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ISOTACHOPHORESIS

F. M. EVERAERTS
Department of Instrumental Analysis, Umverszdy of Techmology, Eindhoven (The Netherlands)

SUMMARY

In this paper the main principles of isotachophoretic techniques are dealt with.
Some examples of electropherograms, showing both cation and anion analyses, are
given, Suggestions are made for the separatmn in solvents different from water.
Various block diagrams of equipments, in which the a,nalyses can be carried out, are
shown. :

INTRODUCTION

As in chromatography, we distinguish three main principles in electrophoresis,

Zone electrophoresis and related technlques can be compa.red with elution tech-
niques in chromatography.

Tiselius free boundary electrophoresis is a frontal analytlcal method and was the
first to be thoroughly developed.

Isotachapkoweszs can be compared with a displacement techmque and is dis-
cussed in this paper.

- The instrument discussed here, developed for 1sotachophoresxs analysis, can

easily be used to carry out experiments with all three methods mentioned above.

Compared with the nomenclature used in chromatography for various tech-
niques, in electrophoresis different names are used for the same techniques.

EXPERIMENTAL AND RESULTS

. For simplicity, a schematic diagram of the electrophoretic instrument is given
first (Fig. 1). Basically, the analytical electrophoretic equipment consists of a thin-
walled narrow-hole tube, made of Teflon, glass or a common plastics material.

- The experimentally. determined optimal internal diameter is 0.4-0.6 mm and -
outside diameter 0.65-0.85 mm. The diameter is determined by the concentration.
of the electrolytes chosen, the current used, the temperature of the medium surround-
ing the capillary and other minor factors. The Iength of the narrow-hole tube is-
determined by the separation problem itself. The palr of ions rnost difficult to separate
determines the length to be chosen. ;

When To cm is adequate for the separatwn of protelns a Iength of o. 5—1: m is
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Tig. 1. Schematic diagram of the isotachophoretic equipment, A = thermostated water; B =
integral thermocouple; C = differential thermocouple; D = amplifiers; E = rccorder; FGHI =
sample tap (HG for rinsing and refilling the capillary; I'G for sample introduction; F1 for filling
the anode compartment; HI for running).

needed for the separation of weak acids or metals, without the use of a counterflow
of electrolyte! and with components which differ by about 4%, in mobility?. Also, the
time for analysis depends both on the separation problem itself and on the type of
detector used.

The development of new detectors makes the separation of components with
smaller differences in mobility possible. When thermometric methods for detection
need a zone length of about 1.5 cm, direct measurements of conductivity with
specially constructed electrodes resolve zones with a length of 0.1 mm or even less.

~ "The narrow-hele tube is connected to two reservoirs, the cathode and anode
compariments, Fig. 1 shows a four-way tap between the anode compartment and the
capillary tube. This tap 15 used as a sample tap if a cation analysis has to be carried
out.

If an 1sotachophoret1c analy51s of anions is required, the following steps must
be carried out.

(1) The anode compartment and capillary rnust be filled with an electrolyte that
consists of an anion which is very mobile and a cation with buffering capacity. This
electrolyte is the so-called leading electrolyte. The effective mobility of the anion in
the leading electrolyte must be greater than any in the sample.

(2) The cathode compartment must contain an electrolyte with an anion with
an effective mobility lower than that of any other anion in the mixture to beseparated.
This electrolyte is the so-called terminating electrolyte, and the anion is called the
terminator.

~‘The pH of the terminating electrolyte must be somewhat lower than the pH
of the ‘leadin'g electrolyte, to prevent an extra contribution to the conductivity of the
hydroxyl ions., The: pK-value of the anion used as the terminator must be greater
than the pK values of the anions in the sample and leading electrolyte. This prevents
the occurrence of stable mixed zones and also prevents loss of material®, = ‘

*(3):The sample is brought between the leadmg electrolyte and the termmatmg
electrolyte in the sample tap.

'(4) A'voltage may then be apphed over the cathode and anode compartment
An electnc current will pass through the system, and due to thls electrxc ﬁeld all ions
will move ‘to their corresponding electrodes.
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TFig, 2. Isotachophoretlc scparation as a funct:on of the time for analysis. C = the concentration
of the ionic part of the components considered in ion-equiv./l. I. = the length of the capillary.
For further explanation see text,

The electroendosmosis inside the narrow-bore tube, due to the ¢-potential of
the wall, can be neglected.

The hydrodynamic flow is prevented by a membranet, mentioned later A
polymer or another supporting material need not be used if the separation of small
ions is required, owing to the selfstabilization power of the narrow-hole tube.

