be performed with ftuorescence detection. 

For spectrofluorimetric determinations of proteins, a reaction with a fluorescent 
reagent is usually preferred. The interaction of human serum albumin (HSA) with one 
such fluorescent dye, 8-anilino-1-naphthalenesulphonic acid (ANS), was investîgated6 

a b 

- - sulphate - -

î 2 

1 pA 

l 3 

t 
L L 
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4 

T 
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Fig. 10. Fluorescence quenching as a detection method in isotachophoresis. The operational system uses a 
ftuorescent counter ion (Table II). A leading-terminator zone transition (a) shows a decrease in fiuorescence 
(F) and absorption (A). From both signals ftuorescence quenching was calculated (see text). In (b) the de
tection of 1 nmole each of phosphoric (1), citric (2), malie (3) and !actie acids (4) is shown. Additional im
purities are also detected. 
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by isotachophoresis with UV detection. Although ANS is widely used in spectrofluori
metric determinations of proteins 4 , · its use in separation techniques such as isotachop
horesis may be limited to binding studies, because of the nature of the interaction. The 
stability of the protein-dye complex in a high electric field is doubtful especially with 
weaker binding sites6 where a physical interaction rather than the product of a chemica! 
reaction is likely to prevail. A chemical reaction does take place when reacting primary 
amino groups with fluorescamine7

• The use of fluorescamine for the fluorimetric de
termination of proteins in SDS-polyacrylamide gel electrophoresis8 was reported. The 
reagent is also suitable for primary amino acids, which can then be analysed as anions 
at neutra! pH, an additional advantage. This is because the reaction involves a repla
cement of the positively charged amino group with a negatively charged fluorophor. 
Fig. 9 illustrates the use of fluorescamine in amino acid analysis with isotachophoresis. 
Fig. 9a is a blank run, in which the reagent is converted in the high-pH buffer toa non
fluorescent, albeit UV-absorbing, product that migrates as an anion. Fig. 9b shows the 
analysis of a-alanine derivatized with excess of ftuorescamine. The specificity of detec
tion with fluorescence is clearly demonstrated. 

lil spectrofluorimetry it is sometimes possible to quantitate a non-fluorescent 
compound by measuring its quenching of the ftuorescence emission of another com
pound, added to the sample in a defined amount and environment4

• As mostly quali
tative information is obtained from the signal amplitude in isotachophoresis, fluores
cence quenching as a detection method for isotachophoretic zones will give information 
on the identity of the corresponding sample ion. The method is illustrated in Fig. 10. 
Quinine was used as a fluorescent buffering counter ion at its pK value in an anionic 
operational system of pH 4.13 (Table Il). The leading-terminator zone transition (Fig. 
lOa) shows a st.epwise decrease in both ftuorescence emission and UV absorption at 
360 nm, the optima! wavelength of excitation for quinine in the leading electrolyte. A 
separation of phosphoric, citric, malie and lactic acids is shown in Fig. lOb. 

TABLE III 
pK1 VALUES AND FLUORESCENCE QUENCHING OF 34 ANIONS AS ANALYSED BY ISOTACHO-
PHORESIS INA FLUORESCENT OPERATIONAL SYSTEM (TABLE Il) 

Name pK1,1 Q"1,; Name pKu Q"u 

Chlorate -2.7 --0.72 Salicylate 3.08 0.37 
Perchlorate -2 --0.70 Monoiodoacetate 3.12 0.06 
Sulphamate -2 --0.59 Forma te 3.75 0.56 
Nitrate -1.4 --0.70 Hîppurate 3.80 0.09 
Trichloroacetate 0.70 --0.43 Mandela te 3.85 0.07 
Pyrophosphate 0.85 --0.39 Gluconate . 3.86 0.04 
Butanesulphonate 1 * --0.11 ~-Chloropropionate 3.98 0.03 
Hexanesulphonate 1 * --0.15 p-Chlorobenzoate 3.98 0.12 
Octanesulphonate 1 * --0.17 Ascorbate 4.10 0.77 
Sulphitc 1.81 --0.18 Benzoate 4.19 0.18 
Orthophosphate 2.12 --0.60 Glutamate 4.25 0.31 
Pyruvate 2.50 --0.46 Acetate 4.75 0.09 
a-Ketoglutarate 2.80 --0.06 Nicotinate 4.76 0.69 
Malonate 2.83 --0.41 Butyrate 4.81 0.14 
Tartrate 2.98 --0.32 Benzyl-d!-aspartate 4.86 0.09 
Fumarate 3.03 --0.28 Propionate 4.87 0.14 
Citrate 3.08 -8.19 Piva!ate 5.01 0.84 

* Estimated value. 
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The absorption and the ftuorescence of a zone can be due to the sample ion and 
the counter ion. For sample ions without absorption at the wavelength of excitation 
(360 nm in this instance), only the counter ion is considered. Both absorption and ftu
orescence depend on concentration and pH (or rather the degree of dissociation). For 
sample constituents with known absolute mobilities and pK values, ftuorescence 
quenching can be calculated, provided that the relationship between fluorescence, con
centration and pH is known. This requires pre-information not usually available. On 
the other hand, the pK value of an unidentified component can be estimated from 
its fluorescence quenching. Therefore, for identification purposes a phenomenological 
approach seems more attractive. The fluorescence intensity of zone i (F1), relative to 
that of the leading (FL) and the terminator (FT) zone, is now defined as 

(3) 

and analogously for the relative transmission of zone i: 

(4) 

A high quenching always coincides with a low transmission and a low fluorescence. The 
relative quenching of a zone i (Qrei,;) is now defined as 

Qrel,i = - log (Frel,I Tre1,1) 

+1 ! 0 rel,i 

-2 -1 

-1 

1 . . . 2 • 3 

.. . . 
4 

(5) 

s-
pK, . ,1 

Fig. 11. Relative quenching, Q,e1 of a number of organic and inorganic acids in a fluorescent anionic opera
tional system (Table II) versus their pK1 values. Strong (pK1 < 3) and weak (pK1 > 3) acids can be distin
guished. See text for further explanation. 
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A number of organic and inorganic acids were analysed in the operational system 
mentioned and fluorescence quenching was calculated with eqn. 5. Care was tak'.en to 
eliminate those acids showing UV absorption at 360 nm. The results are shown in Table 
111 and Fig. 11, where quenching is plotted versus the pK1 value of the corresponding 
acids. Keeping in mind that the leading electrolyte pH is 4.13, acièts with a pK1 higher 
than 3 can be considered weak. These ions evidently show positive quenching. Strong 
ions with a pK lower than 3 show negative quenching (Fig. 11). Fluorescence quenching 
can thus be used to distinguish between strong and weak unidentified components in 
a single run. The only pre-information needed is whether the components show ab
sorption at the wavelength of excitation. This would require an additional run at the 
same pH but with a non-UV-absorbing counter ion ( 1'-aminobutyric acid with pK 4.2 
in this instance). 

CONCLUSIONS 

The possibility of using fluorescence detection in isotachophoresis without an 
increasé in the detector cell volume bas been demonstrated. Although some non-li
nearity was observed only when using the spike method, the advantages are its greater 
sensitivity and selectivity. Ionic compounds can be detected by their native fluores
cence, or a suitable reaction to yield a fluorescent ion is carried out. The 90" configu
ration allows simultaneous UV absorption and fluörescence emission measurements. 
This makes it possible to apply computerized data reduction on the basis of the fluo
rescence/absorption ratio. An additional method of identification is fluorescence quen
ching to distinguish between strong and weak ions. 
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Note 

Simultaneous determination of organic end inorganic acids and addi
tives in wines by capillary isotachophoresis using UV and a.c. conduc
tivity detection 

J. C. REIJENGA, Th. P. E. M. VERHEGGEN and F. M. EVERAERTS" 
Eindhoven Unfrersity of Technology, Laboratory of lnstrumental Analysis. P.O. Box 513, 5600 MB Eind
hoven (The Netherlands) 

(Received March 26th, 1982) 

In cooperation wîth an international organization for quality control of vari
ous food products (Monde Selection, Brussels, Belgium), a wide variety of wînes were 
analysed. The main purpose of the analyses was to check for any serious violations of 
the EEC Legislation on Consumer Goods, especially with respect to the addition of 
preservatives. 

