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ABSTRACI 

A theoretical description of the electrolyte systems that can be used in the on-line combination of isotachophoresis and zone 
electrophoresis is given. A classification of these systems is presented, based on the type of electrolyte used for the zone 
electrophoretic separation step. It is shown that transient sample stacking effects always persist from the isotachophoretic step to 
the beginning of the zone electrophoretic step and that they may negatively influence the wne electrophoretic separation and 
detection of the sample components. A mathematical description of these effects is given that allows the calculation of their 
magnitude and consequently the selection of operating conditions such that the stacking is decreased to an acceptable extent. In 
order to verity the reliability of the theoretical model, a modified PC simulation pack was prepared and used for investigating the 
behaviour of some model systems. 

INTRODUCTION 

The rapidly developing method of capillary 
zone electrophoresis (CZE) suffers from some 
serious drawbacks. Some of them can be solved 
by improvements in the instrumentation used, 
but others are based on electrophoretic princi- 
ples. High speed and high efficiency of the 
separations are achieved by performing the anal- 
yses in capillaries with very small inner diameters 
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(0.02-0.01 mm) and injecting very small sample 
volumes of nanolitres and less. Although a 
concentration effect can occur at the beginning 
of the analysis when the sample passes the 
boundary with the background electrolyte 
(BGE) [l-5], the sample is diluted by various 
dispersive effects during the separation process. 
Therefore, it is advisable to inject a small but 
reproducible pulse with a high sample concen- 
tration. To avoid the dispersion caused by elec- 
tromigration, the concentration of the sample is, 
however, recommended to be at least 100 times 
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lower than the concentration of the BGE [l]. In 
practice this means that nanolitre volumes of the 
sample are injected hydrodynamically or elec- ~~ 
trokinetically [6,7]. Technical (exact volume) and 
principle-related (sample composition changes) 
drawbacks of these procedures often result in the 
reproducibility being insufficient for both quali- 
tative and quantitative evaluation [8]. Typical 
sample concentrations are 10-4-10-6 M, which 
means that the amount present in the zone is 
lo-l3 mol and less. To increase the sensitivity, 
very sensitive detectors need to be used; to 
increase detectability, preconcentration tech- 
niques have to be applied. 

The preconcentration techniques that can be 
used during the electrophoretic separation in- 
clude stacking of the sample at the boundary 
between the sample zone and the BGE [9-121 
and migration in the isotachophoretic (ITP) 
mode for a certain time due either to the 
composition of the sample creating ITP condi- 
tions for the migration [13,14] or to an ITP 
system being a constituent part of the BGE both 
in one capillary [l&16] or in two coupled capil- 
laries [17-201. The reported increase in sample 
concentration is about one order of magnitude. 
The most effective method is the on-line cou- 
pling of ITP with CZE where a 104-fold concen- 
tration increase can be achieved, and this even 
for a component present in a 105-fold excess 
[21,22]. It follows from the principle of the ITP 
method [23] that the sample zones migrating 
behind the leading zone are adjusted to its 
concentration. Usually, tens of microlitres of a 
sample either more or less concentrated than the 
leading electrolyte (LE) are injected. After the 
ITP separation, nanolitre or smaller volumes of 
about lo-* M sample zones can be expected for 
microcomponents the concentration of which in 
the sample was about 10e6 M or less. These 
zones migrate as a stack between the leading 
electrolyte (LE) and the terminating electrolyte 
(TE) with permanently sharp boundaries be- 
tween them. Such a stack of zones presents an 
ideal sampling situation for zone electrophoresis. 
Components of high concentration, the presence 
of which can cause problems in ZE separations, 
can be driven out of the separation system 
during the isotachophoretic stage where their 

qualitative and quantitative evaluation is reliably 
performed. In contrast, the detection of com- 
ponents in small amounts can be a problem 
whenever the zone length is shorter than the 
width of the detector cell [21,22]. Although such 
a problem can be solved by adding spacers of 
suitable mobilities [24], this solution is not 
simple. 

The advantage of the combination of ITP and 
CZE has been verified practically on different 
occasions, including the determination of 
thiamine in blood [17], nitrophenols and amino 
acids labelled with 2,Cdinitrophenol [21], 
cyanogen bromide digest of cytochrome c [16], 
the coccidiocide halofuginone in feedstuff 

PI ? o-phthaldialdehyde and fluorescein iso- 
thiocyanate derivatives of amino acids [19], 
fluorescein isothiocyanate derivative of angioten- 
sin [20] and protein mixtures [15,18]. 

A theoretical description of the transition of 
isotachophoresis to zone electrophoresis can be 
found in papers by Becker-s and Everaerts 
[25,26] and Gebauer et al. [4]. However, no 
description of processes proceeding during the 
transition and the way in which they affect the 
proper zone electrophoretic migration could be 
found, although some attempts to characterize 
the ITP-CZE combination with respect to the 
electrolyte systems applied were reported 
[l&17,22]. It has been shown that in both ITP 
and CZE the selection of electrolyte systems in 
which the separation proceeds is of basic signifi- 
cance [27,28]. It is the composition of the LE 
[29] (and sometimes also of the TE [30]) in ITP 
and the BGE in CZE that directly intluences the 
selectivity and separation efficiency [8,31]. In the 
ITP-ZE combination the proper selection of 
both electrolyte systems is obviously more dif- 
ficult if they have to be chosen so that the 
advantages of both methods are complemented. 

This study was aimed at providing a general 
classification of electrolyte systems applicable for 
the ITP-ZE combination, a theoretical descrip- 
tion of the transition of the zones from the ITP 
mode to the ZE mode and definition of the 
conditions for the proper application of the 
method. A computer simulation program is used 
to illustrate the behaviour of sample zones in 
various electrolyte systems. 
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EXPERIMENTAL 

For computer simulations, the Arizona model 
[32,33] in its PC-adapted version [34] was exe- 
cuted on an Excel 486 computer (Walz Compu- 
ter, Beme, Switzerland) running at 50 MHz. The 
initial conditions for a simulation which must be 
specified include the distribution of all compon- 
ents, the pK and mobility values of the buffer 
and sample constituents, the current density and 
the duration of the current flow, and also the 
column length and the segmentation. The pro- 
gram outputs concentration, pH and conductivity 
profiles as functions of time. A conversion pro- 
gram was written that allows the use of a 
specified slice of a computer-simulated ITP pat- 
tern and also the specification of the buffers on 
either side of the selected region, as the starting 
distribution for the CZE step. 

