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Abstract

Co(ll), Zn(I1), Ni(Il) and Fe(Il) were successfully separated by capillary electrophoresis using pre-capillary and on-capillary complexation
with 4-(2-thiazolylazo)resorcinol. The influences of some crucial parameters, including both pre- and on-capillary complexation procedure,
were investigated. For on-capillary complexation, the complexing reaction was carried out inside the capillary by mixing the zones of ligand and
sample during the electrophoretic migration. Compared with pre-capillary complexation, the method provided 30-fold reduction in detection
limits for Co(ll), 50-fold reduction for Zn(ll), and 100-fold reduction for Ni(ll) and Fe(ll). It was used for the analysis of a pharmaceutical
and tap water sample.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction form complexes that either manipulate separation selectiv-
ity or facilitate their detection. Many complexing ligands,
Transition metals are among the most important elementssuch as 8-hydroxyquinoline-5-sulfonic acid (HQRE)2],
in environmental analysis due to their potential roles in plant 1,10-phenanthroling3,4], 2-hydroxyisobutyric acid (HIBA)
and animal bioactivity. These roles of transition metals in the [5,6] and 4-(2-pyridylazo)resorcinol (PARY,8] have been
environment depend on their concentration in the soil, wa- applied to CE separation.
ter and living things. Thus, sensitive and rapid methods are Thiazolyazo reagents, like 4-(2-thiazolylazo)resorcinol
needed to determine the qualitative and quantitative com- (TAR), are popular as metal complexing ligands in spec-
position of these possible metal sources. Atomic absorptiontrophotometnf9], HPLC[10] and IC[11] due to the advan-
spectrometry is the most widely used method. However, it tages that they can form highly sensitive metal complexes,
does suffer a drawback in that simultaneous multi-element and are very easily synthesized and purified. However, they
analysis is not possible. The separation and determinationare still seldom utilized in CE separations. Saitoh et al.
of metal ions with conventional high-performance liquid [12] reported the determination of partition constant of
chromatography (HPLC) and ion-chromatography (IC) still complexes of Fe(ll) with thiazolyazo reagents into SDS
exhibit several disadvantages, such as long analysis timesmicelle by micellar electrokinetic capillary chromatogra-
large consumption of eluent and high costs for special col- phy (MECC). Liu et al.[13] demonstrated an excellent
umn hardware. separation of Co(ll) and rare earth metal ions as their TAR
During recent years, capillary electrophoresis (CE) has complexes by CE and investigated the influence of organic
become a recognized and useful technology in the area ofadditivies on the separation. Evans and Col[it¥] devel-
metal analysis. A distinct feature of the separation of metal oped a capillary zone electrophoresis (CZE) method for the
ions by CE is the frequent use of complexing ligands to analysis of U(VI) and transition metal ions utilizing TAR.
More recently, we reported the separation of Co(ll), Zn(ll),
* Corresponding author. Tel#86-10-6284-1953; Ni(ll) and F_e(“) with TAR by_ CZE[18]. Compared With
fax: +86-10-6284-1953. PAR, TAR is much better suited for the CE separation of
E-mail address: jmlin@mail.rcees.ac.cn (J.-M. Lin). metal ions in the absence of a surfactant, and in slight acidic
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or natural solutiong14]. Except for these three papers, to them into water. NabPOy, NaHPO4, NapB4O; and
our knowledge, no other report concerning the separation Tris(hydroxymethyl)aminomethane (Tris) were also pur-
of metal-TAR complexes by CE has been published. chased from Beijing Reagent. All chemicals were of ana-
Whether pre- or on-capillary complexation is used, the lytical grade. Water for preparation of sample and buffer
primary consideration is the kinetics of metal-TAR com- solution was deionized by a easyplf&F purification
plexes formation and dissociation. In all previous examples system with a 0.2m fiber filter (Barnstead, USA).
utilizing TAR, pre-capillary complexation has been used.
However, the pre-complexation method provides poor limits 2.3 Procedure
of detection, as the excessive ligand in the sample increase
the noise of baseline. Moreover, if small Sample volumes New Capi"ary was |n|t|a||y washed with methanol for
do not allow the pre-capillary reactions, the on-capillary 5min, followed by deionized water for 2 min, 0.1 M HCI for
copmplexation method must be used. Regan ¢i].tried 5 min, deionized water for 2 min, 0.1 M NaOH for 5 min and
a three-step on-column complexation method to separatedejonized water for 2 min. To achieve reproducible separa-
metal ions using PAR as the complexing ligand. Haumann tions, all experiments were performed at5and were run
and Bachmanfil 7] proposed a new approach to realize the jn triplicate. Before each separation, the capillary was rinsed
on-column chelation of metal ions with EDTA. These two with 0.1 M NaOH for 2 min, deionized water for 2 min and
methods require the introduction of a ligand plug into the ryn buffer for 2 min.
capillary allowing the complexation reaction to occur dur-  The optimal electrophoretic run buffer was 10mM
ing the contact time of the ligand zone and the sample zone.Tris—HC| containing 0.1 mM TAR. 0.1 M HCI was used to
These studies have proven that the employment of a ligandadjust buffer pH to 7.7. Pre-capillary ligand—metal com-
plug can substantially improve detection sensitivity. plexation was achieved by mixing the metal ion and ap-
This paper investigated the detection and separation ofpropriate amounts of TAR directly at room temperature
transition metal ions with TAR using pre-capillary and pefore injection. 8.00ml of sample solution were diluted
on-capillary complexation by CE. The influences of some to 10.00ml using 10mM Tris—HCI, and 1 mM TAR was
crucial parameters, including both pre- and on-capillary added. The separation voltage was 25 kV, and the injection
complexation procedure, were discussed. The applicability was performed at 0.5 psi for 5s (1 psi 689476 Pa). For
of the pre-capillary and on-capillary methods was demon- on-capillary complexation, a 1 mM TAR solution was intro-
strated by the analysis of a pharmaceutical and tap waterdyced into the capillary at 10kV for 10's, and then the metal
sample. ions were injected electrokinetically for 15s at 10kV. Each
end of the capillary was placed into the run buffer, and a low
voltage (10kV) was applied for 10s. Finally, the voltage
2. Experimental was ramped to 25kV for CE separation of the complexes.