About 100 wines from 13, mainly non-European, countries were analysed by 
capillary isotachophoresis. Sorbic, tartaric, ascorbic, citric and sulphurous acid could 
simultaneously be analysed. Several other inorganic and organic acids (Krebs cycle), 
were determined in the same run. The simultaneous determination of these ionic 
compounds with other analytical techniques bas been performed in the past. Of these, 
the application of gas chromatography is hampered by the need for extensive sample 
pre-treatment (derivatisation) procedures, and in high-performance liquid chromato
graphy the detection of these mostly non-UV-absorbing compounds is a limiting 
factor. Some applications of isotachophoresis with thermometrie detection in food 
analysis have been reviewed 1• Capillary isotachophoresis with universal ( conduc
tivity) and specific (UV, 254 nm) detection has proved a valuable analytical tool in 
this respect, with a minimum of sample pre-treatment and a relatively short analysis 
time. 

EXPERIMENT AL 

Capillary isotachophoresis was perf ormed with home-made equipment as de
scribed elsewhere2• The dimensions of the capillary were LD. 0.2 mm, O.D. 0.35 mm 
and length ca. 25 cm. The operational system is specified in Table 1. This system was 
chosen because a low pH is favourable for sharp zone boundaries and thus a low limit 
of detection can be achieved using both UV and conductivity detectors. The separa
tion capacity at this pH is increased because many of the acids under investigation 
have pK values in this region. The pH of the leading electrolyte, however, is critical 
because sorbic acid migrates as an enforced zone in front of the propionate termi
nator with a conductivity equal to that of the terminator, so that sorbate can be 
detected and determined only by the UV detector. 
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TABLEI 

OPERATIONAL SYSTEM FOR ANIONIC SEPARATIONS AT LOW pij 

Parameter Leading Terminating 
electrolyte* electrolyte 

Anion Chloride Propionate 
Concentration 0.01 M ca. 0.005 M 
Counter ion P-Alanine Sodium 
pH 2.90 ca. 7 
Additive 0.05 % Mowiol 

0.2% HEC 

* Mowiol = poly(vinyl alcohol) (Hoechst, Frankfurt, G.F.R.); HEC == hydroxyethylcellulose (Poly
science, Warrington, PA, U.S.A.). 

Initially the separation current was 45 µA. This current was automatically 
reduced to 25 µA (during detection) by an electronic device developed for coupled 
column isotachophoresis3 • Home-made UV (254 nm) and conductivity detectors were 
used. One of the advantages of conductivity detection is the high ~~solution obtained, 
so that only a small amount of sample is needed. This reduces the capillary volume 
and time of analysis considerably compared with thermometrie detection1

• With a 
conductivity detector cell volume of 3 nl in a 0.2 mm I.D. capiliary the limit of 
detection approaches the theoretical limit of 30 pmole. The steady-state isotachopho
retic velocity (ca. l mm/sec) corresponded to approximately 90 pmole/sec. 

Wine samples were analysed by the external standard calibration method. Im
mediately after opening the bottle, 200 µl of the wine were removed with a fixed
volume pipette (Finnpipette, Helsinki, Finland) and mixed with 2 ml of 0.01 M 
formaldehyde solution. Of this mixture 2 µl were injected with a 10-µl microsyringe 
(Hamilton, Bonaduz, Switzerland) equipped with a fixed-volume accessory. The wine 
was diluted with formaldehyde in order to prevent oxidation of sulphite during the 

TABLE II 

AVERAGE CONCENTRATIONS (RANGE IN PARENTHESES) OF POSSIBLE ADDITIVES 
FOUND IN WINES, COMPARED WITH THE CONCENTRATIONS ALLOWED BY EEC LEGIS
LATION FOR ORDINARY TABLE WINES 

Additive Red (n == 50) White/rosé (n = 50) 

(M x 10- 3 ) (M x 10- 3 ; 
----------··---------- -------------- ----··--·---

Sulphite 1.3 (0.1-3.1) 1.5 (0.1-3.0) 
Tartrate 11.3 (5.6-19.2) 14.4 ( 6.4-24. 7) 
Citrate 1.5 (0.1-7.7) 2.6 (0.5-15.3) 
Ascorbate** 0.2 (0.1-1.1) 1.2 (0.1-2.3) 
Sorbate 0.3 (0.1-3.2) 0.5 (0.1-3.1) 

* 3.5 · 10- 3 Mor 225 mg/I for white/rosé wines. 
** Mainly as dehydroascorbic acid. 
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EEC requirement 

M x 10- 3 mg// 

2.7* 175* 
0.67 100 
5.2 1000 
0.85 150 
1.8 200 
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Fig. 1. Conductivity (R) and UV signals for the analysis of standards A (acids) and B (food additives). 1 = Sulphate; 2 = chlorate; 3 = phosphate; 4 = malonate; 
5 = tartrate; 6 = citrate; 7 malate; 8 = làctate; 
9 = succinate; 10 = acetate; Il = sulphite; 12 = salicylate; 13 = saccharin; 14 = benzoate: 15 = ascorbate; 16 = glutamate; 17 = sorbate. 
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sample pre-treatment procedure. The same procedure was used for the two standard 
solutions. A calibration run on standards A (acids) and B (additives) was performed 
each day. The day-to-day reproducibility of the response in mmole/l/mm zone length 
of the sample constituents was determined over a period of 18 days, and varied 
around 5 % without the use of an internal standard. Fig. l shows the isotachophero
.grams of standards A and B. 

RESUL TS AND DISCUSSION 

Using capillary isotachophoresis, 50 red, 37 white and 13 rosé wines were 
analysed. Typical isotachopherograms are shown in Figs. 2 and 3. 

With the operational system used (Table I), sorbic, tartaric, ascorbic, citric and 
sulphurous acid could be selected and determined simultaneously. A large number of 
wines contained sulphite and sorbate was found in a number of mainly white wines. 
The average concentrations of these additives in the wines analysed are summarized 
in Table ll. The maxima} allowed concentrations of these additives according to EEC 

" R 

L b_ t 

1 
17 

Fig. 2. Conductivity (R) and UV signals for the analysis of a red wine. The zone numbers correspond to 
those in Fig. 1. 
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TABLEIII 

A VERA GE CONCENTRA TIONS OF SOME OF THE ACIDS IDENTIFIED IN WINES 

Values in parentheses are standard deviations. 

Anion Concentration ( M x 10- 3) 

Red (n = 50) White (n 37) Rosé (n = 13) 

Sulphate · 
Phosphate 
Malonate 
Malate 
Lactate 
Gluconate 
Succinate 
Acetate 

4.1 (1.1) 
3.7(1.1) 
1.6 (0.6) 
2.0 (1.5) 

21.l (9.1) 
0.6 (0.9) 
5.3 (1.1) 
9.3 (3.0) 

4.0 (l.I) 
4.5 (5.5) 
1.2 (0.5) 

14.5 (10) 
11.0 (10) 
1.5 (2.2) 
3.8 (1.6) 
6.0 (2.3) 

3.1 (1.1) 
2.8 (0.7) 
1.4 (0.3) 
5.5 (Il) 

14.3 (6.2) 
1.1 (0.8) 
5.2 (1.2) 
8.2 (2.6) 

NOT ES 

legislation are given. As can be seen, with the method described, at a lower limit of 
detection of 10- 4 M, the maximal acceptable concentration of these additives can 
easily be determined in a single run, using as the only simple sample pre-treatment 
step dilution with formaldehyde solution. 

The reproducibility of the method was determined by six replicate injections. 
The relative standard deviations ranged from 4 to 5 % without and were around 2 % • 
with the use of chlorate as an internal standard, depending on the sample ion. The 
day-to-day reproducibility had a relative standard deviation of 3-9 % without the use 
of an internal standard. 

An additional advantage of the method is the simultaneous determination of 
various other inorganic and organic acids (Krebs cycle). The average concentrations 
of the identified components are listed in Table III. From the isotachopherograms 
(Figs. 2 and 3) it can be easily seen that many unidentified UV and non-UV absorbing 
anions were also detected, even at this low pH of the leading electrolyte. Most of the 
acids identified were present in all wines, although in varying concentrations. For the 
determination of any significant deviations from the average composition, standard 
deviations were calculated for all concentrations (Table III). 

