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SUMMARY

A counter flow of electrolyte can be applied succesfully for the separation of
large samples at high concentration. The effect of a counter flow of electrolyte on the
profile of the zone boundary has been studied. Disturbances are caused mainly by the
hydrodynamic flow of the electrolyte, as shown by the application of two different
viscosities of the leading electrolyte. The disturbances were recorded with a conduc-
tivity detecior and a photographic procedure (dves were applied in combination of
uncoioured spacers).

If the effective mobilities of two components differ only slightly, a 1009,
counter flow of elecirolyte (which is the hydrodynamic flow that is in equilibrium with
the “‘electrophoretic flow™) prevents the formation of sharp zone boundaries. Small
counter flows of electrolyte, on the other hand, sharpen the zone boundaries and can
therefore be usefully applied.

A new type of membrane pump is described for experiments with a regulated
counter flow of electrolyte.

INTRODUCTION

A counter flow of electrolyte can be understood as 2 hydrodynamic flow of
electrolyte in the opposite direction to the direction of migration of the ionic species
to be separated. Experiments with a counter flow of electrolyte are performed mainly
in order to increase the effective length of the separation compartment. An additional
advantage is the fact that high potentials are not needed. This increase in length for
separation may be required for various reasons. For exampie, the ionic concentration
of the sample may be so high that the steady state cannot be reached in the available
length between the injection point and the detector, which is fixed, and therefore, in
the steady state, the sample zones will cccupy almost the whole separation compart-
ment. Another possibility is that the difference in concentration of some of the sample
constituents may be such that is it impossible to reach the steady state before all of
the zones have passed the detector. In these instances, a complete separation cannot
be achieved. Another problem can occur if components with nearly identicai effective
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mobilities are present in the sample. It has been proved experimentally that in this
instance the use of a counter flow of electrolyte could not improve the separatxon
under the c’peratmfr conditions that we chose.

Many previous experiments have been carried out with a counter flow of
eiectrolyte in order to achieve an enrichment of components with nearly identical
effective (or absolute) mobilities, but they dealt mainly with the separation of
isotopes!—¢. Few papers have dealt’™!° with the separation of samples with too high
a concentration of the ionic constituents in comparison with the volume of electrolyte
inside the separation chamber, or with the separation of samples in which the con-
centrations of some of the ionic constituents diifer.

In the literature, different techniques can readily be found that involve the use
of a counter flow of electrolyte, adjusted to the experimental conditions, equipment
and electrolytes used. It is beyond the scope of this paper to give a survey of these
techniques. Although we found experimentally that, if a 1009 counier flow of
electrolyie is applied (in this instance the hydrodynamic counter flow of electrolyte
is in equilibrium with the “‘electrophoretic flow™), the sharpness of the zone boiundaries
is lost, we can state that in a moving-boundary system the enrichment of one com-
ponent in the separation chamber (or in the electrode reservoir in which the
electrolyte flows) often can easily be achieved, provided that the difference beiween
the effective mobility of the leading ion and that of the most mobile ionic species of
the sample is sufficiently great. Therefore, an enrichment in an ‘“‘isotachophoretic
zone” can be eXPeCted if Megq, 1eading ion > Hlete, sample components > Mege, terminating ion
(where m ¢, = effective mobility). As will be shown photographically, the disturbance
of the boundary is minimal in this instance.

APPARATUS

The apparatus consists of two electrode compartments: an injection block and
a separation capillary (fluoroethylene polymer, FEP; ca. 50 cm jong, 0.5 mm I.D.,
0.7 mm O.D.). The electrode compartment, on the side at which the counter flow of
electrolyte will be applied, consists of a semipermeable membrane {(ceilulose poly-
acetate). Experiments with a counter flow of electrolyte were carried out with a
membrane pump, regulated by an electronic circuit and with a precise syringe pump
(Sage Model 355, Orion Research, Cambridge, Mass., U.S.A.). In the experimenis
carried out with the syringe pump, no regulation was used because as dyes were
applied, the movement of the zones could be studied easily.