For the example given in this work, a lo-cm 
column containing 400 segments was employed. 
For ITP, a leader composed of 0.01 M HCl and 
0.02 M histidine and a terminator containin 

$ 0.01 M of a strong acid T (mobility of 25 - lo- 
m* V-’ s-l) and 0.02 M histidine were em- 
ployed. The input data are given in Table I. For 
this configuration, the composition of the ad- 
justed terminator was calculated to be 0.00693 M 
T and 0.01695 M histidine. Two strong acids 
were chosen as sample components. For the 
simulation of the BGE-S-BGE system (S = 
sample), a background electrolyte consisting of 
0.02 M histidine and 0.008 M of a strong acid 
(mobility 35 - 10m9 m* V-’ s-‘) was used. The 

TABLE I 

ELECTROCHEMICAL PARAMETERS USED FOR 
SIMULATION [33] 

Compound pK1 p& Mobility 
(lo9 m* V-’ s-l) 

Histidine 6.04 9.17 20.2 
cl- 79.1 
T 25.0 
Sample A 40.0 
Sample B 30.0 
H+ 362.7 
OH- 198.7 

cu_:ent density and total running time were 20 A 
m and 25 min, respectively. For the simula- 
tions of the second (CZE) step, the slice be- 
tween mesh points 206 and 236 of the 25-min 
ITP time point having a length of 6.75 mm was 
chosen. Of this length, cu. 3.8 mm (Zl, see 
below) were occupied by the leading zone and 
cu. 2.15 mm (IT, see below) by the adjusted 
terminating zone. The position of the left bound- 
ary of this ITP column slice introduced as the 
sample for the consecutive CZE run was shifted 
to a 0.5 cm column length prior to application of 
current (100 A m-“). 

RESULTS AND DISCUSSION 

Classification of electrolyte systems used in 
combined ITP-CZE 

In principle there are three ways of performing 
an ITP-CZE combination technique as far as the 
electrolyte system is concerned, as follows. 

T-S-T system (Fig. la): the simplest way is to 
use the terminating electrolyte as the back- 
ground electrolyte (BGE) for CZE. Here, the 
preseparation capillary is filled with the leading 
and terminating electrolytes and the analytical 
capillary is filled with the terminating electrolyte. 
In the first stage, the sample is injected in 

Fig. 1. Classification of electrolyte systems used in the on- 
line combination of ITP and ZE. The left panel shows the 
situation in the preseparation capillary at the end of the 
isotachophoretic separation. The right panel shows the situa- 
tion in the analytical capillary at the beginning of the zone 
electrophoretic separation for (a) the terminating electrolyte 
(T), (b) the leading electrolyte (L) and (c) another back- 
ground electrolyte (BGE) being used as the electrolyte for 
the separation by zone electrophoresis. S = Sample zone. The 
depicted schemes relate to cationic analyses: by changing 
polarity they apply to anionic systems. 
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between the leading and terminating elec- 
trolytes, current is switched on and passes be- 
tween the terminating and auxiliary electrodes 
only through the preseparation capillary. The 
components of the sample form consecutive 
isotachophoretic zones with sharp boundaries, 
arrange themselves in order of decreasing 
mobilities and change their concentrations de- 
pending on the concentration of the leading 
zone. Before the stack of analytes reaches the 
bifurcation point between the preseparation and 
analytical capillaries, the current is switched to 
the analytical capillary (right panel of Fig. la). 
The ITP stack now becomes the sample for the 
CZE analysis. 

L-S-L system (Fig. lb): in the second ap- 
proach, the leading electrolyte is employed as 
the BGE. In this instance, when the stack of 
isotachophoretically arranged zones of analytes 
reaches the bifurcation point, the current is 
switched and the migration of analytes proceeds 
continuously into the analytical capillary. After 
the last analyte of the stack has entered the 
analytical capillary, the current is switched off 
and the terminating electrolyte within the pre- 
separation capillary is flushed out and replaced 
with the leading electrolyte. Then the current is 
again applied (right panel of Fig. lb). 

BGE-S-BGE system (Fig. lc): The third 
possibility is to use a BGE different from LE or 
TE. The procedure is similar to the L-S-L 
system: after the current has been switched off, 
the terminating electrolyte is replaced by the 
BGE. 

T-S-T system 
We shall now describe in more detail the first 

of the systems under consideration (see Fig. la). 
Here the T-S-L stack migrates into the bifurca- 
tion block and, after the entire leading zone has 
migrated to the helping electrode, the electric 
current is switched off to the analytical electrode 
and the sample zones are separated zone electro- 
phoretically in the terminating electrolyte. The 
second panel of Fig. la shows this ideal case 
where the switch-over was performed at the right 
moment when the leading zone had just mi- 
grated out of the preseparation capillary so that 
only the stack of the sample zones but no leading 
ion were introduced into the analytical capillary. 

In practice, however, it is necessary to perform 
this switching over earlier in order not to lose 
part of the sample owing to outflow to the 
auxiliary electrode. Hence some amount of the 
leading ion is always introduced into the analyti- 
cal capillary together with the sample. The 
distance of the tell-tale detector from the end of 
the preseparation capillary determines the maxi- 
mum volume of the leading zone which may pass 
to the analytical capillary because the switching 
over is usually not performed earlier than the 
first sample zone reaches the tell-tale detector. 

