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Abstract

The theoretical principles used in the explanation of the separation process in capillary zone electrophoresis (CZE),
during the analysis of samples with different matrix cases, are discussed. At the beginning of the CZE separation, an
isotachophoretic (ITP) process takes place between the matrix ion and the electrolyte co-ion (ITP range). As a result of the
ITP effect, analytes with mobilities between those of the matrix ion and the co-ion, show increasing peak heights with
increased matrix concentration whereas for slower or faster analytes peak-broadening occurs. By adding a second matrix ion
to the sample, the ITP range can be shifted, so that analyte ions are determined which otherwise could not be analyzed. A
further established matrix effect is the shift of the migration times. The reliability of the anticipated effects was investigated

for inorganic anions, using several electrolytes and matrix ions.
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1. Introduction

The determination of inorganic ions in the pres-
ence of matrices is a fundamental analytical problem.
There are only a few publications where the applica-
tion of capillary zone electrophoresis (CZE) sepa-
ration to samples containing matrices was investi-
gated [1-6].

“In principle, the matrices can be classified in
non-charged and in charged species. The advantage
of a sample with a non-charged matrix is the low
conductivity of such samples, because the neutral
species have no influence on the ionic strength of the
sample. Therefore, the stacking effect during the
initial state of the CZE separation which can be
obtained in aqueous samples with low conductivity
[7-9] can also take place in the presence of a neutral
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matrix (see Fig. la). This focusing effect leads to
small analyte zones in the initial state of the electro-
phoretic separation, resulting in high plate numbers
for the analyte peaks in the electropherogram.

Furthermore, all on-line preconcentration methods
that were developed for the improvement of the
detection limits of anions in aqueous solutions, like
electrokinetic injection, electrokinetic injection with
an isotachophoretic (ITP) state and sample stacking,
can be transferred to samples with a neutral matrix.
Taking some special facts into consideration, such as
the change of viscosity and pH of the sample in the
presence of a neutral matrix, the samples can be
determined without problems up to high analyte-to-
matrix ratios, by applying an on-line process to
remove the matrix [6].

The analysis of samples with an ionic matrix,
however, is a more complicated problem. Excess of
an ion leads to a high electric conductivity of the
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Fig. 1. Influence of the sample contents on the stacking process and the resulting electropherograms.

sample that is dependent on the mobility and the
concentration of the matrix ion (see Eq. 1 in Table
1). For a sample conductivity higher than the con-
ductivity of the electrolyte, the velocity of the
analyte ions in the electrolyte is higher than in the
sample zone. Therefore, in contrast to samples with
low conductivity (Fig. la), zone broadening takes
place, resulting in flat peaks with low plate numbers
and poor resolution (see Fig. 1b). Furthermore, on-
line preconcentration methods such as electrokinetic
injection or sample stacking are not applicable
because of the unfavourable ratio of conductivity and
field strength, respectively. However, the use of
hydrostatic or hydrodynamic injection results in
higher limits of detection.

A possible method for preconcentrating analyte
ions in the presence of an ionic matrix is the use of
an ITP process, before the CZE separation.

Some methods for coupling a precolumn for ITP
and a separation capillary for CZE are described in
the literature: [10—15]. These arrangements require
expensive equipment and often require a second
detector. Furthermore, the coupling of two capillaries
is difficult to use in routine analysis. The disadvan-
tages of the coupling of ITP and CZE do not exist if
the ITP and CZE states take place in the same

capillary. This can be realized by creating an ITP
step in the initial state of a CZE separation, using the
matrix ion as one part and the electrolyte co-ion as
the other part of the ITP system.

A theoretical description of the processes occuring
in the presence of a high mobile matrix ion was
given by Beckers and Everaerts [16] and Gebauer et
al. [1]. Foret et al. [14] described a procedure to
employ ITP and CZE in the same capillary, using an
excess of the high mobile chloride ion in the sample
acting as a leading electrolyte, for the separation of a
standard protein mixture.

It was also shown that for a low mobile matrix
ion, an ITP state can occur using the matrix ion as
the terminator and the co-ion of the electrolyte as the
leading component [3].

