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Abstract

The on-line combination of isotachophoresis (ITP) and zone electrophoresis is a very effective tool for increasing
the separation capability and sensitivity of capillary zone electrophoresis (CZE). Its most effective version is
performed in column coupling instrumentation and is characterized by isotachophoresis in the first capillary serving
as the efficient preseparation and concentration stage followed by on-line transfer of the sample cut into the second
capillary where analytical zone electrophoresis proceeds as the second stage. The on-line transfer of the sample
from the first capillary into the second is always accompanied by the segments of some additional amounts of the
leader and/or terminator from the ITP step. This results in transient survival of isotachophoretic migration during
the second stage. Hence the separation process during the second stage can be characterized as the destacking of
analytes followed by zone electrophoretic separation. In this paper, both a theoretical and an experimental study is
presented showing that destacking of analytes is a selective process, which affects strongly the most important final
analytical parameters of the detected zones, namely the detection time and zone variance, and thus it makes the
simple use of detection data for qualitative analysis misleading. It was shown that both the detection time and
variance of a zone of an analyte depend strongly on the amount of the accompanying segments of the
leader/terminator transferred and on the actual type of electrolyte system selected from the generally possible
types. These types are (i) L-S-L, where the leading electrolyte (L) from ITP stage serves as the background
electrolyte (BGE) during CZE (S = sample), (ii) T-S-T, where the terminating electrolyte (T) from the ITP stage
serves as the BGE during CZE, and (iii) BGE-S-BGE, where L, T and BGE are mutually different. Explicit
equations were derived enabling one to predict migration time and zone variance for actual working conditions,
and, for model systems, the theoretical data were calculated and verified experimentally. Further, it is shown that
the systems T-S-T and L-S-L are user friendly and a simple standardization procedure was proposed, allowing
correct qualitative evaluation of the analytical data in these systems. Finally, a theory is presented predicting the
existence of anomalous variances of zones in the record of analysis in BGE-S-BGE systems and its experimental
verification is given.

1. Introduction
It has been proved that the on-line combina-
tion of isotachophoresis (ITP) and zone electro-

phoresis is an effective tool for improving the

* Corresponding author.

analytical expediency of capillary electrophoresis
[1-22]. The concentration capability and re-
producible sampling inherent in isotachophoresis
are combined here with the high resolving power
and high sensitivity of capillary zone electro-
phoresis (CZE). The concentration capability of
ITP and the resolving power of CZE follow from
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the principles of these methods and can be
affected mainly by the composition of the elec-
trolyte system used. The reproducibility of the
sampling and the sensitivity of the methods are
mainly influenced by the construction elements
of the instrumentation and the type of detec-
tion used [23,24], although the selection of the
electrolyte system also has a significant impact
[25-28]. Owing to its capability to concentrate
trace analytes from large sample volumes, it is
always ITP which is used in the first stage
of the analysis. Isotachophoretic migration
during an electrophoretic analysis can be either
arranged by directly implanting an ITP electro-
lyte system in the background electrolyte (BGE)
chosen for CZE [3,6,7,10,13-15,17,19-21] or
induced by the composition of the sample con-
taining a major component playing for some
time the role of the leading or terminating ion
[11,19,27].

By far the most effective system described was
that employing the capillary for the ITP sepa-
ration coupled on-line with the second capillary
destined for the CZE run [1,2,4-6,8-10,13,
16,18]. Here, in addition to the concentrating
effect, also the load capacity of the preseparation
ITP step can be increased by employing the first
capillary of wider diameter compared with the
second capillary [4,6,13,18]. The detectability
can increase by more than 10°-fold [6,9,13,18]
and a detection limit as low as 10~° mol/l has
been reported [18]. Bulk to trace sample com-
ponents in a concentration ratio up to 10°:1 can
be determined simultaneously [1]. While the
major component is detected in the ITP step and
subsequently driven out of the system to the
helping electrode, the minor components in the
form of a short stack of sharp zones are driven
by voltage into the second capillary where the
zone electrophoretic migration occurs.

