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CAPtLLARY ISOTACHOPHORESIS WITHELECTROLYTECOUNTER-FLOW 

TEMPERATURE AND CONCENTRATION PROFILES OF THE ZONE 
BOUNDARY 

J. VACfK and J. ZUSKA 

Department of Physicat Chemistry, Charles University, Prague (Czcchoslovakla) 

SUMMARY 

A conductivity sensor was constructed which can be incorporated into instru- 
ments for capillary isotachophoresis. The appropriate electronic equipment was 
developed using the perspective inland component base. A new method of proportion- 
al counter-flow regulation was designed which can be applied to any apparatus, irre- 
spective of the detection method. It was shown that the temperature profile of the 
zone boundary can be sharpened by decreasing the boundary velocity by means of 
an appropriate counter-flow. The temperature and conductivity profiles of the zone 
boundary were characterized by means of second central moments. By this compari- 
son it was shown unambiguously that conductivity detection is more advantageous. 
Comparison of thermometric and conductivity detections showed that the latter is 
more sensitive by more than two orders. 

INTRODUCTION 

Applications of capillary isotachophoresis as an analytical method in the 
diverse fields of chemistry, biology and medicine require appropriate instruments 
with a reliable and sensitive detection of individual components in the capillary tube. 
In nearly all the papers which have appeared since this method was developed’-ls, 
thermometric detection was generally involved. However, at the present time more and 
morkpapers are appearing that deal with other methods of detection. The aim of this 
paper is to compare conductometric and thermometric detection by means of a study 
of temperature and concentration profiles of zone boundaries in capillary isotacho- 
phoresis with electrolyte counter-flow, 

EXPERIMENTAL 

Apparatus 
An additional conductivity detector was attached to theinstrument for capillary 

isotachophoresis with electrolyte counter-flow, as described in previous papers17-*g. 
This instrument was equipped with a PTFE capillary with an outside diameter of 
0.4 mm and a length of 30 cm and a thermometric detector. The counter-flow of elec- 



796 J. VACfK, J. ZUSKA 

trolyte, which was due to the difference in level between the electrolyte in the 
electrode compartment and that in the plunger compartment, was proportionally 
controlled by means of the signal derived from a regulation thermocouple. The ther- 
mometric detector consisted of a thermocouple or thermistor connected with an ap- 
propriate amplifier; this allowed measurement of the Joule heat evolved, which 
-provided the electric current passed is constant- is proportional to the conductivity 
and, consequently, also to the effective mobility in a given zone. To provide for a pro- 
portional counter-flow control in the case of conductivity detection, the apparatus was 
equipped with an additional device by means of which the control signal for the pro- 
portional counter-flow controller is derived from the instantaneous voltage over the 
capillary. 

At the first stage in developing an apparatus for a complex automatic evalua- 
tion of results, a device was constructed which (being equipped with a digital 
chronometer and a printer) could record the time needed for individual zones to pass 
the detector. This makes quantitative analysis of the mixtures under separation more 
accurate. A detailed description of this device will be presented in a separate paper. 
An additional device for qualitative analysis is being tested. 

Cond~tirity detector. For measuring conductivity in the capillary tube several 
methods have been tested 20--23. In testing a conductometric contact detector the main 
purpose was to develop a reproducible technology for manufacturing a reliable and 
sensitive conductivity sensor which could be mounted on the capillary system, and to 
design convenient evaluating electronics, making use preferentially of the perspective 
Czechoslovak component base. The best results were achieved with the detector shown 
in Fig. 1. Here, the sensor itself consists of aPMMA:cylinderwith two platinum contact 

Fig. I. Schemaiic diagram of the conductivity sensor. 1 = Body of the sensor, 2 = platinum contacts, 
3 = centering cylinders fixing the capillary, 4 = capillary tube of PTFE. 

foils (of a thickness of 0.05 mm) fixed in it by cement. In this cylinder there is a hole 
drilled along the axis, the diameter of which is equal to the inside diameter of the cap- 
illary tube. The capillary is fixed in two stepped centering rings. All this is covered by 
a casing with lead wires from the contact electrodes passing through it. The electrodes 
are platinum black coated. 

