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Abstract

Indirect detection, the principles of which were demonstrated some years ago, has attracted renewed interest in
both UV-visible and fluorimetric detection. This paper reports the implementation of laser-induced indirect
fluorimetric detection using a commercially available detector and its association with high-performance capillary
electrophoresis for the determination of inorganic ions. In order to optimize the response sensitivity, the
fluorescent agent being fluorescein sodium salt, the influence of the fluorescein sodium salt concentration, the ionic
strength, the electrolyte pH and the gain on the signal-to-noise ratio were studied successively, the injection mode
being either electrokinetic or hydrodynamic. In the case of a 75 pm I.D. fused-silica capillary, detection limits were
in the ppb range or about 10 ppb for alkali metal cations using injection in the electrokinetic or in the
hydrodynamic mode, respectively. As the detection system used had its maximum sensitivity at basic pH, the use of
a complexing agent was required in order to perform the determination of alkaline earth metal cations, because
they precipitate or are adsorbed at basic pH. Therefore, using ethylenediaminetetraacetic acid sodium salt
(EDTA), it is possible to analyse at pH 7.5, in less than 5 min, a mixture containing three alkaline earth metal
cations (Ba®*, Ca®* and Mg”") and three transition metal cations (Fe’*, Zn>* and Cu’”) in addition to the
previously mentioned alkali metal cations (Li" and K*).

1. Introduction

High-performance capillary electrophoresis is
a recent analytical technique which appears to be
one of the most powerful techniques for the
separation of a broad range of complex matrices
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including both inorganic anions and cations and
neutral or potentially ionizable molecules [1].
However, it presents some limitations. In par-
ticular, it still suffers from the lack of a sensitive
and universal detector. A neat way of overcom-
ing the lack of universality of detection systems
was to use indirect detection, already widely
used in high-performance liquid chromatography
[2-25].

Ionic capillary electrophoresis has been used
to determine both anions and cations. However,
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there is at present a greater diversity of the
mixtures analysed in the case of anions than in
the case of cations. Inorganic anion separations
were performed in the presence of an electro-
phoretic buffer containing a chromophore, to
obtain the background signal, and an electro-
osmotic flow reverser. Effectively, in the case of
anions and in contrast to cations, the electro-
osmotic flow must be at least decreased, or even
reversed, in order to shorten the analysis time.
From literature data, it appears that potassium
chromate is the most widely used absorbing
agent [26-34]. Other compounds absorbing in
the UV region were also used to obtain a
background signal, for instancé pyromellitic acid
[35], potassium phthalate [27,36] and potassium
benzoate [27]. The most frequently used modi-
fiers or reversers of electroosmotic flow are
quaternary ammonium surfactants such as tetra-
decyltrimethylammonium bromide [31] or CIA
Pak OFM Anion BT (Millipore—Waters) [26-29,
32-34,36]. However, this modifier or reverser of
electroosmotic flow can also be diethylene-
triamine [30] or hexamethonium hydroxide [35].
Such electrophoretic systems were also used to
separate organic anions that do not possess
chromophoric groups, e.g., alkylsulfonates and
organic acids [27,31].

In the case of cation determination, the ana-
lytical approach is akin to that mentioned above
for the determination of anions. Effectively, as a
great number of cations are transparent in the
UV range, it is often necessary to use indirect
spectrometric detection (UV or fluorimetric) and
less frequently conductimetric detection [37].

Initially, Aguilar et al. [38] separated by
capillary zone electrophoresis (CZE) the cations
of transition metals, Fe’", Cu”' and Zn%, as
cyano complexes, spectrophotometric detection
being performed at 214 nm. More recently, the
same group separated the Au’ and Ag" cations,
again complexed, and with UV detection (214
nm) [39]. However, the vizualisation of most
separations of cations is performed by means of
indirect photometric detection techniques. Foret
et al. [40] separated a mixture of fourteen
lanthanides using an electrophoretic buffer con-
taining a-hydroxyisobutyric acid (HIBA), as

complexing reagent, and creatine, as a
chromophoric agent, to generate the background
signal. Effectively, because of the similitude of
the electrophoretic mobilities of some cations, it
is necessary to introduce a supplementary mech-
anism of separation. According to the literature,
complexation is frequently used with this aim.
Chen and Cassidy [41] analyzed a mixture of
lanthanides by CZE using as complexing agent
HIBA, the electrophoretic buffer being com-
posed of acetic acid and benzylamine. However,
the factors influencing the selectivity of com-
plexed cations were essentially studied by Wes-
ton and co-workers [42-44], the complexing
agent being systematically HIBA. HIBA is the
most commonly used complexing agent for the
separation of cations, in association with indirect
UV photometric detection [40-46]. However,
Beck and Engelhardt [47] have recently de-
veloped an electrophoretic buffer containing
imidazole, in association with indirect UV detec-
tion, for the separation of alkali and alkaline
earth metal cations. Similarly, Riviello and Har-
rold [48] recently proposed a new electrophoretic
system for the determination of alkali and al-
kaline earth metal and ammonium cations in
association with indirect UV detection. This new
electrophoretic system was based on the utiliza-
tion of Cu(Il) as the primary component of the
electrolyte, the system selectivity being adapted
by addition of a crown ether, 18-crown-6, as
complexing agent.