A brief summary will be given of some major compounds determined in the 
wines. Of the possible additives, sulphite and sorbate can easily be recognized as they 
do not occur naturally in wines. Allowed concentrations of both compounds can be 
measured, hut the sulphite concentration will decrease during storage owing to oxida
tion to sulphate. The same applies to ascorbic acid, most of which appeared to be 
oxidized to dehydtoascorbic acid. The effective mobility of these compounds is the 
same but the UV signal gives positi'7e evidence as only the unoxidized form shows 
strong UV absorption at 254 run. Addition of tartrate and citrate is not easily de
termined as both occur in the natura! product. High citrate levels were measured in 
some of th,e white wines. Relatively low concentrations of phosphate and malonate 
were found in most wines. Several compounds were present in a large concentration 
range in white and rosé wines in contrast to red wines, as can be seen from the 
standard deviations in Table III. This is especially true of phosphate, malate and 
gluconate. 

155 



NOT ES 125 

6 

L 

·1m i ' uv 

Fig. 3. Conductivity (R) and UV signals of the analysis of a white wine. The zone numbers correspond to 
those in Fig. !; 18 = gluconate. 

In conclusion, capillary isotachophoresis with conductivity detection is a useful 
technique for determining rapidly both major and minor constituents and additives in 
food products such as wines. 
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SUMMARY 

A method for the determination of conjugated bile acids in human bile using 
isotachophoresis in 95 % methanol is described. The leading ion is 0.01 M chloride, 
the counter ion is hydroxylamine at its pK* value and the terminating ion is N-2-
hydroxyethylpiperazine-N '-2-ethanesulphonic acid (HEPES). The sample preparation 
consists ofC18-silica cartridge adsorption. Microlitre amounts of the methanol eluate 
are injected and analysed within 20 min in a 0.2 mm LD. PTFE capillary. The 
sensitivity of the method is better than 50 ng of each of the conjugated bile acids 
using a.c. cond.uctivity detection. 

INTRODUCTION 

Methods for the determination of bile acids have shown some improvements in 
the last decade. In a review in 19731

, enzymatic methods were recommended for 
routine use, whereas a combination ofthin-layer and gas-liquid chromatography was 
suggested if specific information on individual bile acids is needed. Although some 
improvements in enzymatic2

, thin-layer chromatographic3 and gas chromatographic4 

methods have been reported recently, the developments in high-performance liquid 
chromatography (HPLC) are apparently more promising. In a more recent review5 

on the separation of bile acids by HPLC, the retention behaviour of free and con
jugated bile acids in both reversed-phase and normal-phase systems was reported. 
For the isolation of bile acids from biological material (bile, serum, faeces), sample 
pre-treatment is usually time consuming (from 10 min to more than 24 h), as a group 
separation of free and conjugated acids is generally included. 

The detection of bile acids in HPLC is mostly carried out by differential re
fractive index measurements5-s. Some mobile phases allow UV detection at wave
lengths below 210 nm8 •9 . Fluorescence detection with pre-column10 or post-column11 

derivatization has also been reported. 
Another analytica} technique that bas developed significantly during the last 

decade is capillary isotachophoresis12
-

14
. The equipment uses a sensitive universa! 

0021-9673/83/$03.00 © 1983 Elsevier Science Publishers B.V. 
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detector compared with refractive index detection in HPLC, a.c. conductivity or 
potential gradient detection. Most applications are performed in aqueous operational 
systems, hut the importance ofusing non-aqueous solvents was soon recognized12

•
15

. 

One reason is that the use of the technique can be extended to ionizable compounds, 
sparingly soluble in water, such as long-chain fatty acids15 . Another reason is the use 
of specific solvent-solute interactions to optimize certain separations. As the sol
ubility of bile acids under aqueous isotachophoretic conditions is insufficient, a meth
anolic operational system is applied for the analysis of free and glyco- and tauro
conjugated bile acids in biologica) samples. 

EXPERIMENT AL 

The use of non-aqueous (e.g., methanolic) systems in isotachophoresis has so 
far been limited by the availability of insulating material that is both resistant to these 
solvents and suitable for the construction of a high-resolution a.c. conductivity detec
tor, for which Perspex is usually used 12

• The use of Teflon® has also been reported16
• 

The introduction of an Araldite that meets both of these requirements was reported 
recently17

• The construction of the equipment used was similar to that described 
earlier12

• The separation compartment consisted of a PTFE capillary of l.D. 0.2 mm 
and length ca. 25 cm. The a.c. conductivity cell had a volume of 3 nl, corresponding to 
a theoretica) minimum detectable amount of ca. 30 · 10- 12 equivalents. UV detection 
was carried out at 206 nm. 

The solvent used in the isotachophoretic experiments was 95 % (v/v) methanol 
in water. A higher methanol content is not necessary. A lower methanol content 
decreases the solubility of the bile acids to below the isotachophoretic steady-state 
concentration. The use of non-aqueous solvents in isotachophoresis is hampered by 
the Jack of data on pK, mobility and solubility values of ions normally used in 
operational systems. As the leading ion chloride was used, the mobility of which is 

_ considerably lower than in water. For this particular application, however, this was 
irrelevant. As the counter ion we preferred buffers normally used in aqueous iso
tachophoresis, mainly because of their availability and relative purity. However, his
tidine, used preferably for neutra) anionic systems, could not be used because of its 
limited solubility at methanol concentrations above 60 %. We used either hydrox-

TABLEI 

OPERATIONAL SYSTEMS FOR 95% (V/V) METHANOL IN WATER AS ASOLVENT 

The counter ions were at their respective pK* values. Drivîng current: 25 µA in a 0.2 mm l.D. capillary. 

Parameter pH* 5.84 pH* 6.82 

Leading ion Chloride Chloride 
Concentration 0.01 M 0.01 M 
Counter ion Hydroxylamîne Trîethanolamine 
Terminator HEPES BICINE* 
Concentration ca. 0.005 M ca. 0.005 M 

----------------------------
* BICINE = N,N-bis(2-hydroxyethyl)glycine. 
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ylamine or triethanolamine at their respective pK* values. The operational systems 
used are listed in Table 1. 

The pH measurements were carried out with a Type 135 digital pH meter 
(Coming, Halstead, Essex, Great Britain), calibrated with aqueous standard buffer 
solutions (pH 6.0 and 8.0) (Merck, Darmstadt, G.F.R.). The pH values of the meth
anolic systems in Table 1 were not corrected for the methanol content and are there
fore denoted with an asterisk. The pK* values of the counter ions were determined by 
pH* measurement of a solution of the buffer chloride salt, half ofwhich was subjected 
to anion .exchange. As the terminator for methanolic systems Jithocholic acid has 
been used12

, but we prefer to use weak ions such as 2-morpholinoethanesulphonic 
acid (MES), N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES) and 
tris(hydroxymethyl)methylaminopropane sulphonic acid (TAPS). As in aqueous 
isotachophoresis, additives to the leading electrolyte may be needed to decrease the 
effect of electroosmosis12

, although these disturbances are expected to be of Jess 
importance in methanolic systems18

. 

The sample pre-treatment procedure used in the present investigation consisted 
ofC-18 silica cartridge adsorption (Sep-Pak; Waters Assoc., Milford, MA, U.S.A.) as 
described by other workers9 for an HPLC method. The procedure was slightly modi
fied. A volume of 20 µl of human bile was diluted in 4 ml of 0.5 M phosphate buffer 
(pH 7.0) and applied to the cartridge, which was then washed with 15 ml of water and 
eluted with 3 ml of methanol. The average recovery of bile acids added to human bile 
was 91 %. Microlitre amounts of the eluate or a standard solution of bile acid con
jugates in methanol were injected directly. The time of analysis was 15-20 min at 25 
µA in a PTFE capillary of LD. 0.2 mm. This longer than usual analysis time was 
caused by the relatively low transport number ( <0.5) of the leading ion in the solvent 
used. 

RESUL TS AND DISCUSSION 

One of the most important parameters used to achieve separation in isotacho-

t -
Fig. !. Isotachophoretic separation of five bile acids in a standard mixture. The operational conditions are 
summarized in Table 1. The pH* of the leading electrolyte was 6.82. l = 0.2 nmol taurochenodeoxycholic 
acid; 2 = 0.2 nmol taurocholic acid; 3 = 0.1 nmol glycochenodeoxycholic acid; 4 = 0.3 nmol glycocholic 
acid; 5 = 3.0 nmol cholic acid. R = Increasing resistance, t increasing time. 
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phoresis, besides the difference in absolute mobility, is the difference in the pK values of 
the compounds to be separated. pK* values for bile acids in methanol are not known, 
hut pK values in water have been mentioned in the literature5

: for free bile acids pK 
= 5-6, for glycine conjugates ca. 4 and for taurine conjugates ca. 2 was reported. 