For preparative analyses, a series of capillaries, mounted in parallel, can be used
if no stabilizing medium is wanted. Fig. 2a shows the conditions inside the instrument
in the original position. The leading electrolyte (A), the sample (BC) and the termin-
ating electrolyte (T) can be recognized.

All concentrations are chosen to be dlfferent as is normal at the start of an iso-
tachophoretic analysis.

On the vertical axis, the concentration is given in g—lon/l On the honzontal
axis, the position inside the narrow-hole tube is shown. ‘

All the diagrams in Fig. 2 together show the separation of the ions at charac-
teristic intervals and the a.d]ustment of the concentration of the zones to the or:gmal
leading-electrolyte zone according to the Kohlraush principle®.

Fig. 2b shows the leading-ion zone moved somewhat into the caplllary The
concentration of B has already been adjusted to the concentration of the Ieadmg
Zone, accordmg to the Kohlrausch regulation functions mentmned above, The concen-
tration of B in this zone can be calculated if the concentration of the, Ieadmg zone,
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all mobilities and the pX values of the leading zone and zone B are known®. Towards
the rear, a mixed zone of B and C, also adjusted to the zone in front of it, can be seen.
The zones behind the sample are adjusted to the concentration of the sample itself.

IFig. 2c shows the zone of pure B enlarged. A zone of pure C, adjusted to the
concentration of the mixed zone in front of it, has already been formed. This phenom-
enon will be shown in an actual example in Tig. 5.

In IFig. 2d, the steady-state, as finally reached, is shown. All zones inside the
capillary tube consist of the ion species itself and are adjusted to the concentration
of the leading electrolyte, The length of the zones will not change further if the capil-
lary tube is of constant bore and the leading electrolyte is of constant composition.

Minor factors which will possibly disturb the zones somewhat are: pH disturb-
ances, due to membranes or electrode reactions; temperature differences, due to the
construction of the eguipment used; penetration of, for instance, carbon dioxide
through the Teflon wall, especially when high pHs of the leading electrolyte are
applled and electroendosmosis and hydrodynamic flow, especm]ly when counterflow
is used.

If the current chosen is constant, all zones will move with the same speed if the
steady state has been reached. TFor this reason, we have chosen the name Isotacho-
phoresis?, which, freely translated from the classical Greek, means electrophoresis in
which all zones move with the same speed. The concentration levels in the terminating
electrolyte are theoretically moving only by diffusion if ideal conditions are chosen.

We can say that the separation of a sample during an-isotachophoretic analysis
is a free-moving boundary technique. In chromatographic terms, this means a frontal
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F:g 3 (1) 'I‘he potent:al drop in the capxllary tube (2) The correspondmg ionic concentratmn of
the compounds (3) The zones inside the' caplllary tube a= lca.dmg zone; b = mtermedmtc
zone; ¢ = terminating zone. :
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analytical method with, as a result, the steady state. The-zones move, in the steady
state, closely together because of the electroneutrality principle: where the counter-
ions move to their corresponding electrodes, they must be compensated electrically.

Because of the equality of speed of all zones, each zone must achieve its par-
ticular potential gradient by the difference in the effective mobility of the ion species
considered. IFfrom the front towards the tail, the potential gradient is constant per
zone, but increases from one zone to the other. All zones are ordered according to
their effective mobility. The increment in potential gradient automatically involves a
decrease in the ionic concentration of the compounds present in each zone (Fig. 3).
This change in concentration can, as mentioned earlier, be calculated.

The zone boundaries in this technique are remarkably sharp, as is normal also
in displacement techniques in chromatography.

If an ion & penetrates the zone of @, the potential gradient in this zone is smaller
than the potential drop in the zone of b itself, This means that the & ion will move
more slowly than the main velocity of the zones, and it will therefore come auto-
matically back in the correct zone.

IFrom the other side, if the ion a diffuses into the zone of b, it will be rejected by
the higher potential gradient present in the zone of 4. There exists a possible loss of
madterial as discussed in ref, 3.

If the electric current is kept constant dunng the analysis, the difference in
potential gradient means that each zone will also have a characteristic temperature.
By mounting a thin-wired thermocouple or thermistor around the capillary®, the
signals derived characterize the zones, By differentiating the signals both electron-
ically or by a differential thermocouple®?, the zone boundaries can be determlned very
easily.