Several workers have proposed the use of
laser-induced fluorimetric detection in the pres-
ence of complexing agents to determine alkali
and alkaline earth metal cations. Gross and
Yeung [49] were the first to use indirect
fluorimetric detection to determine alkali and
alkaline earth metal cations by CZE. They used
quinine sulfate to generate the background sig-
nal. More recently, Biachmann et al. [50] used in
the same way indirect fluorimetric detection in
the separation of alkali and alkaline earth metal
cations. They developed a new electrophoretic
system based on the association of Ce(II) and
18-crown-6, the latter being the complexing
agent allowing the electrophoretic system selec-
tivity to be adjusted. Swaile and Sepaniak [51]
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used the fluorescence of complexes of 8-hydroxy-
quinoline with a large number of metallic cat-
ions, the chelating agent not presenting native
fluorescence, and visualized by direct fluores-
cence a mixture of Ca’*, Mg’ and Zn*" cat-
ions.

As laser-induced fluorimetric detection is now
commercially available, we considered the de-
velopment of a new electrophoretic system al-
lowing the use of indirect fluorimetric detection
and compatible with the detector without modi-
fication of this latter. As this detector has excita-
tion and emission wavelengths in the visible
range, all the electrophoretic systems previously
described for the indirect fluorimetric detection
of inorganic cations are ineffectual, the detectors
used by different workers being equipped with
lasers operating in the UV range. Considering
the characteristics of the laser associated with the
commercial fluorimetric detector we utilized, we
decided to examine the potential offered by the
sodium salt of fluorescein as a fluorescent re-
agent generating the background signal, with a
view to detecting alkali, alkaline earth and
transition metal cations separated by CZE.

Moreover, as the fluorescence intensity of
fluorescein sodium salt is a function of pH, and
that it is essential to operate in a basic medium,
we therefore studied the possibilities offered by
ethylenediaminetetraacetic acid (EDTA) as
chelating agent, because alkaline earth metal
cations become insoluble or are adsorbed on the
capillary wall at such pH values.

2. Experimental
2.1. Reagents

All solutions, electrolytes and standards were
prepared using 18-M( water generated by an
Alpha-Q laboratory water purification system
(Millipore, Bedford, MA, USA). The alkali,
alkaline earth and transition metal cation stan-
dards were prepared from salts (nitrate or chlo-
ride, purity=99.99%) obtained from Aldrich
France (La Verpilliére, France). Citric acid and
its sodium salt and sodium tetraborate utilized

for the preparation of buffers and the disodium
salt of EDTA used as a complexing agent (purity
99+ %) were purchased from Aldrich France and
used as received. Fluorescein sodium salt, pro-
viding the fluorescence background, was also
purchased from Aldrich France and was used as
received.

2.2. Preparation of electrolytes and standards

The electrolytes used were prepared from
solutions made daily, containing the fluorescein
sodium salt on the one hand and on the other
hand the suitable buffer (citric acid and its
sodium salt, sodium tetraborate or disodium salt
of EDTA). In the case of EDTA, the pH was
adjusted by addition of sodium hydroxide. After
dilution, the electrolytes were systematically
degassed for 20 min using sonication and their
pH was measured before use, at the experimen-
tal temperature. It must also be mentioned that
all the vessels used for the preparation of the
analyte solutions and of the electrolytes were
made of polypropylene (Polylabo-Block, Stras-
bourg, France). The disposable sample vials
were made of siliconed polypropylene and were
also purchased from Polylabo-Block. Dilutions
were performed using Gilson (Villiers Le Bel,
France) electronic automatic pipettes, equipped
with disposable cones made of polypropylene.

