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Abstract

While capillary electrophoresis (CE) is now a well established technique for the determination of inorganic ions, the
current senditivity limitations of the method are an evident obstacle to progress. The advances in CE methodology to
compensate for these limitations are reviewed in this paper with particular attention payed to non-absorbance-based detection
techniques. Recently developed detection modes for inorganic cationic and anionic species are compared in terms of
applicability, effects on separation efficiency, costs and manufacturing concerns. A comprehensive survey of sensitivity
enhancements based on on-capillary and pre-electrophoresis concentration techniques and on chemical derivatization is aso
presented along with the most typical application examples. [ 1999 Elsevier Science BV. All rights reserved.
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1. Introduction

Capillary eectrophoresis (CE) continues to grow
in significance as an analytical technique in a wide
range of application areas for inorganic species [1—
6]. Since the early reported spectacular separations
of numerous inorganic ions [7-9], the advantageous
separation performance of CE is attracting the inter-
est of many separation scientists. However, after the
first euphoria a feeling of discontent with the de-
tection capabilities of the technique often comes up,
especidly as soon as real-world applications are
concerned. The narrow-diameter capillaries used for
CE separations limit the detection sensitivity due to
mass loading limitations. In addition, the concen-
tration sensitivity of common on-column UV de-
tection is restricted in so far as the capillary diameter
limits the optical pathlength. Obviously, direct UV
detection is hardly a universal detection technique in
inorganic ion analysis since metal ions are generaly
non-absorbing and only a few inorganic anions like
nitrite, nitrate, iodide, thiocyanate, sulfide and some
others exhibit sufficiently high molar absorptivities.
The dternative is indirect UV—Vis detection which is
presently the preferred detection mode for inorganic
ions, but detection limits are often only at ppm levels
(unless on- and pre-capillary pre-concentration tech-
nigues are applied). Conductivity detection as
another universal detection method has until recently
been restrained in application by non-availability of
commercial designs.

Improvements in detection have therefore re-
mained one of the main trends in the development of
CE over the last years. A growing understanding that
without substantial gains in sensitivity, CE could
face serious problems on the way to be refined and
accepted for routine use, is one of the motives. The
progress in the development of detection methodolo-
gies made so far for inorganic ions has been facili-
tated by the experience accumulated from ion chro-
matography (IC) [10]. As a result, a diversity of
approaches has been reported for enhancement of
detection sensitivity in CE.

In the present review, the recent advances in
detection concerning both cationic and anionic inor-
ganic analytes are discussed, with special emphasis
given to non-absorbance-based detection methods
and on-capillary concentration techniques inherent in

CE. This review aso includes a presentation of
developments involving a combination of pre-capil-
lary derivatization and direct UV—visible detection as
well as at pre-electrophoresis enrichment schemes.
The use of indirect photometric detection is not
considered here, and readers interested to assess its
current status in cation and anion detection are
recommended to consult two recent studies [11,12].

2. Advances in detection of inorganic ions
2.1. Mass spectrometry

For the most efficient solution to the problem of
enhanced detection for metal ions and metal-con-
taining inorganic species, one must first look to
inductively coupled plasma mass spectrometry (ICP-
MS). The interfacing of CE to ICP-MS for the aim
of trace inorganic analysis was explored by several
groups [13-17]. These studies revealed that the
major challenges in CE-ICP-MS coupling [18,19]
such as the low flow-rate of CE separations limiting
the choice of a nebuliser, a post-capillary detector
design with accompanying problems in applying a
high voltage across the capillary and keeping the
electrode grounded, and separation buffer incom-
patibilities with the ionization process have been
basically overcome. In particular, Olesik et al. [13]
have developed an interface to generate a fine
aerosol that can be delivered from the end of the
capillary to ICP with a good transport efficiency and
minimal dead volume. As aresult, limits of detection
aslow as 1:10 ° M Sr(I1) were attained. However, a
laminar flow induced in the capillary by a pneumatic
nebuliser interface and generating a parabolic shaped
velocity profile was found out as a factor limiting
detectability. A further paper [20] reports an exami-
nation of the nebulisers construction and operating
parameters that can be varied to control and elimi-
nate the laminar flow. Liu et al. [14] demonstrated
the feasibility of using a commercially available
direct injection nebuliser system ensuring 100%
sample introduction to ICP-MS. With this interface,
no suction and no significant band broadening were
observed. Detection limits were one- to two-orders
of magnitude lower than those obtained by the group
of Olesik. Instead of a nebulizer, a CE interface
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incorporating a hydride generation system may be
used for species like arsenic compounds [21], so that
nebulization-based problems can be circumvented.
Due to the element-specific nature of MS de-
tection, there is in principle no need to electro-
phoretically separate the target species of different
elements from each other (and from any other
interfering matrix components). By taking this ad-
vantage, the electrophoretic resolution can be sac-
rificed in order to reduce analysis time. The selectivi-
ty of a mass spectrometer has also a valuable
practical merit by solving the task of identification
for unknowns and/or co-migrating species by means
of recording full-scan spectra and comparison of
mass and characteristic isotopic distribution patterns.
The most interesting progress already made in
applications of CE-ICP-MS includes speciation
analysis [13—18,20-25] and the characterization of
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metal ion interactions with biological and naturally
occurring macromolecules [26—29]. Due to both the
advantageous sensitivity of ICP-MS and the minor
effect of a CE system on the distribution of chemical
species, this combination holds great promise in
element speciation studies. As an example, Fig. 1
shows an electropherogram for arsenic speciation in
a real-world sample in the range of 50 to 200 wg/l.
However, investment and running costs are neces-
sarily to be lowered and instrumentation simplified
for better user convenience.

A survey of examples on the determination and
speciation of inorganic ions reported so far is given
in Table 1.