The timing of the transition of ITP into ZE
migration depends on the electrolytes used both
in the ITP and CZE step and on the amount of
the ITP components transferred into the CZE
mode. Here, attention must be paid to the fact
that the stack of analytes is sandwiched between
other zones migrating isotachophoretically, in-

cluding small parts of the leading and termi-
nating zones as a residue of the ITP migration
mode [4,22]. This influences strongly the results
of the analysis, especially the detection times of
analytes used for identification of the analytes in
CZE separations [28]. From this point of view,
three combinations of electrolyte systems can be
distinguished having a distinct effect of the ITP
transient stage on the resulting course of the
separation. Either the leading (L) or the ter-
minating (T) electrolyte from the ITP separation
can be used as the BGE, or an electrolyte
different from these can be applied. We then
speak about T-S-T, L-S-L and BGE-S-BGE
electrolyte systems (S = sample), and in each of
them, the destacking proceeds differently, which
affects the resulting image of the separation. The
theory revealed that the sample components
leave the transient ITP stack gradually in depen-
dence on their mobilities and therefore each
sample component starts its ZE migration at a
different time and at a different position along
the migration path [22]. Therefore, it is not
possible to evaluate detection times from the
CZE stage in combined ITP-CZE in the same
simple way as is done in the single CZE sepa-
ration mode. Many operational variables have to
be taken into account; however, optimum con-
ditions for the separation can be found and
correct qualitative identification is also possible.

The temporal stacking effect influences also
the zone dispersion. It was shown [29] for a
single-capillary system that as long as a minor
sample zone migrates in stack, it keeps its size
(zone width, variance) almost constant and com-
parable to the size of the stacking (sharp) zone
boundary. The normal dispersion process starts
after the zone is destacked. Sample zones in
ITP-CZE systems are thus usually sharper than
those in comparable CZE systems because their
dispersion is retarded during a part of their
migration path.

This work was aimed at continuing the previ-
ous research [22] by investigating both theoret-
ically and experimentally the major effects of
temporal sample stacking in ITP-CZE systems
on the final parameters of a sample zone. Atten-
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tion is focussed especially on the qualitative
identification of analytes and the efficiency of the
separation.

2. Theory
2.1. General remarks

The same simple model as described previous-
ly [22] was used. The system is assumed to be
closed (with zero electroosmotic flow) and diffu-
sion to be the only dispersion effect present. The
scheme of the column coupling part of the
system is given in Fig. 1 for both T-S-T and
L~S-L arrangements. Panels A show the mo-
ment when the current is just switched over
across the system of both capillaries and the
migration of the segment of ITP zones respon-
sible for the transient stacking (i.e., L for the
T-S-T system and T for the L-S-L system) into
the analytical capillary starts. The original (ITP)
zone stack still survives including the sample
zone(s). Panels B show the moment when the
migration of the stacking zone segment into the
analytical capillary has just stopped. The time
count begins (f=0) at the moment when only
the BGE is present both in front of and behind
the stacking and sample zones. This corresponds
to the situation shown in panel A for the T-S-T
system and in panel B for the L-S-L system.

2.2. Effect of temporal stacking on detection
time

In rigorous zone electrophoretic migration, the
detection time ¢y of an analyte X is the main
directly available parameter for the qualitative
evaluation of the analysis. It is indirectly propor-
tional to the effective mobility:

XK
.= T, (1)
where x is the migration path, i, is the effective
mobility of analyte X, « is the specific conduc-
tivity and i is the electric current density (as-
sumed to be constant during the analysis). The

T-S-T:

Fig. 1. Scheme of the interface in the column-coupling ITP-
CZE arrangement for the T-S-T and L-S-L systems. The
preseparation (wide) capillary is located on the left and the
analytical (narrow) capillary on the right. The leading,
sample and terminating zones are marked as L, S and T,
respectively. The arrow shows the origin of the longitudinal
coordinate (x =0, positive to the right) used in the calcula-
tions. For further explanation, see text.

simple relationship (1) is not valid, however, in
processes where transient ITP migration takes
place. The velocity of migration of an analyte
differs in the ITP and ZE modes and, as a result,
the detection time can be either increased or
decreased when compared with the velocity of
migration in the ZE mode only. It was shown
[22] that the main factors bringing the differ-
ences are the magnitude of the segments of the
leading zone introduced into the T-S-T system,
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the magnitude of the segment of the terminating
zone introduced into the L-S-L system and the
magnitudes of both of them introduced into the
BGE-S-BGE system.

The increase in the detection time of a zone
stacked temporarily in a T-S-T system can be
expressed by [22]

XKy U —Up
o =T, T =gy o (2)
where x, is the distance of the detector from the
inlet of the analytical capillary (x = 0), ky is the
specific conductivity of the background elec-
trolyte (here formed by the terminator from the
ITP step) in the analytical capillary, i is the
electric current density in the analytical capillary
and 1, is the time of the migration of the leading
zone segment into the analytical capillary (i.e.,
into the ZE stage). This equation can be re-
written in the simple form

Ix,=a, +b, (3)

where a, and b, are constants, predicting a linear
dependence of ¢, , on t;; Fig. 2 illustrates this,
showing a calculated example for three model
substances.