Therefore, it can be assumed that an ionic matrix
can be applied as either the leading or the ter-
minating ion in the initial state of the CZE-sepa-
ration, in dependence of its mobility. Three cases can
be distinguished; a low mobile matrix ion, a high
mobile matrix ion and a combination of two matrix
ions. The electrolyte for CZE should have a selected
mobility and concentration so that it can act as the
corresponding (terminating or leading) ion. The ITP
mode ends when the concentration of the matrix ion



J. Boden, K. Bichmann | J. Chromatogr. A 734 (1996) 319-330 321

is decreased due to its electromigrative dispersion.
After that, the analytes can be de-stacked, one after
the other, and migrate into the CZE mode.

At the end of the analysis, the analytes with
mobilities ranging between those of the matrix ion
and the co-ion are preconcentrated resulting in sharp
peaks with high plate numbers as can be seen in Fig.
Ic.

Peak-broadening results for analytes with mobili-
ties outside the mobility range between the co-ion
and the matrix ion. This requires that the electrolyte
co-ion should be chosen so that the highest possible
number of analytes is lying in the considered ITP
range.

Furthermore, it should be possible to focus ana-
lytes subjected to peak-broadening by adding a
second matrix ion to the sample. Then, two ITP
states could be realized simultaneously and the
electrolyte co-ion could have an intermediate mobili-
ty.

In this paper, the influence of the initial ITP state
on the concentration effect and on the shift of the
migration times will be discussed. Furthermore, the
anticipated effects will be investigated practically,
for the determination of inorganic anions in the
presence of several matrices.

2. Theoretical

2.1. Mechanism of the separation in the presence
of an ionic matrix

The movement of the different zones in the
presence of a matrix ion can be subdivided into four
successive steps; the migration of analytes and
matrix ions from the sample zone to the boundary of
the sample zone and the electrolyte zone, the regula-
tion of the concentrations at this boundary, the ITP
mode and finally, the de-stacking of the analytes
resulting in their transition to the CZE mode.

A detailed description of this mechanism for all
three matrix cases can be given as follows:

After injection, the sample zone is a homogeneous
mixture of the analyte A and the matrix ion M (see
Fig. 2a), with the electric conductivity «g (see Table
1, Egs. 1 and 2). On applying an electric field, the
matrix and analyte ions migrate from the sample

Low mobile matrix, high mobile electrolyte (U, < pa< He)
a) t=0 b) ITP- mode ¢) CZE- mode

M - melix zone with constant , Wi
M, - dfluse mairx zone, mixed with electiolyle
E'M.A - 20nes of sleckolyte, matrix and anaiyte

Md.r - rear boundary of the diffusa matrix zone

Fig. 2. Scheme showing the development of the ITP stacking
process in the presence of a low mobile matrix ion.

zone to the boundary of the sample zone and the
electrolyte zone with the velocity v, ; (in this case the
indices j and i stand for the zone and for the species,
respectively).

b, =—t (3)

Reaching this boundary the concentration of the
different species ¢ is regulated according to the
Kohlrausch-regulating-function (Eq. 4) [17,18],

M (gt pc)

Mg (T pe) )

Ciy=Cg”
resulting in the typical ITP profile of conductivity
and concentration (see Fig. 2b). Assuming that the
concentration of the matrix ion in the sample zone
Cy s is higher than the concentration of the co-ion ¢y
a diluted pure matrix zone with the length / results.

ms

L=y &)

CM,r
In the case of a low mobile matrix and a high
mobile co-ion (see Fig. 2), a self-sharpening effect at
the front of the matrix zone leads to a sharp
boundary M-E between the matrix and the elec-
trolyte. In contrast, for a high mobile matrix and a
low mobile co-ion, the self-sharpening effect takes
place at the rear side of the matrix zone (data not
shown). In both cases the analytes are stacked
isotachophoretically on the sharp boundary between
the electrolyte and matrix zones. The highest attain-
able stacking concentration is also given by the
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Kohlrausch-regulating-function (Eq. 4) [17,18]. Dur-
ing the ITP mode, the analyte zone as well as the
electrolyte and the matrix ions migrate with the same
ITP velocity vqp.