Let us start the description with the just-men- 
tioned time point when the stack of the sample 
zones is caught by the tell-tale detector. Fig. 2 
shows the notation used. In the preseparation 
capillary (denoted capillary 3) the stack from 
the ITP step is present. The leading electrolyte 
zone contains the leading ion L at a concen- 
tration c~,~ and the common counter ion R; the 
conductivity of this zone is K~. The analytical 
capillary (capillary 1) is filled with the terminat- 
ing electrolyte; it contains the terminating ion T 
at a concentration cT 1 and its conductivity is K~. 

All ions are assumed to be strong electrolytes, 

capillary 3 capillary 1 

+ * 
h. x=0 X 

Fig. 2. Scheme of the interface between the preseparation 
(3) and analytical (1) capillaries serving for the separation in 
isotachophoretic and zone electrophoretic modes, respective- 
ly, in the T-S-T electrolyte system. The situation is depicted 
at the moment when the sample zone migrating in the ITP 
mode reaches the tell-tale detector in the preseparation 
capillary. This capillary of inner cross-section S, contains 
terminating (T) and sample (S) zones adjusted to the leading 
ion (L) of the concentration c~,~ and the common counter ion 
R. The conductivity in the leading zone is 5. The analytical 
capillary of inner cross-section S, is tilled with the terminat- 
ing electrolyte, the concentration and conductivity of which 

are cT1 and or, respectively. The zero point on the longi- 
tudmai axis is positioned at the interface between the 
capillaries; the length of the leading zone in the presepara- 
tion capillary, which will be introduced into the analytical 
capillary, is I,. 
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except the counter ion, which is a weak elec- 
trolyte. The cross-sections of the analytical and 
preseparation capillary are S, and S,, respective- 
ly. The one-dimensional coordinate system is 
positioned so that the origin (x = 0) lies at the 
interface of the preseparation and analytical 
capillaries. The time count starts (t = 0) at the 
time of switching over to the analytical elec- 
trode; it is assumed that the length of the leading 
zone still present in the preseparation capillary is 
1, at this time point. The separation system is 
assumed to have closed capillaries, i.e., without 
electroosmotic flow. 

The description of the processes that take 
place in the analytical capillary must be divided 
into several steps. In the first, which proceeds 
from the starting situation (Fig. 3a), the leading 
zone migrates into the analytical capillary, its 
concentration being readjusted to the Kohl- 
rausch value [31] corresponding to the parame- 
ters of the terminating zone. The migration 
velocity of its rear boundary (equal to the iso- 
tachophoretic velocity in capillary 3) is i3u,_IK3 
(i3 is the electric current density in capillary 3 
and u,_ is the mobility of ion L) and the time 
when the entire zone of L had migrated into the 
analytical capillary is thus given by 

t,=1,.2+;.& 
l3UL hUL 

where 1: = Z,S,/S, is the length of the leading 
zone in capillary 3 reduced to the cross-section of 
capillary 1. This is also the time when the sample 
zones start to enter the analytical capillary (see 
Fig. 3b). 

As was shown previously [35], the front 
boundary of the leading zone penetrating into 
the terminating zone is a diffuse one. This 
diffuse part becomes longer with time, which 
results in the disappearance of the (iso- 
tachophoretic) concentration plateau of the lead- 
ing zone (Fig. 3c) at the time [4] 

t, = 1;. K3 
il(uL - ~4 (2) 

and at the position xd. 
At this time, all the sample components that 

migrated isotachophoretically in capillary 3 are 
still migrating in stack at the (self-sharpening) 
rear boundary of the L zone. Since this moment 
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Fig. 3. Scheme of transition of the stack of zones from 
isotachophoretic migration to zone electrophoretic movement 
in the T-S-T electrolyte system. The situations are shown at 
the following time moments: (a) t = 0, when the current is 
switched to the analytical capillary; (b) to, when the entire 
zone of the leader electrolyte has just migrated into the 
analytical capillary; (c) t,, when the fTP concentration 
plateau of the leading zone has just disappeared; (d) when 
the zone B has destacked while A is still migrating in the 
stack; (e) t, r, when all the sample zones migrate in wne 
electrophoretic mode and the rear boundary of the leading 
zone just passes the detector, thus opening the time window 
for detection. L = Leading electrolyte; T = terminating elec- 
trolyte; A, B = sample zones; x = longitudinal coordinate; 
cx = concentration of a component in the separation system; 
0 = interface between the analytical and preseparation capil- 
laries; D = position of the detector. 

they are gradually destacked in order of their 
increasing mobilities (Fig. 3d); the destacking 
time of a component X is given by [4] 

The longitudinal coordinate where this destack- 
ing proceeds is given by [4] 

(4) 

By substituting t, from eqn. 2, expressing the 
specific conductivities by K~IK~ = c~,~(u~ + uR)/ 
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cT,r(uT + uR) and by using the Kohlrausch equa- 
tion [31] in the form c~,~ = cT,iuL(uT + uR)/ 
u&,_ + uR), we obtain 

xx,e = q . G.3 . k-r 

cL1 pt,x 
(5) 

where pii = uiluj - 1 [36] is the selectivity be- 
tween components i and i. From eqn. 5, it 
follows that the destacking coordinate of com- 
ponent X depends on the amount of the leading 
electrolyte introduced into the analytical capil- 
lary, on the ratio of concentration readjustment 
at the interface between both capillaries and on 
the selectivity between the leading component 
and component X. 