Eqgs. 2 and 3 hold only for sample zones that
had left the stack before they entered the detec-
tion cell, i.e. only such ¢, , values have physical
meaning for which ¢, >t , where ¢, is the
detection time of the stacking boundary given by
[22]

Ky

u, — 2
o= (Vi + v ) *)
Ty Ur

The coordinate x, where the original ITP plateau
disappears is given by [22,29]

.2
uy

Xg=ty———
¢ k(U —ug)

(5)

so that we can obtain ¢, . as a function of 7,:

(1], . u_—_u_)
tz.r_(\/xr iu[_+\/t0 uL (6)

The course of this function is shown in Fig. 2 by
the dashed line. Only ¢, = values above this line

x.r

are valid for the correct detection of zones. The
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Fig. 2. Calculated dependence of detection time (fx,) of
salicylate, benzoate and phenylacetate on the time (z,) of
migration of the leading zone into the analytical capillary in a
T-S-T system composed of 0.01 M HCl-g-alanine (pH 3.5)
(leader) and 0.01 M acetic acid—B-alanine (pH 4.3) (ter-
minator, BGE). The effective mobilities of anions used in the
calculation were (11.1, 33.3, 18.7 and 14.0)- 10" m* V™’ 5™’
for acetate, salicylate, benzoate and phenylacetate, respec-
tively. The calculations were performed for an electric
current of 50 uA and a capillary of 300 wm [.D. and 11.5 cm
length. For explanation of the dashed curve, see text.

detection times below this dashed line represent
the case when transient ITP survived on mi-
grating up to the detection cell. As is seen, for
the selected system and three analytes, the
danger of being detected still in stack is small
here and would require really large segments of
the leader being introduced into the ZE stage.
This is because the mobilities of all three ana-
lytes differ substantially from that of the leading
ion.
For the L-S—-L system, an equation analogous
to Eq. 2 can be derived [22]:
XK U —Ugp

t, = —
X.r 117, 7. —
Wy Uy Uy

0=, ~ byt (7)
where t,=1l.k, /u i is the time of migration of
the segment of the terminating zone into the
analytical capillary and /, is the final length of
this zone. Again, a linear dependence of ¢y , on
t, is obtained, with the difference that the slope
of the lines is negative, as is shown in Fig. 3 for
an example of three model substances. Also here
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Fig. 3. Calculated dependence of detection time (fy,) of
salicylate. benzoate and phenylacetate on the time (1,) of
migration of the terminating zone into the analytical capillary
in an L-S-L system composed of (.01 M HCl-B-alanine
(pH 3.5) (leader. BGE) and 0.01 M acetic acid—gB-alanine
(pH 4.3) (terminator). The effective mobilities of anions
used in the calculation were (25.3, 5.59 and 3.54)-10"° m’
V™! 57! for salicylate, benzoate and phenylacetate, respec-
tively. The calculations were performed for an electric
current of 50 uA and a capillary of I.D. 300 um 1.D. and
11.5 cm length. For explanation of the dashed curve, see
text.

the resulting linear dependence of ¢, . on £, is
limited by the condition that the analytes must
be out of stack when passing the detector. This
can be expressed by r, , >1t, ., where r, . can be
derived from Eq. 16 in Ref. [22}]:

K, _ Uy U
R VR ey (8)
By expressing x, as
[ / u,
Xy=tgu ~— =1 ———
L
{ ug
=1y (9)

Ky Uy — Uy

we can write Eq. 8 as a function

- Ko 3_—u_)
t, (Vuriwr+wk, "« (10)

In Fig. 3, this function is represented by the
dashed curve. The points where the straight lines

) tX,e 0

for actual analytes touch this dashed curve corre-
spond to the limiting case when the analytes
reach the detector just being destacked. Only
points below the dashed curve have physical
meaning and it can be seen that the impact of ¢,
on the analytical result is here obviously much
more pronounced.

