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Abstract A novel amperometric detector for heavy
metal ions has been developed and successfully applied
for ion pair chromatography. The detector is based on
the electrochemical transfer of the metal ions across an
array of water/nitrobenzene micro interfaces. The ion
transfer is facilitated by the neutral ionophores methyl-
enebis(diphenylphosphineoxide) and methylenebis(di-
phenylphosphinesulfide). More than eight metals are
separated in less than 15 min on an RP18 column using
octyl sulfonate as ion pair reagent. For the heavy
metals, the limits of decision are 19(Pb2`), 9(Zn2`), 9l
(Co2`), 8(Cd2`) and 1.6(Mn2`) lg/L. The applicability
of the new method for water samples is demonstrated.

Introduction

Electrochemical studies on the ion transfer across
charged liquid/liquid (L/L) interfaces carried out over
the last 20 years have shown that these interfaces can be
employed for the voltammetric and amperometric de-
termination of ions as an alternative to the common
potentiometric method (for reviews, see [1—3] ). Vol-
tammetric and amperometric methods have the
advantage that the electrical current signal is directly
proportional to the concentration, and that the selec-
tivity of the detector can be varied by means of the
electrode potential. The simultaneous determination
of Na` and K` in mineral water [4], the cyclic
voltammetric determination of iodide and quinine in
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pharmaceutical products [5], and the determination of
nitrate and chloride in river water employing the flow-
injection technique [6] are examples for the successful
application of these new electrode systems for measure-
ments of ions. Neutral species, e.g. volatile amines in
fish [7] and the antibiotics terramycin [8], monensin
and lasalocid [9] have also been determined in real
samples. Sensors for urea and creatinine based on ion
transfer across L/L interfaces were described recently
[10, 11].

As for potentiometry with ion-selective electrodes,
the selectivity of amperometrically working electrodes
is limited by the standard Gibbs energy of partition
and therefore not always satisfactory for analytical
applications. For a number of cations, the selectivity
can be enhanced considerably by highly selective
ionophores.

A basically different and for many applications more
promising approach is, to employ the ion transfer as
a non-specific detector in high performance liquid
chromatography (HPLC) [12] or capillary electro-
phoresis (CE). Heavy metal ions can be separated,
for example, by ion exchange and ion pair chromato-
graphy [13, 14]. Usually, the metals are detected by
spectrophotometry after a photometric reagent has
been added to the effluent [14]. A disadvantage of this
technique is, that it causes an additional peak broaden-
ing that could affect the performance of the separation.

The aim of this paper is to present an amperometric
detector for heavy metals based on the transfer across
an array of L/L micro interfaces [15], and to demon-
strate its applicability for the detection of these metals
in a chromatographic system. In previous experiments,
a mixture of the two bidentate ligands methyl-
enebis(diphenylphosphineoxide) (MBDPO) [16, 17] and
methylenebis(diphenylphosphinesulfide) (MBDPS) as
co-ligand was found to be suitable as ionophore for this
purpose. The detector is based on the transfer of the
metal ion M;` from the aqueous effluent (w) into the
organic phase (o) facilitated by the neutral ionophore



L in the organic phase:

M;`(w)#nL(o) PQML;`
/

(o)

Experimental

The HPLC system comprised a HPLC pump (model 64, Knauer), an
injection valve (100 lL, Knauer), the separation column (Eurosphere
100-C18, 5 lm, 120 mm ] 4 mm, Knauer) with an integrated pre-
column (5 mm ] 4 mm), and the electrochemical detector. The flow
rate of the eluent was 1 mL/min. The column was allowed to equili-
brate with the flowing eluent for 30 min.

