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ABSTRACT 

Ion-interaction chromatography of Plasmocorinth B (a disulphonated azo dye) complexes of Co(III), Cu(II), Fe(III), Ga(III), In(III), 
Ni(II), V(V) and Zr(IV) was studied. The behaviour of two different reversed-phase C,, columns (5 and 10 pm) was compared and an 
on-line enrichment procedure was developed following the optimization of eluent (pH, ligand concentration, ionic strength and organic 
modifier). The described technique, applied to the analysis of metal ions at pg/l levels in natural waters, gave satisfactory precision and 
accuracy in comparison with inductively coupled plasma atomic emission spectroscopic results. 

INTRODUCTION 

Direct and reversed-phase high-performance liq- 
uid chromatography (HPLC) procedures have been 
developed for the determination of metal ions [l-3]. 
Complex formation followed by extraction [4,5] or 
by sorption on coated or uncoated columns and 
pre-column or on-column on-line formation of 
chelates [6-lo] are the commonest methods of 
achieving preconcentration and separation of met- 
als. 

earth elements and the interfering matrix ions that 
are not complexed and which pass through the 
column unretained. The preconcentration proce- 
dure furnished enrichment factors of up to 900, and 
the technique has been applied successfully to 
samples of river water. Detection limits are in the 
range 15-90 rig/l.. 

EXPERIMENTAL 

Apparatus and materials 
The objective of this study was to investigate 

the feasibility of using metal complexes, obtained 
by reaction with a sulphonato azo dye (Plasmo- 
Corinth B) in ion-pairing reactions for metal precon- 
centration and separation by HPLC. The effect of 
different parameters, namely pH, ligand and ion- 
pairing concentration, ionic strength and stationary 
phase size, was assessed. 

The optimization of the method enabled analyte 
metals to be separated from alkaline and alkaline 

The liquid chromatograph used for this work was 
a Varian Model LC 5000 equipped with a Rheodyne 
injection valve (loo-~1 sample loop inserted), a 
Vista 401 Data Station, gradient programmer and a 
Varian UV-100 detector (Varian, Walnut Creek, 
CA, USA). The analytical columns were reversed- 
phase LiChrospher 100 RP-18 5 pm and 10 pm 
(250 x 4 mm I.D.) columns. The operating condi- 
tions (at 25°C) were: mobile phase flow-rate 1 .O ml/ 
min, complex detection at I = 270 nm. For trace 
enrichment, a chemically inert Model DQP-1 pump 
(Dionex, Sunnyvale, CA, USA) was used. 

* Corresponding author. High-purity acids were obtained with a sub-boil- 
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ing quartz still (K. Kurner, Rosenheim, Germany). 
An Orion EA 920 pH-meter equipped with a 

glass-calomel electrode was used for pH measure- 
ments. 

Plasmocorinth B was obtained from Aldrich, and 
tetrabutylammonium hydroxide was a Fluka prod- 
uct (Buchs, Switzerland); all other chemicals were of 
analytical-reagent grade (Merck, Darmstadt, Ger- 
many). 

Standard metal solutions, 1000 mg/l (Merck), 
were diluted daily to obtain reference and working 
solutions. The chelates were obtained by mixing the 
aqueous analyte solution with the reagent at the 
appropriate concentrations (see below). All solu- 
tions were prepared with high-purity water (HPW; 
Mill&Q water system, Millipore). Analyticalreagent- 
grade methanol and HPW were filtered through a 
0.45~pm filter and used as mobile phase solvents. 

All glass and polyethylene or polypropylene lab- 
ware were cleaned with nitric acid in a microwave 
oven (2450 MHz) for 4 min, power 540 W, and then 
repeatly rinsed with HPW. 

Chelates preparation 
The method is based on the formation of metal 

complexes by reaction with the ligand Plasmoco- 
rinth B. The chelating agent 3-(5-chloro-2-hydroxy- 
phenylazo)4,5dihydroxynaphthalene2,7disulphon- 
ic acid, acts like tridentate planar ligand [l l] and is 
characterized by the presence of two hydroxy substi- 
tuents in the ortho position relative to the azo group 
and two sulphonato groups not involved in the 
complexation. Plasmocorinth B was selected be- 
cause of its ability to form thermodynamically stable 
metal ion complexes [12] and to form ion pair with 
proper ion-interaction reagents, i.e., the tetrabutyl- 
ammonium (TBA) cation. Fig. 1 shows schematical- 
ly the rections between Plasmocorinth B and metal 
ions and ion-pairing reactions involved in the con- 
sidered system. In order to achieve metal complex 
formation, samples containing l-10 mg/l of metals 
or mixtures of metals containing 0.80 mM Plasmo- 
Corinth B were prepared, buffering (acetic acid, 
sodium hydroxide) the solution to eluent pH. In 
preliminary experiments the samples (100 ~1) were 
introduced into the chromatographic system as 
such. 