Whereas ICP-MS detection yields an element-
specific signal, electrospray M S detection (including
ion spray-MS detection, which can be regarded as a
pneumatically assisted version of electrospray) can
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Fig. 1. Arsenic speciation by CE-ICP-MS (detection at m/z 75). (a) Standard; (b) plant extract containing arsenic species in the range of
50-200 g/l As. Peaks: 1=Arsenocholine; 2=arsenobetaine; 3=dimethylarsinic acid; 4=As(l11), 5=monomethylarsonic acid; 6=
monophenylarsonic acid and 7=As(V). Reproduced from Ref. [16] with permission.
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Table 1

Examples for ICP-MS detection in CE of inorganic ions

Analytes Approximate concentration Sample Ref.
detection limits (ng/1) type

As(l11), As(V), Co(Il), Cr(l11), 0.06-2 Standards [23]

Cr(VI), Fe(lll), Li(l), Sr(ll),

Sn(l1), Sn(1V)

As(I11), As(V), K(I), Li(l), 0.007-1 Standards [24]

Se(1V), Se(V1), Sr(11), Cd(11),

Co(I1), Mn(11), Pb(Il), TI(I)

Pt(1Vv) 1 Soil extracts [23]

A1), As(V) 0.006-0.058 Drinking water [21]

A1), As(V) 10 Plant material [16]

Se(1V), Se(V1) 10-50 Standards, body fluids [24,25]

lead to structure-selective information including the
molecular mass of an anayte. The benefits of the
electrospray interface has been demonstrated in
initial studies by Huggins and Henion [30] and Corr
and Anacleto [31]. Both groups detected a repre-
sentative set of metal ions and inorganic anions. One
should be aware of the fact that electrospray mass
spectra of inorganic cations can contain high degrees
of ion-solvent clustering, which complicate the spec-
tra. On the other hand, spectra showing only singly-
charged bare elements can be obtain by using a
sufficiently high declustering potential between the
sampling orifice (where the ions from the electro-
spray are pushed into the low pressure region of the
source) and the skimmers at the entrance into the
high-vacuum mass analyser. For inorganic anions,
even at low declustering potentials ion-adduct clus-
ters are rarely observed.

2.2. Electrochemical detection

Electrochemical principles suitable for detection in
CE of inorganic cations and anions include con-
ductivity, amperometry and potentiometry. In al
cases, the high voltage applied to the separation
capillary can lead to serious interferences with the
electrochemical detection signal. For this reason,
on-capillary detection is rarely used for electrochem-
ica detection techniques. Instead, the detection
electrode can be positioned at the outlet of the
separation capillary, especially when capillaries with
an inner diameter of 25 wm or less are used (end-

capillary detection). In this arrangement, the high
electric field strength is confined to the inside of the
separation capillary, whereas outside and at the
position of the detection electrode the electric field
strength is low and does not significantly interfere
with the detection signal. Alternatively, the high
electric field can be completely decoupled from the
detection electrode by connecting the end of the
separation capillary with a short transfer capillary by
means of a porous coupling piece surrounded by
carrier electrolyte with the high voltage electrode;
the current passes the porous coupling piece, where-
as the eectroosmotic flow (EOF) generated in the
separation capillary carries the analytes through the
transfer capillary to the detection eectrode (off-
capillary detection).

Conductivity detection has recently reached the
stage of commercial availability; amperometric and
potentiometric detection techniques have up to now
only been redlized in laboratory-built instrumenta-
tion.

2.2.1. Conductivity detectors

A real breakthrough in the development of end-
capillary conductivity detection was a consequence
of the work of Jones et a. [32]. The design of the
cell, where the conductivity sensor and the end of the
capillary are permanently encapsulated in two cou-
pling connectors, permits fast and easy inter-
changeability of sensors and capillaries, while main-
taining a precisely defined detection volume.

Due to the fact that an analyte ion displaces a
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carrier electrolyte co-ion during the migration pro-
cess, the conductivity signal depends — among other
parameters — on the differences in ionic mobilities of
these two ions. Therefore, carrier electrolytes with a
low-mobility anion are preferred for the analysis of
inorganic anions which exhibit a relatively high ionic
mobility. Similarly, carrier electrolytes with a low-
mobility cation are suited for detection of alkali and
alkaline-earth cations. For sensitive detection of
larger cations with lower ionic mobilities, an indirect
mode with acidic electrolytes is appropriate. Obvi-
oudly, this situation is in contradiction to the general
rule that the mobilities of anayte ions and carrier
electrolyte co-ions should be similar in order to
minimize electromigrative dispersion. Such problems
can be partly overcome by increasing the concen-
tration of the carrier electrolyte. Detection limits in
combination with pressure injection are in the range
of 20 to 50 g/l and can be decreased to the sub-ppb
level when isotachophoretic stacking procedures (see
Section 4.2) are applied [33]. Typica carrier elec-
trolytes for inorganic anions and cations compatible
with conductivity detection as well as several appli-
cations reported so far are summarized in Table 2.
Conductivity detection can be used in series with
indirect UV detection when a UV-absorbing carrier
electrolyte co-ion is used; for detection of anions, a
carrier electrolyte containing 4-aminobenzoate can

be used. In this case, highest sensitivity is achieved
by conductivity detection for fast migrating analytes,
whereas dlower migrating analytes give a better
response in the indirect UV detection mode. In so
far, the simultaneous use of both detection modes
allows low detection limits for al analytes within a
wide range of mobilities [38,39]. A typical applica-
tion of this approach is shown in Fig. 2.

In conductivity detection, a further increase in
sensitivity is possible when using an approach well
known from ion chromatography, namely suppressed
conductivity detection. It was introduced into CE by
Dasgupta and co-workers [40,41]. The detector is
based on a tubular cation-exchange membrane sup-
pressor, housed in a reservoir of dilute acid regener-
ant solution, attached to the end of the separation
capillary; the conductivity detection electrodes are
positioned in a capillary following the suppressor;
the electrode for the high-voltage applied to the
separation capillary is placed into the regenerant
solution. By this arrangement, the detector is decou-
pled from the electric field and the EOF generated in
the separation capillary forces the carrier electrolyte
and the analytes through the suppressor to the
detector. Carrier electrolytes which are compatible
with conductivity suppression and at the same time
match the mobilities of inorganic anions include
sodium tetraborate, sodium glycinate, sodium tauri-

Table 2

Applications of conductivity detection of inorganic ions in CE

Sample Carrier electrolyte Ref.
Inorganic anions in soft 50-100 mM CHES, 20-40 mM [32,34]
drinks or rain water LiOH (pH 9.2)

Inorganic and organic arsenic and 50 mM CHES, 20 mM LiOH [35]
selenium species in water samples

Inorganic anions in lung 100 mM CHES, 40 mM LiOH, [36]
airway surface fluid 2% 2-propanol, 80 wM spermine

Inorganic and organic anions 50 mM CHES, 30 mM [37]

in electrodeposition coatings

arginine (pH 9)

Inorganic and organic anions 7.5 mM 4-aminobenzoic acid adjusted to pH [38]
in beer 5.75 with histidine, 0.12 mM TTAB

Inorganic and organic anions 7.5 mM 4-aminobenzoic acid and 10.5 mM Bis-Tris [39]
in wine adjusted to pH 7 with LiOH, 0.1 mM TTAB

