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ABSTRACT 

A method for the specific determination of cobalt based on reversed-phase liquid chromatography with amperometric detection via 
on-column complex formation has been developed. A water-soluble chelating agent, I-(2-pyridylazo)-2-naphthol-6-sulphonic acid 
(PAN-6S), is added to the mobile phase and aqueous cobalt solutions are injected directly into the column to form in situ the 
cobalt-PAN-6S chelate, which is then separated from other metal PANdS chelates and subjected to reductive amperometric detection 
at a moderate potential of -0.3 V. Because the procedure eliminates the interference of oxygen and depresses the electrochemical 
reduction of the mobile phase-containing ligand PAN-6S, by virtue of the quasi:reversible electrode process of the cobalt-PAN-6S 
complex, a low detection limit of 0.06 ng can be readily obtained. Interference effects were examined for sixteen common metal species, 
and at a 5- to 8000-fold excess by mass no obvious interference was observed. The feasibility of the method as an approach to the 
specific analysis of cobalt in a hair sample has been demonstrated. 

INTRODUCTION 

In recent years, numerous reports have demon- 
strated that liquid chromatography (LC) possesses 
excellent capability for the determination of metal 
ions at low concentrations, by the formation of 
metal complexes with suitable ligands and com- 
bined with spectrophotometric, electrochemical 
or atomic absorption detection [l-4]. 

Although the determination of metal ions ‘via 
polarographic, voltammetric and other electro- 
chemical techniques is extremely sensitive [5,6], 
many determinations are prone to interference 

from overlapping waves [5-81. It is not surprising 
that LC coupled with electrochemical detection 
(LC-ED) via chemical derivatization is a rapidly 
developing field of multi-element analysis [9-201. 
Various chelating agents have been employed and 
evaluated for this purpose. These include dithio- 
carbamic acids (DTCs) [9-161, 8-hydroxyquino- 
line [ 17],4-(2-pyridylazo)resorcinol (PAR) [ 18,191 
and tiron [20]. Nearly all these methods involved 
oxidative amperometric detection at anodic po- 
tentials in the range 0.6-l .2 V, with the exception 
of 8-hydroxyquinoline [ 171, where reductive am- 
perometric detection at -0.6 V was applied for 
the determination of several transition metal ions. 
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Reductive amperometric detection partially 
overcomes problems due to the presence of oxygen 
and its removal when LC-ED is conducted at 
negative potentials (-0.6 V or below). Three 
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kinds of methodology have been used: precolumn 
derivatization [9,10,16-201, in situ complex for- 
mation [9-131 and postcolumn on-line mixing 
[14,15]. Precolumn derivatization yields a low 
background current, because of the absence of the 
electroactive ligand from the mobile phase [9,18]. 
On-column complex formation leads to inherent- 
ly increased sensitivity owing to the elimination of 
the dilution factor in external complex prepara- 
tion [9-l 31. Postcolumn mixing has been success- 
fully applied in the automated monitoring of 
metal ions in industrial effluents by microproces- 
sor-assisted LC-ED [ 14,151, and seven-day opera- 
tion without operator intervention has been 
achieved. 

The essential role of cobalt in ruminant nutri- 
tion, its function as a key element in vitamin B1 2, 
and the extensive evidence on the beneficial effects 
of small amounts of this metal on the growth and 
development of plants, animals, microorganisms 
and, in particular, of human beings, place cobalt 
in a unique position among the rarer heavy metals 
which are found in biological systems [21]. There- 
fore, it is highly desirable that low concentrations 
of cobalt in biological samples, for example, in 
human hair (since it was found that cobalt content 
did not decline with age [22]) be effectively 
determined. 

This paper describes the use of the water-solu- 
ble complexing agent, 1-(2-pyridylazo)-2-naph- 
thol-6sulphonic acid (PAN-6S), as an alternative 
to the all other ligands reported previously for the 
specific determination of cobalt. The PAN-6S was 
added to the mobile phase and complex formed in 
situ with ions injected and separated with an ODS 
column, followed by reductive amperometric de- 
tection. As demonstrated in the following sec- 
tions, the advantages of the established LC-ED 
method are several. First, PANG and its metal 
complexes are water-soluble and highly stable. 
This eliminates the difficulties in both the solvent 
extraction in the complex preparation and the 
necessity of using extensively the toxic mobile 
phase containing a high percentage of acetonitrile 
in the LC-ED programme, as frequently encoun- 
tered with the DTC derivatives [9-121. Second, 
based on the quasi-reversible voltammetric be- 