2.3. Apparatus

All experiments were carried out on a P/ACE
2100 system (Beckman, Fullerton, CA, USA)
fitted with an on-column argon laser-based fluo-
rescence detector (A,,, =488 nm, A, = 520 nm)
and monitored by a PS/2 computer (IBM,
Greenock, UK) using P/ACE software or Gold
software (Beckman). Data collection was per-
formed using the same software. Samples were
loaded by pressure injection [injection pressure
0.5 p.s.i. (1 p.s.i. =6894.76 Pa)] or electromi-
gration (applied voltage 10 kV) into a fused-silica
capillary. The capillary columns used were un-
treated with respect to any covalently bonded
stationary phase. Before use, several solutions
were flushed through the capillary in the follow-
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ing order: 0.1 M NaOH, water, 0.1 M HCI,
water, buffer solution. These capillaries were 57
cm X 75 pm [.D. Injections were made at the
high-voltage anode and cations were eluted to
the grounded cathode. Indirect fluorimetric de-
tection was performed at 520 nm through the
capillary 50 cm from the inlet. The pH values of
the electrolytes were measured using a Beckman
Model ¢ pH meter at the analysis temperature.

3. Results and discussion

As mentioned above, because of the charac-
teristics of the laser-induced fluorimetric detector
utilized, at both the excitation and emission
wavelengths, there was only a limited choice of
fluorescence agents that could be used to provide
the background signal. Among the commercially
available fluorescence agents, fluorescein sodium
salt appeared as the most suitable, as it offers
maximum absorption at 492 nm and a maximum
re-emission at 518 nm, very close to the optical
characteristics of the detector. This fluorescence
agent has the drawback, however, of a pH-
dependent fluorescence intensity. We searched
for a pH range allowing an acceptable fluores-
cence intensity to be maintained and still to have
the possibility of modulating the electroosmotic
flow using this parameter. As shown in Fig. 1,
the fluorescence intensity of fluorescein is con-
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Fig. 1. Evolution of the fluorescence of fluorescein as a
function of pH.

stant only in highly basic media, in a range
where the electroosmotic flow velocity is inde-
pendent of pH. However, in the pH range 7-9,
this intensity is still hardly modified but the
electroosmotic flow is noticeably changed.

We then optimized the fluorescein concentra-
tion in the mobile phase, as Kuhr and Yeung [52]
showed that the limit concentration detectable is
a function of this parameter in indirect detection.

3.1. Influence of the fluorophore concentration
on the detection system sensitivity

In order to optimize the detection system
sensitivity, we studied the influence of fluores-
cein sodium salt concentration on the signal-to-
noise ratio. The electrolyte pH was settled at pH
9.2, i.e., where the fluorophore intensity is
maximum. We used potassium n-butylbenzene
sulfonate as the test sample because it has an
electrophoretic mobility similar to that of the
fluorophore. Foret et al. [53] proved that in
indirect detection, the sensitivity obtained for a
sample ion is greater if its mobility is similar to
the mobility of the ion used to provide the
background signal. As reported in Table 1, a
range of fluorophore concentrations of 107%-
10™* M was explored.

Table 1 shows that the maximum sensitivity is
obtained with a 107> M fluorescein sodium salt
concentration. Below this concentration, the
background signal is not very stable and above it
the difference between the initial background
signal and the signal perturbed by the sample
elution is no longer perceptible. Therefore, sub-
sequent experiments were systematically per-
formed using 107> M fluorescein sodium salt.
Moreover, it is worth mentioning that increasing
the photomultiplier gain resulted, as expected, in
an enhancement of fluorescence but did not
allow the signal-to-noise ratio to be improved.

We then still had to optimize the ionic strength
of the electrophoretic medium and the injection
parameters in order to attain the greatest sen-
sitivity possible. As these two parameters are
intimately related, because a concentration effect
of the sample appears when low-conductivity
samples are injected, consequently allowing
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Table 1

Evolution of the signal-to-noise ratio as a function of the fluorescein sodium salt concentration

[n - BuC ,H,SO,K]

Fluorescein sodium salt concentration (M)

(mM)

10" 1077 107° 10°¢
10 35 40 52 53
i 6 18 19 15
0.1 1.3 1.8 2 23

Electrolyte, 12.5 mM Na,B,O, (pH 9.2); temperature, 30°C; applied voltage, 30 kV; injection, hydrodynamic (injection time =

5s).

larger injection volumes [54,55], we optimized
these two parameters jointly. The two classical
injection modes used in capillary electrophoresis,
i.e., hydrodynamic and electrokinetic, were suc-
cessively studied. The test sample was a mixture
of lithium and potassium salts, both at 10°*M
concentration.

3.2. Influence of the ionic strength of the
electrolyte on the system sensitivity. Comparison
of electrokinetic and hydrodynamic injection

As demonstrated by Fig. 2, the signal-to-noise
ratio is strongly dependent on the ionic strength
of the electrolyte constituting the mobile phase
in the case of hydrodynamic injection. Within the
electrolyte concentration range explored (10-50
mM), the detection system sensitivity is maxi-
mum at a sodium borate concentration of 10
mM. Similar variations were observed in the
electrokinetic injection mode but they were less
important. Using this injection mode within the
same concentration range, the sensitivity in-
creased when the sodium tetraborate concen-
tration decreased from 50 to 10 mM.