Cations in sdiva 30 mM MES, 30 mM histidine, 3 mM 18-crown-6 [32]

CHES=2-(N-Cyclohexylamino)ethanesulfonic acid; MES=2-(N-morpholino)ethanesulfonic acid; TTAB=Tetradecyltrimethylammonium

bromide.
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Fig. 2. Separation of inorganic anions and carboxylic acids in a beer sample using simultaneous conductivity and indirect UV detection.
Carrier electrolyte: 7.5 mM 4-aminobenzoic acid, 0.12 mM tetradecyltrimethylammonium bromide (pH 5.75 adjusted with histidine). Peaks:
1=Chloride, 2=sulfate, 3=oxalate, 4=formate, 5=malate, 6=citrate, 7=succinate, 8=pyruvate, 9=acetate, 10=lactate, 11=phosphate,
12=pyroglutamate, ISTD 1=chlorate (interna standard 1), ISTD 2=1-chlorovaleric acid (internal standard 2).

nate, sodium carbonate, sodium phenate or sodium
cyanide [42,43]. Detection limits at the level of 1
g/l have been reported.

The design of conductivity cells compatible with
the small inner diameters of the separation capillaries
is not simple and any dead volumes must strictly be
avoided. In so far, a contactless conductivity de-
tection with the electrodes situated at the outside of
the capillaries might have considerable advantages.

Zemann et a. [44] have reported a contactless
capacitively coupled conductivity detector suitable
for detection of both inorganic cations and anions. It
consists of two electrodes which are placed cylindri-
caly around the outer surface of the separation
capillary with a detection gap of 2 mm. Each of the
two electrodes serves as a cylindrical capacitor with
the liquid inside the capillary being the corre-
sponding internal wire. The gap between the elec-
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trodes acts as resistor depending on the conductivity
of the migrating zone. In combination with an
oscillator, contactless conductivity measurements are
viable resulting in detection limits of approximately
200 pg/l for inorganic anions and cations. Some
improvements are still required to compete with
other conductivity detector designs.

2.2.2. Amperometric detection

Even the first amperometric end-column detectors
introduced by Cassidy and coworkers [45,46] for
detection of metal ions separated by CE offered
significant sensitivity enhancement in comparison
with absorbance techniques. Detection limits down
to 107’ M have been reported. In an attempt to
improve the reproducibility, Wen and Cassidy [47]
conducted a comprehensive evauation of the po-
tential of a pulsed-amperometric detection system
with particular focus on parameters affecting the
analytical signal and its stability. The pulse wave-
form had a simple bipolar shape. Detection of metal
ions could be carried out either during the negative
pulse by reduction of metal ions or during the
positive pulse by reoxidation of the reduced metals.
Superior performance characteristics in comparison
with the constant-voltage mode are advantages that
might make the pulsed detection system attractive for
implementation into commercial instruments. An
electropherogram for the determination of traces of
Zn(11) in snow is shown in Fig. 3. In continuation of
this detection concept, Cassidy et al. [48] have also
used fast cyclic-voltammetry waveforms as well as
multiple-step waveforms for metal ion anayss,
detection limit improvements down to 10~ % M were
possible.

Constant-potential amperometric detection at gold
electrodes has been used in a reductive mode for the
analysis of inorganic mercury and organomercury
cations [49]; anions like nitrite and sulfite have been
detected in a constant-potential oxidative mode and
applications have been reported for rain water sam-
ples [50].

2.2.3. Potentiometric detection

Microelectrodes compatible with the small dimen-
sions encountered in CE may have specific advan-
tages in an potentiometric detection mode, since the
signal will be independent on the size of the elec-

Myf\frwrﬂ

Current (nA)
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-40 Zn(l)

0 200 400 600
Time (s)

Fig. 3. Determination of zinc in a snow sample with pulsed-
amperometric detection at —800 mV and 100 mV (vs. saturated
cadlomel electrode). Sample concentration: 8.4-1077 M. Re-
produced from Ref. [47] with permission.

trode (provided that the response is fully Nernstian)
so that microelectrodes can be used without sacrific-
ing sensitivity. Simon and co-workers [51-53] have
introduced ion-selective microelectrodes based on
liquid membranes containing ion carriers with rela-
tively low selectivity for detection of akali and
alkaline earth metal ions. Later, this approach has
also been used for detection of inorganic anions
[54,55]. A typical example is given in Fig. 4.

2.3. Fluorescence

Most inorganic anions and cations do not exhibit
analytically useful fluorescence properties. Neverthe-
less, fluorescence detection appears to be well suit-
able to sensitively detect metal ions complexed with
chelating reagents, e.g., 8-hydroxyquinoline-5-sul-
fonic acid (HQS) [56] or lumogallion [57], that
render them fluorescent properties. In an important
paper by Sepaniak et al. [58], CE in conjunction with
laser-induced fluorescence detection has been
miniaturized and implemented in the design of an
integrated fiber-optic sensor. As can be seen in Fig.
5, the sensor is configured as a single-vial CE system
interfaced to a fiber-optic that monitors the outlet of
the capillary. The latter is filled with the carrier
electrolyte prior to measurement, while the sample
acts as the injection-side reservoir. The performance
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Fig. 4. Separation of anions by CE with potentiometric detection using a liquid membrane ion selective electrode containing 10%
tridodecylmethylammonium chloride in 2-nitrophenyl octyl ether. Carrier electrolyte: 20 mM sodium sulfate adjusted to pH 2.5 with sulfuric
acid. (A) Signal recorded by the detector; (B) delogarithmized form. Pesks: 1=Bromide, 2=iodide, 3=nitrate, 4=perchlorate, 5=
thiocyanate, 6=salicylate; concentrations between 0.1 and 0.5 mM. Reproduced from Ref. [54] with permission.

of this CE-based sensor has been evaluated by taking
as an example separations of Ca(ll) and Mg(ll)
using in situ complexation with HQS and a frontal
mode of operation, and the preliminary results have
demonstrated sensor’s potential utility for remote
analysis.

Alternatively, fluorescence detection can be per-
formed in an indirect format, in which the carrier
electrolyte contains a fluorescent additive to provide
a fluorescent background signal. Possible additives
for cationic species are quinine sulfate [59], 6-
aminoquinoline [60,61], 2-aminopyridine [62] or
cerium(I11) [63], for anionic species the sodium salt
of fluorescein [64,65] or 2,5-dihydroxybenzoate
[66,67]. However, sensitivities are worse than those
that can be obtained in the direct detection mode.