2.1. Instrumentation
. 3. Results and discussions
All experiments were performed on a Beckman P/ACE
MDQ capillary electrophoresis system (Beckman, Fullerton, 31 UV-M
: . . . 1 -Vis spectrometr
CA, USA) equipped with a photodiode array detection sys- ¥ y
tem. The electropherograms were recorded and integrated by As shown inFig. 1, TAR is a structural analogue of PAR
an IBM personal computer with 32 Karat software version the widely used metal complexation ligand in CE, with tr;e

4.0 I(?eCk?a?)'f‘ fusedd-silicgdca[?illary (Beckmzn)AV\gth a (gifference being the replacement of the pyridylazo moiety
tota' eng't do 57cm an a(? .. 0 w? Washuse '_” & with a thiazolylazo moiety. TAR can react with many transi-
tection window was created at 50 cm from the capillary in- metals, such as Cu(ll), Co(ll), Fe(ll), Ni(If), and Zn(ll

let by removing the polyimide coating. Direct UV detection etc., and form stable and sensitive complexes of the type ML
was performed at a single wavelenghth of 510nm or scan-,, ML, where M stands for metal and L for ligand. These
hing mode (190-600 nm). species are generally highly hydrophobic at room tempera-
ture in weakly alkaline medif®]. The stability constants of

2.2. Chemicals TAR metal complexes are given ifable 1 Nevertheless,

TAR was purchased from Kanto (Tokyo, Japan). A
1 x 1072 M stock solution of TAR was prepared in ethanol. S HO
The 500ug/ml stock solution of metal ions, including E >7N
Cu(ll), Cd(l), Co(ll), Zn(Il), Ni(ll) and Fe(ll), were pre- / N\
pared from CuS@5H,0, CdCh-2.5 HO, CoSQ-7H,0, N N
ZnSQy-7H,0, NiSOy-6H,O and FeS@7H,O, which
were from Beijing Reagent (China), by dissolving Fig. 1. The chemical structure of 4-(2-thiazolylazo)resorcinol (TAR).

OH
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Table 1 018
Spectrometric data and stability constants of the metal complexes
3
AMax® e (x10*l/mol cmy? LogKwm P Log Km2P 016+ )
4 5

TAR 472 3.0 - - 014. 5 A
Cu(ll) 505 3.1 12.3 9.9 1 3
Co(ll) 508 3.1 12.05 11.23 012+ 245 B
cd() 505 33 6.96 -
Fe(ll) 501 21 — B2 21.6 010 f 2+
Ni(ll) 502 3.3 12.94 11.82 =) 5
Zn(ll) 506 3.7 11.08 10.10 < 0081 ¢ c

@ Determined by UV-Vis spectrometry in phosphate buffer at pH 8.0.
b Cited from ref.[9].

little attention has been given to its application as a deriva-
tization ligand of metals in CE.

