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ABSTRACT 

If isotachophoretic (ITP) experiments are carried out in open systems, an electroosmotic flow (EOF) 
will act on the ITP system. In ITP experiments with EOF in open systems four modes can be distinguished, 
viz., anionic, cationic, reversed anionic and reversed cationic modes. The applicability of these modes 
depends strongly on the velocity of the EOF. Examples of separations are given showing some typical 
features of these modes. Detailed consideration of a mathematical model for ITP with EOF showed that 
this model is identical with that of ITP without EOF. 

INTRODUCTION 

Generally, electrophoretic equipment consists of live modules, viz., (1) an anode 
and (2) a cathode compartment, connected to each other by (3) a separation unit, (4) 
a high-voltage supply and (5) a detector. 

Such equipment can be used for all electrophoretic modes, viz., for isotacho- 
phoresis (ITP), zone electrophoresis (ZE), moving boundary (MB) and isoelectric 
focusing (IEF). The choice of the electrolytes in the separation unit and electrode 
compartments determines which electrophoretic mode operates. For example, for the 
ZE mode the whole equipment will generally be filled with the same background 
electrolyte, whereas for ITP a leading and terminating electrolyte will be used. 

So far, ITP has been carried out in laboratory-made or commercial apparatus 
with closed systems, i.e., no electroosmotic flow (EOF) occurs. At present, commercial 
apparatus for CZE is available generally with open capillaries. Because this equipment 
must be suitable for ITP it is of interest to check the possibilities for ITP in open 
systems, especially with regard to reproducibility and qualitative and quantitative 
aspects. 

In this paper, a mathematical model for ITP with EOF in open systems is given, 
the different ITP modes are considered and some typical isotachopherograms are 
discussed. 
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THEORETICAL 

If ITP experiments are performed in open capillaries, an EOF will act on the ITP 
system and four different modes can be distinguished. In Fig. la, the situation is given 
for the cationic ITP mode (CM). In this instance the capillary will be filled with the 
leading electrolyte L, while the terminator solution T will be present on the inlet side of 
the apparatus. The sample solution S will be introduced between L and T. The detector 
is placed at the outlet side. The EOF will generally act (using silica capillaries) in the 
direction from inlet to outlet through which the cationic ITP system will be pushed 
forwards with an extra velocity of the EOF compared with cationic ITP experiments in 
closed systems. 

In Fig. 1 b the situation is given for the anionic ITP mode (AM). Here the cathode 
must be placed at the inlet side and the anode at the outlet. The capillary will be filled 
with the leading electrolyte L and the terminator T must be present at the inlet. This 
procedure can be compared with ITP with a counterflow [l] and is only useful if the 
velocity of the leading ions is greater than that of the EOF during the whole 
experiment. Remember that in this instance anionic species with mobilities lower than 
that of the EOF must also migrate to the anode according to the isotachophoretic 
condition. 

If the velocity of the EOF is greater than that of the anionic ITP system, there is 
a net migration in the direction of the cathode. The only way to carry out the 
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Fig. 1. Schematic representation of the four modes in ITP experiments with EOF. (a) CM represents the 
cationic, (b) AM the anionic, (c) RAM the reversed anionic and (d) RCM the reversed cationic mode. For 
further explanation, see text. 
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experiments is to place the anode at the inlet side and the cathode at the outlet side (see 
Fig. lc). The capillary must be tilled with the terminating electrolyte T and the leading 
electrolyte L must be present at the inlet. Although the ITP separation takes place in 
the direction of the anode, there will be a net velocity of the ITP system in the direction 
of the outlet (detector side) and the components will be detected in a reversed order 
compared with a normal anionic ITP system, viz., first the terminator, then all sample 
components with increasing mobilities and finally the leading ions. We shall call this 
the reversed anionic ITP mode (RAM). If the velocity of the leading ions is greater than 
that of the EOF, the ITP system will move to the anode and the components cannot be 
detected at the outlet. 

Analogously to the RAM, we can consider the reversed cationic mode (RCM), 
which can be applied if there is a reversed EOF (e.g., using coated capillaries and/or 
additives to the electrolyte system) from the cathode to the anode, with a velocity 
greater than that of the cationic ITP system (see Fig. Id). Here the cathode must be 
placed at the inlet and the anode at the outlet. The capillary must be filled with the 
terminator solution and the inlet vessel with the leading electrolyte. As in the RAM, 
the components will be detected in the reverse order. We shall not consider the RCM as 
this mode will generally not be useful in practice. 