Overadl, fluorescence detection does not yet re-
ceive wide acceptance in CE of inorganic ions,
though its gains in sensitivity (typically one- to
three-orders of magnitude) and selectivity over
photometric detection are significant and it is already
commercialy available.

2.4. Miscellaneous
The combination of CE with chemiluminescence

(CL)-based post-capillary reactions catalyzed by
metal ions, such as the luminol/hydrogen peroxide

reaction, is promising when extremely high sensitivi-
ty is required [68,69]. For Co(ll) the detection limit
reaches 5:10 ** mol/l [70], which means an im-
provement over other detection techniques by several
orders of magnitude. Evidently, CL detection is still
an evolving technique, and advances should there-
fore focus on the development of new, instrumental-
ly simpler detector designs.

Time-resolved on-column luminescence detection
can be used to yield submicromolar detection limits
for europium(I11) chelates [71]. However, the appli-
cation possihilities of this detector to rea samples
are not yet fully exploited.

Along with ICP-MS, atomic emission spectros-
copy (AES) based on an ICP-source is seemingly a
viable detection technique for CE of metal species.
Olesk et a. [13] used the separation capillary
inserted into a pneumatic nebuliser sample intro-
duction system for coupling CE to ICP-AES and
achieved limits of detection for Sr(I1) and Cr(l11) in
the range of 10 °~10"" M. The shortcoming of the
ten- to hundred-fold loss in sensitivity as compared
to ICP-MS, however, would limit the applicability of
CE-ICP-AES. For the same reason of moderate
sensitivity, microwave-induced plasma AES has not
attracted much interest as CE detector since the first
report by Liu and Lopez-Avila [72].

Other detector designs feasible for selected inor-
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Fig. 5. Schematic diagram of an integrated fiber-optic fluorescence sensor in combination with CE separations. PEEK =Polyether ether
ketone; 1/16'= 1/16 in. (1 in.=2.54 cm). Reproduced from Ref. [58] with permission.

ganic ions include refractive index, radioactivity and
X-ray detection. Generaly, they are less versdtile,
less likely to be refined for routine purposes and
consequently have so far undergone limited develop-
ment. None of them is yet brought down to practical
applications. In particular, refractive index detection
based on a laser diode and holographic optical
elements [ 73], though providing acceptable sensitivi-
ty, suffers from interfering Joule heat effects when
the high voltage is applied. Application of radioac-
tivity detection [74] has been reported for the
separation of metal ions characteristically associated
with nuclear fission. On-capillary proton-induced X-

ray emission (PIXE) detection [75,76], while fur-
nishing metal-specific information, features moderate
sensitivity and bulky, complicated instrumentation.
Besides, there are certain methodological problems
to be overcome to accomplish the PIXE measure-
ments in areal on-line mode and to record more then
one data point per peak.

3. Chemical derivatization for direct absorbance
detection

Pre-capillary derivatisation leading to UV-Vis
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absorbing species is hardly useful for inorganic
anions, whereas it presents a powerful strategy for
detection of metal ions when complexation reactions
are exploited (for a detailed discussion see Refs.
[1,3,77]). An analysis of literature data shows that
the performance of a given detection system regard-
ing sensitivity is especially encouraging with light-
absorbing chelating reagents, i.e., metallochromic
reagents, capable to form stable complexes with high
molar absorptivity (e~10° | mol™* ecm™) in the
visible spectral region. Table 3 lists a variety of
reagents that allow detection limits at a level of 10’
M for metal ions. An important practical considera-
tion is that many of those reagents shown in Table 3
are commercialy available.

Table 3

Often the excess of complexing reagent present in
the sample mixture is electrophoretically well sepa-
rated from the metal ion complexes. In such cases,
the signal-to-noise ratio may sometimes be better in
the UV range even for colored metal complexes due
to a greater molar absorptivity and higher light
output of the deuterium lamp. For instance, Xu et al.
[92] reported an eight-fold increase in detectability
for the Fe(11)—-1,10-phenantroline complex when the
absorbance was measured at 270 nm instead of at
508 nm. Obviously, such an approach is not feasible
when the reagent must be included in the carrier
electrolyte to suppress dissociation of the complex.

In a recent paper by Butler et al. [94], an optical
detector based on a high intensity visible light

Summary of metallochromic organic reagents for detection of metal ions in CE (detection limits are at a level of 1077 M)

Complexing Analytes
reagent

Detection Ref.
wavelength (nm)

4-(2-Pyridylazo)resorcinol

Cr(I11), Ni(l1), Co(l1,11), 500 [78-81]

cu(lly, Fe(I1,11), Zn(l1)

2,2'-Dihydroxyazobenzene-
5,5'-disulfonic acid

AI(IIT, Co(lll), Fe(lll) 490 [82]

2-(5-Nitro-2-pyridylazo)-5- Fe(I1), Co(Il), Ni(ll) 560 [83]

(N-propyl-N-sulfopropylamino)-

phenol

2-(5-Bromo-2-pyridylazo)- Co(ll), Fe(ll), Cu(ll), 550 [84]

5-(N-propyl-N- Pb(11), V(1V), Zn(Il)

sulfopropyl-amino)phenol

2-(5'-Bromo-2’-pyridylazo)- Co(Il) 587 [85]

5-diethylaminophenol

1-(2,4-Dihydroxy-1-phenylazo)- AI(IN) 450 [86]

8-hydroxy-3,6-

naphthal enesulfonic acid

3,6-Bis(2-sulfophenylazo)- Ba(ll), Sr(I) 654 [87]

4,5-dihydroxy-2,7-

naphthal enedisulfonic acid

Arsenazo |1 u(vl) 650 [88]
La(lll), lanthanides 654 [89]

2-Nitroso-1-naphthol - Co(1l), Cu(ll), Ni(ll) 520 [90]

4-sulfonic acid

o,Byd-Tetrakis(4- (D) 422 [91]

carboxyphenyl)porphyrine

1,10-Phenanthroline Fe(Il) 270 [92]

4,7-Dimethyl-1,10- Cu(ll) 220 [93]

phenanthroline
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emitting diode (LED) as radiation source was de-
scribed and evaluated for CE of metal—4-(2-
pyridylazo)resorcinol (PAR) complexes. The most
common LEDs cover the approximate wavelength
range of 440-660 nm that makes them exceptionally
suitable for the detection of metal complexes of
metallochromic dyes. The sensitivity performance of
the device was claimed to be comparable to that of a
commercia detector, but its unprecedented simplici-
ty, in particular the absence of any focusing optical
elements, and the modular nature are the advantages.
According to a study by Macka et a. [95], the
LED-based detectors applied to metal—arsenazo |
complexes exhibit lower noise compared to tungsten
and mercury lamps.