Therefore, we determined first the detection
limit of lithium and potassium using an elec-
trolyte with a sodium tetraborate concentration
of 10 mM, using both the hydrodynamic and
electrokinetic injection modes.

As the sample band injected has a very low
conductivity, an important concentration effect is
observed, allowing relatively large sample vol-
umes to be injected, while keeping a constant

system efficiency and consequently a constant
separation quality [54,55].

At this concentration and with a 57 cm X 75
pum LD. capillary, it was possible to use in-
jection times up to 30 s, resulting in a pro-
nounced improvement in the detection sensitivi-
ty. Beyond this limit, the signal-to-noise ratio
remains nearly constant, while a drift of the
baseline is observed before the system peak
corresponding to the electroosmotic flow (water
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Fig. 2. Evolution of the signal-to-noise ratio, in the hydro-
dynamic injection mode, as a function of the ionic strength of
the electrolyte in the mobile phase. Operating conditions:
fused silica-capillary 57 cm x 75 pm 1.D.; applied voltage, 10
kV; temperature, 30°C; sample, mixture of LiNO,(107* M)
and KNO, (107* M); electrolyte, Na,B,O, (pH 9.2);
fluorescein concentration, 10°° M: detection, fluorimetric
(A,,. =488 nm, A =520 nm).

exc detect.
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peak), accompanied by peak broadening re-
sulting in a noticeable loss of efficiency.

The detection thresholds obtained under these
conditions for lithium and potassium are re-
ported in Table 2. Further, as the sensitivity of
the detection system seems to increase when the
mobile phase electrolyte becomes more diluted,
we also determined the detection thresholds of
these two cations in the case of a mobile phase
containing 2.5 mM sodium tetraborate at pH 9.2
(Table 2). The following comments can be made
based on these results. (i) With a sodium salt
being used to provide the background signal,
laser-induced fluorimetric indirect detection ap-
pears far more sensitive in the case of lithium
than with potassium. Whatever the electrolyte
concentration in the mobile phase and the in-
jection mode used, the detection threshold of
potassium is 3-6 times greater than that of
lithium. (ii) Whatever the cation (lithium or
potassium) and the electrolyte concentration in
the mobile phase, electrokinetic injection results
in a greater sensitivity than hydrodynamic in-
jection. This has already been reported by Wes-
ton et al. [46] using indirect UV detection. (iii)
This detection system appears to be more sensi-
tive if the electrolyte concentration in the mobile
phase is lower. For instance, lithium and potas-
sium cations at a 10" ° M concentration are not
detected if a 10 mM sodium tetraborate elec-
trolyte is used, but they are detected without
difficulty at this concentration if an electrolyte
containing 2.5 mM sodium tetraborate is used.

Table 2

As shown by Table 2, the sensitivity is improved
tenfold if the sodium tetraborate concentration
in the mobile phase is decreased from 10 to 2.5
mM. This last concentration is the lower limit of
the electrolyte buffer effect.

The sensitivity thresholds obtained in indirect
fluorimetric detection (39.5 and 3.6 ppb for
potassium and 15 and 0.7 ppb for lithium in
the hydrodynamic and electrokinetic injection
modes, respectively) are comparable to the best
detection limits reported in the literature for the
same cations [50,51].

Considering these results, we then studied the
potential offered by this new detection system
for alkaline earth and transition metal cations.

3.3. Application to the analysis of mixtures of
alkali, alkaline earth and transition metal
cations

As the fluorophore used to provide the back-
ground signal, fluorescein, gives a noticeable
fluorescence only in a basic medium, the de-
termination of alkaline earth and transition met-
als appeared impossible in such a medium
because these ions were adsorbed and/or pre-
cipitated on the negatively charged capillary wall
at basic pH. Inhibition of adsorption could be
achieved only by suppressing the cation charges
or, better, by charging them negatively. There-
fore, we considered the use of complexation.
Such a strategy appeared necessary as Jandik et
al. [43] has previously demonstrated that com-

Detection thresholds obtained using laser-induced indirect fluorimetric detection, with fluorescein sodium salt as fluorophore

Cation [Na,B,0,] Detection limit (ppb)*
(mM)
Hydrodynamic injection” Electrokinetic injection®
K’ 10 390
25 39.5 3.6
Li' 10 119
2.5 15 0.7

Fused-silica capillary, 57 cm x 75 um [.D.; applied voltage.
* Detection limit = 3 X signal-to-noise ratio.

® Injection pressure 0.5 p.s.i.: time 30 s.

¢ Injection voltage 10 kV: time 30 s.