~ Although an isotachopherogram looks similar to a normal gas-liquid chromato-
gram, the interpretation is quite different. Where the step heights give all the informa-
tion about the ion species (qualitative information), the distances between successive
peaks represent the zone lengths. They also give quantitative 1nformat10n about the
ions present in the corresponding zone, The shape of the zones as ﬁnally detected
depends greatly on the detector used.

Fig. 4 shows the zone boundary. The sharp curve shows the conéentration
proﬁle, which can be deduced theoretically8, Direct measurements of the conductivity
inside the capillary, with specially constructed electrodes, prove that the zones are
even sharper than expected. Sometimes, however, such as in zones of HCOa , other
physical phenomena may disturb the sharpness. In this special case, the formation
of small bubbles of carbon dioxide, which dissolve again very slowly, has been noticed.
Also, the formation of clusters and even small crystals can be harmful. '

The other two curves in Fig. 4 are the experimental and theoretical temperature
proﬁles The experimental profile was recorded with a copper——constantan 'thermo-
couple mounted around the capillary tube,

1t is clear from Fig. 4 that the thermometric detectlon of the zones, although it
is a universal and simple method, needs to be replaced by 'a method using a detector
with a higher resolving power. Nevertheless, with thermo_metric detection, the systems
could be studied if not too small amounts are present in the sample. The components
must be present in, the order of mlcrogramq 1f thermometmo dﬂtectmn is to be apphc-.
able. : S T .
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. The zone boundaries. A = theoretical concentration profile; B = practical profile, as

reg:stercd by a thermocouple; C = theoretical temperature profile.

HoPO~

CH3CO0™

Signal

Mixed zone

HCOO™

Ti mo

I‘ig 5 Isotachophoret;c separatmn of nitra.te, formate and aceta.te Thu tecordmg on the nght-—
hand side is made after 30 cm of capillary tube. The recording on the left-hand side is made a.fter
50 cm of ca.p:.llary tube. The latter isotachopherogram does not show the mixed zone.
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HaPO4

-l

© Signal

Fig. 6. Isotachophoretic separation of the halides, Formic acid is added as a reference.

Electropherograms, as finally obtained, are shown in Figs. 5 and 6. Fig. 5 shows
an electropherogram of the separation of nitrate, formate and acetate. As the leading
electrolyte, Tris-iodide was chosen. The terminator was the phosphate ion. Detection
was carried out using thermocouples (15 um copper—constantan wire). The thermo-
couples were mounted at a distance of 30 cm and 50 cm, respectively, from the injec-
tion point. The total time for analysis was 45 min, the current being stabilized at 70 uA

Fig. 5 shows clearly that the mixed zone, as detected after 30 cm, disappeared
after a further 20 cm of capillary tube.

In FFig. 6, the separation of the

80} -

halides is shown. Formic acid is added as a

nm

.

-s{BO)chloride

«(A0)oxclate

{80)cltrate

—a({80)formate

/4(&01 phosphate

< (3.0) lactate

10F benzidine histidine Tris
o'—3 4 e 7 )
pﬁ

I‘lg l‘heoretmal plot of the effective mobshty (nm) of various acids agamst the pI—I of the lead-
ing electrclyte chosen, The calculations were made with a GE 265 computer., :
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Fig. 8. Plot of the calculated conductivities of various zones against the experimental step
heights found from the corresponding eclectropherograms. 1 = chloride; 2 = oxalate; 3 = tar-
trate; 4 = formate; 5 = citrate; 6 = succinate; 7 = malonate; 8 = acetate; 9 = a-hydroxy-
butyrate; 10 = phosphate; 11 = carbonate.

reference. If one step height is known, the ion-species can be determined from the
other step heights. Sometimes, however, the difference in effective mobility is too

small for a complete separation in a I-m capillary tube. If no counterflow equipment
is available, another buffer system can be chosen.

(2 Fla) ) i

Signal

Jf.

H"

Fig. 9. Isotachopherogram of the separation of potassium, ammonium and sodium. The solvent
wag water. The lithium ion was chosen as the terminating ion. The hydrogen ion wayg used as the
leading ion. ~ preeili e - S e o e
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FFig. 7 shows the net mobility of some acids as a function of the pH of the leading
electrolyte. If the net mobility of the ions is plotted against the actual pH of the zone,
sharper curves are obtained. The values in parentheses give the pHs of the zones.