4. Pre-concentration techniques

On-capillary sample stacking is one of the sim-
plest ways to improve detectability in CE of inor-
ganic ions. Sample stacking may take place when the
conductivity of the sample is smaller than that of the
carrier eectrolyte (field-amplified sample stacking)
or when a transient isotachophoresis (ITP) takes
place at the interface between the sample zone and
the carrier electrolyte (isotachophoretic sample
stacking).

Pre-concentration is aso viable in a capillary-
coupling configuration, where the first capillary is
used in an ITP mode to focus the analytes and the
second capillary is operated in a zone electrophoretic
mode to separate the analytes of interest.

Finally, various pre-electrophoresis enrichment
procedures are feasible such as solid-phase extraction
(SPE) or extraction by supported liquid membranes,
these procedures are similar to those known from IC.

4.1. On-capillary pre-concentration by field-
amplified sample stacking

The standard approach to realize field-amplified
sample stacking consists in the injection of a very
large volume of the sample solution, which must be
of considerably lower ionic strength than the carrier
electrolyte. After applying a high voltage, analyte
ions first experience a higher electric field in the
sample region and move rapidly toward the interface

between the lower and higher conductivity zones.
Upon reaching the interface, they are slowed down
and focused as a narrow band, thereby increasing the
concentration in this sample band. In such a way
concentration detection limits can be lowered by
one- to two-orders of magnitude due to the increased
injection volume.

Field-amplified sample stacking is inherent to all
applications with samples of lower conductivity than
the carrier electrolyte. In so far, it seems unnecessary
for the present review to include specific examples
for inorganic ions. Attention should be paid to the
fact that problems may arise during the injection of
very large volumes as a consequence of the mis
match in EOFs within the sample zone and the
carrier electrolyte zone. Therefore, the water plug
should be removed during or after the stacking
process. In the case of medium- to low-mobility
anions, the stacking takes place with a negative
polarity at the injection side; while the analytes are
focused at the interface between sample and carrier
electrolyte, the EOF moves the water plug out of the
capillary at the injection side. When most of the
water plug has been removed, the polarity is
switched and the analytes separated in a counterelec-
troosmotic mode. This approach has been used for
inorganic selenium and arsenic species with detec-
tion limits at the g/l level [96,97]. For anions with
mobilities high enough to overcome the EOF, no
polarity switching would be necessary; in this way,
Colburn et al. [88] achieved the stacking of U(VI) as
its anionic arsenazo Il complex. In the case of
medium- to low-mobility cations, the EOF must be
permanently reversed; stacking takes place with a
positive polarity at the injection side; after removing
most of the water plug, the polarity is switched and
the analytes separated. An applications of this mech-
anism has been demonstrated for the stacking of
cobalt as its cationic chelate with 2-(5-bromo-2-
pyridylazo)-5-(diethylamino)-phenol [98].

A moadification of the field-amplified sample stack-
ing procedure inside the capillary is head-column
field-amplified sample stacking (sometimes called
field-amplified sample injection). In this case, first a
short zone of low conductivity is injected at the
capillary inlet, so that the electric field within this
zone is much higher than in the carrier electrolyte.
Afterwards, analyte ions are injected by means of
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electromigration and are stacked at the interface
between the low conductivity zone and the carrier
electrolyte. Thereby, only little sample solvent is
introduced into the capillary.

For metal ion analysis after complexation, the
prerequisite of low ionic strength in the sample to
achieve efficient focusing may be in contradiction to
the necessity of a sufficiently high ligand concen-
tration. This is especially true for metal complexes
prone to dissociation or when an appropriate reagent
concentration is necessary for assuring fast com-
plexation Kinetics.

Common stacking methods can be combined with
on-capillary complexation of metal ion analytes, as
has been reported by Regan et a. [81]. This pro-
cedure included the injection of PAR, followed by
the injection of the sample and finaly a certain
period of reaction time. Subsequently, the separation
of the complexed analytes was started. Detection
limits of 1-:10°® M for Co(ll), Fe(ll) and zn(Il)
were possible. Fig. 6 demonstrates an application to
a water sample.

4.2. On-capillary pre-concentration by
isotachophoretic sample stacking

I sotachophoretic sample stacking can be realized
by injecting a certain volume of aleading electrolyte,
the sample and finally a certain volume of a ter-
minating electrolyte into the capillary. Iso-
tachophoretic mechanisms can also be used for pre-
concentration of analyte ions in the presence of a
large excess of a matrix ion; depending on its
mobility, the matrix ion can act as leading ion (or as
terminating ion) and the carrier electrolyte co-ion as
terminating ion (or leading ion). Anaytes with
mobilities between those of the matrix ion and the
electrolyte ion will undergo isotachophoretic focus-
ing. This technique has been used by Bachmann et
a. [99] for determination of inorganic anions down
to concentrations of 3 wM in samples containing
fluoride as major matrix ion with chromate as carrier
electrolyte. The technique tolerated analyte-to-ma-
trix-ratios up to 1:6:10*. Similarly, inorganic anions
in a hydroxide matrix can be focused when a
salicylate carrier electrolyte is used [100]. Instead of
establishing the isotachophoretic pre-concentration
by the matrix ion and the electrolyte co-ion, the same
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Fig. 6. Electropherograms of a pond water sample spiked with
1-107" M iron and zinc and analyzed by (a) pre-capillary
complexation and (b) on-capillary complexation and peak stack-
ing. Peaks: 1=Free PAR; 2=Fe(Il) and 3=Zn(Il). Reproduced
from Ref. [81] with permission.

effect can be achieved by adding a second matrix ion
with suitable mobility to the sample [100]; this
approach yields a high degree of versatility during
the optimization of the separation system.

Transient isotachophoresis can aso play an im-
portant role during electromigrative injection. If for
example inorganic anions are injected by electro-
migration into a high-mobility carrier €electrolyte
(such as chromate), a low-mobility matrix ion present
in the sample (or added to the sample) can act as
terminating ion and accomplish together with the
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chromate as leading electrolyte the pre-concentration
step. If the carrier electrolyte does not fulfil the
mobility criterion for a leading electrolyte, the
injection of a certain volume of a suitable leading
electrolyte is appropriate before the electromigrative
injection of the sample. This approach allowed
detection limits of about 1 wg/l and made possible
the ultra trace determination of anions on silicon
wafer surfaces [101].

