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Abstract

On-column complexation of metal ions with 2,6-pyridinedicarboxylate (2,6-PDC) to form anionic complexes enabled their
separation by capillary zone electrophoresis with direct UV detection at 214 nm. Nine metal iéfs, Ct" , Zd , Ni" ,Ccd ,
Mn*", PB", Fé" , AP" and C& , were determined in less than 7 min usingdi02p6-PDC solution containing 0.75h
tetradecyltrimethylammonium bromide at pH 4.0. Satisfactory working ranges (2080 detection limits (3—1QuM)
and good repeatability of the peak areas (RSD 2.1-4129q) were obtained using hydrodynamic injection (30 s). The
proposed method was used successfully for the determination 8f Mn®*, Fe*", Al did Ca in groundwaters.
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1. Introduction (AAS), inductively coupled plasma atomic emission
spectrometry (ICP-AES) or mass spectrometry (ICP-
Concern over the possible health and ecosystem MS) and ion chromatography (IC) with its various
effects of metals in soil has received much attention separation modes [2]. These methods are useful for
in recent years. The interactions between metal ions the determination of metal ions with high efficiency,
and dissolved organic solutes are of particular impor- selectivity and sensitivity, and are thus suitable for
tance because of their role in mineral weathering and the determination of metal ions in environmental
soil formation processes, as well as their potential samples.
role in heavy metal contamination of soil and Capillary zone electrophoresis (CZE) has the
groundwater [1]. There are a number of different potential to become an alternative to ion chromatog-
methods currently used for the determination of raphy for the analysis of ionic species. The use of
metal ions, such as atomic absorption spectrometry CZE for the analysis of metal ions has developed

rapidly over the past few years [3—8]. To enhance
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difference in electrophoretic mobility. In principle,

two approaches are used in CE separation of metals.

One is on-column complexation, where a soluble
ligand is added to the running electrolyte and weak
complexes are rapidly formed. Indirect UV detection
is usually employed and carboxylic acids are usually
used as the weak ligands [7,8]. Another approach is
pre-column complexation, where an excess of strong
ligand is added to the sample to form complexes
prior to CE analysis [6]. This method allows for
direct UV detection of the metal ions after chelation
with suitable UV-absorbing ligands.

Many carboxylic acids have been used as the

Milli-Q water without further purification. Standard
solutions of the metal ions were diluted daily from
1M/ mstock solutions using Milli-Q water and
adjusted to pH 3.0 witM1H@Il. BGEs required
for CE were prepared by dissolution of appropriate
amounts of 2,6-PDC in Milli-Q water containing
appropriate  amounts of cationic surfactants. All
electrolytes were filtered through a Millipore
Quféd membrane filter. The pH of the BGE was
adjusted with M1INaOH or 0.1M HCI solution.
Groundwater samples were filtered through a
0.45m membrane filter.

complexing reagents when using the on-column 2.2. Instrumentation

complexation approach, including acetic, glycolic,
lactic, a-hydroxyisobutyric (HIBA), oxalic, malonic,
malic, tartaric, succinic and citric acids [9—11]. In
addition, chromophore ions such as aromatic amines,
imidazole, pyridine and CUi  [9-15] have been
added to the BGE for the indirect UV detection of
metals. However, there are only a few reports on
direct UV detection using on-column complexation
of metal ions. Previously, 2,6-pyridinedicarboxylate

All CE experiments were preformed using a

Quanta 4000 instrument (Waters, Milford, USA).
The system was controlled by Millennium (Waters)
software. Separation was carried out using a 56 cm

fused-silica capillary [56 cm (49.5 cm effective
lengdi®) um 1.D.]. The UV wavelength was set at

214 nm.

(2,6-PDC) was used as the mobile phase in ion 2.3. Electrophoretic procedures

chromatography for UV detection of inorganic an-
ions, cations, and carboxylic acids [16—20]. Recent-
ly, 2,6-PDC has also been used as the BGE for
on-column complexation in the separation of lanth-
anides [21], and some heavy metals [22]. Unfor-
tunately, metal ions such as Kn ,Al ,€a ,Pb
and Cd" , which play important roles in geochem-
istry, were not included [23]. Hence, in this study,
on-column complexation of metal ions with 2,6-PDC
was investigated systematically to establish a new
CZE method for the separation of metal ions. As part
of the method development, studies included the
following aspects: (1) optimisation of on-column
complexation and co-electroosmotic flow (co-EOF)
separation; and (2) demonstration of the determi-
nation of metal ions in groundwaters.