+ PC 
e 
e 

($ M-PC: 

M-PC,” + PCf * ,BPC-M-PC; 

PC: 

+ .TBA e pc;TBA 

M-PC z + .TBA a hd-pc;TBA 

fPC-M-PC: + PoTBA e TB~PC-MPC :TBA 

Fig. 1. Complexation and ion-pairing reactions involved in the 
system (M = metal ion, PC = Plasmocorinth B, TBA = tetrabu- 
tylammonium ion; metal charges and functional groups omitted). 

Chromatographic study 
A chromatographic study was developed to opti- 

mize the solvent system, enabling the separation of 
all metal-Plasmocorinth B complexes. For these 
studies analyte samples were prepared as mentioned 
above. Metal mixtures, Al(III), Co(III), Cu(II), 
Fe(III), Ga(III), In(III), Ni(II), V(V) and Zr(IV), 
and individual metal samples were prepared to 
verify specific peaks in each chromatogram. 

The eluents investigated were methanol-water 
solutions. Methanol-water was used as the ionic 
strength (sodium nitrate), ion-pairing (TBA hydrox- 
ide) and pH (acetic acid, sodium hydroxide) adjust- 
ing solvent. Different concentrations of Plasmoco- 
rinth B in the eluent were also investigated. 

The behaviour of two kinds of column, 5-pm and 
lo-pm LiChrospher 100 RP-18 (250 x 4 mm I.D.) 
columns, was evaluated. 

RESULTS AND DISCUSSION 

The reactions involved in the proposed method, 
shown schematically in Fig. 1, involve bi- and 
trivalent metal ions, their complexes with Plasmoco- 
rinth B and related ion pairs with TBA. Considering 
the nature,of these compounds, the chromatograph- 
ic mechanisms operating could be modified by 
varying the methanol (organic modifier) and TBA 
concentration as well as the ionic strength and pH. 
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The first experiments evaluated the effect of the 
methanol concentration in the eluent. Dramatic 
fluctuations in the capacity factor for metal- 
Plasmocorinth B complexes were found when the 
methanol concentration was reduced below 48% 
(v/v). In addition, methanol concentrations greater 
than 50% decreased the retention times of trivalent 
metal ions too much. A concentration of 50% (v/v) 
resulted the optimum compromise between good 
resolution and capacity factors. 

The effect of Plasmocorinth B concentration in 
the eluent was investigated. Concentrations of O- 
40 PM did not affect the capacity factors of metal 
chelates (see Fig. 2), but the presence of Plasmoco- 
rinth B, even at low concentrations, optimized the 
system performance. In fact, the baseline was also 
stabilized for injection of samples at high Plasmoco- 
rinth B concentrations and peak reproducibility 
improved as a result. Taking into account these 
considerations and to avoid an unfavourable in- 
crease in eluent absorbance owing to high Plasmo- 
Corinth B concentration, 2.0 @fPC was selected for 
eluent composition. 

In ion-interaction chromatography an important 
role is usually played by the ion-pairing agent. Fig. 3 
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Fig.’ 3. Effect of TBA concentration on capacity factor (Jr’) 
of metal chelates. Chromatograpbic conditions: mobile phase, 
methanol-water (50:50, v/v) containing 10 mM acetic acid, 
15 mM sodium nitrate, 2.0 @f Plasmocorinth B (PC), TBA 
hydroxide (TBAOH) as shown and sodium hydroxide up to 
pH 6.3; flow-rate, 1.0 ml/min. Sample volume, 100 ~1; 0.80 mM 
Plasmocorinth B, 2-6 mg/l metals. 