haviour of the Co-PAN-6S complex, occurring 
within a moderate potential range, reductive 
amperometric detection can be readily performed 
at a moderate potential, from which at least two 
benefits can be expected: compared with the 
oxidative detection mode, interferences can be 
greatly minimized for the specific monitoring of 
cobalt in real samples, especially in environmental 
species and physiological fluids; oxygen interfer- 
ence and its removal, as typically seen in the 
reductive LC-ED [17], are also naturally elimi- 
nated. Third, the ligand PAN-6S itself is electro- 
inactive at the operating potential, contributing 
little to the background current, therefore it does 
not need to be removed from the solution by ion 
chromatography prior to the amperometric detec- 
tion. This significantly simplifies the instrumenta- 
tion and operation, and yet the detectability is 
comparable with precolumn derivatization via 
oxidative LC-ED [ 181 and apparently superior to 
in situ DTC complex formation coupled with 
oxidative LC-ED [l l-151 for the specific cobalt 
determination. And last, these advantages have 
been illustrated in and consolidated by the appli- 
cation of the methodology in the determination of 
cobalt in hair samples. 

EXPERIMENTAL 

Reagents and solutions 
The cobalt stock solution (1 mg/ml in 0.1 A4 

HCI) was prepared by nitration of the pure metal. 
Standard working solutions were obtained by 
serial dilution of this stock solution with the 
mobile phase. The analytical reagent 1-(2-pyridyl- 
azo)-Znaphthol (PAN) was from Beijing Pharm 
(Beijing, China). 

PAN-6S was prepared from PAN by sulphona- 
tion [23]. The 1 mM PANdS stock solution was 
prepared with doubly distilled water. 

All other chemicals were of analytical grade. 
Doubly distilled water was used for the prepara- 
tion of all solutions. 

The mobile phase was 40:60 (v/v) methanol- 
0.1 M KH2P04 containing 0.5 mM PAN-6s. The 
flow-rate was 1.0 ml/min. 
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Procedures 
Preparation of complexes. External complex 

formation for electrochemical investigation was 
made by mixing appropriate small amounts of 
aqueous cobalt and other stock metal solutions 
and PAN-6S solution in 10 ml of 0.1 M KH2P04 
containing different percentages of methanol. 
Chelates of Co(II)-PAN-6S were formed imme- 
diately at room temperature and were stable for at 
least 8 h. 

Preparation of the hair sample solution. A 
sample of hair was soaked in a detergent solution 
for 0.5 h and washed with water repeatedly until 
no foam could be observed. It was then rinsed 
three times with deionized water to remove the 
oily coating of the hair. The cleaned hair was dried 
at 110°C for 1 h and was then kept in a dry 
container for use. Weigh accurately l-2 g of the 
dried hair, add 45 ml of 4 M HN03 to dissolve the 
hair completely by nitration at a moderate tem- 
perature. Concentrated perchloric acid was added 
dropwise to the solution, and temperature slowly 
raised until a large amount of white smoke was 
produced. Further drops of HC104 were added 
until the solution was finally discoloured. The 
temperature was kept high until no more smoke 
was given off. After the solution had cooled 
slowly to room temperature, a small amount of 
water was added and the solution was heated to 
dissolve completely the resultant residue. The pH 
was adjusted to weakly acid (pH ca. 6) with 1 M 
NaOH. The solution was finally diluted to 10 ml 
with mobile phase. 

A 20-~1 volume of the hair sample solution and 
the Co(I1) solution were injected directly into the 
LC system for the determination, calibration and 
characterization. 

Instrumentation 
Liquid chromatography was performed with a 

Model 5 10 pump, a U6K injector, and a 48 1 UV- 
VIS spectrophotometer (Waters Assoc., USA). 
The analytical column was Spherisorb C1 s (5 pm, 
200 mm x 4.0 mm I.D.). A TL-5A thin-layer 
amperometric detector was used (Bioanalytical 
Systems, USA), with a laboratory-made bipoten- 
tiostat monitoring the applied potentials and 

measuring the currents. Cyclic voltammetry was 
conducted with a locally built potentiostat in a 
conventional three-electrode system: glassy-car- 
bon-disk working electrode, Ag/AgCl (saturated 
KCl) reference electrode, and platinum wire 
counter-electrode. The solutions were deaerated 
thorougly by high-purity nitrogen when the cath- 
odic potential scan exceeded -0.4 V. 

RESULTS AND DISCUSSION 

Cyclic voltammetry 
Although PAN (Fig. 1) is traditionally a widely 

used unselective chelating reagent [25], studies on 
complex formation of PAN-6S(I). with metal ions 
are fewer [23,26]. 