1% =v =0 =V = ﬂA—l"u’M
e — YAA T Ymwm T VEE T -
Ky Ky
i
= (6)
Kg

In contrast with the sharp boundary, the other side
of the matrix zone is a diffuse one. Within this
diffuse matrix zone M,, the concentration and the
conductivity are not stationary due to the increasing
concentration ratio of electrolyte to matrix depending
on time and position. The change of concentration
and conductivity can be described using the theory of
electromigrative dispersion resulting in a root-func-
tion [19]. According to this theory, a convex profile
for both matrix concentration and conductivity will
be received in the case of a low mobile matrix and a
high mobile electrolyte. Therefore, the matrix peak
of a low mobile matrix obtained in the elec-
tropherogram will be concave (‘‘tailing’’). In con-
trast, the shape of a high mobile matrix will be
convex (‘‘fronting’’) in the electropherogram.

The zone boundary between the diffuse matrix
zone M, and the matrix zone with the concentration
plateau M, moves with the velocity v,,_,,, whereas
the velocity of the boundary of the diffuse zone and
the electrolyte zone can be described using v,
[13,15].

_i~,uE _i-,u,M

v
M-M d
Ky Kg

)

Due to the different velocity v,,_,, in comparison
to the ITP velocity v,y of the sharp boundary M-E
of the non-diffuse matrix zone (see Eq. 6), a loss of
the non-diffuse matrix zone results at the time 7.

Assuming that at the beginning of the separation
the distance of the two boundaries conforms with the
length of the regulated matrix zone /. and using Egs.
1-5, the time of their coincidence ¢, can be calcu-
lated for the different matrix cases according to Egs.
8—11 (see Table 1).

After the time ¢, the self-sharpening effect of the
sharp boundary takes place, but no stationary con-
ditions now exist due to the continuous change of the
concentration ratio of the electrolyte and matrix ions

cp/cy resulting also in a change in the electric
conductivity.

Therefore, the velocity of the sharp boundary M-E
also changes continuously. The value of the con-
centration and of the conductivity of M-E can be
calculated according to the equations describing
electrodispersion [19]. The analytes are in stack on
M-E until the time ¢, at which the velocity of the
boundary M — Ev,,_ [1,19] is equal to the velocity
of the analytes in the electrolyte v,  (see Eq. 3, in
this case the index E stands for the electrolyte zone)
according to:

e SRAL Y (12)

Lirp Kg

Insertion of x,_p [1,15,19] and transformation
leads to the equations for the ITP time (see Egs.
13-16, Table 1). It can be seen that the ITP time of
the analytes for all three matrix cases depends on the
mobility difference of the matrix and analyte as well
as of the matrix and co-ion. Furthermore, the ITP
time is connected to the length of the sample zone,
the conductivity of the sample zone (and therefore,
also to the matrix concentration) and the concen-
tration of the co-ion (contained in the current density,
i).

After the de-stacking procedure the analytes mi-
grate into the CZE-mode (see Fig. 2c) with its
normal electrophoretic velocity v, . (see Eq. 3).

2.2. Summary of the expected matrix effects

Due to the described on-line coupling of ITP and
CZE, some matrix effects result, such as the ITP
stacking, the shift of the migration times, the change
in the resolution and the increased influence of
contaminations of the electrolyte system.

The most important matrix effect is the ITP
stacking of the analytes. The attainable stacking
factors can be calculated according to the Kohl-
rausch-regulating-function (see Eq. 4).

Another matrix effect is the shift of the migration
times. This effect can be explained by the velocity of
the analytes during the ITP mode compared to the
usual CZE-mode. The migration time 7, to the
detector point [, can be obtained from the sum of the
ITP-time and the CZE-time of one analyte.
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Insertion of #,, ( Egs. 13-16) and transformation
leads to the equations for the migration times (see
Egs. 19-23). It is obvious from these equations that
the migration times are influenced in a different way
for the different matrix cases. For low mobile
matrices, a shortening of the migration times will be
obtained. In contrast, a high mobile matrix leads to
longer migration times. In the presence of two
matrices, no uniform shift of the migration times of
the analytes exists. Depending on the mobility
difference between the analyte and the electrolyte
co-ion, different equations have to be used for the
calculation of the r, values (see Table 1, Egs. 21—
23). From these equations, it can be concluded that
analytes with a higher mobility than the electrolyte
co-ion are slowed down, whereas analytes with a
lower mobility are accelerated. As the result of this
contrasting influence of the ITP state on the whole
electropherogram, the analyte peaks come closer
together.