2.3. Effect of temporal stacking on efficiency

It has been shown [29] that the spatial variance
in the detection cell, a;,, of an electropho-
retically migrating sample zone X that has under-
gone temporal stacking is given by

2
Tx

:U;ve +ZDx(tx,r ~tX,e) (11)

.

where af(,e is the variance of this zone at time
tx . when it leaves the temporal stack and Dy is
the diffusion coefficient of the analyte X. When
investigating this relationship for the T-S-T
system, we can express fy . on the basis of
equations given in Ref. [22] as

—; 'uL(uL -uTz) (12)
(uy — )
Using Eq. 12 and assuming that Ui,e can be
neglected, we obtain Eq. 11 in the form

(13)

XKy tx(uy — uT)]
17 0 - 2
tux (g~ uy)
The time-based zone variance can be expressed
as

U‘;-(.r = ZDX[

02
P (14)

Ux.T

where vy = liy * i/ky is the zone electrophoretic
migration velocity of X in the BGE (here
BGE =T). Combining Eqs. 13 and 14, express-
ing Dy from the Nernst-Einstein equation as
RTu/F and assuming the sample to be a strong
electrolyte (uy = uy), we obtain

) 2RT(KT>3 X, RT (ﬁ)z

g - s - T
Xt F i ,;f( F \i

(ug, —uglty _% bty (15)

(u — lzx)z
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Fig. 4. Calculated dependence of zone width (expressed as
time-based standard deviation, oy ) on the effective mobility
(#1x, in 107" m* V™' s7") of the analyte for various times (z,)
of migration of the leading zone into the analytical capillary
in a T-S-T system composed of 0.063 M HCl-histidine (pH
6.00) (leader) and 0.045 M aspartic acid—histidine (pH 6.15)
(terminator, BGE). The calculations were performed for an
electric current of 200 1A and a capillary of 300 wm [.D. and
13 cm length.

This equation shows the dependence of 0';,1 on
uy and on ¢, as is illustrated in Fig. 4 for a given
model example (T-S-T system, see captions).
The curve for ¢, =0 represents rigorous zone
electrophoresis. The larger is , (i.e., the longer
the segment of L), the narrower is the mobility
region of substances that can reach the detector
already destacked (and more dispersed). For a
given f,, the zone dispersion decreases with
increasing i, because the more mobile sub-
stances remain stacked for a longer time than the
less mobile substances.

For the L-S-L system, Eq. 11 is also valid.
For substitution of 7, ., however, Eq. 7 must be
used and for ¢, , it can be derived by using Egs.
9, 11 and 18 in Ref. [22] (with ¢, ={, fv;_, ) that

up(uy —ur)
be =ty ———5 16
* ’ (y —ug) (16)
Using a similar procedure as in the previous
case, we obtain in analogy

XKL Uy (U _uT)] (17)

bl
oy .=2D [ _— ="
X.r X lux 0 (lzx . UT)2
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Fig. 5. Calculated dependence of zone width (expressed as
time-based standard deviation, oy ,) on the effective mobility
(iiy, in 107° m> V™' s7") of the analyte for various times (Z,)
of migration of the terminating zone into the analytical
capillary in an L-S-L system composed of 0.01 M HCl-
histidine (pH 6.00) (leader, BGE) and 0.0071 M aspartic
acid—histidine (pH 6.15) (terminator). The calculations were
performed for an electric current of 150 wA and a capillary of
300 um I.D. and 13 cm length.

5 2RT (k. \> x, RT [k \?
o= F\T) 2 F G
X

F i i

G mudly @ bado g

- \2 — \2
(uy —uy) iy (ux —uy)

Fig. 5 illustrates the dependence described by
Eq. 18 for an L-S-L model example. The curve
for ¢, = 0 shows a similar course to that in Fig. 4,
but for £, >0 the courses are different in princi-
ple. The differences are clearly seen for the
other curves, which drop abruptly when ap-
proaching low iy values. This is explained by the
fact that analytes with low mobilities (but not
lower than u.) are stacked for a longer time than
those with high mobilities. It should be stressed
here that Fig. 5 predicts the existence of stack-
ing-induced zone-variance inversion where the
slowest zone is the narrowest and the fastest
zone is the widest when passing the detector.

It is interesting to investigate now how the
above-described rules for the zone variance
demonstrate themselves in a more complicated
system such as the BGE-S-BGE system. Here
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the segments of the original leading and ter-
minating zones are cut into the ZE stage. De-
pending on the mobility of the selected BGE,
the analyte zones are stacked either by the
leading or by the terminating segment and the
whole train of transient ITP zones can be consid-
ered as consisting of two independent systems.
The variance of an analyte zone is thus described
either by Eq. 15 or by Eq. 18 modified as
follows:

(i) for analytes with uyge < ity <u,:
» _2RT (KBGE)3 x, RT

=—\—) = - 2.