shows the effect of different concentrations of TBA 
on the capacity factor of considered complexes. 
Concentrations below 1.6 mM result in peak over- 
lapping, while higher concentrations give too large 
capacity factors. Thus 1.6 mM was selected as the 
working concentration. In the eluent optimization, 
to evaluate the ionic strength effectiveness, O- 
250 mM sodium nitrate was investigated. The results 
in Fig. 4 show that low concentrations gave too high 
retention times, but poor resolution was obtained at 
concentrations higher than 25 mM. It seems remark- 
able that the complexes most affected by ionic 
strength modification were complexes of trivalent 
metal ions. This may be explained by considering 
that Plasmocorinth B complexes of these metals 
exhibit a 2:l (ligand to metal) molar ratio, which 
could result in ion pairs containing one (metal-Plas- 
mocorinth B-TBA) or more, usually two (metal- 
Plasmocorinth B-TBA& molecules of TBA. The 
ionic strength enhancement improves the competi- 
tion of NO; for TBA, and probably only metal- 
Plasmocorinth B-TBA is formed, which shows 
reduced retention times. In the subsequent experi- 
ments 10.0 mM sodium nitrate, which gave good 
separations, was used unless stated otherwise. 
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Fig. 4. Dependence of the capacity factor (k’) of metal chelates on 
ionic strength (sodium nitrate). Chromatographic conditions: 
mobile phase, methanol-water (50~50, v/v) containing 10 mM 
acetic acid, 2.0 PM Plasmocorinth B (PC), 1.6 mM TBA 
hydroxide, sodium nitrate as shown and sodium hydroxide up to 
pH 6.3; flow-rate, 1.0 ml/mm. Sample volume, 100 ~1; 0.80 mM 
Plasmocorinth B, 2-6 mg/l metals. 

It should be pointed out that Figs. 2,3 and 4 show 
two different lines for Plasmocorinth B ion pairs. 
This is because, as a function of eluent composition, 
two peaks can be ascribed to the ligand. The 
structure of Plasmocorinth B suggests that the two 
sulphonato groups present on the ligand can form 
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Fig. 5. Effect of pH on capacity factor (It’) of metal chelates. 
Chromatographic conditions: mobile phase, methanol-water 
(50150, v/v) containing 2.0 PM Plasmocorinth B (PC), 1.6 mM 
TBA hydroxide, pH as shown; flow-rate, 1.0 ml/mm Sample 
volume, 100 ~1; 0.80 mM Plasmocorinth B, 2-6 mg/l metals. 

1: 1 or I:2 (ligand to ion-pairing ratio) ion pairs. In 
particular (Fig. 4), when high concentrations of Na+ 
and NO; are present the competition for SO; and 
TBAf ions reduces the capacity of ion-pairing 
available to form Plasmocorinth B-TBA2 (1:2 stoi- 
chiometry) ion pairs and only the peak of Plasmoco- 
rinth B-TBA (1:l stoichiometry) appears at lower 
retention time. 

The behaviour of capacity factors for some of 
the considered metal-Plasmocorinth B complexes 
(Fig. 5) showed that low pH values affect the 
separation performance, with great fluctuations in 
retention times resulting from small variations in 
pH. In the next experiments a pH value of 6.3 was 
adopted to ensure good separation of peaks, a 
reduced chromatographic time and better reproduc- 
ibility of data. 

The concentration of ligand in the sample solu- 
tions was also investigated. Fig. 6 shows the behav- 
iour of peak area as a function of Plasmocorinth B 
concentration, from which a good reproducibility 
could be expected for Plasmocorinth B concentra- 
tions of 0.4 mM or more. Also of interest (Fig. 7) is 
the behaviour of the asymmetry factor (AFlO) as a 
function of the ratio of ligand to stoichiometric 
ligand concentration (L/L,), where the stoichio- 
metric term is related to metal concentration. 
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Fig. 6. Dependence of peaks area on Plasmocorinth B (PC) 
concentration of the sample. Chromatographic conditions: mo- 
bile phase, methanol-water (50~50, v/v) containing 10 mM acetic 
acid, 2.0 pM Plasmocorinth B, 1.6 mM TBA hydroxide, 10 m&f 
sodium nitrate and sodium hydroxide up to pH 6.3; flow-rate, 
1 .O mf/min. Sample volume, 100 ~1; 2-6 mg/l metals, Plasmoco- 
rinth B as shown. 
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Fig. 7. Effect of the ratio of the ligand to stoichiometric l&and 
concentration (L/L.) on asymmetry factor (AFlO). Chromato- 
graphic conditions as in Fig. 6. 

Taking into account these data and the fact that 
the method will used exclusively for the preconcen- 
tration of metal ions at trace levels, a 0.8 mM 
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Plasmocorinth B concentration was chosen, which 
corresponds to values of the L/Ls ratio of 10-22.5, 
enabling the determination of total metal ions from 
rig/l up to mg/l concentration levels. 

Standard metal ion solutions containing Ca’+, 
Mg’+, Na+ and K+ (30,2,2 and 2 mg/l, respective- 
ly), usually present in mineral waters, or 0.5 M 
sodium chloride (which simulates seawater), were 
analysed with the developed method. The agreement 
between chromatograms, and the results (peak area) 
confirm that the method is reproducible in the same 
standard deviation range (see below). 