In contrast to CZE in the pure ITP mode, the
analyte zones are not separated from one another by
the electrolyte. This fact leads to worse resolution of
the peaks in the electropherogram with an increased
influence of the ITP state. Over long ITP times, some
analytes reach the detector point still in stack and
cannot be detected as single peaks.

In addition, the purity of the electrolyte plays a
more important role than in the normal CZE mode.
In principal, all ions contained in the electrolyte with
mobilities between the matrix ion and the electrolyte
co-ion can be stacked into the sample zone during
the ITP state and appear as a peak in the elec-
tropherogram. Therefore, the purity of the applied
electrolytes should be examined before using them
for the determination of analytes in the presence of
ionic matrices.

3. Experimental section

For our investigations, laboratory-built CZE
equipment as well as the automatic CZE device

P/ACE system 2050 from Beckman (Miinchen,
Germany) were used.

The separations were carried out using conven-
tional untreated fused-silica capillaries (50 and 75
pum  LD) from CS-Chromatographie Service
(Langerwehe, Germany).

For the home-made CZE device, the capillaries
passed through an ABI 785A programmable ab-
sorbance detector (Applied Biosystems, Weiterstadt,
Germany) with variable wavelength, and its outlets
were placed in two 10-ml electrolyte vials.

The high voltage from a 30 kV power supply
(F.u.G. Electronic, Rosenheim, Germany), used in
the negative voltage mode, was applied between the
two ends of the capillary with platinum-iridium
electrodes dipping into the electrolyte vials.

The absorbance units of the home-made detector
were transformed by an A/D board (ERC, Alte-
glofsheim, Germany) into wV, hence the output of
the data was in the voltage mode. The electropherog-
rams were evaluated using APEX chromatography
software (Autochrom, Milford, MA, USA). The
electric conductivity of the sample solutions were
measured with an LF92 conductometer (WTW,
Weilheim, Germany).

3.1. Chemicals

All solutions, electrolytes and standards were
prepared using water purified with a Milli-Q system
(Millipore, Eschborn, Germany). All reagents were
of analytical-reagent grade and were obtained from
Merck (Darmstadt, Germany). To shorten the analy-
sis time for the determination of anions the EOF
modifiers  tetradecyltrimethylammoniumhydroxide
(TTAOH) or dodecyltrimethylammoniumhydroxide
(DoTAOH) were added to the electrolyte. Both were
laboratory-made [25] from their bromide salts, using
the anion exchange material Amberlite IRA-904
(Serva, Heidelberg, Germany).

4, Results and discussion

In order to detect the UV-inactive ions, the indirect
UV-detection mode using a UV-active background
electrolyte should be applied [20-27]. Measuring
several inorganic and organic anions in the presence
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of different matrices, different electrolytes must be
used to change the ITP range. In Table 2, the
mobilities of some electrolyte co-ions and selected
analyte ions are summarized.

4.1. Electrolyte and matrix ion with similar
mobilities

The most unfavourable matrix effect is obtained if
the matrix anion and the electrolyte co-ion have
similar mobilities. 'In this case, no ITP state is
available and peak-broadening for all analytes occurs
(see Fig. 1b).

This can be the case if, for example, the matrix ion
and the electrolyte co-ion are identical species. Fig. 3
shows four electropherograms with molybdate as the
electrolyte co-ion and with different concentrations
of molybdate in the sample. All analyte ions are
broadened and therefore the peak heights decrease as
can be seen in Fig. 3b. Even at low molybdate
concentrations (2 mM) or low analyte-to-matrix
ratios (1:80), a reduction of the peak heights occurs.
The peak area for every analyte ion is constant up to
a molybdate concentration of 10 mM. At higher
concentrations, the peak areas also decrease.