The design of the electrochemical flow-through cell and the purifi-
cation of nitrobenzene were the same as already described in Ref.
[6]. In comparison with the previous cell, the membrane was re-
placed by an array of 110 microholes in a film from polyester (Mylar,
12 lm thickness). The holes were drilled in a hexagonal pattern
using a laser ablation technique [18, 19]. The radius of the holes was
8 lm, while the distance between them was 80 lm (center to center).
The inner compartment of the cell was filled with 150 lL nitroben-
zene, containing 10 mmol/L of the supporting electrolyte PNPDCC
[20] and 10 mmol/L of the ionophores MBDPO and MBDPS in
each case. A silver wire in the organic phase and a Ag/AgCl electrode
(saturated with KCl) served as reference electrodes. The four-elec-
trode potentiostat used was already described previously [21]. No
compensation of the IR drop was applied. The current signal was
filtered using a low-pass filter of second order (1 s, Bessel). An 18-bits
A/D interface MAX132evkit (Maxim) was used to measure the data
and to send them to a PC compatible computer. MBDPO and
MBDPS were synthesised as described in Ref. [22]. All other
reagents were from analytical grade and used as received. The
aqueous solutions were prepared from deionised water of
18 M)]cm (ELGASTAT UHQ PS, ELGA Ltd.). Measurements
were carried out at laboratory temperature (25$2 °C).

Results and discussion

First investigations with the electrochemical detector
have shown, that the particular requirements of the
electrochemical detector must be considered for the
choice of the chromatographic conditions. Usually,
strongly complexing eluents based on oxalic, tartaric,
citric or dipicolinic acid are employed to separate the
metals on a cation exchange column [23] or a special
column with both cation and anion exchange proper-
ties [13]. The strong complexation of the metal ions in
the aqueous effluent phase is the reason, that a higher
potential difference between the aqueous and the or-
ganic phase is needed to transfer the metal cations into
the organic phase. This means, that the voltammetric
half-wave potential is shifted towards more positive
values. Since the applicable working potential is limited
by the transfer of the supporting electrolyte, no (or only
very small) signals are observed when the complexes in
the aqueous phase are too stable. The use of stronger
ionophores, which form more stable complexes with
the metal ions in the organic phase, should solve this
problem. Since no stronger ionophores were available
so far, the only approach to achieve compatibility be-
tween separation and detection was to use a column of
a smaller ion-exchange capacity. Weak eluents can be

used for the elution of the metals then. The ion pair
chromatography (IPC) was employed to realise a col-
umn of the desired low capacity [14]. The capacity can
be easily adjusted by varying the concentration of the
ion pair reagent octylsulfonate (OS) in the eluent [14].
The retention times were found to be proportional to
the concentration of OS in the range 0.1—1 mmol/L.
The maximum composition of the eluent, with respect
to both separation and detection, was found to be
9 mmol/L tartaric acid, 0.7 mmol/L oxalic acid and
0.2 mmol/L OS. The pH of the eluent was 3.3. At lower
concentrations the electrochemical detection was
somewhat improved because the metal ions were less
complexed. However, the signals for cadmium, calcium
and manganese were not resolved satisfactorily then.
Higher concentrations led to a deterioration of the
detection. The pH of the eluent was adjusted with
ammonium hydroxide. Ammonium ions gave the
lowest base currents, since their transfer is less facilit-
ated by the ionophores than that of all other cations
tested.

A chromatogram of a mixture of Pb2`, Zn2`, Co2`,
Fe3`, Cd2`, Mn2` and Ca2` is shown in Fig. 1. Posit-
ive peak currents indicate, that cationic species are
transferred from the aqueous to the organic phase. All
metals were separated within 13 min. Mg2` and Li`
could be determined in the same chromatogram with-
out interferences of the peaks. The dependence of the
peak current on the potential difference between the
reference electrodes in the aqueous and the organic
phase is shown in Fig. 2. On the basis of this hy-
drodynamic voltammogram and the baseline of the
chromatogram, the working potential was set to
320 mV. While Pb, Cd and Mn are transferred almost

Fig. 1 Chromatogram of a standard solution containing Pb, Zn, Co,
Fe, Cd and Mn (1 mg/L in each case). The peak for Ca is due to
a contamination
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Table 1 Results of the
determination of zinc in water
samples from a mining area
obtained with ion pair
chromatography with
electrochemical detection (IPC-
ED) and plasma emission
spectroscopy (AES-ICP)