The circuitry for the regulation of the membrane pump is shown in Fig. 1. In
order to maintain the electric current through the capillary constant, the voltage ¥,
is increased during the analysis, and this increase is used for regulation. If ¥ reaches
a pre-selected value, a current 7, will be generated, and this 7, generates gas in the
electrolysis chamber of the membrane pump (Fig. 2). The volume of this elecirolysis
chamber will thus expand, because between the electrolysis chamber and the chamber
filled with leading electrolyte a thin, pre-stressed rubber membrane is mounted. The
flow of Liquid, caused by the expansion of the volume of the electrolysis chamber,
counteracts the increase in ¥_. Because V_ is of the order of kilovolts, its value is
reduced to BV, with aid of two resistors {100 M2 and 56 k). The circuit shown in
Fig. 1 compares BV, with an adjustable value V . If B{ V.| < Vet (Veer = 0),
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Fig. 1. Electronic circuit for experiments with a regulated counter flow of electrolyte, in combination
with the membrane pump shown in Fig. 2. IC,—ICs are all zA 741. All diodes are 1 N 4148 or I N
914, The transformer (T,) is made as follows: L; = 2 x 10 turns; L; = 2 X 50 turns; L; = 65 turns.
The wires used for the transformer are all copper enamelled, 0.4 mm diameter. For the potcore a
P 36/22, 387, . = 2030, is used. A modified (current- or voltage-stabilized) Brandenburg (Thoraton
Heath, Great Britain) power supply (alpha series) is used.

Fig. 2. Membrane pump for use in experiments with a counter flow of electrolyte. 1 = Cap for closing
the electrolysis compartment; 2 = electrolysis compartment; 3 = electrodes; 4 = cap for clesing the
clectrolysis compartment; 5 = Hamilton PTFE-lined valve (IMM1); 6 = cap for closing the com-
partment filled with leading electrolyte; 7 = electrode to be used if experiments are carried out with-
out a scmipermeable membrane; 8 = rubber membrane; 9 = screws and bolts for mounting pieces
2 and 10 together; 10 = compartment filled with leading electrolyte; 11 = metal syringe. 2 = Rubber
O-rings.
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thenl, = 0.IT B | V. | > Vi, then I, = O and the increase in F will thus be counter-
acted. The regulation is such that J; will reach a value such that B | ¥V | becomes and
remains approximately equal to V... In this instance, l, = A (B | V.| — Vo).

The optimal value for the amplification factor, B4 = dFy/d | V_ |, is dependent
on, amongst other factors, the. electrolytic system inside the capillary tube and its
cross-section. If the value of BA is too great, unstable regulation would result, whereas
if the value of BA is too small, the accuracy of the regulation would not be sufficient.
It needs no further explanation that both the current through the 100-MQ and 56-kQ
resistors and the input current needed for the electronic regulation must be negligibly
small compared with the electrophoretic driving current.

A galvanic separation of the electrodes of the electrolysis compartment of the
membrane pump and the “‘earth” (i.e., the electrode of the current-stabilized power
supply at low voltage) is needed, because otherwise part of the electrophoretic current
will flow through the rubber membrane. It was found experimentally that the rubber
membrane used (a contraceptive) eventually became permeable to small ions if a bad
galvapic separation was used. Besides the electrical leak, the small ions from the
electrolysis compartment of the membrane pump may interfere in the analysis.

The operational amplifiers of the circuit (Fig.1) form a differential amplifier with
a high input impedance. The amplification factor of this differential amplifier is unity.