Table 1gives the spectrometric data in phosphate buffer
at pH 8.0. TAR have an absorption maximum at 472 nm, and
most metal complexes of TAR show absorption maxima at
wavelengths from 500 to 510 nm, where the molar absorp-
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000

0
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tivities are about 19l/mol cm. In this work, detection was

carried out at 510 nm, where most metal-TAR complexes F19- 2. Investigation of the effect of pH on metal ion separation using
examined showed relatively high absorption pre-capillary complexation. Conditions: buffer 100mM Tris-HCI contain-

ing 0.1mM TAR; voltage: 25kV; detection 510 nm; hydrodynamic injec-
tion 0.5psi for 5s. (A) pH 7.4, (B) pH 7.7, (C) pH 8.0, (D) pH 8.3, (E)
pH 8.6. 1, Co(ll) (1 pa/ml); 2, Fe(ll) (2.5wg/ml); 3, free TAR; 4, Zn(I1)
(2 wg/ml); 5, Ni(l1) (1 pg/mi).

3.2. Segparation of metal ions using pre-capillary
complexation

Three buffers, including phosphate, borate and Tris, were o
investigated for CE separation of the meta-TAR complexes. &id dissociation equilibria of the metal-TAR complexes.
Four metals, including Co(ll), Fe(ll), Ni(ll), and zn(ify ~ The effect of pH is illustrated in Fig. 2. With increasing
could be successfully separated using these buffers. How-PH: @ shown in Fig. 2A to E, the migration time of the
ever, higher separation currents (368) were evidentwith ~ COMPplexes decrease due to the enhancement of the EOF. At
the use of phosphate and borate buffers. Tris—HCI buffer ex- PH 7.7, acompletely baseline separation of four metal ions
hibited much smaller separation current (). Small cur- @ be achieved. Thus, all run buffers were adjusted to pH

rent is more advantageous to CE separation. Consequently/-/ fOr subsequent studies. o
Tris—HCI buffer was chosen for further investigations. Separation of the metal complexes was optimized in

Higher concentration of electrophoretic run buffer reduces & 10MM Tris-HCI buffer (pH 7.7) containing 0.1mM
the ¢ potential, electrical double layer and EOF, thus in- TAR. Fig. 2B illustrates an electropherogram of separation
creasing the separation efficiency and resolution of metals.©f Co(ll), Fe(Il), Ni(ll), and Zn(il) complexes following
However, increasing the concentration of electrophoretic run Pre-capillary complexation.
buffer leads to larger currents, which broaden the peaks and
decrease separation efficiency. It was suggested that 10 mM3.3. On-capillary complexation
Tris—HCI would result in an optimum separation of the metal
ions. Whether pre- or on-capillary complexation is used, the

The kinetic ability of metal complexes is a common prob- primary consideration is the kinetics of the complexation
lem in the CE analysis of metals. Itis generally dealt with the equilibria. Excessive TAR must be added to the solution of
addition of the complexing agent in low concentration to the metal ions to guarantee the complete complexation of metal
buffer, in order to prevent the dissociation of the metal com- ions with TAR before capillary electrophoretic separation.
plexes during the migration and maintain their detectability. The pre-capillary complexation method provided poor limits
A lack of TAR in the electrophoretic run buffer significantly  of detection, ranging from 44 to 152 ng/ml. It was unsuitable
reduced the resolution of the iron and zinc complexes. High for the analysis of trace metals in real samples, especially
concentration of TAR, however, would increase the base- environmental samples.
line noise and decrease the detection limits of meteB$. To improve the poor sensitivity of pre-capillary complex-
So, the optimal concentration of TAR was concluded to be ation, a novel on-capillary complexation method is used.
0.1 mM. The steps and mechanism involved are depicted in Fig. 3.

The pH is a crucial parameter in the CE separation of After the washing procedure, the capillary is filled with the
metal ions, as it not only influences the EOF, but also the electrophoretic run buffer (BGS). Then, an initial plug of



252 M. Wang et al./J. Chromatogr. A 1029 (2004) 249-254

N —
‘ TAR plug ‘ BGS ‘
L 7 |
(A)
—
| Metdl ions ‘ TAR plug ‘ BGS ‘
L 7 | I
(B)
Buffer > < Buffer
+ | Metal ions ‘ TAR plug ‘ BGS ‘ -
I > | IR
(C) EOF
Buffer . E— Buffer
+ ’ ‘Complexes ‘ BGS ‘ =
I > I
(D) EOF