It will be clear that the velocity of the EOF is extremely important in the 
migration behaviour of ITP systems. A complicating factor is, moreover, the fact that 
in ITP experiments the velocity of the EOF will continuously change. At the beginning 
of the experiments the EOF will be determined by the composition of the electrolyte in 
the capillary, i.e., the leading electrolyte for a normal ITP system. During the analysis 
the capillary will be filled more and more with terminator solution, with a concentra- 
tion and pH different from those of the leading electrolyte and hence with a different 
zeta potential and with an E gradient much larger than that of the leading electrolyte 
according to the isotachophoretic condition. Generally, this will lead to a higher 
velocity of the EOF. 

For non-compressible solutions it can be assumed, however, that at a certain 
time the velocity over the whole capillary will be constant, and thus the EOF 
displacement in a time span will be constant over the whole capillary. This is used in the 
mathematical model for ITP with EOF. 

The isotachophoretic model 
For the calculation of parameters of the different zones in ITP with EOF, we 

modified an ITP model, already published elsewhere [2,3]. 
In this model the reduced number of parameters is always four in all zones, viz., 

[L], or [A],, [B],, E and pH. For all zones always four known parameters and/or 
equations are necessary, by means of which all parameters can be calculated. For the 
leading zone the known parameters are generally [Lll and [Bll and the equations are 
Ohm’s law and the electroneutrality (EN). For all other zones the four available 
equations are the EN, Ohm’s law, the buffer equation and the isotachophoretic 
condition (IC). 

Tiselius [4] pointed out that a substance that consists of several forms with 
different mobilities in equilibrium with each other will generally migrate as a uniform 
substance with an effective mobility given by 
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For simplicity, the effect of the ionic strength is not considered in this equation. In the 
computer programs, however, this effect is corrected for using the Debye-Hiickel- 
Onsager relationship. 

Although in the general descriptions of equilibria and effective mobility of 
a substance, no differences exist between the leading, sample, terminating and buffer 
ionic species, we shall distinguish between them using the symbols L, A, T and B. For 
the description of the “steady state” in ITP with EOF, we further need the mass 
balance of the buffer, the principle of electroneutrality, the modified Ohm’s law and 
the isotachophoretic condition. 

Mass balance of the buffer 
With the mass balance of the buffer (Ohm’s law and the EN must also be 

obeyed), the leading zone determines the conditions of the proceeding zones. The mass 
balance of the buffer can be derived as follows for a cationic ITP system (see Fig. 2a). 

WLET OUTLET d-------4---____, 
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Fig. 2. Migration paths of the buffering counter ionic species over a zone boundary between a leading zone 

and a sample zone (L/A), for the (a) cationic, (b) anionic and (c) reversed anionic modes. For further 
explanation, see text. 
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The zone boundary L/A moves in a unit of time over a distance of ELJtiL,,J + s or 
EAJfiA,A] + s, assuming that the contribution of displacement by the EOF is s at 
a certain moment. For cationic species the displacement is increased with S, whereas for 
anions, moving in the opposite direction, the net displacement will be decreased with s. 
The anionic buffering counter ions at time t = 0 present at the zone boundary L/A will 
reach point D at t = 1. The distance from L/A to D then will be EA]tiBJ - s. The 
buffer ionic species at t = 0 present in point C, will just reach the boundary L/A at 
t = 1. The distance from C to L/A is then ELJtiBJ - S. 

This means that all buffer ionic particles present in the leading zone between L/A 
and C with a concentration of [B]t,L at time t = 0 (A 1) will be present in the zone A with 
a concentration of [B]l,A between L/A and D at t = 1 (42). Therefore, the buffer mass 
balance will be as follows: 