Columns and gradient elutions 
The isocratic procedure optimized on a lo-pm 

LiChrospher RP-18 column was also tested on a 
5-pm column of the same type. The chromatograms 
of a mixture of metals, i.e., Ni(II), Cu(II), V(V), 
Co(II1) and Fe(II1) at 0.40, 0.50, 0.80, 0.70 and 
0.80 mg/l, respectively, were compared (see Fig. 8). 
The IO-pm column shows a better performance in 
terms of resolution of peaks at shorter retention 
times; however, separation with the 5-pm column is 
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Fig. 8. Comparison of columns performance: (a) 10 pm and (b) 5 m. Chromatographic conditions: mobile phase, methanol-water 
(50:50, v/v) containing 10 mMacetic acid, 2.0 yMPlasmocorinth B (PC), 1.6 m&f TBA hydroxide, 12.5 mM sodium nitrate and sodium 
hydroxide up to pH 6.3; flow-rate, 1.0 ml/min. Sample volume, 100 ~1; 0.80 mM Plasmocorinth B, metals 0.40 mg/l Ni, 0.50 mg/l Cu, 
0.80 mg/l V and Fe, 0.70 mg/l Co. Detection 270 nm. 
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Fig. 9. Comparison of isocratic and flow-rate gradient elution. Chromatographic conditions: mobile phase, methanol-water (50:.50, v/v) 
containing 10 mM acetic acid, 2.0 PcMPlasmocorinth B (PC), 1.6 mMTBA hydroxide, 8.75 mMsodium nitrate and sodium hydroxide up 
to pH 6.3. (a) Isocratic flow-rate, 1.0 ml/min. (b) Gradient flow-rate (time: t&S, 54, 612, 12-13 min; flow: 1, l-2 linear; 2,2-l linear 
ml/min). Sample volume, 100 ~1; 0.80 mM Plasmocorinth B, metals 1.0 mg/l Ni, 1.5 mg/l Cu, 3.5 mg/l V, 2.0 mg/l Co, 3.0 mg/l Fe. 
Detection 270 nm. 

more sensitive for trivalent metals with longer 
retention times. 

Taking into account the mechanism involved in 
the separation, the effectiveness of gradient elutions, 
namely flow-rate, ionic strength and organic modi- 
tier, were also evaluated. Flow-rate gradient elutions 
resulted in unchanging baseline, good resolution 
and shorter retention time. Chromatograms for the 
same sample obtained by isocratic and flow-rate 
gradient elution are shown in Fig. 9. 

An equilibration period is not required to restore 
the starting conditions between consecutive injec- 
tions. Similar results, good separation and reduced 
retention times were obtained with organic modifier 
and ionic strength gradient elutions. But, in these 
cases, 30 min are required to restore the starting 
conditions and the whole procedure was more time- 
consuming than isocratic elution. 

Preconcentration procedure 
The microcolumns used for preconcentration 

based on the developed precomplexation and ion- 
pairing method were evaluated. The lOO+l loop on 
the Rheodyne valve was replaced by a 5-pm or 
lo-pm LiChrospher 100 RP-18 (4 x 4 mm I.D.) 
microcolumn. Samples of 100 ml were fluxed through 
the microcolumn with the aid of a Dionex pump 
(Model DQP-1). A flow-rate of 4.0 ml/mm was 
selected for the loading procedure because recovery 
yields were unchanged up to this value and higher 
rates resulted in counter-pressure phenomena. 

Preconcentration recoveries were evaluated- by 
comparing the peak areas obtained by direct injec- 
tion (100~,ul loop) of samples (Co, Cu, Fe, Ga, Ni 
concentration: 3 mg/l each) with those obtained by 
loading the cartridge with lOO.O-ml aliquots of 
mixtures (3 pg/l of each metal ion). 

Because preliminary investigations showed that 
metal-Plasmocorinth B complexes are not retained 
by the microcolumn, an alternative procedure was 
adopted. Taking into account the hydrophobic 
nature of cartridges and the lower charge of ion pairs 
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compared with metal chelates, the ion-pairing reac- 
tion was carried out directly on the samples. An 
investigation was also made on the efficiency of 
Plasmocorinth B and TBA sample concentrations. 
L/Ls values (see above) of 10 or more and 0.32 mM 
TBA produced the best concentrations. This TBA 
concentration, which seems very high in comparison 
with eluent composition taking into account the 
preconcentration step, is required to enable the 
formation of ion pairs of all metal complexes in the 
microcolumn. The preconcentration procedure in- 
volved a washing step after the sample loading. A 
lO.O-ml volume of water removed the matrix and 
excess TBA. The washing volume must be well 
defined and taken into account when evaluating 
blanks. 