Prior to use, the capillary was pre-treated with the

following cycle:M).NaOH for 20 min, 0.01M

NaOH for 20 min, deionized water for 20 min and
1M relectrolyte for 30 min. The capillary was
pre-conditioned with the electrolyte for 2 min before
each run. Samples were injected in the hydrostatic
mode for 30 s. The capillary was held°&t, 2&d

the applied constant voltage-@@kV. ldentifica-

tion of each of the solutes was based on the
migration time and was verified by spiking samples
with known standards. Benzyl alcohol (0.05%, v/v)
was used as a neutral marker for the determination of
the electrophoretic mobility.

3. Results and discussion
2. Experimental 3.1. On-column complexation and separation
conditions
2.1. Chemicals and solutions
Work on 2,6-PDC as an eluent in ion chromatog-
raphy [24—26] has shown that the eluent pH plays an
important role in the formation of anionic complex-

All reagents (analytical grade) were obtained from
Sigma—Aldrich (Sydney, Australia) and dissolved in



Z. Chen, R. Naidu / J. Chromatogr. A 966 (2002) 245-251 247

now moved in the same direction as the metal
complexes. In addition, the EOF was larger when
CTAB (EOR:6410 * cn? V * s ') and TTAB

es. Similarly, the conversion of metal ion to anionic
complex on the column is highly dependent upon on
the electrolyte pH and the concentration of 2,6-PDC

[27]: (EOF: —2.3310 * cn V' * s ') were present in
the electrolyte. However, a better resolution was
M"" +[2PDCJ*" = [M(PDC),]" (1) obtained using TTAB as the EOF modifier. This can
be attributed to a lower EOF in the presence of
H,PDC=PDC*" +2H" 2 TTAB in the electrolyte, which leads to a broader
separation window. Similar results were obtained in
M(OH), =M"" + nOH~ (3) our previous studies of the separation of organic

anions using the co-EOF mode [28,29]. In contrast to
these cationic surfactants, only a few CE studies
have discussed the role of ion-paring reagents in

As 2,6-PDC is an ionisable compoundK(y=2.16,
pK,,=6.92), its ligand concentration in the BGE

depends on the pH, as shown in Eqg. (2). The
protonated ligand concentration is favoured with
increasing pH, and consequently the degree of metal
complexation with 2,6-PDC is increased. However,
increasing the electrolyte pH not only influences
metal hydrolysis, as shown in Eq. (3), but also the
EOF, and, consequently, pH changes affect both the
separation selectivity and the detection sensitivity.
Therefore, optimisation of the electrolyte pH is
required. A 10 nM 2,6-PDC solution containing
0.75 mM tetradecyltrimethylammonium bromide
(TTAB) was used as the BGE. It was found that the
optimum electrolyte pH was 4.0 and this pH was
used in subsequent studies.

In order to obtain fast CZE separation of the metal

complexes, cationic surfactants can also be added to

the electrolyte so that the EOF moves in the same

improving selectivity [30,31]. Recently, Liu et al.

[32] demonstrated the improved pre-column sepa-
ration resolution of metal complexes using different
ion-pairing reagents. Fig. 1D was obtained using 10

Mr2,6-PDC electrolyte with 5 M TMAOH at pH

4.0. A longer migration and broader separation
window was achieved using TMAOH due to a lower
EOF vale.q1:10 % cn® V' ' s'). The res-

olution was improved between most metal complex-
es with the exception of *Cu
addition of an ion-paring reagent can yield changes

andZn . The

in selectivity due to ion-pair interactions between the
ion-paring reagent and the solute. This interaction

results in alterations of the zeta potential at the

capillary wall and possibly prevents solute—wall
interactions that lead to increased dispersion [31].

direction as the metal under co-EOF mode [27]. 3.2. Analytical performance of the method