Furthermore, it can be seen that nitrate was
directly detected due to its higher absorbance com-
pared to the molybdate electrolyte, hence, the nitrate
peak was in the opposite direction. For all other ions
the indirect detection mode obtained.

4.2. High mobile electrolyte and low mobile matrix
ion

Table 2 shows that chromate can be used as a
high mobile electrolyte for indirect UV detection
[3,26,27]. In samples with fluoride as a slow matrix
ion, the mobilities of the common inorganic ions
(e.g. chloride, sulfate, nitrate and chlorate) lie be-

Table 2
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Fig. 3. The infiuence of a molybdate matrix in the sample on the
electropherograms using molybdate as the electrolyte also. (a)
Electropherograms for different matrix concentrations. (b) Peak
heights vs. concentration of molybdate in the sample. Electrolyte,
S mM sodium molybdate, pH 6.7; analytes, 50 uM each;
capillary, 70 cm to the detector, 86 cm total length, 50 xm LD;
detection, indirect UV (direct UV detection for nitrate), 211 nm;
injection, hydrostatic (10 cm, 30 s); device, laboratory-built.

tween the mobilities of chromate and fluoride.

Fig. 4a shows four electropherograms with differ-
ent fluoride concentrations. As expected, the inor-
ganic ions form sharp peaks because of the ITP
initial state, with the exception of thiosulfate which
is decreased due to its higher mobility compared to
chromate.

Theoretical [28] and effective mobilities of some analyte ions and electrolyte co-ions

Electrolyte co-ion

Analyte ion

Chromate Molybdate Salicylate

Chloride Sulfate Nitrate Chlorate Fluoride Acetate

Hineo [cm?/V:s1-10% 8.8 7.4 3.7
Mo [em®/V5)-10% 8.1 7.3 35

7.9 8.2 7.4 6.7 5.7 42
7.8 7.4 7.3 6.5 5.5 39

* The effective mobilities were calculated from the electropherograms in the absence of matrix in Figs. 3-5



326 J. Boden, K. Bdchmann / J. Chromatogr. A 734 (1996) 319-330

a) v

- 2
o 830,

\

440 mM HF

110 mM HF

40 50 60 70 t [min)

Fig. 4. The influence of a fluoride matrix on the electropherograms
using a chromate electrolyte. (a) Electropherograms; (b) peak
heights vs. concentration of fluoride. Electrolyte, 5 mM potassium
chromate, 0.15 mM TTAOH, pH 8.4; analytes, 25 uM each;
capillary, 65 cm to the detector, 80 cm total length, 75 um LD,
detection, indirect UV, 254 nm; device, laboratory built.

With increasing matrix concentration, the analyte
ions were overlapped one another by the matrix of
fluoride. This effect can be explained by the in-
creased time of the ITP state due to the higher matrix
concentration ¢, . Therefore, the de-stacking times
(Eq. 13, Table 1) are increased also and slow
analytes still migrate into the ITP stack at the
detector position and cannot be detected as single
peaks.

Using the experimental conditions described in
Fig. 4, chlorate can be determined up to a fluoride
concentration of 80 mM and for fluoride concen-
trations above 200 mM nitrate cannot be separated
from fluoride.

Furthermore, it can be seen from Fig. 4a that the
migration times of the analytes are shortened by
increasing the matrix concentration. This fact corre-
sponds to the expectations of the theoretical abstracts
given above.

Furthermore, it is observed that with increasing
fluoride concentration the peak widths decrease
whereas the peak resolution is worsened (The res-

olution of chloride and sulfate in the presence of 110
mM fluoride is 1.2, whereas at 400 mM fluoride the
resolution is decreased to 1.1).

