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A sensitive stripping voltammetric procedure for ultra trace copper determination is reported in this
paper. A Catalytic-Adsorptive Stripping Voltammetric (CASV) mechanism is proposed to interpret the
amplified sengitivity. The procedure is based on the interfacial preconcentration of copper(ll) on an
dizarin red S (ARS) modified graphite electrode through a surface coordination effect. The formed
ultra trace surface copper complex, i.e. Cu(ll)-ARS, can be reduced to Cu(l)-ARS at the
preconcentration potential range of -0.35V t0-0.5 V (vs. SCE). Cu(l)-ARS displays a catalytic activity
towards proton reduction to form Hy, which is then stored in the space between the Cu-ARS layer and
the electrode surface. This catalysis process could produce a considerable amount of H,, which is then
catalytically oxidized back to protons during the stripping process thus producing a large stripping
peak current. This peak current is proportional to the quantity of pre-concentrated copper on the
electrode surface. The application of the procedure in ultra-purified water samples demonstrates that it
is possible to determine Cu(l1) at alevel as low as 1.7x10™ mol/L in real samples with a recovery of
103%, a standard deviation (triplicate measurements) of 4.7%, and a confidence level of 95%.
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1. INTRODUCTION

Great progress has been made over the last few decades in the electroanalysis for the
determination of ultra trace level metals through the successful methodological development of
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Catalytic-Adsorptive Stripping Voltammetry (CASV) [1-4]. This analysis can detect metals at the
picomolar level, which can be extremely useful for the determination of ultra trace metals for
environmental, industrial and clinic sample analysis[5,6].

The first step for CASV analysis is the in-situ preconcentration of target metal ions on the
ligand-modified electrode surface in the sample solution using an adsorption or a surface coordination
process. When the target metal ion coordinates with the modified electrode surface, it can form some
surface catalyst sites, even when the adsorption quantity is very small. When the direction of the
electrode potential is changed to positive during the stripping step, the surface catalyst sites can
catalyze the oxidation of deliberately added, highly concentrated substrates. The catalytic current
increases with the surface concentration of the pre-concentrated target metal, which is in turn
proportional to the target metal ion concentration in the sample solution.

The representative system is one that analyzes ultra trace levels of platinum-group metals [1,
2]. In these analyses, Wang et al. employed an electrode surface modified by formazone. When the
electrode was exposed to a sample solution containing ultra trace levels of platinum or rhodium ions,
the surface complex between platinum or rhodium and the formazone-modified surface was formed as
Pt(CH, = NNH,),™), which then catalyzed the hydrogen process to give significant indicative current.

Copper is an essential trace element for biological processes, even at an ultra trace level [7, §].
Due to its mobilization and redox activity, copper is believed to play a central role in the formation of
reactive oxygen species, such as O, and OH' radicals. These radicals bind very rapidly to DNA, and
can cause damage by breaking the DNA strands or modifying the bases and/or deoxyribose, therefore
leading to carcinogenesis. Effective procedures for determining trace copper in water samples are
highly desired [9]. Van den Berg et a. [10, 11] used catechol as the complexing agent in seawater
samples to form an adsorbed Cu(ll) complex for the adsorptive striping analysis of trace copper. Wier
et a. [12] developed a multiple-use, polymer-modified electrode based on dimethylsufinated
bathophenanthroline for voltammetric measurements of trace copper. O'Riordan et a. [13] used a
poly(pyrrole-N-carbodithioate) electrode for stripping to analyze copper ions. Prabhu et al. [14]
described a carbon paste electrode modified by 2,9-dimethyl-1,10-phenanthroline for the
preconcentration and determination of copper. These developments have increased the sensitivity level
to 10%° (mol/L) for copper ions. However, for copper content below 10™° mol/L, further
methodological development and procedure optimization are needed.

In our previous work [15], surface Alizarin Red S, irreversibly adsorbed on a graphite
electrode, was employed to coordinate copper in the solution to form a surface complex for the
purpose of trace copper analysis. In this initial work the sensitivity was only sufficient enough to
determine a copper level of 10® mol/L. To continue this work, we revisited this system putting greater
effort on procedure optimization. A stripping voltammetric procedure based on coupling the adsorptive
and catalytic processes has been developed for ultra trace copper analysis. This analysis is capable of
determining copper ions in concentrations as low as 1.7x10°* mol/L in some real samples. This low
detection limit is probably attributed to the current amplification effect associated with the adsorption
and catalytic reactions.
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2. EXPERIMENTAL PART

2.1 Equipment and Materials

A Model BAS CV-50W voltammetric analyzer coupled with a GATEWAY 2000 GP6266
computer was used for electrochemical measurements.