Only after the sample components have been 
destacked can their zone electrophoretic migra- 
tion and separation start (Fig. 3e). A general 
condition can therefore be formulated that the 
destacking of all components must proceed be- 
fore they pass the detector, i.e., xX,e Cxr, where 
x, is the position of the detector in the analytical 
capillary. The time window for the detection of 
the sample components starts by the time t,,, 
when the rear boundary of the L zone passes 
through a fixed-point detector (Fig. 4). For this 
time it follows that [4] 

In order to obtain complete destacking, for the 
detection time of the first (fastest) sample com- 
ponent A it must hold that t,,, 3 t,,, + 4’aA, 

0 ‘IJ ‘A,, ‘B,, tima 

Fig. 4. Record of completely destacked sample components 
A and B during the separation in the T-S-T electrolyte 
system. In contrast to Fig. 3, where the concentration profile 
of the leader shows a concave shape, the respective profile as 
a function of time is convex here [37]. t,,,, t,,, and ta,, are the 
detection times of the rear boundary of the leading xone and 
of the sample xones A and B, respectively. 

where ‘a, is the time-based variance of the 
concentration profile of zone A. The detection 
time of any component X is given by [4] 

t 
Kl (UL - ud2 

x,r = x, - 7 

Zl% + td - (UL - UX)UL (7) 

Evidently, with increasing mobility of a com- 
ponent X, both its detection time t,,, and its 
destacking time tx,, become close to tz,,. The 
mobility value of the component that would be 
destacked just when passing through the detector 
can thus be obtained by setting t,,, = t,,, from 
eqns. 3 and 6: 

(8) 

Fig. 5 shows the calculated dependence of tx,r 
vs. ux for a model system and for three detection 
distances x,. Each curve consists of two parts. 
The linear part (for high ux values) represents 

the t,,, value which is independent of ux; it 
indicates that the substances have not left the 

tX.r 

600 

600 

400 

200 

0 
20 40 60 60 ux 

Fig. 5. Calculated dependence of the detection time of a 
substance X (tx ,) on the mobility of this substance (ux) (in 
10e9 m2 V-’ s-‘) for three different positions of the detector, 
x,, in the T-S-T electrolyte system. Dotted lines designate 
the mobility of the component that has destacked just when 
passing the detector, u.+,,~~. For ux >ux 1111~ the sample 
zones are still migrating in stack when passing the detector 
whereas for ux < ux mll they migrate already in the electro- 
phoretic mode. The values used for calculation were uL = 80. 
1O-9 m2 V-r s-r, ur = 20. 10e9 m2 V-i s-l, uR = 40.10+ m* 
V-’ s-r, I,* = 0.01 m, c~,~ = c+,~ = 0.01 M, i = 500 A m-‘. 
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stack yet when passing the detector. For ux < 
U X,max, the curve rises as ux decreases, which 
corresponds to sample zones passing the detector 
already destacked and later than the (stack at 
the) sharp rear boundary of the L zone. 

From the above, it follows that it is desirable 
to keep the destacking times of all components 
as short as possible. The possibilities follow 
directly from the comment after eqn. 5. The 
major and most straightforward possibility for 
suppressing the sample stacking in the analytical 
capillary is to keep the length of the L zone 
introduced into the analytical capillary as short 
as possible. This can be achieved either by 
decreasing the length of the leading zone in the 
preseparation capillary at the moment of current 
switching or by increasing the readjustment ratio 
at the interface of both capillaries, viz., by 
increasing the electrolyte concentration in the 
analytical capillary, c=,~. The effect of both these 
parameters on the destacking distance Xx,, can 
be clearly seen from Fig. 6 calculated for a 
model system. 

The possibilities of decreasing the amount of 
the leader introduced are limited, however, and 
depend on the instrumentation used. Therefore, 
the other possibility must be taken into account, 
consisting in increasing the selectivity between 
the leading component and the sample com- 
ponents under investigation. As follows from 

eqn. 5, xX,= is indirectly proportional to the 
square of pL,x so that it can be decreased very 
effectively by selecting a leader of sufficiently 
high mobility. Fig. 7 shows how the value of xX,e 
decreases with increasing the value of u,_ - ux 
and reveals the group of sample components that 
will be still migrating in stack when passing a 
fixed-point detector (see the parts of the curves 
above the dashed line when x, CX,,,). 

Fig. 8 illustrates the theory by an example of a 
computer-simulated system. Fig. 8a shows the 
simulation of the first step resulting in rectan- 
gular concentration profiles as is usual in ITP. In 
Fig. 8b, the evolution of the concentration 
profiles in the analytical capillary is shown. At 
the beginning we can see very sharp peaks still 
migrating in the transient ITP stack, whereas 
dispersion of the zones appears whenever they 
leave the stack and migrate in the ZE mode. The 

- I*L(mm) 
Fig. 6. Calculated dependence of the destacking distance of a 
sample zone (xx,J on the length of the leading zone cut into 
the analytical capillary (I,*, full line) and on the concen- 
tration of the terminator used as the BGE in the analytical 

capillary (5, dashed curve) in the T-S-T electrolyte 
system. The values used for calculation were uL = 80 * 10e9 
m2 V-’ s-l , uT = 20. 10m9 mZ V-’ s-l, ua = 40 * 10e9 m* V-’ 
S -I, ux = 40. low9 mZ V-’ s-l. The fust dependence was 
calculated using l,* = 0.01 m; for the second, the concen- 
tration cT = 0.01 M was chosen. 

q-u 
II 

Fig. 7. Calculated effect of the difference between leading 
and sample mobilities (u, - ux) (in 10e9 m* V-’ s-l) on the 
distance where destacking proceeds (xx,_) for two model 
examples. The intersection of the dependence with the 
position of the detector designates the group of substances 
that are not destacked prior to their passage through the 
detector (parts of the curves above the dashed line). For the 
values used for calculation, see Table I. 
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30 min 
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Fig. 8. Computer simulation of the separation of a pair of analytes A and B by the ITE-ZE combination in the T-S-T system. 
(a) Isotachophoretic step; (b) zone electrophoretic step. The concentration profiles shown correspond to the denoted time 
intervals. The values used for calculations were I+ = 80 * 10m9 m2 V-’ s-l, z+ = 25. 1O-9 mz V-’ s-l, ua = 30. 10m9 m2 V-’ SC’, 
u 

A 
= 4cJ.10~9 m2 v-1 s-l, UB = 30.10-9 mz v-1 s-1 

m-‘. 
, f,*=6.75.10-3 m, c,=O.O069M, c,=O.O169M, i=(a) 20and (b) 100 A 

destacking times calculated from eqn. 3 (27.2 
min for component A and 26.4 min for com- 
ponent B) agree well with the simulation result. 