Evaluation of conductivity G is based on the measurement of changes in resis- 
tance of the sensor S (Fig. 2) that are transformed in the primary winding of the sepa- 
rating transformer, Tr. The quantity measured is the voltage generated by oscillation 
in the primary winding of the transformer, which is fed from an a.c. generator. This 
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Fig. 2. Schematic diagram of the electronics for conductivity detection. 

voltage is proportional to the resonance resistance of the primary winding and, con- 
sequently, also to the resistance of the sensor which is connected to the secondary 
winding. The over-all circuit diagram of the evaluation electronics* is shown in Fig. 2. 

Proportional counter-flow controller. In designing an instrument for conductivity 
detection some problems may arise concerning the method of counter-flow regulation. 
In the method described previously the signal for the proportional counter-flow con- 
troller was derived from another (regulation) thermocouple located in about the 
middle of the capillary. By this location of the thermocouple the position is given at 
which the zone boundary is to stop due to counter-flow control. However, it is imprac- 
tical to use a regulation thermocouple or a regulation conductivity sensor in an instru- 
ment with conductivity detection (particularly in those with an immediate cooling of 
the capillary tube by means of kerosene), as this would make such an instrument rather 
complicated from both the electronic and mechanical respects. Therefore, a new 
method of counter-flow control was developed which is. based on the instantaneous 
value of the applied voltage. It can be used with any possible detection method and 
allows the zone boundary to be stationary at any point in the capillary. The control 
signal for the proportional counter-flow controller is obtained by comparing a part of 
the instantaneous voltage, VN, across the capillary tube with an adjustable reference 
voltage, Urcr, on the input of an operational amplifier. If the voltage over the capillary 
surpasses the preselected value, a signal will appear on the output of the amplifier 
which will put the process of automatic counter-flow regulation into operation (there 
will be a change in the voltage across the electromagnet, M, which determines the 
position of the plunger and, consequently, the level of electrolyte in the plunger 
compartment). An overall schematic diagram of this device is shown in Fig. 3. : 

The same principle of regulation was applied and tested with a two-position 
counter-flow control using a special micropower valve pump. 

Experimental conditions 
A model eight-component mixture of anions was prepared for separation, 

containing sulphate, perchlorate, chromate, malonate, pyrazole-3,Sdicarbonate, 
adipate, acetate and @.hloropropionate ions, each of 10m2 N concentration. It was 
used at this concentration only for the experiment described in Fig. 6; for all other 
experiments it was used diluted. Unless otherwise stated, 0.01 M histidine plus 0.01 M 

* The electronics described here were developed in close cooperation with the research group of 
Dr. Everacrts, University of Technology, Eindhoven, The Netherlands. 
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Fig, 3. Schematic diagram of the electronics of the proportional counter-flow controller. 

histidine monochloride was used as leading electrolyte and 0.01 M phenylacetic acid 
as terminating electrolyte. All the experiments with this leadingelectrolyte werecarried 
out at a constant current of 60 ,uA, which makes the zone boundary move at a constant 
velocity of 2.5 x 10e4 m/set. In theexperiments with counter-flow of electrolyte aimed 
at an improved separation, a proportionally regulated counter-flow was involved (the 
single exception being the experiment the results of which are shown in Fig. 6, for 
which a two-position regulation was used). For measuring the temperature profiles of 
the zone boundary as a function of the velocity at which the boundary moves, this 
velocity was adjusted to a given value each time by means of an appropriate constant 
counter-flow. As the profiles of the zone boundaries obtained for different boundary 
velocities cannot be compared with each other, the temperature distribution along the 
capillary at a given time, T(x), was calculated from the changes of temperature with 
time, T(t), measured at one point of the capillary (due to the constant velocity of the 
boundary this could easily be done). 