10 kV; temperature, 30°C.
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plexation is required to separate some transition
and alkaline earth metal cations, even in acidic
medium, because their individual electrophoretic
mobilities are insufficient to allow a satisfactory
resolution. Different complexing agents have
been used, HIBA in acetic medium and indirect
UV detection [40,41,44,45] and 8-hydroxy-
quinolinesulfonic acid in basic medium and di-
rect fluorimetric detection, the latter complexing
agent giving fluorescent complexes with Ca(Il),
Mg(1I) and Zn(II) [51]. As we are operating in a
basic medium, and in the presence of a fluoro-
phore providing a background signal, none of
these approaches could be totally satisfactory.
Consequently, we considered, developing a new
complexing system compatible with the basic
medium utilized and not leading to the formation
of fluorescing complexes with metals. As the
EDTA anion is known to give, in basic medium,
octaedral complexes with a large number of
cations, with the structure shown, and these
complexes are more or less stable according to
the nature of the cation (Table 3), we studied its
potential for the determination by capillary elec-
trophoresis of alkali, alkaline earth and transi-
tion metal cation mixtures.
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First we examined the influence of EDTA
concentration on the electrophoretic behaviour
of a test sample containing Ba’", Ca’", Mn"~
and Zn>" cations at pH 9.2 and for a 107°
concentration of fluorescein sodium salt. As the
pH changes as a function of EDTA concen-
tration it was adjusted to 9.2 by addition of
sodium hydroxide. The evolution of the effective
electrophoretic mobilities of the different cations
studied as a function of EDTA concentration is
reported in Fig. 3.
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Fig. 3. Evolution of the electrophoretic behaviour of some
alkaline earth and transition metal cations as a function
of EDTA concentration. Operating conditions: fused-silica
capillary, 57 cm x75 pwm L.D.; applied voltage, 30 kV,
temperature, 30°C; electrolyte, EDTA of variable concen-
tration, pH adjusted to 9.2 by addmon of sodium hydroxide;
fluorescein concentration, 10°° M; injection, hydrodynamic
(injection time = 2 s); detection, fluorimetric (A_,, = 488 nm,
A =520 nm).
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It is clear that the electrophoretic system
selectivity does not change as a function of
EDTA concentration for the cations studied, in
spite of the fact that their electrophoretic mo-
bilities increase as a function of the latter. Under
these conditions, as the previous study of the
signal-to-noise ratio as a function of the elec-
trolyte ionic strength had shown that the sen-
sitivity is enhanced at weak ionic strengths, we
choose a 5 mM concentration of EDTA to
complete this study.

Moreover, EDTA presents several acidities.
The three weaker acidities are characterized, in
pure water and at 0.1 M ionic strength, by pK,
values of 2.75, 6.25 and 10.38 [56]. Therefore, a
study of the electrophoretic behaviour of transi-
tion and alkaline earth metal cations as a func-
tion of pH appeared necessary. We report this
evolution in Fig. 4 for the above-mentioned
cations.

As can be seen in Fig. 4a, there is no notice-
able change in the selectivity as a function of pH.
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Fig. 4. Evolution of the electrophoretic behaviour of some
alkaline earth and transition metal cations as a function of
pH of the electrolyte: (a) electrophoretic mobilities; (b) ratio
of corrected migration times (fg, ~¢,)/(ty, —t,). Operating
conditions: identical with those in Fig. 3, with the exception
of the electrolyte, S mM EDTA, adjusted to a convenient pH
by addition of sodium hydroxide.

As the electroosmotic flow velocity is strongly
related to pH in the range 7-9, it also seemed
worth, considering the above-mentioned results
relative to selectivity, to study the evolution of
the ratio of the corrected migration times of the
different analyte species (Fig. 4b). Under these
conditions, the differences in the electrophoretic
behaviour should have been enhanced when the
mobile phase pH decreased. This is effectively
what we observed, although the phenomenon
became noticeable only below pH 7.5 (Fig. 4b).

Moreover, the electrophoretic system efficiency
is hardly dependent of pH variations in the range
7-9. For instance, for Mn>", the efficiency varies
from 223000 theoretical plates at pH 9.0 to
206 000 theoretical plates at pH 7.0. Therefore,
the resolving power of the electrophoretic system
is obviously greater at pH 7.0 than at pH 9.2,
this better resolution being obtained to the
detriment of the analysis time.