Ox

t F l ux F
K 2(u; —u
( B'GE) (g ‘l.iGEz)-tL (19)
t (up —uy)

(ii) for analytes with u, <y <uggg:

» _2RT ("BGE)3 Xy ﬂ

Tx TTF 7 ) 2 F
K 2 (u - u
X < B.GE) ( BGE ~ 1'2) . tT (20)
! (ux —uy)
1.0 T T T
Tyals)

0.5

10s 24s

0.0 1 i Il
30 45 60 G,

Ygge

Fig. 6. Calculated dependence of zone width (expressed as
time-based standard deviation, o, ,) on the effective mobility
(i@x, in 107 m*> V™' s7") of the analyte for various times (t,
and z;) of migration of the leading and terminating zone,
respectively, into the analytical capillary in a BGE-S-BGE
system composed of 0.01 M HCl-histidine (pH 6.00)
(leader), 0.007 M aspartic acid-histidine (pH 6.15) (ter-
minator) and 0.01 M acetic acid-histidine (pH 6.12) (BGE).
The calculations were performed for an electric current of
100 nA and a capillary of 300 um 1.D. and 13 cm length.

where ¢, and ¢; represent the actual values of ¢,
corresponding to the amount of the introduced
segments of the L and T zones, respectively.
Note that both equations can be used simul-
taneously for the description of a system, al-
though the starting points for the time count in
the zone electrophoretic stage are not the same
for cases (i) and (ii); this is because only the
difference ¢y , — tx . appears in Eq. 11.

The practical impact of Egs. 19 and 20 can be
again best illustrated by a model example, as
shown in Fig. 6. Here, the uge value splits the
plot into two areas which correspond to the two
types of dependence shown in Figs. 4 and 5. In
practice this predicts that the zones of analytes of
intermediate mobilities (close to the uygg value)
will be the broadest while zones of analytes of
both high and low mobilities will be less broad
owing to their longer stacking time.

3. Experimental
3.1. Calculations

All calculations were performed for model
systems of simplified behaviour. The input ionic
mobilities and dissociation constants taken from
literature [30] are listed in Table 1. All these
values and the effective mobilities of weak acids
and bases calculated for a given electrolyte

Table 1
Constants used for the calculations

Substance Ionic mobility pK,
(107 m*V7is™h
B-Alanine 37.5 3.55
Acetate 42.4 4.75
Aspartate 31.6 3.9
Benzoate 33.6 4.2
Chloride 79.1
H' 362.5
Histidine 29.6 6.04
lodate 42 0.77
Maleate 41;62.4 1.9;6.22
Periodate 56.5 1.55
Phenylacetate 31.7 4.4
Salicylate 354 3.1
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system were assumed to be constant during the
analysis.

3.2. Instrumentation

A CS ZKI 01 isotachophoretic analyser
(URVIJT, Spisska Nova Ves, Czech Republic)
equipped with a column-switching system was
used. Both preseparation and analytical capil-
laries were made from PTFE and their 1.D. was
0.3 mm. The preseparation capillary was
equipped with a conductivity detector positioned
19 cm from the injection point and 5 cm from the
bifurcation point. The analytical capillary was
equipped with the UV and conductivity detectors
placed at distances of 13 cm and 16 cm from the
bifurcation point.

The pH of solutions was measured with a
Model MS-20 ion activity meter (Laboratorni
piistroje, Prague, Czech Republic) with a com-
bined glass electrode.

3.3. Chemicals

Water deionized with a Miele Aqua Purificator
G7749 was used for the preparation of both
electrolyte systems and sample solutions. All the
chemicals used were of analytical-reagent grade
and purchased from Lachema (Brno, Czech
Republic), except for aspartic acid and histidine,
which were from Reanal (Budapest, Hungary).

3.4. Working procedures

The sample was introduced via a sampling
valve of 24.5 ul. The first (preseparation) capil-
lary and the corresponding electrode vessels
were filled with the isotachophoretic electrolyte
system, i.e., with the leading and terminating
electrolytes. The second (analytical) capillary
and its electrode vessel were filled with the
background electrolyte. In the first (ITP) stage,
the current passed only through the first capillary
between the corresponding electrode vessels
containing the leading and terminating elec-
trolyte, respectively. When the rear boundary of
the leading zone in the first capillary approached
the bifurcation point, the current was switched

over to pass through both the preseparation and
analytical capillaries.