Fig. 1 shows the isotachophoretic separation at pH* 6.82 of five bile acids in a 
standard mixture. From the fact that the non-conjugated cholic acid migrates with a 
considerably lower effective mobility than the conjugated bile acids, it is concluded 
that the pK* value of cholic acid shows a positive shift with respect to its value in 

Fig. 2. lsotachophoretic separation of tauro- and glyco-conjugated acids according to their respective pK* 
values at pH* 5.84. The operational conditions are summarized in Table l. Zone numbers as in Fig. !. 

water. The same applies to the glyco-conjugated bile acids, as is illustrated in Fig. 2. 
Group separation on glyco- and tauro-conjugates is achieved at pH* 5,84 so that the 
pK* values of the glyco-conjugates can be calculated to be greater than 5. The pK* of 
the tauro-conjugates remains below 5, as the effective mobility does not change in the 
interval 5.84 < pH* < 6.82. 

These observations agree with reversed-phase liquid chromatographic data5 •6 

where at pH* 4. 7 the separation of the tauro- from the glyco-conjugates is mainly 

Fig. 3. Analysis of a sample of human bile of a patient. Zone numbers as in Fig. 1. The concentratîons of 
the individual bile acid conjugates were in the range 10-40 nmol/µI. A = lncreasing UV absorption. 
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ascribed to pK* differences. In reversed-phase chromatography there is also a signifi
cant effect of the number and/or orientation of the hydroxyl groups on retention 
behaviour6 in 65 % methanol. In isotachophoresis in 95 % methanol these effects were 
less pronounced, but sufficient to achieve complete separation of conjugated cholic 
and chenodeoxycholic acids, as illustrated in Fig. 2. 

Fig. 3 shows the analysis of a sample of human bile of a patient (a suspected 
bile stone former). Taurochenodeoxycholic, taurocholic, glycochenodeoxycholic and 
glycocholic acids were determined. Because of the group separation at this pH*, the 
clinically significant glyco-tauro ratio is easily seen. 

We are currently investigating the possibilities of adapting the method for the 
determination of bile acids at serum levels. One of the advantages of using a more 
hydrophobic solvent in isotachophoresis is that a number of sample pre-treatment 
procedures used in chromatography caa be applied to remove unwanted polar sub
stances such as sodium chloride. 

This study bas shown that the use of non-aqueous isotachophoresis is very 
promising. For the determination of bile acid con ju gates it compares favourably with 
liquid chromatography in terms of sensitivity and analysis time. 
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SUMMARY 

Free theophylline was isolated from human serum by ultrafiltration and ana
lysed in a leading electrolyte of 7.5 mM morpholinoethanesulphonic acid with am
mediol as a counter ion at pH 8.90 and et-alanine as a terminator. The UV (280 nm) 
absorbance of the theophylline spike between serine and bicine as spacers was inte
grated. Binding percentages to human pool serum, human albumin and a1-acid gly
coprotein (orosomucoid) were determined at physiological concentrations, and found 
to be 55, 44 and 12%, respectively. The calibration lines were straight from 0 to 30 
mg/l, with a standard deviation of 0.2 mg/l. The detection limit was l mg/l. The time 
of analysis was 12 min at 40 µA in a 0.2 mm I.D. capillary. 

INTRODUCTION 

Theophylline is a well known, useful drug for the control of bronchiospasm 
and the determination of its concentrations in serum is important. Oral or rectal 
administration of theophylline is the main treatment for chronic bronchospastic dis
orders and in acute asthmatic attacks the drug is administered intraveneously to 
relieve bronchospasm. 

Progressive improvement of pulmonary function in response to the broncho
dilatator effect of theophylline has been shown over the range of 5-20 mg/l. The 
optimal therapeutic response and theophylline toxicity are generally associated with 
total serum concentrations above 10 and 20 mg/l, respectively. Severe theophylline 
toxicity with convulsions and death has been reported. In man theophylline is con
verted mainly into 1,3-dimethylurate, 1-methylurate and 3-methylxanthine, which are 
excreted in the urine: 

Several methods have been reported for the assay of theophylline in serum1 •2 • 

Existing methods for the determination of total theophylline include homogeneous 
enzyme immunoassay (EMIT)3 •4 gas-liquid chromatography (GLC)3 •5- 7 , high-per
formance liquid chromatography (HPLC)3 •4 •8 , thin-layer chromatography (TLC)9 

and isotachophoresis (ITP)to. 
In ITP, the spike method is applied and in our investigations we have studied 
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some of the problems associated with this technique. In this respect, it is important 
to note that theophylline in serum is partly bound to serum protein, mainly to al
bumin. Most methods determine total theophylline, by denaturing the proteins with, 
e.g., perchloric acid. The pharmacokinetic effect of a drug is mainly determined by 
the free concentration, while the amount bound to protein serves as a buffer. The 
variation in albumin concentration in vivo and the possible competitive binding by 
other drugs make it unlikely that binding percentages can be considered constant. 
Therefore, the determination of the free drug is more useful. 

In this paper, we report an investigation of the binding of theophylline to total 
proteins in pooled serum, human serum albumin (HSA) and cxi-acid glycoprotein 
(cxi-AGP, orosomucoid) by means of capillary ITP using a discrete spacer technique. 

EXPERIMENT AL 

Materials and equipment 
Theophylline was obtained from ICN-K&K Labs. (Plainview, NY, U.S.A.), 

morpholinoethanesulphonic acid (MES), bishydroxyethylaminoethanesulphonic acid 
(BES), bicine and the proteins human serum albumin and cx 1-acid glycoprotein from 
Sigma (St. Louis, MO, U.S.A.). All other chemicals were purchased from Merck 
(Darmstadt, F.R.G.). All chemicals except theophylline were of analytical-reagent 
grade. Pooled serum was kindly supplied by St. Joseph Ziekenhuis (Eindhoven, The 
Netherlands) and stored at - 20°C until used. Ultrafiltration CF 25 Centriflow filters 
(molecular weight cut-off 25,000) were purchased from Amicon (Danvers, MA, 
U.S.A.). 

ITP was performed in equipment developed by Everaerts et al. 11 • For detection 
the 280-nm line of an iodine plasma lamp was used. The operational system is spe
cified in Table 1. 

. Procedure 
Volumes of 200 µl of the samples were diluted with an equal volume of a 

solution of the spacers bicine and serine, both at concentrations of 0.5 g/l. After 

TABLE I 

OPERATIONAL SYSTEM FOR THE ITP DETERMINATION OF THEOPHYLLINE 

Capillary, I.D. 0.2 mm; driving current, 40 µA; analysis time, 12 min. 

Parameter 

Anion 
Concentration 
Counter ion 
pH 
Additives 

Electrolyte 

Leading 

MES 
7.5M 
Ammediol* 
8.90 
None** 

Terminating 

ix-Alanine 
5mM 
Barium 
ca. 10 
None 

* Ammediol = 2-amino-2-methyl-1,3-propanediol. 
** In the experiments reported here it has been shown not to be necessary to use additives to increase 

zone sharpness. 
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vigorous mixing with a vortex mixer the sample was centrifuged for 5 min at 1000 
gin a CF 25 Centriftow filter. A l·µl volume of the filtrate was injected directly. The. 
theophylline spike between the spacers was recorded at 280 nm (see Fig. 1); the 
transmission signa! was converted into absorbance units by a home-made lin-log 
convertor and irrtegrated by an SP 4000 chromatography data system (Spectra-Phys
ics, Santa Clara, CA, U.S.A.). 

Possible sources of error include variatións in the relatively small injection 
volume, evaporation and the fact that dilution may occur during filtration as the 
filter bas to be previously soaked in hot water. Therefore, the zone length of one of 
the spacers was used as an internal standard. 

RESUL TS AND DISCUSSION 

Fig. 1 shows the separation of pooled serum, (a) blank and (b) spiked with 
. theophylline. In both experiments bicine and serine were used as spacers. Additional 
impurities are minimized by choosing a narrow mobility interval between the leading 
and terminating. It should be noted that uric acid can be determined in the same run, 
as it migrates zone electrophoretically in the leading electrolyte (MES). 