As we also intended to obtain the greatest
possible detection sensitivity, a compromise had
to be found for the value of pH because the
intensity of induced fluorescence is strongly
dependent on pH below pH 9 in the case of
fluorescein. Facing this dilemma, the choice of
an electrolyte containing S mM EDTA adjusted
to pH 7.5 by addition of sodium hydroxide
appeared to be an acceptable compromise be-
tween the resolution and the sensitivity of the
electrophoretic system. At such a pH value, the
resolving power is already fairly good and the
system sensitivity is not too lowered. We report
in Fig. 5 the analysis of a mixture of alkali,
alkaline earth and transition metals performed
under these conditions.

This separation shows that two system peaks
appear in the electropherogram. The first, corre-
sponding to water, allows the determination of
the electroosmotic flow velocity under the oper-
ating conditions, while the second is attributed to
one of the various ionic forms of EDTA existing
at this pH. These two electrophoretic peaks, due
to the displacement of fluorophore molecules,
appear logically as negative signals. Their attri-
bution was confirmed, without any doubt, by
injecting, under the same operating conditions,
pure water on the one hand and EDTA on the
other. Further, the migration time of the electro-
osmotic flow having been determined, it appears
that the analyte cations are not all complexed by
EDTA. Lithium and potassium cations, which
elute before the electroosmotic flow, still possess
a positive charge under these operating con-
ditions. This is not surprising, as can be seen
from the literature data concerning the com-
plexation of cations by EDTA [56] reported in
Table 3.

These two cations having charges opposite to
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the fluorophore charge, as fluorescein is nega-

Table 3 . .

Complexation constants with EDTA in aqueous solution at tively charged at pH 7.5, according to Kuhr and

25°C [56] and equivalent ionic conductivity [57] of some Yeung [52] an enhancement of fluorescence due

alkali, alkaline earth and transition metal cations to electrostatic attraction should be observed,
resulting in positive peaks. This is in fact ob-

Cation Log K A, (107" m* S mol ) served with the potassium cation. In contrast,

lithium is visualized as a negative peak. This

Li" 2.8 38.66 .

Ba* 7.8 63 6 seemingly anomalous response resuits from the
Sn*" 8.6 - differences in the solvation of these cations,
Mg** 8.7 53.0 which are evidenced by their different equivalent
Ca’” 10.7 39.47 ionic conductances A [57] and by their different
2:4(:12‘ ig:g ::s electrophoretic mobilities, which are directly
ca?” 16.5 s4 proportional to their equivalent ionic conduct-
Zn*" 16.5 - ances [42].

Ni®*” 18.6 50 The apparently opposite fluorescence behav-
Cu’’ 18.8 53.6 iours of Li” and K™ cations can be rationalized if
Ee‘ 2_5 1 7} 18 the importance of the perturbation of the back-
Na* 1.7 50.08 ground fluorescence due to the electrolyte during

the elution of a sample (here a cation) possessing
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a charge opposite to the fluorophore charge,
here the sodium salt of fluorescein, is evaluated.
This perturbation of fluorescence can be calcu-
lated with the help of the treatment developed
by Ackermans et al. [58] in the case of the
indirect UV detection of a sample possessing the
same charge as the chromophoric ion. In the
present case, the intensity of fluorescence of a
binary electrolyte AB, in the absence of any
sample ion, is given by the equation

IE =l(Ppes + 4’358)155

where ¢, and ey are the molecular absorptivities
of the electrolyte ions, ¢, and ¢, are the
ﬂuorescence efficiencies of the electrolyte ions,
s and c are the electrolyte ion concentrations,
with ¢ = ¢}, 7 is the optical path length and /, is
the incident light intensity. In the presence of a
sample ion, the fluorescence intensity becomes

Ils: = I (dxex + d’BsB)[C; + L (Pats + d)BgB)lci

where &y, &, and ¢,, ¢, are the molecular
absorptivities and the fluorescence efficiencies of
the sample ion and the counter ion, respectively,
c5 is the sample ion concentration in the mobile
phase and ¢, and ¢} are the concentrations of
the ions constituting the electrolyte in the pres-
ence of the sample ion, with ¢ = c}.

The perturbation of the background fluores-
cence intensity in the presence of a sample is

Al =1} — I}
or

Alp = [)(dxex + dgey )1C>S< + 1 (daes + (ngB)lCSA
—Iy(daen + ¢BEB)1C§

If the ion A is the fluorophore (¢, #0) and if
the other ions present in the mobile phase are
not fluorescent (sample ion X and counter ions
B), i.e., ¢y = ¢y =0, the relationship giving the
fluorescence intensity perturbation becomes:

Al = I, e lcS — Lipaenlch (1)

Under these conditions, the Kohlrausch regu-
lation equation [59] is, in agreement with Dis-
mukes and Alberty [60],

E
c C C C C

mh my my\ my mx

where m', m}, and my are the absolute mo-
bilities of the ions A and B in the electrolyte and
of the sample ion X, respectively.