Suitable timing of this event must be found
experimentally with the help of the tell-tale
conductivity detector located near the end of the
preseparation capillary. Since this detector is
placed at a certain distance from the bifurcation
block, the exact time when the L-T boundary
appears at the bifurcation point must be found
by using a suitable dye. This dye is injected as
the only analyte into this system, migrates be-
tween the leading and terminating electrolyte
and is both detected by the tell-tale detector and
observed when it reaches the bifurcation point.
The time necessary for the boundary to pass the
distance between the detector and bifurcation
point is constant for constant composition of the
leading electrolyte and constant experimental
conditions.

Hence the whole train of ionic species in
question started to migrate into the analytical
capillary. After the whole sample stack entered
the analytical capillary, the current was switched
off and the terminating electrolyte, now filling
the whole preseparation capillary, was washed
out and replaced with the BGE. After that the
whole separation system was filled with BGE
and the stack of sample zones was the only
discontinuity in this electrolyte. When the ter-
minator was used as the BGE, the washing step
was omitted and the analysis could continue
immediately after switching the current over.

The timing of the process is as follows. The
time point at which the current is switched over
across both capillaries defines the length of the
segment of the leading zone entering the ana-
lytical capillary expressed in time units. The time
of switching the current on after the flushing the
terminator out of the preseparation capillary
defines the length of the terminating electrolyte
that has entered the analytical capillary together
with the sample stack. The time counting for the
CZE step begins at the moment when the sample
being sandwiched by the segments of leading and
terminating zones and the whole capillary system
being filled with the BGE started to migrate. In
the T-S-T system this means that the zone of
the sample is still situated in the preseparation
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capillary with a segment of leader in front of it,
whereas in the L-S-L and BGE-S-BGE sys-
tems the sample is already in the analytical
capillary followed by the terminator (L-S-L
system) or sandwiched by the leader and ter-
minator (BGE-S-BGE system) (see Fig. 1).

4. Results and discussion

The effect of temporal stacking on the detec-
tion time is illustrated by Figs. 7 and 8. Fig. 7 is
analogous to Fig. 2, showing experimental re-
sults in a commonly used ITP buffered elec-
trolyte system (modelling here a T-S-T system)
with Cl as the leading ion, histidine as the
counter ion and aspartate playing here the role
of the terminating ion. A 10~° M solution of
anions of organic and inorganic acids was used as

300 T V T 0 T T
t,  (s)
250 - .
benzoate
salicylate
200 + 1
iodate
maleate
150 - periodate 7
100 3 i —— 1 1

-20 0 20 40 ¢ (g
o

Fig. 7. Experimental verification of the dependence of the
detection time (r,,) on the length of the leading zone
expressed as the time of its migration into the analytical
capillary (7,) filled with terminator (T-S-T electrolyte sys-
tem). Measurements were performed at a constant current of
75 nA in both the ITP and CZE migration modes. Leading
electrolyte, 10 mM HCl-histidine (pH 6.0); terminating
electrolyte, 10 mM aspartic acid-histidine (pH 6.15). As the
background electrolyte for CZE. the terminating electrolyte
from the ITP step was used. Sample. 25 ul of 1-10 ° M
benzoate, salicylate. iodate. maleate and periodate.

180 T T T
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Fig. 8. Experimental verification of the dependence of the
detection time (¢, ,) on the length of the terminating zone
expressed as the time of its migration into the analytical
capillary (t,) filled with leading electrolyte (L-S-L elec-
trolyte system). Measurements were performed at a constant
current of 75 uA in the ITP mode and 150 pA in the CZE
step. Leading electrolyte, 10 mM HCl-histidine (pH 6.0);
terminating electrolyte, 10 mM aspartic acid. As the back-
ground electrolyte for CZE, the leading electrolyte from the
ITP step was used. Sample, 25 ul of 1-107° M benzoate,
salicylate, iodate, maleate and periodate.

the model mixture. Fig. 7 confirms the linear
character of the #, ; vs. t, dependence predicted
by Eq. 3. It can be seen that the longer the
segment of the leading zone that was cut into the
analytical capillary, the greater is the prolonga-
tion of the detection time. When the segment of
the leading zone is very long (i.e., ¢, is high),
there is a risk that analytes with the largest
mobility can still be migrating in stack when
passing the detector (see maleate and periodate
at 1, =40s).