For monitoring the UV signa! in HPLC, the use of absorbance units for quan
tification is most commonly used. In ITP, however, the use of a lin-log convertor is 
not as widespread, mainly because in ITP most quantitative information is obtained 
from zone lengths and not by measuring areas. However, for quantification with the 
steady-state mixed zone (SSMZ)12 or spike method 10

•
12

•
13

, the use of absorbance 
units is unavoidable owing to deviations from Beer's law, as can be seen from 
Figs. 2 and 3 (calibration graphs for theophylline in aqueous solution). Area mea
surement of the transmittance signal (see Fig. 2b) gives a considerable deviation from 
linearity compared with absorbance areas (see Fig. 2a). Further, the spike area is 
clearly preferred to the spike height, as can be seen from the spike height calibration 
graphs in Fig. 3a and b. A plateau value is eventually reached, above which zone 
length can be used for quantification. 

Because the therapeutic total concentrations range between 5 and 20 mg/l, the 
UV spike area method must be used. 

Theophilline calibration graphs were constructed by addition of various con-

a 3 b 

4 

Fig. l. ITP separation ofpooled serum in the operational system ofTable I: (a) blank and (b) spiked with 
10 mg/I oftheophylline. 1 Uric acid in leading electrolyte (MES); 2 = bicine spacer; 3 = theophylline; 
4 = serine spacer; 5 = terminator (et-alanine). The time base för uric acid is different. 
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Fig. 2. Spike area calibration graphs for theophylline in water. Cornparison of the result$ of (a) absorbance 
and (b) transrnittance rneasurernents. 

centrations to water, pooled serum and standard pbysiological protein solutions. The 
results were always corrected with those obtained from a blank run. After addition 
of the spacers, the samples were equilibrated at room temperature for up to 3 h at 
30-min intervals. After ultrafiltration free theophylline was determined, and the equil
ibration time was found not to be critical. When studying protein-drug binding, care 
should be taken that the binding equilibrium does not significantly change during the 
separation of the bound and free fractions. In this respect, the filtration time could 
be critical. However, experiments have shown that the filtrate theophylline level does 
not change significantly when filtration is extended from 1 to 5 min. Possible ad
sorption of theophylline to the filter material was checked by analysing a physîo
logical solution of theophyllîne before and after filtration. Filter adsorption was 
found to be negligible. 

The calibration graph for theophylline in water was straight from 0 to 30 mg/1 
(see Fig. 4). Recovery from a physiological solution containing 100 mM NaCI, 3 mM 

. KH2P04 , 2.5 mM CaClz and 1 mM MgS04 was determined and found to be 100%. 
A total pooled serum protein binding of 55.1 % was calculated from the slope 

of the calibration graphs in water and pooled serum, respectively. This is in good 
agreement with the value of 56.4 % reported for serum of adults 14• Other workers 15• 1 6 

reported higher values, whereas there seems to be a considerable dependence on 
pff17. 
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Fig. 3. Relative spike height calibration graphs for theophylline in water. Cornparison of the results of (a) 
absorbance and (b) transrnittance rneasurements. The unit value corresponds to the plateau height. 

166 



ITP OF THEOPHYLLINE 

200 

100: 

arbitrary 
units WATER, 

/ 
// 

~:AGP 

/~~'~' 
,,/ ~:::::----------SÉmJM 
~·~ ~~· • o mq/I 

0 10 20 30 

369 

Fig. 4. Calibration graphs (absorbance spike area) for the deterrnination of free theophylline in water 
(correlation coefficient = 0.999), pooled serum (correlation coefficient 0.997), human serum albumin 
(HSA) (correlation coefficient ~ 0.998) and 0: 1-AGP (correlation coefficient 0.999). The slopes are 5.92, 
2.66, 3.29 and 5.18, respectively. 

Albumin is mainly responsible for drug binding in serum, principally because 
of its high concentration. This was verified with a caHbration graph in a physiological 
albumin solution (see Fig. 4), in which the albumin concentration was equal to that 
of the pooled serum (40 g/l). The latter was determined by ITP at pH 6.0 with 0.01 
M chloride as a leading ion, histidine as a counter ion and BES as a terminator. A 
binding percentage of 44.4% was found for the albumin solution. The remaining 
10.7% binding must be attributed toa number of other proteins, present in serum. 
A strong binding to ix1-AGP was assumed. The ixi-AGP concentration in the pooled 
serum was not determined, but a value of 1 g/l was taken, because normal values 
were reported to range from 0.75 to 1.00 g/11 8 • Theophylline binding in this ai-AGP 
solution amounted to 12.4% (see Fig. 4). 

From the results obtained, it can be concluded that albumin and ix 1-AGP are 
mainly responsible for total human serum binding of theophylline to the extents of 

·----.-------·-a-· 
o A/Amax 
o i.o <--n o 

.--
Fig. 5. Ratio of absorbances at 254 and 280 nm determined with the dual-wavelength detector19 of the 
theophylline spike in (a) aqueous standard solution containing 15 mg/I, (b) pooled normal serum without 
theophylline and (c) a patient's serum. 
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44 and 12%, respectively. It is likely that the binding percentage will depend on the 
protein concentrations, which are known to vary in vivo. A decreasing binding per
centage due to saturation of sites is usually encountered at higher drug concentra
tions, but it has not been found at therapeutic theophylline levels. 

The possibility of using ITP for the determination of theophylline in patient's 
sera, as was suggested by Moberg and Hjalmarsson10, was investigated in a com
parative study with HPLC13 • The results show a reasonable correlation in the range 
1-10 mg/l of free theophylline (correlation coefficient 0.89, n = 22), but with a con
siderable bias (2.4 mg/l in favour of ITP). The bias is caused by the relatively high 
background signal (Fig. la), which with pooled serum can be corrected for, whereas 
for patients' sera it cannot. 

Curiously, in the paper by Moberg and Hjalmarsson10 , the standard addition 
calibration graph shows a considerable background signal (5 mg/l) as well. The back
ground signa! may be decreased with a smaller mobility window between the spacers. 

The dual-wavelength detector19 for ITP was applied to verify the impurity of 
the background signal by measuring the ratio of the absorptions at 254 and 280 nm. 
This ratio was fairly constant over the entire theophylline spike range in a standard 
solution (Fig. 5a), hut was not with a pooled serum (Fig.' Sb) or a patient's serum 
(Fig. Se), where the ratio was higher and by far constant over the theophylline spike. 
As there is no reason to assume that this background signa! will be equal in all 
patient's sera, it cannot be corrected for as previously suggested10• 

CONCLUSIONS 

It has been shown that theophylline binding to proteins can be determined 
with the ITP spike technique, using two separate spacers, whereas the relatively high 
background signal prohibits its use in routine analyses of patient's sera. 
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llSTRACT. 

The suitabilitl of isotachophoresis for the 
determination o quinine in different samples was 
investigated. 
The operational conditions were: O.OlK potassium/KES 
pH 6.0 wibh 0.051. Mowiol as leading electrolyte and 
ca. 0.005 M creatinine/MES as terminating 
electrolyte. The analyses were carrled out at 25 µ.A 
in a 0.2 mm ID PTFE capillary with UV and 
conductivity detection. 
Quinine containing bevera~es were degased by 
sonification and directly 1njected. The limit of 
detection was 5 mg/l with a 4 µ1 injection volume. 
The allowed concentrations could be determined 
sufficiently accurate. Analgetic pre§arations were 
dissolved in a solution of s.10- M MES with 
sonification. The quinine levels found açreed well 
with the declared values. The other constl tuents of 
the pharmaceuticals did not interfere wi tb the 
analysis. Urine samples of volunteers were analysed 
after tonic consumption. The samples were extracted 
with dichloromethane/isopropanol (95/S)l vortexed, 
centr~fuged, evaporated to dryness, d ssolved in 
s.10- M MES and analysed. At a concentration 
factor of 33, the limit of detection was ca. 60 
µg/48 hour urine; 2-153 of the quinine consumed was 
excreted as the parent compound in the first 48 hours 
after consumption. 
In conclusion, isotachophoresis seems a useful 
technique for the determination of quinine in various 
samples. The combination of the extract ion procedure 
and the operational system makes the method sui table 
for the determination of a number of other alkaloids 
in physiological samples. 
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INTRODUCTION. 