4.3 Pre-electrophoresis enrichment

Instead of on-capillary isotachophoretic pre-con-
centration, a two-capillary format can be used with
the first capillary acting in the ITP mode (as a means
of high sample load) and the second in the zone
electrophoresis mode. In a capillary switching instru-
mentation, focused zones from the first capillary are
transferred to the second capillary where the sepa-
ration is accomplished. The advantages of this
combination have been demonstrated by Kaniansky
et a. [102] for inorganic anions and by Kenndler et
al. [103] for trace determination of iron as its EDTA
complex.

A range of pre-electrophoresis techniques in CE
have been adapted from HPLC applications; in this
context, it is quite obvious to use solid-phase ex-
traction (SPE) procedures. Buchberger and Haddad
[104] have demonstrated that metal cyanides can be
collected efficiently on a C,; cartridge pre-con-
ditioned with an ion-pairing reagent and then eluted
by a small volume of an organic solvent.

In a similar way, a range of cationic organometal-
lics have been concentrated before CE analysis using
different instrumental design [105,106]. Specifically,
C,s membrane disk SPE was shown to overcome
severa drawbacks encountered in cartridge SPE and
allows enrichment factors up to 40 000 for organotin
and organolead compounds [105].

In order to attain a high efficiency of SPE for
inorganic ions on common reversed-phase materials,
the analytes have to be transformed into hydrophobic
derivatives. An attractive way to fulfil such require-
ments without the need to use organic solvents in the
elution process is the use of carefully designed
water-soluble chelating reagents. In preliminary ex-
periments [107], the utility of bis(carboxymethyl)-

dithiocarbamate to complex and concentrate trace
metal ions prior to CE was explored. At a pH of 3
when the ligand carboxyl groups are non-ionized,
metal ion complexes have no apparent charge and
are retained on a C,; cartridge. Application of the
basic eluent, such as a borate buffer at pH 9 well
compatible with the composition of electrolyte for
subsequent CE separation, causes the complexes to
be ionized and eluted rapidly and quantitatively.
Thus concentration factors greater than 500-fold can
be attained when large sample volumes are used.

Instead of reversed-phase materials, chelating
resins like Chelex-100 are useful for SPE of meta
ions. After pre-concentration, elution from the resin
can be performed by a small volume of 2 M nitric
acid. In the work by Arce et a. [108], an automated
mechanical interface has been designed and validated
for coupling SPE with capillary zone electrophoresis.
This arrangement shown in Fig. 7 alows enrichment
of heavy metas, eg., Mn(ll), Pb(ll), Cd(Il) and
AI(lI1), down to regulatory limits established by
legidation for drinking water.

Supported liquid membranes (SLMs) for pre-con-
centration of inorganic ions are based on an organic
liquid phase that is held in the pores of athin porous
support and contains a complexing or ion-pairing
reagent. The agueous sample flows across one side
of the membrane, whereas a small volume of an
aqueous acceptor phase contacts the other side of the
membrane. Enrichment factors up to 250 for cop-
per(I1) and 150 for zinc(ll) were achieved with
8-hydroxyquinoline in di-n-butyl ether as liquid
membrane and an acceptor phase containing 1,2-
cyclohexanediaminetetraacetic acid [109]. Pre-con-
centration on SLMs has also been employed for
different metallo—cyanide complexes prior to CZE
separation [110]. Due to the presence of methyltrioc-
tylammonium chloride in the membrane phase,
metallo—cyanides diffuse through the membrane by
replacing chloride ions and thus forming a stronger
ion pair with methyltrioctylammonium ion. In the
stripping step, the complexes are liberated and
accumulate in the acceptor compartment of the
membrane unit containing a perchlorate solution
which was found suitable for direct injection into the
CE instrument. An increase in sensitivity by a factor
of 50 to 600 permits cyanide species to be detected
below the limits stated for drinking water.
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peristaltic pump

2 M nitric acid

Chelex-100
minicolumn

to CE autosampler

H0 valve

microfilter

sample 1
valve

sample 2

sample 3
sample 4

Fig. 7. Automated system for combination of sample preconcentration on a chelating resin with CE. Reproduced from Ref. [108] with

permission.

5. Conclusions

In al likelihood, the attention of analytical chem-
ists to CE as a standard tool for inorganic ion
analysis will increase over the next few years.
Among the reasons for this development is the fact
that the performance of CE detectors has improved
considerably and new detection techniques have
reached the stage of practical applicability. One of
the most powerful detection method for trace inor-
ganic analysis seems to be mass spectrometry hyphe-
nated to CE by an ICP interface. This combination is
relatively new and there are sill a lot of inves
tigations necessary with respect to interface designs
as well as cheaper and more user-friendly instru-
mentation. While there are just few things that cannot
or could not be accomplished by ICP-MS detection,
it is not going to replace other detection systems. A
variety of less sophisticated detectors adequately
serves many of the needs of inorganic ion CE
analysis. The range of cost-effective detection tech-
niques as well as their commercial availability from
various manufacturers is still increasing.

Together with the improvements in detection
techniques, progress in sample enrichment meth-
odology using various on-capillary and pre-electro-
phoresis approaches has resulted in attractive de-

tection limits without superfluous investment and
running costs. Advancements leading to further
sensitivity improvements in the short-term future
might include on-line pre-concentration by means of
analyte concentrator cartridges or membrane devices
coupled with the CE capillary. Finally, pre-capillary
derivatization alows the development of procedures
that are tailor-made for the trace analysis of selected
analytes, especialy in the field of metal ion analysis.
Continued research focusing on advanced reagents is
anticipated in the coming years. Generdly, there is
not just one specific approach to improve the de-
tection limits. System optimization in CE isthe art of
choosing the most efficient tool from the broad range
available nowadays.

References

[1] A.R. Timerbaev, J. Cap. Electrophoresis 2 (1995) 165.

[2] A.R. Timerbaev, Electrophoresis 18 (1997) 185.

[3] M. Macka, PR. Haddad, Electrophoresis 18 (1997) 2482.

[4] V. Pacakova, K. Stulik, J. Chromatogr. A 789 (1997) 169.

[5] E. Dabek-Zlotorzynska, E.PC. Lai, A.R. Timerbaev, Anal.
Chim. Acta 359 (1998) 1.

[6] W. Buchberger, in: H. Shintani, J. Polonsky (Eds.), Hand-
book of Capillary Electrophoresis Applications, Chapman
and Hall, London, 1997, Ch. 36.



AR. Timerbaev, W. Buchberger / J. Chromatogr. A 834 (1999) 117-132 131

[7] W.R. Jones, P. Jandik, Am. Lab. 22 (1990) 51.