‘With aid of a switch “Polarity”, the output signal of the differential amplifier
is always kept positive, depending on the polarity of V.. Wiih aid of a 10-turn poten-
1tometer, the reference voltage, V. can be adjusted. The trim potentiometer of 10
k42 must have a value such that the output voltage of the IC, is zero if | ¥, | = 10
XV and V¥V, has its maximum value. If the absolute value of V, is greater than the
selected value of V., a negative output voltage of the IC, results. The amplification
factor of the IC, is constant to within 3 dB up fo approximately 3 Hz. This frequency
is sufficiently high to make stable regulation possible. By the low-pass characteristic
of the amplifier, the eventual disturbance of the net (50 Hz) is sufficiently suppressed.
The transformer T, and the two npn transistors form an oscillator. If the input voltage
of the IC; is negative, the sum of the average collector currents of both transistors is
proportional to this voltage. The average value of the rectified current through L,
{i.e., the current, I,) is approximately proportional to the input voltage of the IC;.
this voltage is positive, I; is zero. By means of a resistor of 4.7 k2 between the con-
aection points 4 and 5 of the IC,, the offset voltage of the IC; is changed in such a
way that I, is zero if the input voltage of the IC; is zero, with manual regulation. The
switch “Autc-manuzl” permits either automatic regulation or manual operation to
e used. The maximum value of [, is approximately 2 mA. The voltage needed is low
{3 V). The amplification factor, BA, of the circuit shown in Fig. 1 for the experi-
ments discussed in this paper is approximately 0.15 mA -V~1 As already discussed,
this factor depends on the cross-section of the capillary, its length and the operational
system applied (Table D). From this, we can calculate that | ¥, | changes by ap-
proximately 14 V if I, changes from 0 io 2 mA. :

EXPERIMENTAL AND RESULTS

The'first experiments favoived the separation of a test mixture of anions: The
effective mobilities of the sample components were chosen such that a complete
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TABLEX

OPERATIONAL S—YSTEM AT pH 6 SUITABLE FOR ANIONIC SEPARATIONS
The soivent is water and the electric current is stabilized at 70 pzA.

Electrolyte

Leading Ferminating
Anica Chloride E.g., MES™
Concentration 001 N Ca. 001N
Cation Histidine Tris
pH 6 Ca. 6
Additive 0.05 % Polyviny! alcohol None

Mowiol)

* The MES {morpholincethanesulphonic acid) is purified by recrystallization (three times)
and the crystals are washed with acetone.

15,

|

< £

13 4

e
j L] hji}i#ﬁil}
—*r_—t—j T’j {I\ ,———1 a

s
i
i

—

L . g

Fig. 3. Isotachopherogram of a standard mixture of anions without (A) and with (B) a counter flow
of electrolyte applied by the membrane pump (Fig. 2) ia combination with the circuit shown in Fig. 1.
In A, many mixed zones are still present. The experiments were carried out in the operational system
listed in Tablel. 1 = Chloride; 2 = sulphate; 3 = chlorate; 4 = chromate; 5 = maionate; 6 =
pyrazole-3,S-dicarboxylate; 7 = adipate; 8 — acetate; 2 = f-chloropropionate; 10 = benzoate;
11 = napbthalene-2-sulphopate; 12 = glutamate; 13 = enanthate; 14 = benzyl-dl-aspartate; 15 =
morpholincethanesulphonate. A disturbance due to carbon dioxide from the air can be seen between
glutamate and epanthate. R = increasing resistance; 4 = increasing UV absorbance; ¢ = time.
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separation can be achieved, assuming that the amount of sample injected is not too
creat for the length of capillary tube available for separation. The operational system
applied is listed in Table I. The isotachopherograms in Fig. 3A show the separation
of this test mixture when no counter flow of electrolyte was applied, and it can be
seen that many mixed zones are stiil present. A complete separation is shown in
Fig. 3B, obtained with a regulated countier fiow of electrolyte via the membrane pump
for 15 min. The zones must be stopped at least 5 cm before the detector, in order to
prevent any disturbance during detection to the zone boundary profiles. This means
that the first sample zone appears about 3 min after the counter flow of electrolyte
has stopped.

In order to make a proper study of the disturbances to the zone profiles during
the electrophoretic migration, three dyes were selected with suitable differences in
their effective mobilities: amaranth red, bromophenol blue and fluorescein. Acetate
and glutamate were applied as spacers for separating these dyes from each other. In
the operational system chosen (Table I), m.¢r, c1— = Meer, amaranth rea = Mets, acerate =
Mletf, bromophenol blue > Mege, glutamate > Mlege, fluorescein > Mlege, morpholinoathane sulphonates
Again, the steady state can easily be reached without any counter flow of electrolyte
if the concentrations are chosen properly and not too much sample is injected.