Quinine [130-95-0] is an alkaloid from the bark of 
the cinchona-tree. It is a weak base (pK1=4.32 and 
pK2=8.4) with the following structure: 

H 

Quinine is widely used as an antimalarial drug, with 
a daily dose of ca. 1000 mg as 200 mg tablets. Some 
analgetic preparations also contain quinine at lower 
concentrations « 50 mg/dose) resulting in a daily 
dose of i0-400 mg. Many of these preparations can be 
obtained without prescription. Soft-drinks may 
contain varying amounts of quinine. According to 
Dutch Legislation on Consumer Goods (Warenwet), 
tonics should contain 40-85 mg/l, bitters up to 85 
mg/l. 
Because of the severe side-effects such as 
arrhythmias, hypotension, vomi ting and certain 
neurological complications, the pharmaceuticals 
sbould not be used by children and by women during 
pregnancy and lactation. Only a few countries dec ree 
that soft-drinks containing quinine are labelled with 
these restrictions. 
After oral intake quinine is completely resorbed in 
the liver and the half-life in plasma is short (4-6 
hours). Af ter 24 hours the plasma concentration is 
negligible. It is mainly metabolized in the liver and 
excreted in the urine. Oxidation takes place of both 
quinoline and quinuclidine formed, resulting in a 
series of phenolic and non-phenolic metabolites. In 
the human body it mainly metabolizes to 
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(3S)-3-hydroxy- quinidine, carbostyril 2'-quinidinone 
and 0-desmethylquinidine [l,2,3,4,S,6], whereas 
5-20'l. is not metabolized and excreted in the urine 
[7. 8]. 
In the past 5 years a number of publications appeared 
on the determination of quinine, 60'Ki. of these dealt 
with body fluids, 25'Ki. with beverages and 
pharmaceutical preparations. 
Chromatographic techniques are mostly used: 
gas-chromatography [9,10,11], gas-chromatography 
mass-spectrometry [12,13], thin-layer 
chromatography [14,15] and high-performance 
liquid-chromatograpby [16,17,18,19,20,21,22,23]. 
Spectrometry [24,25,26] is also reported to have 
been used. 
This paper describes the determination of quinine in 
beverages, pharmaceutical preparations and human 
urine with capillary isotachophoresis. 

MATERIALS AND METHODS. 

The isotachophoretic experiments were carried out in 
equipment developed and built by Everaerts et al 
[27]. The separation compartment consisted of a 
PTFE capillary of length ca. 200 mm and I.O. 0.2 mm. 
The driving current was 25 µA delivered by a 
modified high-voltage supply (Brandenburg, Thornton 
Heath, England). UV-absorption at 254 or 280 nm and 
a.c. conductivity were used as detection. The signals 
were recorded with a potentiometric recorder (Kipp, 
Delft, The Netherlands). Signal processing was 
achieved with a SP-4000 chromatography integrator 
(Spectra Physics, Santa Clara, CA, USA) interfaced 
with a PUZZLE-microprocessor (E. Steiner, Vienna, 
Austria). The operational system is listed in Table 
I. All chemie als were of analytlcal reagent grade 
purity (Merck, Sigma or Fluka). Deionized water Wás 
taken . from a Milli-Q water purification system 
(Millipore, Bedford, MA, USA). A stoelt solution of 
30.3 mg/1 quinine base (Flulta) in water was stable 
for 3 days when kept in the dark at +5°C. 
The pharmaceutlcal preparations were purchased at a 
local . drug-store, the beverages at a loc al 
supermarket. 
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TABLE I OPBRATIONAL SYSTBM FOR THE DETERHINATION OF 
QUIRINE WITH ISOTACHOPHORESIS. 

leading ion 
concentration 
counter-ion 
pH 
additive 

terminating ion 
concentration 
counter-ion 
pH 

potassium 
0.01 M 
MES 
6.0 
0.05'1. Mowiol 
creatinine 
ca. 0.005 M 
MES 
ca. S. 5 

driving current 25 llA, 0~2x200 mm capillary. 
end-voltage 10 kV. 
MES= Horpholinoethanesulfonic acid (Sigma). 
Mowiol = poly (vinylalcohol) (Hoechst). · 

sample preparation. 
Tonics and bitters we re degased by sonif ication and 
directly injected without filtration. 
Pharmaceutical preparations were ground with a mortar 
and dissolved in a solution of ca. 5.10-3 M MES 
(Morpholino- ethanesulfonic acid) by ultrasonic 
treatment. The use of MES is favourable for both the 
solubility and the rate of dissolution. The time of 
sonification was 60 min. 
Of the urine samples, 5 ml was brought to pH 11-12 
wi tb 400 µ1 of 2. 5 M NaOH, extracted wi th 5 ml of 
dichloromethane/ isopropanol (95/5), vortexed for 1.5 
min. and centrifuged for 45 min. at 3000 g. Of the 
organic phase, 3 ml was taken, evaporated to dryness 
under N2 and dissolved in 100 µl of a solution of 
5.10-3 M MES by sonification for 30 min. The 
concentration step thus obtained was 33.6. 
An alternati ve extract ion procedure for quinine in 
urine involves a C1a silica cartridge adsorption 
(SEP-PAK, Waters-Millipore, Milford, MA, USA). Here, 
5 ml of urine with 400 µ1 of 2.5 M NaOH is applied 
to the cartridge, which is washed with 5 ml of lo-3 
H KOH. The quinine was eluted with 3 ml of methanol. 
The first 500 µ1 of the elute were discarded. The 
remaining 2. 5 ml was evaporated to dryness under N2 
and dissolved in 100 µ1 of 5 .10-3 M MES by 
sonification. 
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RBSULTS AND DISCUSSION. 

For an accurate determination of the zonelength of 
quinine in the isotachopherogram, the UV-signal was 
differentiated by the PUZZLB- microprocessor. using a 
12-bit Analog-to-Digital Convertor (ADC) at a 
sampling frequency of 20 s-1 and stored in memory. 
This differentiated signal was then sent to a 
chromatograpby integrator (SP-4000) by a 8-bit 
Digital-to- Analog Convertor (DAC) at a rate of 7 
s-1 The inflection points in the UV-trace are 
obtained in this way from the "retention times" 
measured by the integrator. A similar method can be 
applied to the conductivity signal. The linearity of. 
the method was good in the range 1-10 µg quinine 
(the coefficient of correlation was 0.9999). 
A series of tonics and bitters purchased from 
different manufacturers were analysed. See fig.l. The 
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Isotachophoretic analysis of quinine in tonic. 
The zonelength corresponds to a concentration of 
43. mg/l. The conductivity signal (R) and the UV 
signal (A) at 254 nm is shown. The terminator 
(creatinine) also shows UV absorption. 



amount injected was 4 µ1. The determinations were 
carried out in twofold. The results, summarized in 
Table Il, indicate that the amounts allowed by the 
Dutch Legislation are well within the worlcing-range. 
The limit of detection of the method, without sample 
preconcentration and injecting 4 µl, was ca. 5 mg/l. 

TABLE II QUININE CONTENT, CALCULATED AS FREE BASE, 
OF SOME BEVERAGES AS DETERMINED BY ISOTACHOPHORESIS. 

sample allowed *.) f ound 

bitter A < 85 30.2 30.8 
bitter B < 85 30.2 29.9 
bitter C < 85 .37 .6 38. 2 

tonic D 40-85 49.3 48.2 
tonic E 40-85 52.0 52.3 
tonic F 40-85 50.8 48.7 
tonic G 40-85 39.0 38.2 

*) according to Dutch Legislation on Consumer Goods. 

The pharmaceuticals investigated we re five analgetic 
preparations, obtainable without prescription. They 
contained quinine at varying concentrations in 
addition to a number of other constituents. The 
labeled composition is listed in Table III. The other 
consti tuents did not interf ere wi tb the analys is of 
quinine. Fig.2 shows an isotachopherogram of the 
determination of quinine in an analgetic preparation. 
Care was taken that the sample was completely 
dissolved. Therefore the time of sonification was 
varied from 2-60 min. The quinine concentration in 
the solution did not increase when sonification was 
prolonged for more than 40 min. Of the solution 4 
µl was injected. The quinine content found, 
determined in twofold, correlated well with the 
declared value, calculated as the free base (see 
Table III). Also, the determination is sufficiently 
accurate to determine the stability of quinine in the 
dosage forms, e.g. during storage. 
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Isotachopherogram of the analysis of a 
pharmaceutical dosage form containing 37 J!lg 
quinine. The uv signal at 254 nm (A) is 
differentiated, stored in the computer memory 
and . subsequently sent to a chromatography 
integrator at reduced speed (B). 