PI~,A(~AI*B,AII& + I&_,LI) = PI~,L(I~B,LI + I~L,LI) CW 

or 

~~~~,A~I~L,~II~~,AIII~A,A~ + I~L,LI) = Plt,~(Ifi~,~l + I~L,LI) (2b) 

or 

[JY~,A(I~B,A~/~~~A,A~ + 1) = EBI~,L(I~B,LI/I~L,LI + 1) (24 

The buffer balance in ITP with EOF is identical with that in closed systems, because the 
contributions of the EOF for anions and cations cancel each other. Following this 
procedure for anionic separations with an ITP velocity greater than that of the EOF 
(see Fig. 2b) and for a reversed anionic ITP system (see Fig. 2c), the same equation is 
always obtained. 

The principle of electroneutrality 
In accordance with the principle of electroneutrality (EN), the arithmetic sum of 

all products of the concentration of all forms for all ionic species and the 
corresponding valences, present in each zone, must be zero. For the electroneutrality 
of a zone we can write 

[H,O+] - [OH-] + g (z - i)[A”-‘1 + F (z 
i=O i=O 

Modified Ohm ‘s law 
Working at a constant current density: 

ELaL = EAaA 

i)[B”-‘1 = 0 (3) 

(4) 

a After applying the isotachophoretic condition (see eqn. 7). 
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or the function 

RFQ = ELaLIEAaA - 1 (5) 

must be zero. 
The overall electric conductivity, a, of a zone is the sum of the values 

c(E% + s)zF/E and consequently for a cationic separation 

[H,O+](EfiH + S) - [OH-](E@ZO, + S) + f, [A”-‘][Efi,-i(z - i) + S(Z - i)] + 
i=O 

i~o[B.-i][Efi~-i(Z- i) + S(Z - i)] (6) 

in all zones is constant, under the condition that mobilities for negative ions are 
indicated with a negative sign. 

Elaboration shows that for all cases the effects of the displacement of the EOF 
cancel each other. The consequence of this is that for electrolyte systems with an equal 
zone conductance, equal electric currents must be measured on applying the same 
electric field gradient, for different velocities of the EOF. To check this, the electric 
current and mEOF were measured by applying 25 kV, filling the capillary with solutions 
of nearly equal conductivity at different pH. For the latter we mixed 99 ml of a solution 
of 0.010 M sodium chloroacetate with 1 ml of a buffer (ionic strength also 0.01) and 
measured the pH of the mixture. The results are given in Table I. 

Although the mEor varies from about 25 lo-’ to 70 10e5 cm’/V s, the 
measured electric current is nearly constant, indicating that the conductivity of a zone 
is independent of the EOF. 

Isotachophoretic condition 
In the steady state all zones move with a velocity equal to that of the leading 

zone, therefore: 

E,_CI~,~ + S = EA~A,A + ~7 (7) 

TABLE I 

MEASURED ELECTRIC CURRENT I, tEOF AND maor FOR SEVERAL ELECTROLYTE SYSTEMS 
WITH EQUAL CONDUCTIVITY AT DIFFERENT pH APPLYING 25 kV 

Pressure injection 5 s of the EOF marker 0.001 M mesityl oxide; UV detection at 254 nm. 

Buffer solution pH of the Measured I IEOF mscr x 10s 
mixed solution @A) (min) (cm’/V s) 

0.01 M HCl + EAC 4.70 18.7 7.26 26.17 
0.01 M HCl + EAC 5.25 18.7 5.74 33.10 
0.01 M HCI + HIST 6.05 18.8 4.72 40.25 
0.01 M HCI + IMID 6.89 18.8 3.74 50.80 
0.01 M HCl + TRIS 7.81 18.8 3.06 62.09 
0.01 M HCl + DEA 8.80 18.7 2.69 70.63 
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The contributions in the displacement by the EOF cancel each other. 

Calculation procedure 
As the effect of the displacement of the EOF is cancelled in all equations, the 

mathematical model of ITP without EOF can also be used for ITP with EOF. The 
calculation procedure is described completely in refs. 2 and 3. 

EXPERIMENTAL 

For all CZE experiments the Beckman (Palo Alto, CA, U.S.A.) P/ACETM 
System 2000 HPCE was used. All experiments were carried out at 25°C. An original 
Beckman capillary was used in all experiments. The capillary length was 57 cm and the 
distance between injection and the detector was 50 cm; I.D. was 75 ,um. 

RESULTS AND DISCUSSION 

Electroosmotic flow in ITP in open systems 
The most important parameter that determines whether an ITP system can 

migrate in the desired mode is the velocity of the EOF, &OF. 

In ITP experiments, the EOF will be determined in the first instance by the 
electrolyte solution in the capillary, generally the leading electrolyte. Later, the 
capillary will be filled more and more with terminator solution. Because in ITP 
experiments the concentration of this terminator zone is lower than that of the leading 
electrolyte and there is a higher E gradient, this will lead to a higher VEOF. 