Temperature (T) curves and conductivity (G) curves were recorded with a 
convenient speed of the chart drive of 5-l 80 mm/min. All the other conditions of the 
experiments are given in the legends to the figures showing the results, 

RESULTS ANb DISCUSSION 

Experiments with counter-flow* 
Enlargement of the cffectiw capillar~~ length. By using an appropriate counter- 

flow an apparent extension of the separating capillary can be achieved. Thus, even in 
a relatively short capillary a multicomponent mixture can be separated which would 
otherwise require an instrument with a long capillary. The advantages of applying a 
proportionally regulated counter-flow have been described previously**g*17. In addition 
to this, further evidence is given here by comparing the separation of a larger amount 
of mixture (8 ,DI of mixture with component concentrations of 2 x low3 N) without 
and with counter-flow (Figs. 4 and 5). The separation results for an even still larger 
amount of mixture (5 (~1 of the initial mixture) obtained with two-position counter-flow 
regulation are shown in Fig. 6. 
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Fig. 4. Electropherogram of 8 ,ul of the model mixture (with component concentrations of 2 x 10s3 
N) separated without counter-flow. 
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Fig, 5. Electropherogram ,of 8 ~1 of mixture (with component concentrations of 2 x 10m5 N) after 
separation with counter-flow (50 min). 
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Fig. 6. Electropherogram of 5 ~1 of the initial model mixture after separation with counter-flow tap- 
plied for 1 h by means of a valve pump, using a two-position regulation). 

Enkancernertt of the sensitivity qf thermometric deiection. In using thermometric 
detection the temperature profiles of the zone boundary are recorded instead of the 
concentration profiles. Due to the self-sharpening effect of differing potential gradi- 
ents on both sides of the zone boundary, which is typical of isotachophoresis, the 
concentration profiles are very sharp. Unfortunately, this is not true for the tempera- 
ture profiles, which are rather diffuse (Fig. 9). 

The shape of a temperature profile is given by the mechanism of heat transfer 
from the electrolyte moving inside the PTFE capillary towards the thermocouple and 
it depends, amongst other factors, on the velocity at which the zone boundary moves 
along the capillary. Therefore, a change in the velocity at which the boundary passes 
the point where the detection thermocouple is attached must affect the shape of the 
temperature profile measured. To characterize the temperature profile of a zone 
boundary, the second central moment, p, was used, defined as 

jx2f(x)dx 
Cc = jf(x)dx 

where f(x) is a function representing the shape of the boundary profile (the argument 
x being the position coordinate along the capillary). This moment, which is also called 
the dispersion variance, corresponds to the mean quadratic deviation. (A detailed 
treatment of the influence of counter-flow on the temperature profiles of various zone 
boundaries’in terms of appropriate moments, including the methods of calculation of 
these moments, is the subject of a separate paper to be published.) 

The boundary between the leading and the terminating electrolytes was used 
for characterization. The temperature profiles measured (Fig. 7), as well as the second 



CAPILLARY ISOTACHOPl-lORESIS WITI-I ELECTROLYTE COUNTER-FLOW 801 

Fig. 7. Temperature profiles of the zone boundary in a capillary for various boundary velocities: 
(1) 2.5 x 10’. (without counter-flow); (2) 2 x 10e4; (3) 1.4 x 10e4’; (4) 1.1 X 10w4; (5) 0.7 X 10” 
mlsec. 

central moments of these (Fig. 8), indicate their dependence on the boundary veloci- 
ty; with lower boundary velocities (achieved by an appropriate constant counter-flow) 
a somewhat sharper temperature profile of the zone boundary can be obtained, which 
leads to a higher sensitivity of thermometric detection. However, if the boundary 
velocity was lowered by decreasing the electric current, the sharpening observed was 
not the same; this is due to a smaller Joule’s heat resulting in a lower sensitivity of 
the thermocouple. 