However, faster migration often results in poorer
resolution. Hence, different cationic surfactants were
added to the electrolyte containing 1vh2,6-PDC

at pH 4.0 to obtain a reasonable optimal resolution in
a reasonable time. Fig. 1 shows a comparison of the
electropherograms obtained using (A) no surfactant,
(B) 0.75 mM cetyltrimethylammonium bromide
(CTAB), (C) 0.75 nM TTAB and (D) 5 nM
tetramethylammonium hydroxide (TMAOH). With-
out surfactant in the electrolyte, a longer migration
time was observed for the separation of the metal
complexes, because the EOF direction was opposite
to that of the electrophoretic migration of the metal
complexes (Fig. 1A). However, when CTAB and
TTAB (Fig. 1B and C) were added to the BGE, the
migration times of the metal complexes were
dramatically reduced. This was because the EOF

ever, co-migration of’Co
Other metal ions, including Mg , & , Hg ,
Fe , and Ag , were also tested under the same

in Fig. 1Cis"Cu  ?Zn %'Ni *Cd
*Fe PN
differences in both the charge and the size of the

The above experiments suggest that optimal com-

plexation and separation can be achieved using an

electrolyte containingM@®&PDC and 0.75 i

TTAB at pH 4.0. These conditions allowed the
simultaneous separation of nine metal ions. How-
with"Zn  was observed.

conditions for the possibility of interference. It was
found that either no, or only small, peaks were
obtained under these conditions and the peaks did
not interfere with the separation. The migration order
*Mn %'Pb
andCa . The migration order reflects

anionic metal complexes based on the change in
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Fig. 1. Electropherograms of nine metal ions (0.1M)nobtained using 10 M 2,6-PDC electrolyte at pH 4.0, containing: (A) no
surfactant, (B) 0.75 M CTAB, (C) 0.75 nM TTAB, and (D) 5 nM TMAOH. (1) Cu*"; (2) Zrf™; (3) Ni™; (4) Cd™ ; (5) MA™ ; (6)
Pb*™; (7) F&" ; (8) AF" ; (9) CA" . Conditions: capillary, fused-silica capillary 55 cm (effective length 48.% &thpum; electrolyte, 10
mM PDC; applied potential-20 kV; hydrostatic injection, 30 s; UV detection at 214 nm; capillary temperaturéC2&oncentration of
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Table 1
Performance characteristics of the proposed method for the determination of metal ions
Metal Regression line Coefficient Detection Reproducibility
ion limit (wM) (peak area,
n=>5, %)
cu’ y=3.73-10°x + 1.0- 10? 0.998 3.0 21
zZn** y=2.95 10" + 1.4- 10 0.998 5.0 2.7
Ni** y=1.96-10"x + 2.0- 10 0.996 8.0 3.9
cd** y =8.35- 10°x + 9.3- 10 0.994 9.0 4.2
Mn?* y=1.65-10"x + 1.6- 10 1.000 9.0 3.4
PE** y=2.65-10"% — 6.4 10 0.997 7.0 4.1
Fe** y=13.33-10"x — 7.07- 10° 1.000 6.0 2.8
AlI** y=1.24-10"x — 1.38- 10° 1.000 10.0 3.4
ca’ y=1.87-10"x — 2.51- 10° 1.000 10.0 3.9
Conditions as in Fig. 1C.
selectivity brought about by the addition of 2,6-PDC linear relationship between peak and concentration
to the electrolyte, which can be related to their over a range of at least two orders of magnitude and
conditional stability constants [18—20]. However, correlation coefficiemtss) ranged from 0.994 to
poor resolution was observed between the®Zn 1.000. The reproducibility was determined from five
Ni*" and CS" complexes due to their similar consecutive runs of a mixed standard solution at a
mobility. concentration of 5quM for each metal and showed
The detection limits $/N = 3) were determined that the RSDs (relative standard deviations) of the
using hydrostatic injection for 30 s and were in the migration times and peak areas were less than 1.05
range from 3 to 1QuM. All metal ions tested gave a and 3.9%, respectively. The performance characteris-
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Fig. 2. Typical electropherogram obtained from underground waters. Other conditions as in Fig. 1C.
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