Two pyrex electrochemical cells were employed in the process. One with a single
compartment, defined as the preconcentration cell, was used for preconcentration and surface complex
formation, and the other, which had three compartments, defined as the sweeping cell, was used for
voltammetric measurements. Both cells had gas inlets and outlets that allowed inert gas to flow
through the solution. For the sweeping cell, three electrodes were used, namely the working electrode
(i.e., apyrolytic graphite disk sealed on a copper stick with a disk surface exposed to the solution; the
active area of the eectrode was 0.15 cm'z), the counter electrode (i.e., a platinum wire), and the
reference electrode (i.e., a saturated calomel electrode, abbreviated as SCE).

2.2 Reagents and Solutions

All chemicals including copper sulphate pentahydrate, sodium hydroxide, sodium
perchlorate, acetic acid, acetate sodium and Alizarin Red S (ARS) were purchased from MERCK. The
solutions were prepared using water that had been ultra-purified through an Ultra pure Water System
(>18 M cm, NANOPURE, Model D4741). Acetate buffers (i.e., acetic acid and acetate sodium 0.02
mol/L, pH 3.5; and 0.06 mol/L pH 5.5 adjusted by NaOH 1.0 mol/L solution) were used to control the
pH. A 0.1 mol/L NaClO,4 was used as the supporting el ectrolyte.

Cu(l1) ions containing solutions with the concentrations of 1.0x10® mol/L, 1.0x10”" mol/L
and 2x10° mol/L respectively were prepared by diluting a 1.0x10° mol/L of CuSO, stock solution.
The standard addition of Cu(ll) in the measurement cell was made from a solution with a Cu(ll)
concentration of 2x10°mol/L. The ARS solution, with a concentration of 1x10™mol/L, was prepared
for the electrode modification.

2.3 Methods

Electr ode modification

The graphite electrode surface was first polished using rough and fine sandpapers (2000 m),
sonicated in pure water for 10 minutes, and rinsed by acetone and water to make a clean surface. This
electrode was then immersed in a 1x10 mol/L ARS solution for about 20 seconds to let ARS absorb
on the electrode surface. The electrode is then ready for the copper preconcentration step.

Voltammetric procedure for Cu(l1) determination

The ARS modified electrode was first immersed into the stirred preconcentration cell for
180 seconds. The cell contained 20 ml of 0.06 mol/L acetic buffer aqueous solution at pH 5.5 with a
desired Cu(ll) concentration. This surface preconcentration step is a process of the surface Cu-ARS
complex formation. Because the electrode was not electrically connected to other electrode, this
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process is called open circuit preconcentration. After this process, the electrode was removed, washed
with water and transferred to the sweeping cell, which, containing only pure water, was saturated with
N». Then enough acetic buffer was added into this solution to bring the concentration to 0.02 mol/L
and the pH to 3.5. The electrode potential was controlled at the value, ca.,, -0.35V or 0.5V (vs. SCE)
for 180 seconds to reduce all surface Cu(ll) to either Cu(l) or Cu(0), respectively. In this case, we
believe that the oxidation state on the surface was Cu(l), and the surface state was the Cu(l)-ARS
complex. After this reduction process, the electrode was immediately scanned toward a positive
potential to strip al pre-concentrated copper from Cu(l) to Cu(ll) in the surface copper-ARS compl ex.
The stripping peak current on voltammogram was used to indicate the Cu(ll) concentration in the
preconcentration cell.
All experiments were conducted at room temperature (25 2°C).

3. RESULTSAND DISCUSSION

3.1 Voltammetric Response and possible mechanism for the formation of the Cu(l1)-ARS complex on
the electrode surface

Referring to our previous work [15], the ARS molecule can be strongly adsorbed on a graphite
electrode surface, coordinating with the solution copper ion to form a surface complex.

The molecular structures of the formed surface Cu(ll) complex, and its one-electron reduction
product the Cu(l)-ARS complex, is proposed in Figure 1, based on fact the Cu(ll) ion has a
coordination number of 6. The formula for the compound should, therefore, contain 4 water molecules
if the central ion is bonded to only two sites of the ligand molecule. In addition, this proposed structure
is also supported by the fact that the voltammograms of the pure ligand and coordinated ligand (Figure
not shown) presented the same waves that corresponded to the paraguinone group, indicating that this
group may not participate in the coordination with the copper center.