Comparison of thermometric and conductivity detections 
An apparatus equipped with both thermometric and conductivity detectors 

Fig. 8. Second central moment, ,z, as a function of the velocity of the zone boundary passage. 
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Fig. 9. Temperature (a) and conductivity (b) profiles of the zone boundary. 
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allows a comparison of the records derived from each during the same experiment. 
Fig. 9 shows the temperature and concentration profiles of the leading and terminating 
electrolytes. From these curves the second central moments were found to be 2.6 x 
1O’5 m2 and 4 x 10mg mz for the temperature and the concentration profiles, respec- 
tively. Figs. IO-1 5 show the results obtained in separation experiments with various 

45 MIN 

Fig. 10. Electropherogram of 3 ,ul of mixture (with component concentrations of 2 x’ 1O-J N) with 
counter-flow (30 min). 

amounts of the model mixture, including those with lower concentrations of the lead- 
ing electrolyte. These results can be summarized as follows: 

(I) The temperature profiles are much less sharp than the concentration 
profiles (the second central moment of the latter being smaller by nearly four orders), 
but they may become somewhat sharper if the velocity of the zone boundary is de- 
pressed by using an appropriate counter-flow (Figs. 7 and 8). 

(2) With the same concentration of the leading electrolyte (0.01 M) a conduc- 
tivity detector allows reliable determination of an amount of sample ten times less. 
than that for a thermometric detector. With such a small amount of sample a thermo- 
metric detector would only show a smooth temperature profile, indicating no separa- 
tion (Fig. 12). 

(3) A leading electrolyte concentration of about 0.01 M was found to be 
optimal for thermometric detection (with concentrations lower than this, the value 
of Joule’s heat is so much decreased that the effective signal becomes comparable 
with the electronic background noise). For conductivity detection the concentration 
of the leading electrolyte may be lower by one or two orders. 

(4) The plots of the effective mobility of components against the leading 
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Fig. Il. Electropherogram of 1141 of mixture (with component concentrations of 2 x 
Temperature record; (b) conductivity record. 

10m5 IV). (a) 
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Fig. 12. Electtopherogram of 0.3 /iI of mixture (with component concentrations of 2 x low5 N). (a) 
Temperature record: (b) conductivity record. 
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Fig. 13. Electrophcrogram of 0.4 /tl of mixture (with component concentrations of 10-j N). Concen- 
tration of the leading electrolyte, 5 x 10W5 M; current, 40~A. 

Fig. 14. Electropherogram of 0.3~1 of mixture (with component concentrations of 5 x 10” N). 
Concentration of the leading electrolyte, 10m3 M; current, 7 PA. 
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electrolyte concentration are not the same for all individual components of the 
mixture, thus allowing the concentration of the leading electrolyte for which the 
differences in the effective mobilities of individual components are the greatest to be 
found. Thus, in addition to pH value, solvent quality (aqueous or non-aqueous), 
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Fig. 15. Electropllerogram of 0.3/11 of mixture (with component concentrations of 2 x 10e4 N). 
Concentration of the leading electrolyte, 5 x 10 -4 M; current. 5 ,IIA. Separated with counter-flow (IO 
min). 

etc., we have here a further parameter, which, properly chosen, may contribute to the 
optimization of the conditions for the separation of a given mixture (e.g., in the case 
of our model mixture, a concentration of the leading chloride ions of 10-j A4 or less 
was found inconvenient for the separation of sulphates, as under these conditions the 
mobility of sulphate ion is higher than that of chloride). 

(5) In the separation of the model mixture an amount of 4 x 10-l’ equiv. of 
each component was sufficient for conductivity detection (Le., 2.4 x 10eg g of ace- 
tates), whereas for thermometric detection an amount of 6 x 10eg equiv. (i.e., 
3.6 x lo-’ g of acetates) was needed. Thus, the conductivity detection is more sensitive 
by more than two orders. 
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(6) The very sharp concentration profiles of the zone boundary, as detected 
by the conductivity sensor, are much more convenient for further automatic treatment 
of results (i.e., a digital chronometer in combination with a printer, or a punching 
machine and a computer). 
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