L-S-L system 
In the second type of electrolyte combination, 

the first stage of the separation proceeds just in 
the same way as in the T-S-T system (Fig. lb); 
the difference is that the analytical capillary is 
filled with the leading electrolyte. After the 
current has been switched over and the sample 
zones have migrated into the analytical capillary 
(for the ideal case, see the second panel in Fig. 
lb), the analysis is stopped and the contents of 
the preseparation capillary are filled with leading 
electrolyte as well. Then the analysis is con- 
tinued. 

Fig. 9 shows the starting situation of this 
second step as it corresponds to current practice 
where, together with the sample zones, some 

capillary 3 capillary 1 

L (R) 

I z 
x=0 IT X 

Fig. 9. Scheme of the interface between the preseparation 
and analytical capillaries serving for the separation in iso- 
tachophoretic and zone electrophoretic modes, respectively, 
in the L-S-L electrolyte system. The situation is depicted at 
the moment when the current is switched on across both 
capillaries after the terminator (T) in the preseparation 
column has been replaced by the leading (L) electrolyte. The 
concentration of T, c~.~, is Kohlrausch-adjusted according to 
ql; the conductivities in zones T and L are $ and Q, 
respectively. The zero point on the longitudinal axis is 
positioned at the interface between the capillaries; the length 
of the terminating zone cut into the analytical capillary is I,. 
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amount of the terminator has been introduced 
into the analytical capillary (see also Fig. 1Oa). 
This terminating zone of length Z,, with its 
concentration + 1 = cT 3 adjusted to the concen- 
tration of the leader (ci,l = c&, is necessary to 
ensure the quantitative transfer of all sample 
zones into the analytical capillary. This again 
leads to the unwanted stacking effects that have 
to be minimized. 

A detailed mathematical description of this 

. . . i . . . . . . . . . . . . . 

1 1 

, 
0 

I 

. . . . . . . . . . . . . . . . . ., , . . . . . . . . . . . . . . . . . . . . . . . . . . 

1 A 1 

0 
x 

. . . . . . . . . . . . . . . . . . . . . . . . 
‘.., 

: . . . . . . . . . . . . . . 

0 D 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . : . . . . . . . . . . . . . . . . . 

1 1 

0 D 

Fig. 10. Scheme of transition of the stack of zones from 
isotachophoretic migration to zone electrophoretic movement 
in the L-S-L electrolyte system. The situations are shown at 
the following time moments: (a) t = 0, when the current is 
again switched on over the system of both capillaries after the 
terminator (T) in the preseparation capillary was replaced 
with the leading electrolyte (L) and the separation in the ZE 
mode starts; (b) t > 0, when an ITP plateau of zone T still 
exists; (c) I,, when the pure zone of T has just disappeared 
and only the transition mixed zone of T and L is present; (d) 
t .4,rr when the zone A is already destacked and passes the 
detector while B is still migrating in the stack; (e) t, r, when 
both sample zones migrate in the zone electrophoret& mode 
and the front boundary of the T zone is just passing the 
detector. L = Leading electrolyte; T = terminating elec- 
trolyte; A, B = sample zones; x = longitudinal coordinate; 
cx = concentration of a component in the separation system; 
0 = interface between the analytical and preseparation capil- 
laries; D = position of the detector. 
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type of stacking has not been described previous- 
ly; a simple way to derive the necessary equa- 
tions is shown below. The resulting relationships 
are similar to those for stacking by the leading 
substance. 

At the beginning of the second stage of the 
separation after replacement of the electrolyte in 
capillary 3 (start of migration in capillary 1, 
t = 0), the front boundary of the terminator zone 
and also the T-S-L zone stack migrate still 
isotachophoretically and the velocities of all the 
sharp boundaries are equal and given by 

UT . .-=. UL 
VT-L = 11 

KT 

11 ‘- 

KL 

The rear boundary of the zone of the terminator 
(L-T boundary) develops into a diffuse one 
which forms a growing region of concentration 
transitions of both substances T and L (see Fig. 
lob). The velocities of the rear and front edges 
of this transition are equal to the velocities of a 
single ion T and L in the isotachophoretic zone L 
and T, respectively: 

UT 
VI = i, . - 

UL 

KL 

v2=il*- 
KT 

(10) 

The balance written for the velocity difference 
vZ - vT_L and for 1, provides the time when the 
isotachophoretic concentration plateau of zone T 
disappears (see Fig. 10~): 

&cl,.%. uT 
‘1 ‘L@L - uT) 

(11) 

For times longer than t,, the L-T boundary 
remains sharp although the isotachophoretic 
zone of component T no longer exists (Fig. 10d). 
Its velocity decreases with time and so does the 
concentratiipn of component T at this boundary. 
From ref. 35 we obtain for the ascending concen- 
tration profile of T 

‘T,L-T (12) 

and for the descending concentration profile of L 

‘L,L-T ==($$I) (13) 

and the conductivity of any point x of this profile 
at time t is thus given by 
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t 
KL-T =KL,I h'; 

For the velocity of the front boundary of zone T 
at times t > t, we can then write 

(1% 

where the subscript t relates to the parameters 
of the transition zone at this boundary. Re- 
arrangement and integration of this equation 
from xd to x and from t, to t provides 

The destacking process starts at time t,; the 
destacking of a component X proceeds at the 
time t X,e > t, when the velocity of the stacking 
front boundary of zone T has decreased so that it 
became equal to the velocity of free component 
X in the leading electrolyte, i.e., u, = ux,L = 
i,u,lKL: 

I 
@ ‘4,. ‘D,, ‘IJ 

111, 

Fig. 11. Record of completely destacked sample components 
A and B during the separation in the L-S-L electrolyte 
system. In contrast to Fig. 10, where the concentration 
profile of the terminator shows a convex shape, the respec- 
tive profile as a function of time is concave here [37]. tz,r, t,,, 
and t, r are the detection times of the front boundary of the 
terminating zone and of the sample zones A and B, respec- 
tively. 

ratio, which is unity. In the opposite case, 
however, I, would of course involve this ratio 
also. 