Sample no. 1 2 3 4 5 6 7 8 9

AES-ICP 0.11 0.069 4.3 4.0 20.1 18.3 188 228 4120
IPC-ED 0.11 0.073 3.4 3.9 16.8 12.9 133 235 2860
% of AES-ICP 100 106 79 98 84 70 71 103 69

Table 2 Results of the
determination of cadmium and
manganese in water samples
from a mining area obtained
with IPC-ED and AES-ICP

Sample no. 7 9 10

AES-ICP IPC-ED AES-ICP IPC-ED AES-IPC IPC-ED

[Cd]/mg/L 0.62 0.50 4.7 2.8 0.014 0.014
[Mn]/mg/L 2.3 3.8 28 22

Fig. 2 Dependence of the peak height in the chromatogram on the
working potential of the detector

in the range of the limiting diffusion current, the current
for Zn and Co is significantly below the limiting diffu-
sion current. The dependence of the peak current on
the concentration is linear as expected for the am-
perometric detection principle. The intercept of the
calibration curve of Zn with the y-axis is above zero,
this is probably due to an impurity in all standards. The
limits of decision were determined from m"5 concen-
tration steps for each metal using a calibration curve
method [24] (n"3, m"5, P"0.95). Their estimates
are 19(Pb2`), 9(Zn2`), 91(Co2`), 8(Cd2`) and 1.6
(Mn2`) lg/L. The upper limit of the linear working
range was about 2 mg/L (Co: 20 mg/L). A deflection of
the calibration curves at higher concentrations can be
attributed to the larger ohmic potential drop at higher
currents.

The applicability of the method to real samples was
investigated with water samples from an area with
mining industry. The samples were taken at different
sites or different days from two small brooks (no. 1—4),
a drainage tunnel (no. 5 and 6) and a drainage ditch
near a slack heap (no. 7 and 8). Sample 9 is a seep water
from a slack heap. The samples were made acidic (1 mL

conc. HNO
3

for 1 L sample) and filtered (cellulose
acetate, 0.45 lm) before the injection. Samples with
more than 1 mg (Zn)/L were diluted to be within of the
calibration range. The results of the determination of
Zn, Cd and Mn are compiled in Table 1 and 2. Atomic
emission spectroscopy (ICP-AES) was used as reference
method. While the results of both methods were prac-
tically in agreement for about the half of the data, too
low values of the new method are found for the other
part of the data. An explanation for this finding could
be, that a part of the metal ions in the sample is not
available for the electrochemical detection because of
a strong bonding to the sample matrix. This problem
will be subject to further studies. Another problem rises

Fig. 3 Chromatogram of a seep water sample after dilution
by a factor of 100 (the lower picture is a zoomed part of the
upper one)
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from the high calcium concentration present in many
samples, leading to a strong overload of the separation
column by calcium ions. This causes a very broad
calcium peak, so that the determination of manganese
or cadmium becomes impossible. To avoid the prob-
lem, separation columns of a higher capacity should be
used. Since columns with an increased capacity would
require stronger eluents, ionophores which exhibit
a larger complex stability with the metals of interest
must be found and are subject of present investigations.
The use of new ionophores should also open the possi-
bility to detect other metals, e.g. copper and nickel.

The chromatogram of a sample containing a very
high content of several metals is shown in Fig. 3. Since
the sample was diluted by a factor of 100, the peak of
calcium was of satisfactory width and did not overlap
with the signal of Mn or Cd in this chromatogram.

Conclusions

The applicability of a newly developed detector for the
determination of metal ions in water samples using ion
pair chromatography as a separation method has been
demonstrated. Compared with AES-ICP, the findings
were too small in some cases. The effect of a sample
digestion should be investigated in the future, along
with recovery experiments. Another important task is
to find stronger ionophores. This would allow to use
stronger eluents and columns of a higher capacity, so
that an overload of the column can be avoided. Fur-
ther, new ionophores should allow the determination of
other metals, e.g. copper and nickel.
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