In the case of a fluorophoric ion A charged
oppositely to the X sample ion, taking in account
the electroneutrallty equatlons on the one hand
in the electrolyte % = ¢y and on the other in the
electrolyte containing the sample ion X =
c + cp, the Kohirausch regulation, Eq. 2, be-
comes

=— +
0 0 0 0 0
ma B A meg my
0,0 0
E_ S ma(my — my s (3)
Ca=Ca 0 0 0 X
my(mg +m,
or

D, 0 0
m,(mg — my

A p—
X 0 0
mg tmy,

X = 0
mx
Taking in account Eq. 3, the perturbation of the
fluorescence intensity in the presence of a sample
ion becomes

Al = _1()¢A£Al)‘xC§( (4)

Consequently, the presence of a sample X pos-
sessing a charge opposite to the charge of the
fluorophore A used to generate the background
signal results in a decrease in the fluorescence
mtensrty, giving a negative peak, if A, >0 (mB

mY). i.e.. if the absolute mobility of the analyte
sample is smaller than the mobility of the ion
associated with the fluorophore. This is the case
with the Li* cation which has an absolute mobili-
ty smaller than that of Na' (see Table 3), which
is the counter ion of the fluorophore (sodium salt
of fluorescein). In addition, it results in the
enhancement of the ﬂuorescence giving a posi-
tive peak, if Ay <0 (mp <my), if the
absolute mobility of the analyte ion is greater
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than that of the counter ion associated with the
fluorophore. This is the case with the K™ cation,
which has an absolute mobility greater than that
of Na” (see Table 3) associated with the fluoro-
phore. Finally, it results in the total disappear-
ance of the signal if the absolute mobility of the
analyzed ion is exactly the same as the absolute
mobility of the ion associated with the fluoro-
phore.

The situation is far more complex in the case
of the cations effectively complexed by EDTA.
The metallic ions (M) complexing the EDTA
base (B) increase the apparent strength of the
EDTA conjugate (HB) of this base, owing to the
displacement of the dissociation equilibrium
[61,62]

iH,0 + iHB=iB +iH,0"
iB+M=MB,

iH,O0 +iHB+M=MB, +iH,0"

Consequently, if lithium and potassium cations,
which give poorly stable complexes with the
EDTA anion, have little influence on the EDTA
acidity and therefore on pK, values, it is differ-
ent in the case of metallic cations giving stable
complexes with EDTA anion. Important dis-
placements of the dissociation equilibrium of
EDTA have been reported [61,62] in the case of
these cations, resulting in a considerably de-
creased value of the final acidity constant pK,. In
such conditions, the apparent electrophoretic
mobility of the analyte cations is the result of the
electrophoretic mobilities of both the non-com-
plexed cation (u_,) and its EDTA complex

(,’Lcompl):
P’app = (] - x)”‘cal + x“’cump]

where x is the molar fraction of the cations
complexed by EDTA.

Obviously, the molar fraction is directly de-
pendent on the complexation constant. The
experimental electrophoretic mobilities must be
directly related to the complexation constants of
the different ions. This is effectively observed in
the case of divalent cations, as evidenced by the
comparison of the elution order and complex-
ation constants reported in Table 3.

In the same way, the electrophoretic behav-
iour of the only trivalent cation analyzed, Fe’*,
can be explained by the formation of a very
stable complex with EDTA (Table 3), conferring
a total charge of about one electron to this cation
and resulting in an experimental electrophoretic
mobility smaller than the values obtained with
divalent cations. Thus the analyte species, i.e.,
the complex Fe’"—~EDTA presenting a negative
charge, is visualized, in agreement with Kuhr
and Yeung [52], as a negative peak, due to the
electrostatic repulsion with the negatively
charged fluorophore at this pH.

As with the alkali metal cations K™ and Li",
the decrease of the fluorescence intensity during
the elution of the Fe’' cation, i.e., during the
elution of the negatively charged Fe’*-EDTA
complex, can be rationalized by using a treat-
ment directly transposed from that developed by
Ackermans et al. [58]. The fluorescence per-
turbation is the given by the following relation-
ship:

Al = _10¢A£A1A),(C§( (5)
with

,_ malmy +my)
AX=""0 0, o0y
my(my +my)

This equation shows that in the case of a sample
ion X with the same charge as the fluorophore
ion A, which is the case with the Fe’"~EDTA
complex in the presence of fluorescein sodium
salt, its elution will result in a negative peak
owing to a systematic decrease in fluorescence,
whatever the value of its absolute mobility,
because Ay is systematically positive.