PAN-6S, considered to be a tridentate ligand, 
forms chelates with ligand/metal ion ratios of 1:2 
over a wide pH range for Co(I1) and most 
common metals, with only a few exceptions [26]. 
Since the PAN-6S molecule bears the naphthol 
moiety, which is oxidizable at solid electrodes 
[27], and the azo linkage, which is reducible at 
mercury electrodes [28,29], chelation with PAN- 
6S labels the metal ion with electroactive groups 
and makes LC-ED monitoring possible. The elec- 
trochemical behaviour of PAN-6S and its Co(I1) 
complex were investigated by cyclic voltammetry 
(CV) as shown in Fig. 2. PAN-6S exhibited an 
irreversible anodic wave with a peak potential 
(E,) of ca. 0.95 V, corresponding to the elec- 
trochemical oxidation of naphthol group [27]. 
Chelated PAN-6S is more difficult to oxidize than 
the unchelated complex, with the anodic wave 
overlapping that of the parent PAN-6S and the Ep 
shifted more anodic to 1.1 V. Extending the 
potential scanning cathodically to -0.8 V, PAN- 
6S yielded another couple of quasi-reversible 

HO 

Fig. 1. Structure of PAN-6s. 
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the Pl wave of the Co(II)-chelated PAN-6S 
severely overlapped that of the parent PAN-6S, 
on-column derivatization LC-ED would be im- 
practical if the surplus PAN-6S is not removed 
prior to detection. Our attention was therefore 
focused on the investigation and utilization of 
reductive LC-ED for specific cobalt determina- 
tion. A total of seventeen common metals were 
surveyed by CV. It was found that the reversibility 
of the azo linkage reduction for PAN-6S chelated 
with all but cobalt metal ions deteriorated com- 
pared with the parent PAN-6s. Subsequently, 

1 
when the cathodic potential sweep was limited to 
- 0.4 V (a value beyond which reductive LC-ED 

1 would become unfeasible owing to oxygen inter- 
ference and its removal), no obvious redox waves 

c I 1 
1.4 0.3 -0.8 

(P2, P3) were observed in the range from 0.2 V to 

E(v) vs.Ag/A@ 
-0.4 V for all but Co(B)-PAN-6S complexes. 

Fig. 2. Cyclic voltammograms of 1 mM PAN-6S (a) and 1 mM 
From this, practical reductive LC-ED via on-col- 

Co(PAN-6S)* (b) in 0.1 M KH2P0, @H 6.5). Scan-rate, 
umn complex formation could be expected for the 

100 mV/s. specific cobalt determination. 

redox waves, with an oxidation peak potential 
(EpB) and a reduction peak potential (E,,) of cu. 
0.25 V and - 0.6 V, respectively. This apparently 
resulted from the quasi-reversible reduction of the 
azo linkage [28,29]. In the case of the Co(II)- 
PAN-6S complex, however, the reversibility of 
the azo linkage reduction was greatly improved. 
The peak-to-peak potential difference, AE,, was 
reduced from 0.85 V for unchelated PAN-6S to 
0.11 V (E,, = -0.1 V, Epc = -0.21 V), and the 
peak current ratio, ii,&, was much closer to 1 .O. 
Both i,, and ipc increased linearly with the square 
root of the potential scan-rate in the range & 
100 mV/s, while the E,, values remained virtually 
the same (Fig. 3), indicating typically an electrode ’ 
process of diffusion control. The peak currents of 
all these peaks markedly decreased with increas- 
ing methanol content in the supporting electro- I I I 

lyte, and the magnitude for the anodic wave at Ep 0a2 -0.1 -0.4 

of 1 .O V (Pl) was much greater than those for the WWs.Ag&Cl 
quasi-reversible redox couple (P2, P3). Similar 
phenomena were previously observed for other 

Fig. 3. Cyclic voltammograms of 1 mM Co(PAN-6S), at 

scan-rates of 3,10,25,50 and 100 mV/s. Supporting electrolyte as 

azo complexes at mercury electrodes [28]. Since in Fig. 2. 
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Fig. 4. Chromatograms of 1 ppm Co(H) with (A) ED at -0.3 V 

vs. SCE and (B) UV at 570 nm. Mobile phase, 40% methanol in 

0.1 M KH2P04 (pH 6.5) containing 0.5 mM PANdS at 1.0 ml/ 

min. Column, Spherisorb Cis (5 pm, 200 mm x 4.0 mm I.D.); 

injection volume, 20 ~1. 