As already mentioned, the stacking is an effect 
which should be eliminated as only destacked 
zones can be separated in the zone electrophor- 

v xz UX . .- 
vtX==t KL (17) 

Substitution from eqn. 16 and rearrangement 
provide the destacking time of component X: 

Obviously the sample zone is stacked the longer 
the lower is its mobility. The destacking coordi- 
nate is obtained by introducing t,,, into eqn. 16: 

(19) 

From this equation it is seen that the destacking 
coordinate again depends on the length of the 
zone of the stacking component (here T) and on 
the mobilities of L, X and T. As we assume the 
same leader concentrations in both capillaries 1 
and 3, there is no effect of the readjustment 

t 
XJ 
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0 
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Fig. 12. Calculated dependence of the detection time of a 
substance X (tx J on the mobility of this substance (ux) (in 
10e9 m* V-r s-‘) for three different positions of the detector, 
x,, in the L-S-L electrolyte system. Dotted lines designate 
the mobility of the component that has destacked just when 
passing the detector, ~x,_,~~. For u, < ux_,~. the sample zones 
are still migrating in stack when passing the detector whereas 

for ax > uX,m.x they migrate already in the electrophoretic 
mode. The values used for calculation were uL = 80 * 10m9 m2 
VW1 s-‘, ur = 20. 10e9 m2 V-’ s-r, uR = 40. 10h9 mz V-r s-‘, 

lT = 0.01 m, c, = 0.01 M, i = 500 A m-‘. 
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etic mode and detected. For the detection time 
of component X it holds that 

tx,, = tx,e + x, - XX,e 

VX,L 

KL 
=x .y-_t 

(UL - UT)* 
. 

r ZlUX d (ux - UT)UT (20) 

which is a similar expression to eqn. 7. 
Fig. 11 shows that a condition can be formu- 

lated for the slowest substance B which still is 
destacked before detection, viz., t,,, S t,,, + 
4’0,. From the preceding section it follows that 
in the limiting case of the substance just being 
destacked when passing the detector not only t,,, 
and t,,, but also t,,, become equal. The respec- 
tive mobility, u~,,,~~, thus can be obtained by 
combining eqns. 18 and 20: 

(21) 

Fig. 12 shows, in analogy to Fig. 5, the 
calculated dependence of t,,, vs. ux for three 

0’ I I I 

0 10 20 30 
I,(mm> 

Fig. 13. Calculated dependence of the detection time on the 
length of the segment of zone L or T cut into the analytical 
capillary in the T-S-T or L-S-L electrolyte combination, 
respectively. The values used for calculation were uL = 80. 
lo+ m* V-’ s-l, uT - - 20. 10m9 m* V-f s-l, uR = 40. 10e9 m2 
V-’ s-l, ux = 40. 10m9 III* V-’ s-l, i = 500 A mm2, x, = 0.1 
m. For tx,r = f(l,‘), cT = 0.01 M; for t,,, = f&), cL co.01 M. 
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detection distances x,. Here the linear parts of 
the lines now correspond to low ux values of 
substances that have not left the stack yet when 
passing the detector. The respective values of 
u~,,,~” are indicated by the dotted lines; for ux > 
U X,min, the curves fall as ux increases which 
corresponds to sample zones passing the detector 
already destacked and earlier than the (stack at 
the) sharp front boundary of the T zone. 

As follows from eqns. 18 and 20, by increasing 
the length of the stacking zone (here expressed 
in the term of t,; see eqn. ll), the destacking 
time of the sample zones is increased and their 
detection time is decreased as the substances are 
accelerated during their migration in stack. This 
is the opposite situation to that in the previous 
case where the stack retards the zones so that a 
longer zone of the stacking component (i.e., 
longer destacking times) cause longer detection 
times. A comparison of both cases is shown in 
Fig. 13, where the dependences of the detection 
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0.01 : 
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0 5 10 

COLUMN LENGTH (cm) 
Fig. 14. Computer simulation of the separation of a pair of 
analytes A and B by the ITP-ZE combination in the L-S-L 
system. The isotachophoretic step was the same as shown in 
Fig. 8a. The concentration profiles shown correspond to the 
denoted time intervals. For the values used for calculations, 
see Table I. 
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time on the starting length of the stacking zone 
are calculated for the same model system. 

Fig. 14 again illustrates the theory by a com- 
puter-simulated example with two sample com- 
ponents (A and B) and the stacking zone T. 
Here the mobility difference between B and T is 
three times lower than that between A and T, 
which causes much earlier destacking of com- 
ponent A (calculation using eqn. 18 provided the 
values 27.7 and 49.3 min for components A and 
B , respectively). 

BGE-S-BGE system 
The third system is the most general. Here, in 

the second step, the zone electrophoretic separa- 
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tion is performed in a background electrolyte 
that is different from both leader and terminator 
from the first step. First, after the sample zones 
have been detected by the tell-tale detector, the 
switch-over of the current to the analytical capil- 
lary is performed in the same way as was 
described for the T-S-T system. The remaining 
zone of the leader migrates into the analytical 
capillary, followed by the stack of the sample 
zones and the terminator. After some amount of 
the terminating zone has also migrated into the 
analytical capillary, the current is (in analogy to 
the L-S-L system) switched off, the presepara- 
tion capillary filled with the background elec- 
trolyte and the analysis continued (Fig. lc). The 
behaviour of such a system and the way to 