. At neutral pH, phosphate will move in front of lactate. At this pH these two
acids can easily be separated. At pH 6.3, the lactate and phosphate have the same
effective mobility and cannot be separated. Between pH 4 and pH 6, lactate moves in
front of phosphate. At pH 4 stable mixed zones of phosphate and lactate may be
expected. Below pH 4, phosphate will again move in front of lactate. If the pH in
anion analyses does not rise from the front towards the tail, some artifacts can existé,

In Fig. 8, the step heights, found experimentally from the integral curve of the
isotachopherogram, are plotted against the conductivity of the zones, determined
theoretically. In this curve, no correction was made for the Onsager relation and no
temperature correction was applied. Measuring the mobility from such a curve means
that one will obtain the effective mobility. The accuracy of such a moblllty determina-
tion is about 29,.

Fig. g shows an isotachopherogram of the separation of some C'lthIlS In this
mixture, potassium and ammonium are present. The physical properties of these ions
appear to be so similar that a separation would be impossible, although a certain
enrichment can be obtained. Changing the pH of the solution will not give much
success, since the X values are so similar, This is only an example, and of course

CH3OH

Fed

Signal

-

I‘:g to Isotachopherngrqm of the sepm'atmn of ammonium, potﬂssmm, sod:um 'uld hthlum
Methanol was used as the solvent. The Fe'+ ion was used as the. tcrmma,tmg mn The H+ ion was
chosen as the leading ion, ‘ L . A IREINEE

Tlm’e
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Fig. 11. Isotachopherogram of some anions, Methanol was chosen ag the solvent. By the difference
in solvatation, the O~ ion is no longer the fastest ion.

others could be given. To make a complete separation possible another parameter
must be changed for instance, another solvent must be looked for. In this case,
methanol is suitable, '

The electropherogram shown in Fig. 10 shows a remarkable difference in the
behaviour of potassium and ammonium?. Looking for the dependence of conductivity
on concentration, it can be seen that the behaviour of potassinm and ammonium ions
in methanol is different from their behaviour in water. The most important influence
is the solvatation of the ions by the solvent. The influence of the dielectric constant

g-equiv.x 10511
o
\

1

O .

L .
10 15
oy (M m)

Fig. 12. Plot of the concentra.tmn ‘of an jon species, introduced into the system, and the lengi:h
found between two successive peaks in the isotachopherogram. This plot can be calculated and

depends on the concentration of the leading electrolyte and the d:ameter of the. cap:]la.ry tube
a = oxalate; b = adipate,
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and the dipole moment of the solvent, however, must never be neglected. Separations
of metal ions can be carried out much easier in methanol than in water.

The electropherogram presented in Fig. 11 is given as a curiosity. Whereas in
water the hydroxyl ion is very mobile, in methanol it is an ion moving in between the
nitrate and the formate zone.

As stated above, in the steady state all zones move with the same speed. The
concentrations of the zones are adjusted to the leading electrolyte zone, according to
the Kohlrausch regulation functions.

If more of an ion species is introduced into the system, the distance between
two successive peaks will grow; because the zone length increases with the introduc-
tion of more ionic material. Again, opposite to the case of elution gas chromatography,
the distance between two successive peaks gives information about the amount of a
component introduced into the system?®. The qualitative information is obtained from
the step heights, measured from the integral curves.

In Fig. 12 the relation between the concentration of an ion species in a sample

1 1
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Fig. 13. Schematic diagram of the cquipment used. 1 = recorders; 2 = electronic differentiator;
$-= amplifiers; 4,5 = regulator for experiments with counterﬂow of electrolyte 6 = level control,
if cxperimcnts with counterflow of electrolyte are carried out; 7 = injection block; 8 = counter-
alectrode; 9 = dcetector made of 15-um copper-constantan wire; Io = aluminium block: with
the capillary mounted on it in the form of a helix; 11 = platinum sensor, used for thermostating
the aluminium block; 12 = electrical resistor used in the regulation of the ‘temperature of the
vluminium block; 13 = regulator for thermostatmg the aluminium block; 14 = prethcrmostated
water for cooling the aluminium block; £5 = Teflon-lined Hamilton valves, used for dlsconnectmg
the narrow-bore tube from the electrolyte reservoirs and reservoirs filled with the water for rins-
ing; 17 = reservoir filled with leading electrolyte and water for rinsing the capillary tube; 18 =
magnetic valves; 19 == manometer; 20 = pressure regulator; 21 = air pressure (2 atm),