The disturbances to the profiles of the zone boundaries were studied with the
aid of photographs. It was found that a 1009 counter flow of electrolyte via the
membrane pump {with regulation) and via the Sage syringe pump gave comparable
results. The experiments with smalil counter flows of electrolyte were therefore carried
out with the Sage syringe pump, because the counter flow of electrolyte can easily be
adjusted manually. The results are given in Fig. 4.

Experiments (a) were carried out in the operational system listed in Table I,
while in experiments (b) the viscosity of the electrolytes was increased to approxi-
mately 100 cP by the addition of purified hydroxyethylcellulose. In all instances the
counter flow of electrolyte was applied after the steady state had been reached, so
that the disturbance to the profiles by the counter flow of electrolyte could be com-
pared and the effect shown more convincingly. Both experiments (a) and (b) showed
that the influence of the counter flow of electrolyte cannot be neglected, even if careful
regulation is applied (see the experiment with a 1009 counter flow of electrolyte,
Fig. 4). It was found that with about a 50-60°%/ counter flow of electrolyte, many
zones became mixed.

The shape of the bromophenol blue/glutamate zone boundary was measured
precisely from the photographs and the results are shown in Fig. 5. Small counter
flows of electrolyte change the parabolic profile into a plug profile. One can use this
effect if small amounts of ionic components need to be detected more precisely, be-
cause a zone profile can be detected more easily if it has a plug profile. This sharpening
effect was also found if conductimetric detection was used applied for recording the
zones, as shown in Fig. 6. Here the isotachopherograms of the test mixture of dyes
and spacers, separated in the operational system (listed in Table I), are shown. These
isotachopherograms can be compared with the photographic recording of the test
mixture (Fig. 4). A small difference in the optimal sharpness as a function of the rate
of counter flow of electrolyte applied can be expected, because the inside diameter of
the conductivity probe is different from the inside diameter of the FEP capillary tube.

From the isotachopherograms shown in Fig. 6, one can deduce that small



10 % 20 % 30 % 40 % 50 %
T
L]
-]
4
2
]
a b a b ® b a b a b a
90 % 100 % wox"
a a a a a a

Fig. 4. Serxes of experiments carned out in the operational system at pH 6 (Table I) to show the dxs-
turbance to the profiles by a counter flow of electrolyte. In (2) a free solution was applied, while in
(b) electrolytes of which the viscosities were increased by addition of hydroxyethylcellulose were used.
The viscosity of the electrolytes is about 100 cP. From this series of photographs, it can clearly be
seen that the zone boundaries are sharpened by a smali counter flow of electrolyte and then are dis-
turbed. This disturbance is influenced by the viscosity. 1 = Chloride; 2 = amaranth red; 3 = ace-
tate; 4 = bromophenol blue; 5 = glutamate; 6 = fluorescein; 7 = morpholinoethanesulphonate.
In the two bottom right-hand photographs (1009%*), two examples are given of the disturbance to
the zone boundaries as a function of the effective mobilities of the consecutive zones: (a) shows the
amaranth red/morpholincethanesulphonate boundary and (b) the amaranth red/glutamate boundary.
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Fig. 5. The disturbance of a profile (bromophenol blue/glutamate) by a counter flow of electrolyte.
Experiments (A) were carried out in a free solution, while experiments (B) were performed at 100 cP.
V. = electrophoretic velocity; V. = hydredynamic velocity (counter flow of electrolyte).

zones can in fact be detected more precisely if a small counter flow of electrolyte is
permitted. It should be noted that the recording of the zone boundaries is sharper,
although the zones pass the detector more slowly. By this means, the distance be-
tween the differential signal of the linear conductivity trace (quantitative information)
changes, but it needs no further explanation that one must correct for it.