Fig. 3. Mechanism for on-capillary complexation with TAR as a complex-
ing ligand. (A) Introduction of TAR plug. (B) Injection of metal ions. (C)
On-capillary complexation of metal ions and TAR. (D) Electrophoretic
separation of metal complexes.

higher concentration TAR in buffer isintroduced (Fig. 3A),
followed by a plug of metal ions in water (Fig. 3B), and a
low voltage electric field (10kV) isapplied (Fig. 3C). Under
the selected conditions, TAR is negatively charged and its
migration velocity is lower than that of positively charged
metal ions; the two zones will mix together, and a complex-
ation reaction occurs. Furthermore, TAR is prepared in the
buffer solution and the metal ions are dissolved in water. The
conductivity of the water solution is lower than that of the
buffer. When the voltage is applied, the lower conductivity
of the water resultsin a higher electric field. The metal ions
in water will move faster than those in buffer. As metal ions
reach the boundary of TAR zone and sample zone, they slow
down and stack into a narrow zone. The concentration en-
hancement and complexation are achieved simultaneously.
Findly, the voltage is ramped to 25kV for CE separation of
the complexes (Fig. 3D).

The necessity of a TAR plug is illustrated in Fig. 4. If
no plug of TAR is introduced prior to the metal ions, the
peak intensities are dramatically reduced, along with signif-
icantly decreased resolution (Fig. 4A). Asshownin Fig. 4B,
a satisfactory CE separation of four metal complexes can be
accomplished when an initial plug of higher concentration
TAR isintroduced before injection of the metal ions.

The peak areas of metal ions increased with varying the
injection voltage from 2.5 to 10kV. But higher voltage gave
worse linearity because the electric field being influenced by
the sample conductivity affected the calibration curve. So,
the injection voltage of 10kV was chosen. As can be seen
in Fig. 5, peak areas increase with an increase in the TAR
injection time until amaximum isreached at 10s. Similarly,
peak areasincrease when varying theinjection time of metal
ions from 5 to 15s. Above this period, excess water solvent
is introduced, resulting in a reduction in the resolution of
the complexes.

0.04 I
5
0.03 1 % A
5
0.02 7
= 1
<
0.01 7 2 4
3
0.00 7 B
0 2 ? (') 8 10
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Fig. 4. Effect of TAR plug on the separation of complexes. (A) No TAR
plug is introduced. (B) Introduction of TAR plug before the injection
of metal ions. Conditions: electrokinetic injection of TAR, fiy = 10s,
Vinj = 10kV; for meta ions, i = 55, Viyj = 10kV; complexation proce-
dure, 10kV for 15s, other conditions are the same as in Fig. 2. 1, Co(ll)
(100 ng/ml); 2, Fe(ll) (100ng/ml); 3, free TAR; 4, Zn(Il) (100 ng/ml); 5,
Ni(ll) (100 ng/ml).

Fig. 6 shows the results for varying the timing of the
complexation process, which occurs during the application
of 10kV to the capillary when it contained both the TAR
and metal ions plugs. When the complexation timeis5s, the
complexation of metal ions with TAR isincomplete. On the
other hand, long complexation times reduce the peak areas
of the metal complexes. The complexation time of 10swas
determined to be optimal.

3.4. Validation

As shown in Table 2, calibration curves for four metal
complexes show linear dynamic ranges from 1 to 100 ng/ml.
The correlation coefficients of all metas are higher than
0.99. Relative standard deviation (R.S.D.) of peak area is
calculated based on five duplicate injections of a standard

80000
60000 - /\
g —e—Co(ll)
< o000 | —=—Zn (1l
f:
& —a—Ni(ll)
20000 |
0 L L L ]
0 5 10 15 20

Injection Time

Fig. 5. Optimization of TAR injection time. Conditions. electrokinetic
injection for TAR, Vi = 10KV, for metal ions, finj = 155, Viyj = 10KV,
complexation procedure, 10kV for 15s, other conditions are the same
as in Fig. 2. Co(ll) (10ng/ml), Zn(ll) (20 ng/ml), Ni(ll) (20ng/ml). Time
scaein s.
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Fig. 6. Investigation of the effect of complexation time on metal ions
separation. Conditions: electrokinetic injection for TAR, fi5 = 10s,
Vinj = 10kV; for metal ions, finj = 155, Vipj = 10kV; complexation volt-
age of 10kV is applied for varying time intervals, other conditions are
the same as in Fig. 2. 1, Co(ll) (20ng/ml); 2, Fe(ll) (20ng/ml); 3, free
TAR; 4, Zn(l) (10ng/ml); 5, Ni(ll) (10ng/ml).