Liquid chromatography-electrochemical detection 
Fig. 4 shows chromatograms of Co(II) recorded 

with the amperometric detector at a potential of 
-0.3 V and the spectrophotometer at a wave- 
length of 570 nm. Under the separation condi- 
tions mentioned above, well defined and sym- 
metric peaks were obtained. The chromatograph- 
ic conditions can be varied more for ampero- 
metric detection, since PAN-6S forms complexes 
with many metal ions which have maximal ab- 
sorption wavelengths of cu. 570 nm [26], and the 
selectivity of the detector response is therefore not 
comparable with that of amperometric detector. 
Co(PAN-6S)2 is not retained on the ODS column 
under the mobile phase composition of pH < 4.0 
or methanol content >65%. Using the mobile 
phase of pH >7.0 or methanol content ~35% 

0 0.5 1.0 1.5 2.0 

PAN-6s CUE. (xl 03mol/L) 

Fig. 5. Effect of PAN-6S concentration on the Co(H) LC-ED 

peak current. Other conditions as in Fig. 4. 

gave rise to severe peak tailing and lower effective 
column efficiency. A mobile phase composition of 
40:60 (v/v) methanol-O.1 M KH2P04 at pH 6.5 
was selected. 

The effect of the PAN-6S concentration in the 
mobile phase on the Co(I1) current response was 
investigated and shown in Fig. 5. It is clear that 
the Co(I1) peak current increased almost linearly 
with PAN-6S concentration up to 0.5 mM, where- 
after a maximal and constant response level was 
achieved. A PAN-6S concentration of 0.5 mM 

1C 

a 

g6 
.P 

4 

2 

. I I I 

0 

E(V) vs. SCE 

Fig. 6. Hydrodynamic voltammograms of 1 ppm Co(H). Chro- 

matographic parameters as in Fig. 4. 



108 J. Zhou et al. 1 J. Chromatogr. 619 (1993) 103-109 

was used for the adequate current response sensi- 
tivity and low background current. Hydrody- 
namic voltammetry was performed to determine 
the proper working potential (Fig. 6). Maximal 
and constant current response arose at -0.3 V 
and beyond. A working potential of -0.3 V was 
therefore selected to obtain high sensitivity of 
detector response and to eliminate the necessity of 
oxygen removal. 

Under the working conditions established, LC- 
ED via on-column complex formation for Co(I1) 
analysis gave a detection limit of 0.06 ng (20 ~1) 
and a dynamic linear response range of 0.1-20 ng, 
with a correlation coefficient Y > 0.99 and a 
y-intercept of 0.00053. The small y-intercept is 
indicative of both the low background current 
(mainly from PAN-6S reduction) and the absence 
of on-column hydrolysis of the Co(B)-PAN-6S 
chelates. 

T 
,002Au 

1 

& 

4 

A precision study by eight repetitive injections 
of 1 ppm of Co(I1) produced a relative standard 
deviation (R.S.D.) of 8% for the peak current 
measurements. 

Effect of foreign ions 
It has been reported that PAN-6S, similar to 

PAN, can form complexes with many metals of 
adequate stability [25]. Seventeen common metal 
ions were selected to determine the interference of 
foreign ions and to evaluate the selectivity of the 
method for Co(I1) analysis. Results showed that 
the presence of 50 ng each of Fe(II), Ni(I1) and 
Cu(II), 10 pg each of Cd(II), Zn(II), MO(V), 
W(V), As(III), Al(III), Sn(II), Mn(II), Hg(I1) and 
Pb(II), 24 pg of Mg(II), 40 pg of Ca(II) and 25 ng 
of Cr(II1) had virtually no effect on the peak 
current of 5 ng Co(I1) injected. It can be con- 
cluded that this procedure is reliable for the 
specific monitoring of Co(I1) at low concentra- 
tions. 

A) 
x: at -0.N 

Fig. 7. Chromatograms of a hair sample detected by (A) ED at 

-0.3 V and (B) UV at 570 nm. The amount of Co found was cu. 

0.14 ppm and 0.15 ppm, respectively. Conditions as in Fig. 4. 

Sample analysis 
The feasibility of performing specific analysis 

of cobalt in a hair sample with the described 
LC-ED method is demonstrated in Fig. 7A. 
Fig. 7B shows the chromatogram obtained by 
LC-UV. Well defined Co(I1) peaks arose from the 

background, making the specification and quan- 
titation of Co(I1) in the matrix easy and precise. 
Estimation of the Co(B) content by standard 
addition is cu. 0.14 and 0.15 ppm by LC-ED and 
LC-UV, respectively. Recovery by standard ad- 

dition was found cu. 86 +_ 0.5%. The reproduc- 
ibility for the LC-ED response of Co(I1) in hair 
samples was cu. 8.5% (R.S.D. n = 6). 

Finally, it should be noted that the detection 
limit achieved by the LC-ED approach is quite 
satisfactory, considering the simplicity of the 
analytical procedure and instrumentation. 
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