In the case of divalent cations, which are
partially complexed by EDTA anion, their vis-
ualization can be explained by a mixed mecha-
nism, represented by the Eqs. 4 and 5. As their
absolute mobility is systematically greater than
the mobility of the sodium cation associated with
the fluorophore, they give (in agreement with
Eq. 4) an increase in the fluorescence in their
non-complexed form. In contrast, their complex-
ation by EDTA results in a decrease in the
fluorescence intensity (Eq. 5). Consequently, the
intensity of the peaks must decrease as a func-
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Fig. 6. Separation by CZE of five alkaline earth and transition metals cations injected in equal amounts using hydrodynamic
injection (injection time =2 s). Concentration of each cation, 10"* M. Operating conditions as in Fig. 5.

tion of the importance of the complexation of
divalent cations by EDTA. This is effectively
observed in Fig. 6, and the results are those
expected from divalent cation-EDTA-fluores-
cein mixed complexes [56,63].

Finally, other divalent alkaline earth and tran-
sition metal cations can be separated using this

Table 4

electrophoretic system (Table 4). Unfortunately,
the selectivity and the efficiency of the electro-
phoretic system utilized are not sufficient to
allow their separation in the presence of the five
divalent cations previously determined. Because
of their too similar effective electrophoretic

mobilities (Table 4), Ni’* co-elutes with Zn®",

Effective electrophoretic mobilities of alkali, alkaline earth and transition metal cations determined in the presence of 5 mM

EDTA at pH 7.5

Cation p (1077 m? Vig™) Cation B (107°m* Vg™
Ba®* 37 Co** 41

Ca*" 38 Zn*” 42

Mg®* 40 Ni?* 42

Mn®* 40 cu’* 2.5

cd*” 40
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and similarly Mg®* and Cd** co-elute with
Mn’*.

We completed this study by the determination
of detection thresholds in the presence of
EDTA. The detection limits of the various
alkaline earth and transition metals cations are
reported in Table 5.

The comparison of the detection thresholds, in
the hydrodynamic injection mode, in the present
case (i.e., in the presence of EDTA and at pH
7.5), for the lithium and potassium cations, with
those obtained previously with the same fluoro-
phore, fluorescein sodium salt, for the same
cations without EDTA and at pH 9.2 (Table 2)
indicates a noticeable loss of sensitivity. The
system developed in the presence of EDTA
(required for the determination in a basic
medium of alkaline earth metal cations) is over-
all ten times less sensitive. This sensitivity loss is
probably due to the pH of the electrolyte used,
which is near neutral. Such operating conditions
necessarily result in a decrease in the fluores-
cence emitted by the fluorescein utilized to
provide the background signal. Under these
conditions, the sensitivity limits obtained with
lithium and potassium cations are only similar to
those reached in indirect UV detection with a
comparable optical path.

The detection limits of the alkaline earth
cations and of the transition metals appear to be
very satisfactory. In fact, the proposed electro-
phoretic system, which combines the fluorescein
sodium salt (as fluorophore) and EDTA (as
complexing agent), leads to slightly improved
sensitivities compared with those obtained previ-

Table §

ously for this type of cation, the detection limits
obtained varying between tens and hundreds of

ppb.

4. Conclusions

From this study, it appears that the use of the
fluorescein sodium salt at pH 9 leads to a well
adapted electrophoretic system for the detection
and determination of lithium and potassium
cations. In fact, very high sensitivities can be
obtained for these two cations (in the ppb range)
if the injection is performed in the electrokinetic
mode. With hydrodynamic injection, which is
better adapted in a quantification context, the
detection limits, even if slightly higher, appear to
be acceptable, in the tens of ppb range. Con-
cerning the determination of alkaline earth and
transition metal cations, as the separation could
not be performed with the fluorescein sodium
salt alone, a noticeable decrease in the detection
sensitivity was observed for the Li" and K"
cations because of the electrolytic system used
(fluorescein sodium salt-EDTA, pH 7.5).
Nevertheless, this electrolyte, which combines
fluorescein and EDTA, appears to be of great
interest for the determination of alkaline earth
and transition metal cations as it leads to low
detection limits for these ions. Taking into ac-
count the satisfactory results obtained in this
study, we shall study in the near future the
potential of this electrophoretic system for the
determination of organic and inorganic anions
and also organic cations.

Detection limits obtained in laser-induced indirect fluorimetric detection using hydrodynamic injection and the fluorescein sodium

salt as fluorophore in the presence of EDTA

Cation Detection limit® (ppb) Cation Detection limit* (ppb)
Li~ 74 Mn®* 28
K" 300 Zn*" 22
Ba®" 80 Cu®* 18
Ca®’ 20 Fe’” 100

Fused-silica capillary, 57 cm X 75 wm 1.D.; applied voltage, 30 kV; temperature, 30°C.

* Detection limit = 3 x signal-to-noise ratio.
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