Table 2

Quantification data

Metal a b r Linear range
(ng/ml)

Zn(I1) 2434.3 1215.2 0.9983 2-100

Ni(IT) 32235 1159.1 0.9982 1-100

Co(ll) 2492.8 —3192.6 0.9981 2-100

Fe(Il) 504.26 549.39 0.9969 2-100

Calibration curves are expressed as regression lines (y = ax+ b), where
y is integrated peak area and x is concentration of metal ions (ng/ml). a
is slope, b is intercept and r is relative coefficient.

sample, and thevaluesaregivenin Table 3. Table 3a so gives
the limits of detection (LOD) using pre- and on-capillary
compl exation methods, which were measured when theratio
of signal-to-noise (S/N) is 3. Compared with pre-capillary
complexation, the on-capillary method results in 30-fold re-
duction in detection limits for Co(ll), 50-fold reduction for
Zn(I1), and 100-fold reduction for Ni(Il) and Fe(l1). For sim-

Table 3
The limits of detection (LOD) (S/N = 3) using pre- and on-capillary
complexation

Metal  Pre-capillary complexation On-capillary complexation

LOD (ng/ml) RSD.(%) LOD (ngml) R.SD. (%)
Zn(ly 44 15 0.7 0.9
Ni(l) 42 20 0.4 0.7
co(ily 27 22 058 18
Fe(ll) 152 3.1 15 14

R.S.D. is relative standard deviation (n = 5).

ilar on-capillary complexation method, if EDTA is used as
the complexing ligand, its LOD is 100—200-fold higher than
LOD using TAR [17]. If PAR is used as the complexing
ligand, the LOD is as the same grade [16].

3.5. Sample analysis

3.5.1. Zinc gluconate solution

A commercial zinc gluconate solution was purchased
from alocal pharmacy. The determination of Zn(I1) in zinc
gluconate solution was performed by pre- and on-capillary
complexation methods, respectively. The zinc gluconate so-
lution was diluted 250-fold for pre-capillary complexation,
and 5000-fold for on-capillary complexation, and filtered
through a 0.45 um filter membrane. The electropherograms
are shown in Fig. 7, and the content of Zn(l1) determined
by pre-capillary complexation was 4.0 mg/10ml, while that
obtained by the on-capillary method was 4.2mg/10ml.
These results were comparable to the indicated amount
(34 mg/10 ml).

3.5.2. Tap water
Tap water from Beijing Water Supply Corporation was
filtered through a 0.45 pm filter membrane before injection
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Fig. 7. Electropherograms of zinc gluconate solution. (A) Pre-capillary
complexation, hydrodynamic injection 0.5psi for 5s. (B) On-capillary
complexation, electrokinetic injection for TAR, finy = 10S, Viyj = 10kV;
for metal ions, finy = 155, Vipj = 10kV; complexation procedure, 10kV
for 15s. 1, free TAR; 2, Zn(ll).
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Fig. 8. Electropherograms of tap water. Conditions are the same as in Fig. 7B. 1, Fe(ll); 2, free TAR; 3, Zn(I1); 4, Ni(ll).

Table 4

Results for the determination of metal ions in tap water by CE

Metal Content Add Found Recovery
(ng/ml) (ng/ml) (ng/ml) (%)

Zn(I1) 6.9 10 17.8 109

Fe(Il) 58 10 16.8 110

Ni(IT) 0 10 10.1 101

Co(Il) 0 10 9.3 93

into the capillary. No metal ions could be detected when
using pre-capillary complexation. For the on-capillary com-
plexation method, Zn(I1), Ni(I1) and Fe(l1) were detectable
(Fig. 8). However, the level of Ni(ll) was below the LOD.
The contents and recoveries of metal ions are shown in
Table 4.

4, Conclusion

On-capillary complexation is a sensitive and simple
method for determination of trace metal ions in agueous
samples, complementing the commonly used pre-capillary
or postcolumn complexation. TAR is used as complex-
ing ligand for the determination of Co(ll), Zn(l1), Ni(ll)
and Fe(ll). The complexation reaction occurs inside the
capillary by mixing the zones of ligand and sample
during the electrophoretic migration. A 30-fold reduc-
tion in detection limits for Co(ll), 50-fold reduction for
Zn(l11), and 100-fold reduction for Ni(ll) and Fe(ll) can
be achieved, when compared with pre-capillary com-
plexation. The applicability of the methods was demon-
strated by the analysis of a pharmaceutical sample and tap
water.
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