The VEOF can be measured by weighing the mass of buffer transferred from the 
anode to cathode (or vice versa) over a time period using a Mettler Model AE160 
digital balance [5,6] or placing a UV-absorbing species in the high-voltage reservoir 
and monitoring the UV absorption of the earth reservoir [7]. 

To obtain a qualitative impression of the v aor we used two different approaches. 
One was to inject alternately leading electrolyte and a mixture of a UV-absorbing EOF 
marker and leading electrolyte until the whole capillary was filled. Monitoring the 
absorbance of the equidistant EOF marker bands in the leading electrolyte during the 
electrophoretic experiments gives an idea of changes in the EOF velocity. The other 
method was to record the voltage drop over the capillary tube at a constant electric 
current. For a constant EOF, the relationship between voltage drop and time should 
be linear. 

As an example to demonstrate the changes in the YEOF during ITP experiments, 
we shall consider the separation of a cationic leading and terminating electrolyte 
system. For ITP in closed systems for the cationic mode we can detect the leading zone 
L and the terminating zone T’, adapted to the conditions of the leading zone. The 
concentration boundary between the original terminator solution T and the adapted 
terminating zone T’ does not move in ITP without EOF and will not be detected (see 
Fig. 3a). For ITP in open systems an extra velocity of the EOF will act on the system, 
independent of the electrophoretic movement. This means that the concentration 
boundary between the original terminator solution T and the adapted T’ zone will 
migrate into the capillary. If this original solution is a dilute solution of acetic acid with 
a high E gradient and a large contribution to the EOF, the EOF increases rapidly until 
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Fig. 3. Original position of leading and terminating electrolytes for the cationic mode for ITP. The zones 
formed during the experiment are shown for ITP (a) without and (b) with EOF. Note that the concentration 

boundary T/T’ does not move without EOF, but will pass the detector by the velocity of the EOF. 

the capillary is completely tilled with the original terminator solution T. 
The isotachopherogram for this separation is given in Fig. 4. The capillary was 

alternately filled with the leading electrolyte, 0.01 A4 potassium hydroxide solution at 
pH 5, adjusted by adding acetic acid (pressure injection 22 s) and leading electrolyte 
mixed with 0.002 Mmesityl oxide (pressure injection 3 s). The terminating solution was 
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Fig. 4. Isotachopherogram for the cationic mode with a leading electrolyte L of potassium acetate at pHr. 5 
and a terminator T of acetic acid at pH 3.5. The leading electrolyte was alternately mixed up with 0.002 M 
mesityl oxide (L + MO bands). The sample zone histidine indicates the transition between leading L and 

adapted terminating zone T’. UV detection at 254 nm. Electric current, 4 PA. 
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acetic acid at pH 3.5. The sample histidine was added to mark the transition between 
the leading and adapted terminating zones. Note that the time intervals between the 
MO peaks are decreasing, indicating that the rEoF increases strongly during the 
experiment. In Fig. 5 the calculated vEOF as a function of time is given. From the 
number of MO peaks over the separation length from the inlet to the detector, the 
distance between the equidistant peaks can be calculated and using the differences in 
time between the adjacent peaks the velocity at that time can be calculated. 

It can be concluded that the EOF varies considerably during ITP experiments if 
no special precautions are taken to prevent the EOF. 

Cationic mode 
As an example of the cationic mode, Fig. 6 shows the isotachopherogram for the 

separation of sodium and lithium in a system with the leading electrolyte 0.01 M 
potassium hydroxide solution at pHL 5, adjusted by adding nicotinic acid. The 
terminator was 0.01 A4 histidine at pH 5.5, adjusted by adding nicotinic acid. Using 
a UV-absorbing counter ion, nicotinic acid, the different zones show different UV 
absorbances because the concentrations in the sample zones are different. The leading 
zone L, the sample zones of (1) sodium and (2) lithium, the (T’) adapted terminating 