[8] F. Foret, S. Fanali, A. Nardi, P. Bocek, Electrophoresis 11
(1990) 780.

[9] W.R. Jones, P. Jandik, J. Chromatogr 546 (1991) 445.

[10] WW. Buchberger, PR. Haddad, J. Chromatogr. A 789 (1997)
67.

[11] F. Steiner, W. Beck, H. Engelhardt, J. Chromatogr. A 738
(1996) 11.

[12] J. Aupiais, Chromatographia 44 (1997) 303.

[13] JW. Olesik, J.A. Kinzer, SV. Olesik, Anal. Chem. 67 (1995)
1

[14] Y. Liu, V. Lopez-Avila, JJ. Zhu, D.R. Wiederin, W.F.
Beckert, Anal. Chem. 67 (1995) 2020.

[15] B. Michalke, P. Schramel, J. Chromatogr. A 750 (1996) 51.

[16] D. Schlegel, J. Mattusch, R. Wennrich, presented at the
International lon Chromatography Symposium, Santa Clara,
CA, 1997, paper 178.

[17] V. M4jidi, N.J. Miller-lhli, Analyst 123 (1998) 803.

[18] M.J. Tomlinson, L. Lin, JA. Caruso, Analyst 120 (1995)
583.

[19] K. Sutton, R.M.C. Sutton, J.A. Caruso, J. Chromatogr. A 789
(1997) 85.

[20] JA. Kinzer, JW. Olesik, SV. Olesik, Anal. Chem. 68 (1996)
3250.

[21] M.L. Magnuson, J.T. Creed, C.A. Brockhoff, J. Anal. Atom.
Spectrom. 12 (1997) 689.

[22] B. Michake, P. Schramel, Fresenius J. Anal. Chem. 357
(1997) 594.

[23] B. Michake, S. Lustig, P Schramel, Electrophoresis 18
(1997) 196.

[24] B. Michake, P. Schramel, Electrophoresis 19 (1998) 270.

[25] M. Michalke, P. Schramel, J. Chromatogr. A 807 (1998) 71.

[26] Q.H. Lu, SM. Bird, R.M. Barnes, Anal. Chem. 67 (1995)
2949.

[27] Q.H. Lu, R.M. Barnes, Microchem. J. 54 (1996) 129.

[28] M.P. Richards, J.H. Besttie, J. Cap. Electrophoresis 1 (1994)
196.

[29] S. Lustig, B. Michalke, W. Beck, P. Schramel, Fresenius J.
Anal. Chem. 360 (1998) 18.

[30] T.G. Huggins, J.D. Henion, Electrophoresis 14 (1993) 531.

[31] JJ. Corr, JF. Anacleto, Anal. Chem. 68 (1996) 2155.

[32] C. Haber, W.R. Jones, J. Soglia, M.A. Surve, M. McGlynn,
A. Caplan, JR. Reineck, C. Krstanovic, J. Cap. Electro-
phoresis 3 (1996) 1.

[33] C. Haber, R.J. VanSaun, W.R. Jones, Anal. Chem. 70 (1998)
2261.

[34] S.Vasecchi, G. Tartari, S. Polesello, J. Chromatogr. A 760
(1997) 326.

[35] D. Schlegel, J. Mattuch, R. Wennrich, Fresenius J. Anal.
Chem. 354 (1996) 535.

[36] K. Govindaraju, E.A. Cowley, D.H. Eidelman, D.K. Lloyd,
Anal. Chem. 69 (1997) 2793.

[37] CW. Klampfl, M.U. Katzmayr, W. Buchberger, N. Basener,
J. Chromatogr. A 804 (1998) 357.

[38] CW. Klampfl, M.U. Katzmayr, J. Chromatogr. A 822 (1998)
117.

[39] CW. Klampfl, M.U. Katzmayr, W. Buchberger, Electropho-
resis 19 (1998) 2459.

[40] PK. Dasgupta, L. Bao, Anal. Chem. 65 (1993) 1003.

[41] S. Kar, PK. Dasgupta, H. Liu, H. Hwang, Anal. Chem. 66
(1994) 2537.

[42] N. Avdaovic, C.A. Pohl, R.D. Rocklin, J.R. Stillian, Anal.
Chem. 65 (1993) 1470.

[43] M. Harrold, J. Stillian, L. Bao, R. Rocklin, N. Avdalovic, J.
Chromatogr. A 717 (1995) 371.

[44] AJ. Zemann, E. Schnell, D. Volgger, G.K. Bonn, Anal.
Chem. 70 (1998) 563.

[45] W. Lu, R.M. Cassidy, A.S. Baranski, J. Chromatogr. 640
(1993) 433.

[46] W. Lu, R.M. Cassidy, Anal. Chem. 65 (1993) 1649.

[47] J. Wen, R.M. Cassidy, Anal. Chem. 68 (1996) 1047.

[48] J. Wen, R.M. Cassidy, A. Baranski, J. Chromatogr. A 811
(1998) 181.

[49] E.PC. Lai, W. Zhang, X. Trier, A. Georgi, S. Kowalski, S.
Kennedy, T. MdMuslim, E. Dabek-Zlotorzynska, Anal.
Chim. Acta 364 (1998) 63.

[50] B. Tenberken, P. Ebert, M. Hartmann, M. Kibler, A. Mainka,
T. Prokop, A. Roder, J. Chromatogr. A 745 (1996) 209.

[51] C. Haber, I. Silvestri, S. Roosli, W. Simon, Chimia 45 (1991)
117.

[52] A. Nann, W. Simon, J. Chromatogr. 633 (1993) 207.

[53] A. Nann, I. Silvestri, W. Simon, Anal. Chem. 65 (1993)
1662.

[54] A. Nann, E. Pretsch, J. Chromatogr. A 676 (1994) 437.

[55] PC. Hauser, N.D. Renner, A.PC. Hong, Anal. Chim. Acta
295 (1994) 181.

[56] D.F. Swaile, M.J. Sepaniak, Anal. Chem. 63 (1991) 179.

[57] A. Takatsu, S. Eyama, A. Uchiumi, Chromatographia 40
(1995) 125.

[58] M.J. Sepaniak, T. Vo-Dinh, D.L. Stokes, V. Tropina, J.E.
Dickens, Talanta 43 (1996) 1889.

[59] L. Gross, E.S. Yeung, Anal. Chem. 62 (1990) 427.

[60] B.L. Hogan, E.S. Yeung, Anal. Chem. 64 (1992) 2841.