Table I compares the recovery yields obtained for 
5-pm and IO-pm microcolumns, before the optimi- 
zation of Plasmocorinth B concentration, with the 
enrichment on a lo-pm column after optimization at 
lower metal ion concentration. Fig. 10 shows a 
representative chromatogram obtained using pre- 
concentration and flow-rate gradient elution proce- 
dures. 

Linear range and detection limits 
The optimized procedure was used to determine 

TABLE I 

PRECONCENTRATION RECOVERY YIELD (%) WITH 
DIFFERENT COLUMNS AND AFTER OPTIMIZATION 

Chromatographic conditions: mobile phase, methanol-water 
(50:50, v/v) containing 10.0 mM acetic acid, 2.0 PM Plasmoco- 
rinth B, 1.6 mM TBA hydroxide, 12.5 mM sodium nitrate and 
sodium hydroxide up to pH 6.3; flow-rate, 1.0 ml/mm; sample, 
100 ml, pH 6.3; 0.8 @f Plasmocorinth B; 0.32 mMTBA; loading 
flow-rate 4.0 ml/min; detection 270 mn. Preconcentrators: Li- 
ChroCART 100 RP-18 (4 x 4 mm I.D.). 

Element Recovery yield (%) 

5 pm” 10 pm0 10 pm* 

co 26.2 47.9 95.7 
CU 28.5 83.0 95.8 
Fe 26.8 40.7 94.9 
Ga 10.0 15.0 94.8 
Ni _ 38.2 72.0 

o L/L, = 2.5; metals 3.0 rig/l.. 
b L/L, = 10.0; metals 0.8 rig/l Cu, Ga and Ni, 0.5 rig/l Co and Fe. 

TABLE II 

CALIBRATION RANGE AND DETECTION LIMITS FOR 
METAL DETERMINATION 

Element Linearity range R” Detection limit 
(mgil) @g/l)* 

Al 0.1 -2.0 0.991 50 
co 0.1 -10 0.999 30 
CU 0.2 -10 0.990 60 
Fe 0.05-10 0.999 15 
Ga 0.2 -10 0.998 60 
Ni 0.2 -10 0.999 65 
V 0.5 -10 0.994 30 
Zr 0.2 -4 0.998 150 

a R = Linear regression coefficient. 
b Detection limits of procedure defined as three times absolute 

blank. 

the linear range: samples of increasing concentration 
were prepared until the chromatographic peak areas 
exhibited non-linearity. Calibration ranges within 

:: 
a 
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Fig. 10. Preconcentration followed by gradient (flow-rate) elu- 
tion. Chromatographic conditions as in Fig. 9. Sample volume 
100 ml; pH 6.3; 0.32 mM TBA; 0.80 ptM Plasmocorinth B (PC); 
Ni, Cu, V, Co and Fe 3 pg/l; preconcentration flow-rate, 4.0 ml/ 
min; IO-km column. 
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TABLE III TABLE IV 

RETENTION TIME AND PEAK AREA REPRODUCIBIL- 
ITY FOR METAL IONS BY OPTIMIZED PROCEDURE 

ANALYTICAL DATA FOR THE ANALYSIS OF A RIVER 
WATER SAMPLE 

Metals 3 pg/l. HPLC-ion-interaction chromatography: developed method; ion- 
exchange chromatography-inductively coupled plasma atomic 
emission spectroscopy; see ref. 13; GF Zeeman AAS: graphite 
furnace atomic absorption spectrometer Zeeman-effect back- 
ground correction. Standard deviations within 10%. 

Element Retention time (min)ll Area gLV s) 

co 8.5 k 1.7 1252 + 1 
CU 3.8 k 0.7 939*7 
Fe 10.2 f 2.1 868 k 6 
Ni 3.2kl.l 363+ 11 
V 5.2 + 3.1 784+9 

’ Mean + standard deviation (%). 

the 

Real sample 
The results of the analysis of PO river water 

samples are given in Table IV. The river water data 
can be compared with the results of direct analysis 
by graphite furnace atomic absorption spectrometry 
with Zeeman-effect background correction, and 
with those obtained with a different on-line precon- 
centration method using an XAD-2 microcolumn 
functionalized with 