Because the self-sharpening effect of zone boundaries in isotachophoretic
analyses is influenced by the effective mobilities of the ionic species present in the
isotachophoretic zones, a series of analyses was carried out in order to study this effect
when a counter flow of electrolyte (100 %) was applied. Because a visible (by eye) distur-
bance is often more convincing, the disturbance to the amaranth red/terminator zone
boundary by a counter flow of electrolyte was chosen. The effective mobility of the
terminator has been varied. The terminating electrolytes were successive solutions of
adipic acid, acetic acid, benzoic acid, glutamic acid, benzyi-dl-aspartic acid and
morpholinocthanesulphonic acid. The results of two of these experiments are shown
in Fig. 4 (1009%*). The disturbance by the counter flow of electrolyte was measured
more precisely and graphically, as shown in Fig. 5, where the disturbance, as measured
photographically is plotted.

From Fig. 5, we can deduce that a complete isotachophoretic separation with
sharp zone boundaries can hardly be expected if the difference in the effective mobilities
of two ionic species is small in those experiments in which a counter flow of electrolyte
is applied. However, an enrichment can be expected if these ionic species are sand-
wiched between zones that contain ionic constituents with a high and a low effective
mobility; the disturbance to the zone boundaries is small and no sample component
will be flushed away (see Fig. 4, 1060 9%*).

Because dyes were used to study the influence of a counter flow of electrolyte
on the sharpness of the zone boundarics, it was noticed that the zones stili migrated,
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Fig 6. Isotachophoretic separation of the mixture of components shown in Fig. 4, recorded with a
conductivity detector. The percentages refer to the percentage counter flow of electrolyte applied.
These experiments can be compared with the photographs shown in Fig. 4. R = increasing resis-
tance; * = time.

although a 1009 counter flow of electrolyte was applied and ¥V, was applied for
counter flow regulation. An explanation for this effect is as follows. Impurities with
an effective mobility between the effective mobilities of the leading ion and -the
terminating ion will migrate to particular positions in the sequence of zones of the
sample according to the efiective mobilities of the ionic species and the impurity. An
impurity, present in the terminating electrolyte, with an effective mobility higher than
that of the terminating ion will decrease the resistance of the zones through which this
ionic species passes. A similar, but opposite, behaviour will be shown by those ionic
constituents, present in the leading electrolyte, with effective mobilities smaller than
that of the leading ion. These impurities will change the total resistance (and hence
¥.) considerably if a 1009/ counter flow of electrolyte is applied. Of coursse, the zones
can still move if the total resistance or ¥ is applied in order to adjust the counter
flow of electrolyte to the electrophoretic transport of the ionic species. Attention
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must always be paid to the influence of H* and OH~ ions that penetrate into the
capillary tube due to the presence of the semipermeable membrane, applied in the
counter electrode compartment. Owing to the counter flow of electrolyte, these
disturbances may even enter the capillary tube more quickly. Precautions must there-
fore be taken in the construction of the counter electrode (membrane) compartment.

Another possible explanation for the movement of the zores when a 10609
counter flow of electrolyte with regulation of ¥ is applied is the following. If the con-
ditions of the termirating electrolyte are not adjusted to the leading electrolyte {(an
approximate adjustment is usually sufficient), the change in composition of the
terminating electrolyte can change the totaf resistance. Similar effects can be expected
if a sample is injected at too high a concentration and the counter flow of electrolyte
is started before the zones (with mixed zones still present) of the sample are adjusted
to the leading electrolyte. More information is given elsewhere!*-'2.

CONCLUSION

A counter flow of electrolyte can be applied successfully if the differences be-
tween the effective mobilities of the ionic species of the sample are sufficiently large
for a complete separation under normal conditions to be expected. A high concentra-
tion of the ionic species requires a longer capillary for a desired separation but this,
requirement can be overcome by the use of a counter flow of electrolyte. If the dif-
ferences between the effective mobilities of the various ionic species are so small that
nnder normal conditions no complete separation can be achieved, the use of a counter
flow of electrolyte does not improve the separation.

Further research is needed in order to clarify all the phenomena that occur
when a counter flow of electrolyte is applied.
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