J. Chromatogr., 65 '(1972) '3-17
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Fig. 14, Counter-electrode, containing the semi-permeable membrane. 1 = Teflon tube, connected
with water reservoir; 2 = Teflon tube, connected with electrolyte reservoir; 3 = Teflon tube,
connected with drain; 4 and 5 = picces of Perspex used for connection; 6 = cover of the electrode
compartiment; 7 = electrode compartment; 8 = membrane: ¢ = picce of Perspex used. for con-
nection; ro = Teflon tube, connected with the electrolyte reservoir; 11 = bottom of the elec-
trode compartment; 12 = piece of Perspex, used for fitting the capillary tube; 13 = bolt for fitt-
ing the piece 12 and the capillary tube; 14 = capillary tube; .15 == platinum clectrode; 16 =
piece of Perspex used for connection; 17 = Teflon tube, connected with the electrolyte reservoir
of the counterflow equipment. '

and the dIGtance, found between two successive peaks in the 1sot'1¢:110pher0gram is
given. The influence of the. terminator chosen is negligible. The injection was made
by a’sample tap, and thus a constant volume of sample was taken. Straight lines are
obtained; if not'too much of an'ion species is introduced or if the’ caplllary takes long.
enough to rea.ch the stea.dy state. These llnes can also be calculated S

J Chromalogr., 65 (1072) 3—17
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APPARATUS

A schematic diagram of the equipment used in this work is given in Fig. r3.
The capillary has a length of about 1 m, an inside diameter of 0.45 mm and an outside
diameter of 0.7 mm. It is made of Teflon and manufactured by HABIA (Sweden).
This capillary is wound around an aluminium block in the form of a helix, pressed in a
groove made in the block., A heat-sink compound is used for good thermal contact.
Special compartments are made for the thermal detectors, and the capillary is adapted
for electrode reservoirs on both ends. One of the electrode compartments consists of a
semi-permeable membrane, to prevent hydrodynamic flow due to the difference in
level between the two electrode compartments, and to reduce the electroendosm051s
to negligible proportions. These electrode cornpartments are shown in F]gs 14 and 15.

®

@ b

I‘xg I 5 Injcctlon block and compartmcnt for the terminating elcctrolyte I = inJcctlon block;
2 == bolt for fitting scptum 3 = septum; 4 = piece of Perspex for fitting the capillary tubc '
6 = bolt for fitting piece 4 and capillary tube; 7 = capillary tube; 9 = high-tension cable; 10 ="
picce of Perspex for mounting high-tension cable; r1 = cover, of electrode compartment; 12 =
electrode compartment; 13 = connection of electrode’ compartment with plunger compartment

14 == connection towards drain; 15 = Teflon-covered plunger, '

J.Chromatogr., 65 (1972)-3-17
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A pressure system is used for refilling and rinsing the system. More details are
given in the literatured.

The most important part of the isotachophoretic equipment is shown in I‘1g 10,
Instead of one capillary as before, three capillaries are mounted in parallel (Fig. 16c).
Mechanically they are separated from each other. Fig. 16a shows the injection block
and Fig. 16b shows the electrode compartment with the semi-permeable membrane.

‘A set of thermocouples is mounted below and used as detectors. The current is

Fig. 16. The separation part of ian isotachophoretic cquxpment. With the equipment shown, threc
analyses can be carried out simultaneously. a = injection block; b = clectrode compartments with
the semi-permeable membrancs; ¢ = aluminium block surrounded by the Teflon capillaries.
The thermocouples, used as the detectors, are mounted at the bottom of the aluminium block.

kept constant in each capillary with the aid of a constant voltage supply in series
with photoresistors¥. The voltage applied to the capillary tube is regulated by a lamp
mounted above the photoresistors. The amount of light is regulated by a thermocouple
mounted on the capillary. The use of several types of flat membranes and arnite
material (a low-temperature polymer of terephthalic acid) instead of perspex allows
non-aqueous solvents to be used. The platinum resistor and loads, used for the
temperature regulation of the aluminium block, can be seen on the left.

msdussron

In th1s paper, the method of 1sotach0phore315 is Jdiscussed and some poss:ble

equlpment is shown. However, this ‘paper is far from a cornplete survey of the work
carned out in: this field.

© With' thl_s method (weak) ac1ds and metals can easﬂy be analysed and a.lso
(weak) bases.

J. Chromatopy., 65.(1972) 3-17
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Computer programs for the calculation of concentrations and effective mobilities
are already available.

Great attention has been paid to the separation of amino acids and proteins,
Although here analyses can also be carried out, the reproducibility is still poor and
some phenomena have not been explained. The development of the new detectors
will give new possibilities in this field.

The possibilities of using, in these closed systems, liquids other than water
imply that the separation of ionic components, insoluble in water, can be achieved.
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