Such effects (especially for low-mobility ana-
lytes) are more pronounced in Fig. 8, showing
experimental results based on the same elec-
trolytes as those in Fig. 7 but used in an L-S-L
arrangement. The L-S~L system allows one to
perform very fast analyses but there is a real
danger that if the detector is not placed at a
sufficient distance from the bifurcation point,
some of the slower analytes can still migrate in
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Fig. 9. Principle of the standardization method. To be able to identify analytes in the sample, the calibration graph for the
dependence of the detection time of analytes and of an internal standard on the length of the leading electrolyte that had
co-migrated with the sample into the CZE step in the case of the T-S—T system (or terminator in the case of the L-S-L system)
has to be drawn and used as demonstrated here for the T-S-T system. Measurements were performed at a constant current of
100 1A in the ITP mode and 50 uA in the CZE step. Leading electrolyte, 10 mM HCl-B-alanine (pH 3.5); terminating
electrolyte, 10 mM acetic acid (pH 4.3). As the background electrolyte for CZE, the terminating electrolyte from the ITP step
was used. Sample, 25 ul of 1107 M salicylate, benzoate and phenylacetate mixture.

stack (see Fig. 8 at higher ¢, values). Also here,
the character of the curves fits well with the
predictions (see Fig. 3).

Figs. 7 and 8 indicate that the methods (see
Ref. [31] and citations therein) utilizing the
migration times directly for qualitative evalua-
tion of the analysis may be strongly misleading.
Fig. 9 brings a possible solution to this problem,
showing the principles of a simple standardiza-
tion procedure. This procedure requires one to
have the experimental dependences of ¢, , on ¢,
for all analytes of interest and for a selected
standard substance. If this standard is added to
the analysed sample and it is possible to recog-
nise its peak in the electropherogram of this
sample, we can determine the value of ¢, corre-
sponding to the sample and consequently iden-
tify the analyte peaks.

The effect of temporal stacking on the ef-
ficiency was investigated experimentally first in
the most user-friendly T-S-T system. Fig. 10
shows the experimental dependence of time-
based peak standard deviation on mobility for a
series of weak acids analysed using a BGE
composed of 15 mM aspartic acid-histidine (pH
6.15). The leader for the ITP step was 10 mM
HCI-20 mM histidine (pH 6). Aspartic acid

Tyals)

1.6 - "

1.2 -

0.4 b :

| 1

30 40 50 G, 60

Fig. 10. Experimental verification of the time-based peak
standard deviation (oy ) on the mobility of analytes (i, in
107" m> V™' s7') in the T-S-T system. Measurements were
performed at a constant current of 150 gA in both the ITP
and CZE modes. Leading electrolyte, 10 mM HCI-His (pH
6.0); terminating electrolyte, 15 mM aspartic acid-His (pH
6.15). As the background electrolyte for CZE, the ter-
minating electrolyte from the ITP step was used. Length of
the leading segment at the beginning of CZE separation, 9 s;
sample, 25 ul mixture of 1-107® M salicylate, iodate,
maleate and periodate. The effective mobilities of the ana-
lytes at pH 6.00 were calculated from the data given in Table
1.
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served as the terminator. Comparison of the
results with Fig. 4 demonstrates good co-
incidence of the experiment with theory, i.e.,
zone variance in this system decreases with
increasing effective mobility.

Fig. 11 presents this dependence for a BGE-
S-BGE system composed of 10 mM HCI—
histidine (pH 6.0) as the leading electrolyte, 10
mM aspartic acid as terminator and 10 mM
acetic acid-histidine (pH 6.12) as BGE. Also
here, the comparison with theory is satisfactory
and one can see an anomalous course of the
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Fig. 11. Experimental verification of the combined effect of
front and rear stack expressed as the dependence of the
time-based zone width (o ,) and separation efficiency (V) on
the mobility of the analytes (iy, in 107" m® V' 7'y,
Measurements were performed at a constant current of 75
A in the ITP mode and 100 A in the CZE step. Leading
electrolyte, 10 mM HCl-histidine (pH 6.0); terminating
electrolyte, 10 mM aspartic acid; background electrolyte, 10
mM acetic acid-histidine (pH 6.12). The length of the
leading segment co-migrating with the sample into the CZE
mode was 15 s and the length of the terminating segment was
20 s. Sample, 25 ul of a mixture of 1-10°° M benzoate.
iodate, maleate and periodate. The effective mobilities of the
analytes at pH 6.12 were calculated from the data given in
Table 1. The dotted line corresponds to the splitting point
given by the mobility of the BGE co-ion (acetate). Analytes
with &, >y are controlled by the leading ion as in the
T-S-T system, whereas analytes with @, <, are con-
trolled by the terminating ion as in the T-S-T system.

dispersion of zones: the first and last zones are
the sharpest with the highest separation ef-
ficiency and the zones of mobilities very close to
the mobility of the co-ion are the most dispersed
owing to their early destacking. Comparison with
Fig.6 confirms the predicted course of the
curves, which can also be expressed in terms of
efficiency (see left-hand scale in Fig. 11).