Several authors [1,2,3,4,5,6,7,8] have reported on 
the metabolization of quinine. Although the half-life 
of quinine in plasma is short, preliminary 
experlments with isotachophoresis have indicated 
[28] that between the 24th and the 4ath . hour 
after consumption still 0-2'. of the quinine is 
excreted in the urine as the parent compound. For the 
determination of the total amount of quinine, 
excreted without metabolizing, we therefore collected 
urine samples during · 48 hours af ter consumption in 
stead of only the first 24 hours. 
Other authors [29] have reported on the 
determination of quinine in blood with 
gas-chromatography, following tonic and gin 
consumptlon in a social setting. We worked under 
sllghtly modified condi tl ons: for the determination 
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TABLE III QUININE CONTENT. CALCULATED AS FREE BASE, 
or SOME ANALGETIC PREPARATIONS AS DETERHINED BY 
ISOTACHOPHORESIS. 

quinine content 
sample composition labeled found 

A 

B 

c 

D 

E 

(mg) (mg) 

Quinine ethyl- 16.4 
carbonate 
Antipyrin 
Phenacetin 
Coffein 
Quinine citrate 1.0 
Aspirin 
Lithium citrate 
Star eb 
Quinine sulfate 37.3 
Ascorbic acid 
Quinine sulfate 20.8 
salicylamide 
Phenacetin 
Ascorbic acid 
Coffein 
Quinine hydrobromide 76.6 
Thiamine hydrochloride 

16.2 16.1 

1.1 1.0 

34.9 34.3 

20.8 20.9 

79.3 77.7 

of a blank, 8 male volunteers, aged 23-42 years, 
weight 65-79 kg, refrained from the consumption of 
anything that might contain quinine for a week. The 
collected 48 hour urine samples were analysed. The 
amounts found were < 0.06 mg/48h. for each of the 
volunteers. In the actual experiments, the drinks 
were not mixed according to the so-called established 
methods [29]. Instead, each volunteer was given 
tonic in 100 ml amounts, that could be mixed with gin 
according to taste (addltion of 0-40 ml gin). Ho 
ice-cubes or lemon were added. All drinks were 
conswned withln a period of 2 hours. Collection of 
the ·urine samples was started immediately after the 
experiment and prolonged for the next 48 hours. The 
samples were then stored in a freezer until use. 
Prior to analysis, the samples were treated accordlng 
to the procedure described in the HATERIALS AND 
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Isotachopherogram of the analysis of quinine in 
an extract of human urine after tonic 
consumption. The zonelength corresponds to a 
concentration of O .3 mg/l in urine. The 
conductivity signal (R) is shown together with 
the UV signal at 280 nm. This wavelength allows 
a more specific detection of the quinine zone. 

METHODS section. Initia! experiments [28] have 
indicated that both the solvent extraction and the 
cartridge adsorption procedures yielded good recovery 
of quinine added to a blank urine (> 95'1.). However, 
the solvent extract ion, although slightly more 
time-consuming, was clearly more selective. This 
procedure was therefore chosen to avoid possible 
mixed zones in the isotachopherogram. Fig.3 gives an 
example of the determination of guinine in urine 
after t.onic-consumption. The results of the analyses 
are summarized in Table IV. The amount consumed 
ranged between 20 and 30 mg. The quinine content of 
the tonic was determined for each of the 1000 ml 
bottles according to the method described. It is seen 
from Table IV that the percentage of quinine that was 
excreted as the parent compound within 48 hours 
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ranged from 2. 0 to 14. 744. These values agree wi th 
those cited in the literature. 

TABLE IV URINARY EXCRBTION OF QUININE, CALCULATED AS· 
FREE BASE, AFTER CONSUMPTION OF TONIC, AS DETElllINBD 
IN 48 H. URINE BY ISOTACHOPHORESIS. 

volunteer intake urine/48 h. 
(mg) (1) 

A 23.8 1.1 
B 24.7 6.5 
c 21.9 3.4 
D 20.0 3.7 
E 30.5 4.3 
F 26.0 2.2 
G 22.2 2.2 
H 26.4 6.0 

The blank was < 0.06 mg/48 hours, see te:x:t. 

CONCLUSIONS. 

excreted 
mg 44 

1.25 5.3 
1.96 8.1 
2.97 13.6 
1.16 5.8 
1.85 6.1 
0.99 3.8 
0.44 2.0 
3.88 14.7 

Iiotachophoresis provides a fast and rellable method 
for the determination of quinine in beverages and 
pharmaceutical preparations. The accuracy and 
precision enable stability studies of e.g. drugs 
during storage. The sample extraction procedure 
yields a concentrating step which makes the technique 
sui table for the determination of quinine in 
physiological samples. Other alkaloids such as 
morphin and heroin can be analysed wi tb the present 
procedure as well, whereas the sens i tl vi ty of the 
method can easily be increased by modifying the 
concentrating step of the extraction. 
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Capillary isotacbophoresis (ITP) is now regarded as a 
useful analytical technique for the determination of 
all kinds of ionic species, ranging from heavy metals 
and halogenides to carboxylic acids, nucleotides and 
proteins. The introduction of commercially available 
equipment in the early 1970's bas lead to an 
exponentially increasing number of publications on 
the use of ITP in various fields. This thesis is 
based on a number of publications on detection, 
signal evaluation and applications of ITP. 

Chapter 1. introduces the present state of the 
technique among other analytical separation methods. 
Some highlights of fundamental and instrumental 
aspects during the last five years are summarized. 
Some of the more important fields of· application of 
ITP are reviewed. These are interaction studies, 
biochemistry, pbarmaceutical and food analysis. 

Chapter 2. summarizes the characteristic properties 
and disturbances of the so-called steady-state in 
isotacbophoresis. These are closely associated with 
the accuracy, precision and proper evaluation of 
detector signals. 

Chapter 3. reviews detection methods used in 
capillary isotachophoresis. Thermal detection, 
because of its low resolution, seems to be scarcely 
used nowadays. 

Conductivi ty or potential gradient detection is now 
accepted as a high resolution detection method. 
UV-absorption detection is used for lts specifictiy 
and greater sensitivity. Recent developments such as 
multiple wavelength, fluorescence and radiometric 
detection are also discussed. 

Chapter 4. discusses signal evaluation. A review is 
given of methods used in the automatic evaluation of 
detector signals in ITP. Different approaches in 
signal acquisition, storage, data reduction and 
signal reconstruction are presented. 
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Chapter 5. consists of a number of publications on 
both aspects of detection and applications of ITP. 

The effect of electroosmosis on detection was 
investigated. 
Closed systems for buffer preparation and analysis· 
were developed for isotachophoresis at high pH. 

- A domain transform technique for processing the 
conductivity detector signal was introduced .. 
UV-absorption detection at 206 nm, with its 
advantages and limitations, is presented. 
The introduction of dual-wavelength UV-absorption 
detection offers the possibility of computerized 
data reduction and identification. 
Fluorescence emission 
as detection methods 
introduced. 

and fluorescence quenching 
in isotachophoresis were 

Applications of isotachophoresis presented include: 
The determination of anions in wines. 
The determination of bile acid conjugates in human 
bile. 

- The binding of theophylline to human serum 
proteins. 
The determination of quinine in beverages, 
pharmaceuticals and human urine, after the 
consumption of tonic. 
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Detektado kaj prilaborado de signaloj en kapilara 
i sota1loforezo. 

Oni konsideras k:apilaran isota1\oforeson (ITP) utila 
metodo por analizi diferencegajn jonojn, kiel pezajn 
metalojn, halogenidojn, karbonacidojn, nukleotidojn 
kaj proteinojn. Post la enkoduko de komercaj aparatoj 
en la 70-aj jaroj, la nombro de publica1oj pri 
aplikado de ITP multe pligrandiiis. ei tiu tezo 
baziias sur nombro de publicajoj pri detektado, 
prilaborado de signaloj kaj aplikoj de ITP. 

eapitro l. prezentas koncizan lokalizadon de la 
tekniko inter aliaj analitikaj metodoj por disigi. 
Kelkaj gravaj fundamentaj kaj instrumentaj evoluoj de 
la lastaj kvin jaroj estas priparol'ataj. Samtempe 
estas donita resumo de kelkaj gravaj terenoj de 
aplikado: studoj de la interagado kaj la analizo de 
bio1lemio, medikamentoj kaj nutrajoj. 