In Fig. 4b, the peak heights of the analyte ions
obtained with different fluoride concentrations are
shown. The peak heights were chosen for the evalua-
tion of all peaks because the plate numbers and the
peak areas are strongly dependent on the peak shape,
which varies for different matrix concentrations. For
chloride, sulfate and nitrate, increasing peak heights
can be observed. Further enrichment could occur by
increasing the concentration of the co-ion (see Eq.
4). Two limitations of the system are caused by the
Joule heating and by the linearity range of the
detector [3,20].

4.3. Low mobile electrolyte and high mobile
matrix ion

In contrast to chromate, a salicylate co-ion has a
low mobility, comparable to that of propionate.

Using hydroxide as the high mobile matrix ion,
the analyte ions that are faster than the salicylate
electrolyte are subjected to an ITP sharpening effect,
whereas the less mobile analytes (e.g. propionate) are
broadened. In such an electrophoretic system, the
hydroxide matrix functions as the leading component
whereas salicylate acts as the terminating component
during the ITP mode.

Fig. 5a shows three electropherograms of an anion
standard with different hydroxide concentrations.
The strong growth of the chloride peak that is
dependent on the hydroxide concentration can be
explained by a chloride contamination of the sodium
hydroxide used. The quantification of the blank value
of the 400 mM hydroxide solution (data not shown)
yields a value of 9.5-10°% (w/w) chloride in the
solid sodium hydroxide.

The dependence of the peak heights of some
selected ions on the hydroxide concentration is
shown in Fig. 5b. As expected, the peak heights of
most anions increase with increasing matrix con-
centration and only the peak heights of propionate
are decreased because of its lower mobility com-
pared to the salicylate co-ion. To determine propion-
ate concentration, an electrolyte with lower mobility
than salicylate, for instance p-aminobenzoate [25],
should be chosen.
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Fig. 5. The influence of a hydroxide matrix on the electrophero-
grams using salicylate as the electrolyte. (a) Electropherograms.
(b) Peak heights vs. concentration of hydroxide. Electrolyte, 7.5
mM sodium salicylate, 0.1 mM TTAOH, pH 8.0; analytes, 25 uM

each, 1 = bromide, 2 = chloride, 3 = sulfate, 4 = nitrate, 5 =
oxalate, 6 = perchlorate, 7 = chlorate, 8 = malonate, 9 =
fluoride, 10 = phosphate, 11 = acetate, 12 = propionate and 13

= carbonate; capillary, 70 cm to the detector, 86 cm total length,
75 wm LD.; detection, indirect UV, 232 nm; injection, hydrostatic
(10 cm, 30 s); device, laboratory-built.

Due to the high mobility difference between
acetate and hydroxide, short de-stacking times can be
obtained for acetate (see Eq. 14, Table 1), resulting
in a nearly independent course of its peak heights
and its migration times.

In contrast to the fluoride matrix, where 440 mM
fluoride was the highest possible matrix concen-
tration, it can be seen that for a hydroxide matrix,
single analyte ions can be detected up to a con-
centration of 600 mM hydroxide. This can be
explained by the fact that the mobility differences
between hydroxide and the analytes are higher than
those between fluoride and the analytes. This leads to
lower de-stacking times of the analytes in the
presence of a hydroxide matrix, resulting in a smaller
influence of the ITP state.

In contrast to Fig. 4a, it can be assumed from Fig.
Sa that the migration times of the analyte ions are
increased by increasing the matrix concentration.

From Fig. 6 it can be seen that the experimental
migration times of some selected ions (obtained from
Fig. 5a) show good agreement with the theoretical
migration times calculated using Eq. 20.

4.4. Addition of a second matrix ion to the sample

Instead of the ITP range bordered by the elec-
trolyte co-ion and the matrix ion, it is possible to
create a new ITP range by adding a second matrix
ion, with suitable mobility, to the sample. In this
way, the ITP system consists of the high mobile
matrix zone, M1, and the low mobile matrix zone,
M2, in which the M1 zone acts as the leading
component and the M2 zone as the terminating
electrolyte. Analytes with mobilities between those
of the two matrix ions are focussed on the boundary
MI1-M2. After the loss of the concentration plateaus
of the matrices, the analytes with mobilities higher
than the co-ion migrate in stack on the rear side of
the high mobile matrix zone, whereas analytes with
lower mobilities are stacked at the front of the low
mobile matrix zone. This state represents a combina-