zone of histidine and (T) the original histidine solution can be clearly seen. The UV dip 
(3) indicates the original sampling spot and determines the concentration boundary. 

Cationic ITP experiments can easily be carried out, although the separation 
power is diminished compared with ITP in closed systems. 

Reversed anionic mode 
The requirement in order to obtain a RAM is that ETImEOF,TI > ETItiTI. In that 

case the net migration velocity will be ETIm EOF,TI - ETlr&I, in the lirst instance. 
Finally, the net velocity will be EJm EOF,LI - EL15zLl and if this net velocity is greater 

------> t (mid 

Fig. 5. Calculated vEoF as a function of time for the experiment as described in Fig. 4. For further 
explanation, see text. 
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Fig. 6. Isotachopherogram for the separation of (I) sodium and (2) lithium (pressure injection 5 s; 
concentrations of the sample ions 0.005 M) using a leading electrolyte L of potassium nicotinate at pH 5 and 
terminator histidine nicotinate at pH 5.5. Position (3) indicates the concentration boundary between (T’) 
adapted and (T) original terminator solution, which moves under the influence of the EOF. Electric current, 
4 PA. UV detection at 254 nm. The sample zones can be clearly seen in the enlarged inset. 

than zero this mode can be used for separations. As an example of the reversed anionic 
mode, in Fig. 7 the isotachopherogram is given using as the leading electrolyte 
0.0025 M acetic acid at pHL 6.4, adjusted by adding histidine, and the terminator 
0.0025 M MES at pH 6, adjusted by adding histidine. As the sample we introduced 
a solution of 0.0025 M sodium propanoate (pressure injection 10 s). Fig. 8 shows the 
original position and (a) the zones formed after some time in a closed system and (b) 
the situation expected in open systems. The zones will further be detected in the reverse 
order. This situation can be recognized in Fig. 7, where the order of detection is the 
sodium dip of the sample solution in the original T zone, the transported concentration 

--> t (mid 

Fig. 7. Isotachopherogram for separation in the reversed anionic mode. Leading electrolyte, 0.0025 M 
histidine acetate at pH 6.4. Terminator, MES at pH 6, adjusted by adding histidine. Pressure injection 10 s of 

0.0025 M sodium propanoate. Electric current, 4 PA. UV detection at 214 nm. 
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Fig. 8. Original position of the different electrolytes for the reversed anionic mode for ITP. The zones formed 
during the experiment are shown for ITP (a) without and (b) with EOF. Note that the separation proceeds in 
the direction of the anode. Without EOF the concentration boundaries T/T” and T”/T can never be 

detected, but as a result of the EOF they can reach the detector. 

boundary between original terminator solution and adapted T’ zone (this transition 
can be marked with an EOF marker) and finally the propanoate zone and leading 
acetate zone. In practice, the T” zone, adapted to the original sample solution, will 
generally be short and masked by, e.g., the UV water dip or EOF marker. 

Anionic mode 
The greatest problems arise in finding a good ITP system for the anionic mode. 

In most instances the voltage drop increased until a certain value far below that 
expected theoretically, indicating that the ITP system moved in the anionic mode but 
after a certain moment no longer moved. At a pH of 4 (low yEOF) a migrating anionic 
mode could be carried out, using as the terminating ion formate with a high mobility. 
How can this be explained? 

In Table II the calculated pH, SZRz5 and concentrations are given for MES as 
terminator using the leading electrolyte 0.01 M HCl at pHL 6 adjusted by adding 

TABLE II 

CALCULATED pH AND SZRz5 AND CONCENTRATIONS FOR SOME TERMINATING ZONES 
IN ELECTROLYTE SYSTEMS AT pH, 6 AND 4 AND MEASURED maor AND VOLTAGE DROP 
AT 15 nA FOR THESE SOLUTIONS 

Electrolyte PH SZ&s maor x lo5 Voltage drop at 

(0 m) (cm’/V s) 15 PA (kV) 

0.01 M HCl + histidine 6.00 10.33 39.6 17.86 
0.00654 A4 MES 6.43 42.99 50.94 73.53 
0.025 M HCl + EAC 4.00 4.33 18.54 7.75 
0.0225 M formate 4.29 1.62 24.4 12.6 
0.0200 M acetate 4.69 16.47 35.85 25.33 
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Fig. 9. Measured voltage drop as a function of time during ITP experiments with EOF in the anionic mode 