~api tro 2. enhavas resumon de karakterizaj'oj de la 
"stabila" statott en isota1loforezo kaj de kelkaj ienaj 
influoj. Tiuj "ai estas gravaj por la detektado kaj 
por la tusta interpretado de la signaloj. 

aapitro 3. konsistas el resumo de metodoj por 
detektado, uzataj en kapilara isotatoforezo. 
La termika detektado posedas malgrandan diferencigan 
kapablon kaj estas ankorau malofte uzata. Oni 
konsideras detektadon de la konduktivo a~ de la 
gradiento de la potencialo kiel metodon por detekti 
kun granda diferenciga kapablo. La detektado per 
absorbado de ultraviola lumo estas uzata pro 'tiaj 
pligrandaj specifiko kaj sentivo. Freidataj evoluoj, 
kiel detektado per duobla ondolongo, fluoreskado kaj 
radioaktiveco, estas anka~ diskutataj. 

eapitro 4. resumas la uzatajn metedojn por a~tomata 
prilaborado de la signaloj en isota1loforezaj analizoj. 
Diversaj principoj por mezuri, stori, prilabori kaj 
reprodukti la signalojn estas diskutataj. 
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eapitro s. enhavas nombron de publicajoj tiel pri 
detektado kiel pri aplikado en ITP. 
- La ef iko de la elektro-osmozo sur la detektado estas 

esplorita. 
Isotatoforezo je alta pH. 
Bstas enkondukita tekniko de transformigo por 
prilabori la signalojn de la universala detektilo de 
la konduktivo. 
La detektado per absorbado de UV-lumo je 206 na 
estas dist.utata; 
La enkondut.o de la detektado per absorbado de 
ultraviola lumo per duobla ondolongo, ebligas 
identigon per komputilo. 
Krom tio estos eble uzi fluoreskan emision·taj 
estingadon kiel metodon de detektado en isota'iloforezo 
La aplit.oj de isota'Îioforezo kiuj estas prezentataj, 
estas: 
La determinado de negativaj jonoj en vinoj; 

- La determinado de konjugajoj de galacidoj en homa 
galo; 

- La interagado de la medikamento teof ilino sur la 
prote(noj en homa sero; 

- La determinado de kinino en kelkaj medikamentoj, 
trinkaîoj kaj homa sero post konsumado de tonikaj 
trinkájoj; 
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Detectie en 
isotachoforese 

signaalverwerking in capillaire 

Capillaire isotachoforese ( ITP) wordt beschouwd als 
een nuttige analyse methode voor de bepaling van 
diverse ionogene componenten, zoals zware metalen, 
halogeniden, caboxylzuren, nucleotiden en eiwitten. 
Sinds de introduktie van commercieel verkrijgbare 
apparatuur in het begin van de jaren '70, is het 
aantal publicaties over het gebruik van ITP in 
diverse toepassingsgebieden, exponentieel gestegen. 
Dit proefschrift is gebaseerd op een aantal 
publicaties over detectie, signaal verwerking en 
toepassingen van ITP. 

Hoofdstuk 1. geeft een korte plaatsbepaling van de 
techniek, temidden van andere analytische 
scheidingsmethoden. Enkele belangrijke fundamentele 
en instrumentele ontwikkelingen van de afgelopen vijf 
jaar worden besproken. Tevens wordt een overzicht 
gegeven van enkele belangrijke toepassingsgebieden: 
interaktie studies, biochemie en de analyse van 
farmaceutische produkten en voedingsmiddelen. 

Hoofdstuk 2. bevat een overzicht v•n de 
karakteristieke eigenschappen van de zogenaamde 
"steady-state" in isotachoforese en enkele storende 
invloeden. Deze zijn van belang voor de detektie en 
voor de juiste interpretatie van de detector signalen. 

Hoofdstuk 3. bestaat uit een overzicht van detectie 
methoden zoals die gebruikt worden in ca~illaire 
isotachoforese. Thermische detectie wordt, 1vanwege 
een te gering oplossend vermogen, tiog zelden 
toegepast. Conductiviteits of potentiaal gradient 
detectie wordt algemeen beschouwd als een detectie 
methode met hoog oplossend vermogen. 
Ultraviolet-absorptie detectie wordt gebruikt voor 
zijn grotere specificiteit en gevoeligheid. !Recente 
ontwikkelingen, zoals dubbele-goltlengte, 
fluorescentie en radiometrische detectie, worden 
eveneens besproken. 
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Hoofdstuk 4. geeft een overzicht van dá gebruikte 
methoden voor automatische signaalverwerking in 
isotachoforetische analyses. Diverse benaderingen van 
het meten, opslaan, bewerken en weergeven van d~ 

signalen.worden besproken. ' 

Hoofdstuk 5. bevat een aantal publicaties over zowel 
detectie als toepassingsmogelijkheden V&IJ ITP. 

Het effect van electi-oosmose op de detectie werd 
onderzocht; 
- Het effect van electroosmose op de detectie werd 

onderzocht. 
- Gesloten systemen voor buffer aanmaak en . analyse 

bij hoge pH werden geintroduceerd. 
Er werd een domeintransformatie techniek 
ontwikkeld on de signalen van de universele 
detector te verwerken. 
De voor- en nadelen van UV detectie bij 206 nm 
werden onderzocht. 

- De introductie van dubbele golflengte UV detectie 
maakt het mogelijk om met de computer tot 
identificatie te komen. 
Het blijkt mogelijk om fluorescentie emissie en 
fluorescentie uitdoving als detectie methode te 
gebruiken. 

De toepassingen van isotachoforese die gepresenteerd 
worden zijn: 
- De bepaling van negatieve ionen in wijn. 
- De bepaling van galzuurconjugaten in galvloeistof. 

De binding van het geneesmiddel theophylliile aan 
eiwitten in menselijk serum. 
De bapaling van quinine in dranken, geneesmiddelen 
en urine na tonic consumptie. 
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DANKWOORD 
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Zo'n proefschrift schrijf je niet alleen. Zonder de 
onmisbare bijdragen van promotoren, co-auteurs, 
collega's, studenten en stagiairs was er zelfs geen 
letter op papier gekomen. Zeker geldt dit voor de 
geweldige technische ondersteuning van Theo Verheggen 
en Geert Aben. 
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STELLINGEN 

l. Het berekenen van responsfactoren in isotachofo
rese met behulp van computer simulatie program-. 
ma• s . is praktisch zinloos en kan slechts dienen 
ter verificatie van de juistheid van het 
wiskundig model dat aan een dergelijk programma 
ten grondslag ligt. 

T. Hirokawa, H. Takemi, Y. Kiso, R. Takiyama, M. 
Morio, K. Fuj il en H. Kikuchi, J. Chromatogr. , 
305(1984)429. 

2. Het gebruik van spacers kan de nauwkeurigheid van 

3. 

zonelengtemetingen in isotachoforese doen 
toenemen. 

Dit proefschrift, hoofdstuk 3. 

De interpretatie 
polyacrylamide gel 
met isotachof orese 
sommige onderzoekers 

van resultaten van 
electroforese, gecombineerd 
is minder eenvoudig dan 

menen. 

T. Exner, s. Speers, K. Richard, Thromb. Res., 28 
(1982)137. 

4. Het gebruik van stromingsstroom detectie in de 
vloeistof chromatografie moet ontraden worden. 

S.Terabe, K.Yamamoto en T. Ando, Can. J. Chem. 59 
(1981)1531. 



5. Het opnemen van een historicus in de Edi tori al 
Board kan het niveau van sommige 
wetenschappelijke tijdschriften doen toenemen. 

Electrophoresis, Verlag Chemie, Weinheim, 
Bondsrepubliek Duitsland. 

6. Acquisitie van analoge meetsignalen van 
analytische scheidingsmethoden met 
analoog/digitaal omvormers, vooral die van het 
"successive approximation"-type zoals de ADC80, 
moet ontraden worden. 

7. Onderzoekers die de analytische chemie toepassen 
in biomedische context dienen te bedenken: een 
molekuul is een molekuul, maar een mens is nog 
geen mens. 

8. De literaire capaciteiten van sommige 
S.F.-auteurs worden schromelijk onderschat.· 

R.A.Heinlein (Double Star, 1956) 
J.Wyndham (trouble with Licben, 1960) 

9. Het onnodig gebruik van dode talen is elitair en 
dient vermeden te worden. 

Jetse Reijenga Eindhoven, 18 september 1984 