Fig. 12 shows a record of ITP-CZE separation
performed in the BGE-S-BGE system where
the anomalous zone width distribution is clearly
seen, the first and last zones being the sharpest.
The lengths of both the leading and terminating
segments entering the analytical capillary influ-
ence the process of destacking and the migration
times of analytes. The longer the segments, the
closer the analytes are one to another and the
sharper are their zones.

5. Conclusion

In the separation technique combining iso-
tachophoresis and zone electrophoresis on-line,
the presence of a segment of leading and/or
terminating zones in the CZE stage can never be
eliminated. This results in a temporal survival of
ITP migration followed by a complicated process
of sample destacking, which makes simple rules
describing a CZE analysis misleading. The
theory presented here describes the destacking
process and shows the most important factors
affecting this process.

Using a given instrument and electrolyte set-
up, the most important factor is the size of the
ITP zones cut into the ZE stage. The effects of
this factor on the detection time may be char-
acterized in actual systems as follows. In T-S-T
systems, the detection times of the analytes
increase linearly with increasing amount of
leader introduced. In L-S-L systems, the detec-
tion time decreases linearly with increasing
amount of terminator introduced. These effects
relate only to sample zones that -are- already
destacked when passing the detector; to ensure
this, the amount of the leader/terminator intro-
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Fig. 12. Effects of destacking process in the BGE-S-BGE system. Experimental conditions as in Fig. 11 except for segment

lengths. Leading segment = 15 s, terminator segment = 13 s.

duced must not exceed a certain value that
differs from analyte to analyte. The qualitative
identification of the analytes based on their
variable detection times is possible using a stan-
dardization procedure requiring the sample to be
run with one internal standard substance.

The temporal stacking also affects the final
dispersion of the analyte zones at the point of
detection, since the dispersion of zones is frozen
as long as they are in stack. The longer the
analyte zone remains stacked, the sharper is its
peak when detected. The sharpest zones are
therefore provided by high-mobility analytes in
T-S-T systems and low-mobility analytes in L-
S-L systems. BGE-S-BGE systems show an
anomalous zone-dispersion distribution, with
analytes of intermediate mobilities showing the
most dispersed zones.

The theoretical and practical knowledge pre-
sented here enables one to formulate some rules
for choosing a proper separation mode, elec-
trolyte systems and parameters of the separation
with respect to the nature of the sample. T-S-T
and L-S-L modes of electrolyte combinations

offer simpler operation and evaluation than the
BGE-S-BGE system. In the T-S-T system, the
slow analytes are destacked first. They are more
dispersed but, on the other hand, they are more
distant from one another and the risk of stacked
migration can be expected to be small. Hence, if
the analytes of interest are slow, the T-S-T
system may be recommended. If we are inter-
ested more in the fast components of the sample
and the mobilities of these analytes are very
close to the mobility of the leading ion, then it is
more convenient to use the L-S~L system where
these analytes leave the stack first and the risk of
passing the detector still not destacked hardly
exists. In both systems, qualitative identification
of analytes employing one internal standard is
possible on condition that the analytes migrate
already fully destacked. The BGE-S-BGE sys-
tem brings the most uncertainty into the sepa-
ration and it cannot be recommended unless for
a special case. Finally, one can conclude that the
simplest to perform, evaluate and optimize
seems to be the T-S-T system, in its version
where the concentration of T serving as the BGE
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is the same as the adjusted concentration of T in
the ITP stage.
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Symbols

Dy diffusion coefficient of analyte X

i electric current density

L length of the stacking zone j in the
analytical capillary

R gas constant

T absolute temperature

ty time when the isotachophoretic
plateau of the stacking zone in the
analytical capillary disappears

Iy e time when substance X leaves the
stack

Iy, time when zone X passes through the
detector

t,, time when the sharp boundary of the
stacking zone passes through the de-
tector

ty (., ty) time of migration of the stacking zone
into the analytical capillary

Uy electrophoretic mobility of ion X

Uy effective mobility of substance X

Uy isotachophoretic velocity in the ana-
lytical capillary

v, velocity of the sharp boundary of the

L-T transition zone

Uy; migration velocity of analyte X in
zone j

Xy coordinate at  which the iso-
tachophoretic plateau of the stacking
zone in the analytical capillary dis-
appears

X, position of the detector

K; specific conductivity of zone j

T variance of zone X when it leaves the
stack

oY, detection variance of zone X
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