tn [min]

experimental

Fig. 6. Comparison of the experimental and the theoretical
migration times in the presence of a hydroxide matrix. (The
experimental values were taken from Fig. 5a. Parameters for the
calculation: [, =4-10"" mm; [, =0.7 m; g, =41-107° m*/V-s;
g =205-107" m’/V-s; g, — see Table 2; i =2020 A/m’, «,
was determined by a conductivity measurement and v, ;. was
calculated from the experimental migration times without a
matrix.)
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tion of the first two cases of a low and a high mobile
matrix. The time of the de-stacking of the analytes
can be calculated according to Egs. 15 and 16.

An example is given in Fig. 7. Fig. 7a shows two
electropherograms of inorganic ions with 100 mM
acetate as the matrix ion and molybdate as the
electrolyte. It can be seen that a concentrating effect
only occurs for chlorate. By adding 200 mM hy-
droxide to the sample as the second matrix ion, the
other analytes also form sharp peaks because a new
dominating ITP range is located between the two
matrix ions.

Fig. 7b shows the influence of the concentration of
the added matrix ion (hydroxide) on the peak heights
of the analytes at a constant concentration of the first
matrix ion (acetate). As can be seen, the peak
heights, and consequently the plate numbers, in-
crease steadily with increasing hydroxide concen-
tration, whereas the peak height of chlorate is nearly
constant.

a) w

20004

1500 with 100 mM acetate

o4 Wwith 100 mM acetate and
with 200 mM

45 50 55 [-{4J 65 70 75  timin]

b)

0 50 100 150 200 250 300 350  Copeoe [MM]

Fig. 7. Influence of two matrices (acetate and hydroxide) on the
electropherograms using molybdate as the electrolyte. (a) Elec-
tropherograms. (b) Peak heights vs. concentration of hydroxide.
Electrolyte, 5 mM sodium molybdate, 0.2 mM TTAOH (pH 8.8);
analytes, 100 uM each, except for acetate (100 mM), for
hydroxide: 0—400 mM; capillary, 69.5 cm to the detector, 76.5 cm
total length, 75 um LD.; detection, indirect UV (direct UV
detection for nitrate), 214 nm; injection, hydrodynamic (0.5 psi,
15 s); device, Beckman P/ACE system 2050.

The reason for this effect is that chlorate lies in the
ITP range between the electrolyte molybdate and the
matrix ion acetate. Therefore, the de-stacking time of
chlorate is independent of the hydroxide matrix and
no further stacking effect for chlorate is available by
increasing the concentration of the hydroxide matrix.
Only by raising the acetate concentration would the
ITP time be increased and an improvement in the
focussing effect of chlorate be observed.

In contrast to chlorate, the other analytes are in the
ITP range built by the hydroxide matrix and the
co-ion molybdate. Hence, for these analytes, the
influence of the ITP state can be developed continu-
ously by increasing the concentration of the hy-
droxide matrix.

The advantage of this selected combination of two
matrix ions is that the electrolyte can be chosen in a
way that its mobility is closely matched to that of the
analytes, to improve the electrophoretic separation
and to prevent electrodispersive effects.

Another example of the applicability of a second
matrix ion using a high mobile chromate electrolyte
is shown in Fig. 8. Electropherogram (a) shows a
standard without matrix. Here all the ions can be
determined. In electropherogram (b) the same stan-
dard in the presence of a fluoride matrix can be seen.
It is obvious that for phosphate peak-broadening

v
10 mM acetate
10mM fuoride
~
ot
10mM fuoride
€) with fluoride and
1500001 phosphate

b) with fuoride matrix

100000+ L phoq;hate
ML
a) without matrix
3
500004 e N 7 phosphate
s ® 10 P “ 1 18 t[min]

1- bromide, 2- chioride, 3- sulfate, 4- nitrate, 5- perchiorate, 6- chiorate, 7- fluoride