“““““‘: 
*m . . . _ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

WE BGE 
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Fig. 15. Scheme of transition of the stack of zones from isotachophoretic migration to zone electrophoretic movement in the 
BGE-S-BGE electrulyte system for the case when the background electrolyte co-ion (BGC) possesses the lowest mobility of the 
system, usoc < uT < II,. The situations are shown at the time moments when: (a) the current is again switched on over the system 
of both capillaries after the terminator (T) in the preseparation capillary has been replaced with the BGE; the front boundary of 
zone L has already developed into a diffuse one; (b) the ITE concentration plateau of the L zone just disappeared; (c) the 
destacking of the T zone proceeds; (d) zones T and B have destacked while zone A is still migrating in stack behind L; (e) all the 
zones present in the BGE are destacked and migrating in the ZE mode. L = Leading electrolyte; T = terminating electrolyte; 
BGE = background electrolyte; A, B = sample zones; x = longitudinal coordinate; cx = concentration of a component in the 
separation system; 0 = interface between the analytical and preseparation capillaries. 
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describe it depend on the mobility of the back- 
ground electrolyte co-ion, r.+,oc. 

uBGC <u,<u,. In this instance the system 
behaves similarly to the T-S-T system (Fig. 15). 
The background co-ion (BGC) is the slowest ion 
present and therefore the diffuse transition zone 
is started to be formed at the front boundary of 
the L zone which controls the migration of the 
zone stack (Fig. 15a). All other boundaries 
remain sharp, including the rear boundary of 
zone T. After the isotachophoretic plateau of 
zone L has disappeared and the BGE penetrates 
through the following zones, their destacking 
proceeds in the same way as described for the 
T-S-T system. First the zone of the terminator 
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is destacked (Fig. 1%) and then the sample 
zones follow in order of increasing mobilities 
(Fig. 15d and e). For the calculation of the 
destacking time, destacking coordinate and de- 
tection time of a sample component X, eqns. 3,5 
and 7, respectively, can be used directly with the 
only change that the subscript T is replaced by 
BGC everywhere, 

uT < uL < unoc. This arrangement resembles 
the L-S-L system (Fig. 16). The background 
electrolyte co-ion is the fastest ion and thus the 
diffuse transition is formed at the rear boundary 
of the terminating zone which plays the control- 
ling role here (Fig. 16b). The destacking process 
starts with the zone of the highest mobility, 
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Fig. 16. Scheme of transition of the stack of zones from isotachophoretic migration to zone electrophoretic movement in the 
BGE-S-BGE electrolyte system for the case when the BGE co-ion (BGC) possesses the highest mobility of the system, 

n,<n, < UBOC. The situations are shown at the time moments when: (a) the current is again switched on over the system of both 
capillaries after the terminator (T) in the preseparation capillary has been replaced with the BGE and zone electrophoretic 
separation starts; (b) an ITP plateau of zone T still exists; (c) the plateau of pure zone T has disappeared; (d) zones L and A have 
left the stack while zone B is still migrating in stack in front of T, (e) all the zones present in the BGE are destacked and 
migrating in the ZE mode. L = Leading electrolyte; T = terminating electrolyte; BGE = background electrolyte; A, B = sample 
zones; x = longitudinal coordinate; cx = concentration of a component in the separation system; 0 = interface between the 
analytical and preseparation capillaries. 
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which is the L zone (Fig. 16c-e). For the 
calculation of the destacking time, destacking 
coordinate and detection time of a sample com- 
ponent X, eqns. 18, 19 and 20, respectively, can 
be used with the change that the subscript L is 
replaced by BGC everywhere. Note that these 
equations hold for the already readjusted zone of 
the terminator in capillary 1; its concentration 
and length must be calculated in a suitable way 
using the amount of terminator introduced into 
the analytical capillary and the Kohlrausch rela- 
tionship. 

‘T < ‘BGC < ‘L- This case represents a combi- 
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nation of the two previous ones (Fig. 17). The 
background electrolyte co-ion has an inter- 
mediate mobility. Both the front boundary of the 
L zone and the rear boundary of the T zone thus 
develop into diffuse transition zones (Fig. 17b 
and c). After the background co-ion has pene- 
trated through the whole system, the zone stack 
splits into two separate parts, one being the L 
zone with a zone stack at its rear boundary and 
the other the T zone with a zone stack at its front 
boundary (Fig. 17d). The value of uBGC controls 
which of the two stacks a sample zone ap- 
proaches: samples with ux > uBGC stay at the 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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B6E 

Fig. 17. Scheme of transition of the stack of zones from isotachophoretic migration to zone electrophoretic movement in the 
BGE-S-BGE electrolyte system for the case when the mobility of the BGE co-ion (BGC) is within the mobility of leader and 
terminator, uT < uaoc < uL. The situations are shown at the time moments when: (a) the current is again switched on over the 
system of both capillaries after the terminator (T) in the preseparation capillary has been replaced with the BGE; the front 
boundary of zone L has already changed its sharp boundary into a diffuse one; (b) ITT’ plateaux of both zones L and T still exist; 
(c) the plateaux of pure zones T and L have disappeared; (d) zone B has left the stack and migrates zone electrophoretically while 
zones A and C are still migrating in stack behind L and in front of T, respectively; (e) all the zones present in the BGE are 
destacked and migrating in the ZJ3 mode. L = Leading electrolyte; T = terminating electrolyte; BGE = background electrolyte; 
A, B, C = sample zones; x = longitudinal coordinate; cx = concentration of a component in the separation system; 0 = interface 
between the analytical and preseparation capillaries. 
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L-zone stack and samples with ux C uuoc stay at 
the T-zone stack. The destacking proceeds- at 
each stack independently; at the L zone as it was 
described under uuoc <u,<u, and at the T 
zone as was described under uT C uL < uuoc. Of 
course, in both instances the sample zones the 
mobilities of which are closest to the value of 
uaoc are destacked first. 