using a leading of 0.025 A4 HCI at pHL 4, adjusted by adding EAC and terminator solutions of 0.01 A4 
sodium formate and 0.01 M sodium acetate. Electric current 15 PA. 

histidine and for formate and acetate zones for the leading electrolyte 0.025 A4 HCl at 
pHL 4 adjusted by adding EAC. All these solutions were carefully prepared and the 
mEor and voltage drop for these solutions were measured and recalculated to an 
electric current of 15 PA. The results are given in Table II. 

In Fig. 9 the measured voltage drop as a function of time is given for acetate and 
formate as terminating solution in the system 0.025 M HCl-EAC at pHL 4. It can be 
seen that for formate the expected voltage drop of 12.6 kV is fairly reached and we 
could see the formate step in the isotachopherogram. For acetate the expected voltage 
drop of about 25.33 kV was not reached, but the voltage drop stopped at about 15 kV, 
which means that the ITP system came to a standstill. 

The explanation is as follows. In first instance the net velocity of the ITP system 
is determined by _&I fiL( - &I Maor,LI. Finally, the net velocity is &I tiTl - & ??rEor,Tl. 
According to the ITP condition, ELtiL = ET+. Generally ETJvIEOF,TI will be much 
larger than ELImEOF,LI because of the higher E gradient and generally larger mEor (see 
Table II). This means that the net velocity of the ITP system will become zero during 
the experiment and the system will not migrate from that time. 

CONCLUSIONS 

The mathematical model for ITP without EOF (closed systems) is also valid for 
ITP with EOF (open systems). Four modes can be distinguished for ITP with EOF. 
The cationic mode can be applied without problems, although the available separation 
length is not used optimally, compared with closed systems, owing to the extra velocity 
of the EOF. Some precautions must be taken in the choice of the terminator to avoid 
strong fluctuations in the net migration velocity of the ITP system. The reversed 
cationic mode is of almost no value and can only be applied using additives or coated 
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capillaries in order to obtain a strong reversed EOF. The reversed anionic mode can be 
used at high pH (with a high rnor) and with the “counter current” of the EOF this 
mode can be of interest in some instances. The anionic mode is only of interest if the 
Vnor is low, such as in the use of non-aqueous solvents. Otherwise, problems can be 
expected concerning the choice of the terminator solution. Too high E gradients in the 
terminator solution can lead to a standstill of the ITP system during the experiments. 

A first comparison between TTP in open and closed systems shows that ITP in 
closed systems is preferable, because no special precautions have to be taken in the 
choice of the electrolyte systems concerning the EOF. Unless the EOF can be strongly 
reduced, problems can be expected when applying ITP in open systems. The presence 
of an EOF, however, facilitates the use of “hyphenated” techniques, making the use of 
a “make-up” stream superfluous. 

Experiments are currently being carried out on quantitative aspects of ITP with 
EOF. 

SYMBOLS AND ABBREVIATIONS 

A 
B 
E 
F 
K 
L 
m 
m 
n 
s 

SZRu 
T 
T’, T” 

VEOF 

c7 

sample ionic species A 
buffering counter ionic species B 
electric field strength (V/m) 
Faraday constant (Cjequiv.) 
concentration equilibrium constant 
leading ionic species L 
mobility at infinite dilution (m’/V s) 
effective mobility (m’/V s) 
number of protolysis steps 
displacement by the EOF in a unit of time (m/s) 
specific zone resistance at 25°C (52 m) 
terminating ionic species 
adapted terminating zones 
velocity of the EOF (m/s) 
charge of an ionic species (equiv./mol) 
zone conductivity (Q-‘m-r) 

First subscript 
A, B, T and L according to substance A, B, T and L 
t total 

Second subscript 
A, B, T and L in the zone of substance A, B, T and L 

Superscript 
Z maximum charge of an ionic species 

( )’ to the ith degree 

Examples 

WA total concentration of substance B in zone A 

I ~B,AI absolute value of the effective mobility of substance B in the zone of substance 
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Abbreviations 
DEA diethanolamine 
EAC c-aminocaproic acid 
HIST histidine 
IMID imidazole 
MES 2-(N-morpholino)ethanesulphonic acid 
MO mesityl oxide 
TRIS tris(hydroxymethyl)aminomethane 
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