Fig. 8. Influence of a second matrix ion (acetate) on the de-
termination of inorganic ions in the presence of a fluoride matrix.
Electrolyte, 7 mM chromic acid, 17 mM TRIS, 1 mM DoTAOH,
pH 7.9; analytes, 25 uM each,; capillary, 70 cm to the detector, 86
cm total length, 75 pm LD.; detection, indirect UV, 274 nm;
injection, hydrostatic (10 c¢m, 30 s); device, laboratory-built.
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results, because its mobility is out of the mobility
range of chromate and fluoride. By adding the matrix
ion acetate to the sample, a second ITP state occurs
(see Fig. 8c). The first ITP range is formed by the
co-ion chromate and the matrix fluoride and leads to
the focussing of the analytes, with the exception of
phosphate (see also Fig. 4 and Fig. 8b). The second
ITP state takes place between the fluoride matrix and
the acetate matrix. Due to this ITP state, a stacking
process for phosphate results and, therefore, it can be
analyzed in the presence of a fluoride matrix.

Therefore, by using the second matrix ion more
analytes can be determined simultaneously.

5. Summary

The combination of CZE with an ITP initial state
is an excellent way to determine the analyte ions in
the presence of a matrix ion without any modi-
fication of the CZE apparatus. Therefore, this method
is transferable to commercial automatic CZE de-
vices.

Matrix effects in CZE were investigated with
several electrolytes and matrix ions. As assumed, an
ITP state takes place between the matrix ion and the
electrolyte ion before the beginning of the CZE
separation. It was shown that the size of the matrix
effects is dependent on the mobility and concen-
tration of both the electrolyte and the matrix ion as
well as on the length of the sample zone. They act as
the leading or terminating ion depending on the
mobilities of the matrix ion and the electrolyte co-
ion. This ITP mode leads to higher peaks for
analytes with mobilities between those of the matrix
and the electrolyte ion. In this way, a matrix effect
can be an advantage when compared to a common
CZE separation, because of increased plate numbers
and improved limits of detection of the analytes.

In contrast, analytes with mobilities outside the
ITP range are subjected to peak-broadening.

The most unfavourable matrix case exists if the
electrolyte and the matrix ion have similar mo-
bilities. In this instance, no ITP state is available. For
all analytes peak-broadening results even for matrix
concentrations lower than the electrolyte concen-
tration.

Our investigations have also shown that the migra-

tion times of the analytes are shifted in the presence
of different matrices. If the ITP state takes place
between a low mobile matrix and a high mobile
co-ion, shorter migration times result for the analytes
compared to those found in a pure CZE run. For a
high mobile matrix and a low mobile co-ion, how-
ever, the analytes are slowed down during the ITP
state resulting in higher migration times. It was
found that the experimental and the calculated
migration times show good agreement.

The ITP range can be shifted by adding a second
matrix ion, with an adequate mobility, to the sample
solution. In this case, the co-ion does not have a
strong influence on the ITP state and can therefore be
chosen in a way that it is adjusted for optimum CZE
separation conditions.

Furthermore, it was shown that a second matrix
ion with appropiate mobility can be used to de-
termine more analytes simultaneously.

6. Symbols

i current density [A/ mz]
F Faraday-constant [C/mol]

Mg cma  Mobilities of the co-ion of the electrolyte
E, of the counter-ion of the electrolyte
C, of the matrix ion M and of the
analyte ion A

E electric field strength [V/m]

v;; velocity of the ion / in the zone j [m/s]

Cus concentration of the matrix ion in the
sample zone [mol/ m’]

My regulated matrix concentration [mol/ m’]

Cp concentration of the co-ion of the elec-
trolyte E [mol/ m3]

Ks gM electric conductivity in the sample zone
S, electrolyte zone E and in the reg-
ulated matrix zone M [C/m"V-s]

Koxt) electric conductivity of boundary z [C/
m-V-s]

l, injection length of the sample zone [m]

I, length of the matrix zone after the
regulation process [m]

Iy length of the capillary up to the detector
(m]

[, total length of the capillary [m]
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M-E sharp zone boundary of the regulated
matrix zone and the electrolyte

M, diffuse matrix zone

z sharp boundary of the matrix zone con-

taining electrolyte
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