Fig. 18 shows the dependence of the destack- 
ing coordinate on the mobility difference be- 
tween the background co-ion and the sample ion 
for three different z+oc values. Note that the 
stacking effect becomes very pronounced when 
the difference is more than cu. 10. 10T9 m* V-’ 
S -I. Fig. 19 shows an illustration of such a 
combined system by computer simulation. Here 
the two sample substances were selected so that 
u, > unoc and uu <uaoc; this means that the 
destacking process of component A is controlled 
by component L and the destacking process of 
component B is controlled by component T. As 
z+, is much closer to uT than u, is to uL, B does 
not leave the stack as easily as does A. This is 
confirmed by the calculated destacking times, 

Xx.. 
(cd 

15 

x,= 10 
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a 
0 

uaGc-“x 4o 
Fig. 18. Calculated dependence of the destacking distance of 
a sample zone (xx,J on the difference between its mobility 
and the mobility of background co-ion (in 10T9 m2 V-’ s-i) 
in the BGE-S-BGE system from Fig. 17. For ux > ugOc, the 
system resembles the T-S-T system and L possesses the 
controlling role in destacking; for u,<u,,, the system 
resembles the L-S-L system and T possesses the controliing 
role. The values used for calculation were uL = 80 9 10e9 ma 
V-’ s-i, uT = 20.10+ m* V-’ s-l, ug = 40 a 10m9 m* V-’ I-‘, 
IT = I, = 0.01 m, cL = 0.01 M, uaoc = (1) 30. 10m9, (2) 50. 
lo9 and (3) 60. 10m9 m* V-i s-i. 
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Fig. 19. Computer simulation of the separation of a pair of 
anaiytes A and B by the ITP-ZE combination of the BGE- 
S-BGE electrolyte system from Fig. 17. The iso- 
tachophoretic step was the same as shown in Fig. 8a. The 
concentration profiles shown correspond to the denoted time 
intervals. For the values used for calculations, see Table I. 
The rear part of the profile of the T zone is distorted owing 
to minor oscillations generated during the simulation. 

which are 26.8 min for component A and 35.2 
min for component B. 

CONCLUSIONS 

The on-line combination of capillary ITP and 
CZE is a very important technique especially for 
the separation of complex biological fluids. The 
concentrating capabilities of ITP, which is used 
as the first separation step, are combined with 
the resolving power and detection sensitivity of 
CZE, thus allowing efficient determinations of 
trace components in complicated sample ma- 
trixes. Although the final step of such an analysis 
is performed in the zone electrophoretic mode, 
simple rules that hold for single zone electro- 
phoretic analysis cannot be applied here directly. 
The reason is that the stack of zones introduced 
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into the zone electrophoretic step always in- 
volves some amounts of both leading and ter- 
minating zones. Thus, for a certain transient 
time, the ITP process survives and significantly 
affects the zone electrophoretic migration. The 
sample components leave the transient ITP stack 
gradually, depending on their mobilities, and 
hence each sample component starts its zone 
electrophoretic migration at a different time 
point and at a different column position. This 
brings about variations of migration times which 
are used for the qualitative evaluation of zone 
electrophoretic analyses and the magnitude of 
this effect depends on the electrolyte used for 
the zone electrophoretic step and on the amount 
of either the leader or terminator introduced into 
this second step. Moreover, if the mentioned 
amount is too large, some sample components 
may reach the detector being still stacked and 
thus not resolved. 

1, 

Pi,j 
Sl 
& 

t 

td 

value of I, reduced to the cross-section of 
the analytical capillary 
length of the terminating zone in the 
analytical capillary (L-S-L system) 
selectivity between substances i and i 
cross-section of the analytical capillary 
cross-section of the preseparation capil- 

lary 
time 
time when the isotachophoretic plateau of 
the stacking zone in the analytical capil- 
lary disappears 
time when substance X leaves the stack 
time when zone X passes through the 
detector 

The mathematical description presented in this 
paper provides a detailed insight into the proces- 
ses that occur during the zone electrophoretic 
step for all possible types of electrolyte used, 
especially when the leader or the terminator is 
used directly as the background electrolyte. The 
theory allows one to predict the parameters 
necessary for a given analysis, especially the time 
when a sample component passes the detector 
(eqn. 7 or 20) or the position in the capillary 
where a component starts to migrate zone elec- 
trophoretically (eqn. 4 or 19). Based on this, the 
operating conditions and the amount of the 
leader and/or terminator introduced into the 
zone electrophoretic step can be selected so that 
the stacking effects are substantially reduced and 
controlled. The destacking process is illustrated 
by computer simulations that confirm also the 
values of individual parameters calculated by 
using the equations following from the theory 
presented here. 

t X,e 
t XJ 

t 2.r 

t0 

UX 

time when the sharp boundary of the 
stacking zone passes through the detector 
time when the entire zone of L has 
migrated into the analytical capillary (T- 
S-T system) 
electrophoretic mobility of ion X 

u~,,,~~ mobility of the ion X which is destacked 
just when passing through the detector 
(T-S-T system) 

U X,min mobility of the ion X which is destacked 

‘T-L 

v* 

just when passing through the detector 
(L-S-L system) 
isotachophoretic velocity in the analytical 
capillary 
velocity of the sharp boundary of the L-T 
transition zone 

Vl 

v2 

X 

‘d 

Xr 

XX,e 

velocity of a single ion T in zone L 
velocity of a single ion L in zone T 
longitudinal coordinate 
coordinate at which the isotachophoretic 
plateau of the stacking zone in the 
analytical capillary disappears 
position of the detector 
coordinate at which substance X leaves 
the stack 

SYMBOLS KL 

ci,j 

ii 

1, 

concentration of substance i in capillary i 
or zone i 
electric current density in capillary i 
length of the leading zone in the presepa- 
ration capillary to be cut into the analyti- 
cal one (T-S-T system) 

KL-T 

KT 

position of the sharp boundary of the 
L-T transition zone 
specific conductivity of the leading elec- 
trolyte in the analytical capillary (L-S-L 
system) 
specific conductivity of the L-T transition 
zone 
specific conductivity of the terminating 
electrolyte in the analytical capillary 
(L-S-L system) 
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% specific ~ndu~vity of the L-T transition 
zone at its sharp boundary 

Kl specific conductivity of the terminating 
electrolyte in the analytical capillary 
(T-S-T system) 

K3 specific ~ondu~ivity of the leading elec- 
trolyte in the preseparation capillary 
(T-S-T system) 

*ax time-based variance of zone X 
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