[61] Y.-T. Lee, C.-W. Whang, J. Chromatogr. A 746 (1996) 269.

[62] Q. Li, E.S. Yeung, J. Cap. Electrophoresis 1 (1994) 55.

[63] K. Baechmann, J. Boden, |. Haumann, J. Chromatogr. 626
(1992) 259.

[64] PL. Desbene, C.J. Morin, A.M. Desbene Monvernay, R.S.
Groult, J. Chromatogr. A 689 (1995) 135.

[65] V. Marti, M. Aguilar, E.S. Yeung, J. Chromatogr. A 709
(1995) 367.

[66] K. Bachmann, I. Haumann, T. Groh, Fresenius J. Anal.
Chem. 343 (1992) 901.

[67] K. Bachmann, K.H. Steeg, T. Groh, A. Roder, |. Haumann,
J. Boden, Int. J. Environ. Anal. Chem. 49 (1992) 87.

[68] B. Huang, J. Li, J. Cheng, Chin. J. Chromatogr. 13 (1995)
430.

[69] A.M. Garcia Campana, W.R.G. Baeyens, Y. Zhao, Anal.
Chem. 69 (1997) 83A.

[70] B. Huang, J.-J. Li, L. Zhang, J.-K. Cheng, Anal. Chem. 68
(1996) 2366.

[71] M. Latva, T. AlaKleme, H. Bjennes, J. Kankare, K.
Haapakka, Analyst 120 (1995) 367.

[72] Y. Liu, V. Lopez-Avila, J. High Resolut. Chromatogr. 16
(1993) 717.



132 AR. Timerbaev, W. Buchberger / J. Chromatogr. A 834 (1999) 117-132

[73] B. Krattiger, G.JM. Bruin, A.E. Bruno, Anal. Chem. 66
(1994) 1.

[74] G.L. Klunder, JE. Andrews Jr., PM. Grant, B.D. Andersen,
R.E. Russo, Ana. Chem. 69 (1997) 2988.

[75] J.Vogt, C.Vogt, Nucl. Instrum. Methods Phys. Res. Sect. B
108 (1996) 133.

[76] C.Vogt, J.Vogt, H. Wittrisch, J. Chromatogr. A 727 (1996)
301.

[77] W. Buchberger, in: H. Shintani, J. Polonsky (Eds.), Hand-
book of Capillary Electrophoresis Applications, Chapman
and Hall, London, 1997, Ch. 34.

[78] T. Saitoh, H. Hoshino, T. Yotsuyanagi, J. Chromatogr. 469
(1989) 175.

[79] N. Iki, H. Hoshino, T. Yotsuyanagi, Chem. Lett. (1993) 701.

[80] A.R. Timerbaev, O.P. Semenova, P. Jandik, G.K. Bonn, J.
Chromatogr. A 671 (1994) 419.

[81] F.B. Regan, M.P. Meaney, S.M. Lunte, J. Chromatogr. B 657
(1994) 409.

[82] N. Iki, H. Hoshino, T. Yotsuyanagi, J. Chromatogr. A 652
(1993) 539.

[83] S. Motomizu, N. Mori, M. Kuwabara, M. Osima, Anal. Sci.
10 (1994) 101.

[84] S. Motomizu, M. Osima, M. Kuwabara, Y. Obata, Analyst
119 (1994) 1787.

[85] D.A. Oxspring, T.J. Maxwell, W.F. Smyth, Anal. Chim. Acta
323 (1996) 97.

[86] A.R. Timerbaev, H. Hoshino, T. Yotsuyanagi, unpublished
results.

[87] M. Macka, B. Paull, P. Andersson, PR. Haddad, J. Chroma-
togr. A 767 (1997) 303.

[88] B.A. Colburn, M.J. Sepaniak, E.R. Hinton, J. Lig. Chroma-
togr. 18 (1995) 3699.

[89] M. Macka, P. Nesterenko, P. Andersson, PR. Haddad, J.
Chromatogr. A 803 (1998) 279.

[90] S. Motomizu, M. Kuwabara, M. Oshima, Bunseki Kagaku 43
(1994) 621.

[91] T. Saitoh, H. Hoshino, T. Yotsuyanagi, Anal. Sci. 7 (1991)
495.

[92] J. Xu, P. Che, Y. Ma, J. Chromatogr. A 749 (1996) 287.

[93] T.Yokoyama, T. Akamatsu, K. Ohji, M. Zenki, Anal. Chim.
Acta 364 (1998) 75.

[94] PA.G. Butler, B. Mills, PC. Hauser, Analyst 122 (1997)
949.

[95] M. Macka, P. Andersson, PR. Haddad, Electrophoresis 17
(1996) 1898.

[96] K. Li, SFY. Li, Analyst 120 (1995) 361.

[97] M. Albert, L. Debusschere, C. Demesmay, J.L. Rocca, J.
Chromatogr. A 757 (1997) 281.

[98] G.B. Harland, G. McGrath, S. McClean, W.F. Smyth, Anal.
Commun. 34 (1997) 9.

[99] J. Boden, K. Bachmann, L. Kotz, L. Fabry, S. Pahlke, J.
Chromatogr. A 696 (1995) 321.

[100] J. Boden, K. Bachmann, J. Chromatogr. A 734 (1996) 319.

[101] T. Ehmann, K. Bachmann, L. Fabry, H. Rifer, S. Pahlke, L.

Kotz, Chromatographia 45 (1997) 301.

[102] D. Kaniansky, I. Zelensky, A. Hybenova, F.I. Onuska,
Anal. Chem. 66 (1994) 4258.

[103] P Blatny, F. Kvasnicka, E. Kenndler, J. Chromatogr. A 757

(1997) 297.

[104] W. Buchberger, PR. Haddad, J. Chromatogr. A 687 (1994)
343.

[105] K. Li, SFY. Li, H.K. Li, J. Lig. Chromatogr. 18 (1995)
1325.

[106] P Pobozy, B. Glod, J. Kaniewska, M. Trojanowicz, J.
Chromatogr. A 718 (1995) 329.

[107] A.R. Timerbaev, AV. Rudnev, O.P. Semenova, J.S. Fritz,
presented at the International lon Chromatography Sym-
posium, Santa Clara, CA, 1997, paper 60.

[108] L. Arce, A. Rios, M. Vacarcel, J. Chromatogr. A 791
(1997) 279.

[109] W. Buchberger, M. Turner, presented at the International
lon Chromatography Symposium, Dallas, TX, 1995, paper
105.

[110] P Kuban, W. Buchberger, PR. Haddad, J. Chromatogr. A
770 (1997) 329.