(A) Hy0 HED (B) HO
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Figure 1: Proposed molecular structuresfor (A) Cu(l1)-ARS and (B) Cu(l)-ARS complexes.
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Figure 2 shows the surface stripping voltammogram after a nonelectrolyte preconcentration
step in an agueous solution that only contains 1x10™2 mol/L Cu(l1) ions. The large stripping peak near
-0.35V (vs. SCE) is the surface electrochemical response of ARS ligand. The corresponding reaction
was assigned to a two-electron reversible redox process of the quinine group [15]. The stripping peak
near -0.1V is believed to be the catalytic-adsorptive current associated with the preconcentrated Cu(l)-
ARS complex. . The possible mechanism for the whole process may be proposed as follows.

Preconcentration step:

Cu(ll) (solution) + ARS (adsorbed) [Cu(I1)-ARS] (adsorbed) (1)
Reduction step:

[Cu(l1)-ARS] (adsorbed) + € [Cu(l)-ARS] (adsorbed) )
[Cu(1)-ARS] (adsorbed) + H* [H*-Cu(l)-ARS] (adsorbed) (3
[H*-Cu(1)-ARS] (adsorbed)  [H-Cu(l1)-ARS] (adsorbed) (4)
2[H-Cu(11)-ARS] (adsorbed)  2[Cu(1)-ARS] (adsorbed) + H; (Stored) (5)

In the reduction step, the catalytic formation of an adduct between hydrogen and the Cu(l)-
ARS complex by reactions (3), (4) and (5) may combine together to form H, which is then stored in
the space between the electrode surface and the Cu-ARS layer. In reaction (5), the adsorbed Cu(l)-
ARS complex will continuously carry on the catalytic reaction cycle from reactions (3) to (5). Due to
the nature of the catalytic reaction, a trace surface Cu-ARS complex can start the whole process and
produce a large quantity of H,. In the preconcentration period, the quantity of formed H, should
continuoudly increase as the catalyst surface quantity increases. After the preconcentration and
reduction steps, when the electrode potential is scanned toward a positive direction, the stripping step
occurs. The proposed mechanism is as follows:

[Cu(l)ARS] (adsorbed)  [Cu(I1)ARS] (adsorbed) + € (6)

H, (Stored) + 2[Cu(l1)ARS] (adsorbed)  2[H-Cu(l1)-ARS] (adsorbed) ©)

[H-Cu(ll)-ARS] (adsorbed) ~ [H*-Cu(l)-ARS] (adsorbed) (8
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[H*-Cu(l)-ARS] (adsorbed)  [Cu(l)-ARS] (adsorbed) + H* 9

The formed [Cu(l)-ARS](adsorbed) in reaction (9) would be oxidized back to [Cu(ll)-
ARS](adsorbed) according to reaction (6), making a continuous catalytic reaction cycle from reactions
(6) to (9). The charge under the stripping peak near 0.1 V should be associated with the coupling of the
catalytic (from the oxidation of stored H,) and accumulation processes.  The mechanism of reactions
(2) — (9) was proposed based on our current understanding. Further work is definitely needed for
confirmation, and work on thisis continuing in our laboratory.
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Figure 2: Surface stripping voltammogram of Cu(ll)-ARS on the graphite electrode. Conditions:
[Cu(11)] = 5x10™ mol/L; preconcentration in the nonelectrolyte for 180 seconds; prereduction for 90
seconds at —0.35 V (vs. SCE); Stripping potential scan rate at 100 mV/s;, pH 3.5 and acetate buffer
0.02 mol/L.

3.2 Optimization of the experimental parameters

For voltammetric techniques, including the preconcentration and adsorptive stripping steps, the
measurement sensitivity is largely dependent on the procedure parameters [16]. Therefore, an
optimization for experimental conditionsis necessary.

Several experimental conditions were optimized in this work including instrumental operation
parameters, ARS concentration for electrode modification, preconcentration time, reduction time and
potential, solution pH, solution supporting electrolyte, and stripping potential scan rate.

3.2.1 pH effect

The pH effect was studied in two stages. The first stage is the pre-concentration at open circuit
(Figure 3 (A)), and the other is the reduction stage (Figure 3 (B)). The solution pH and electrolyte
concentration were observed to have large effects on the measurement, especialy in the stage of
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reduction. The pH effect can be expected from the mechanism expressed by reactions (1) through (9)
because some of them are proton-involved. The proton involvement in the reduction and sweeping
stage of Cu(ll) to Cu(l) on a CME surface has been reported in the literature [15].

Figure 3 (A) clearly shows a monotonic increase in the peak current with increasing pH in the
pH range of < 5.5, and a plateau after pH 7.5. At the reduction step (the electrode potential was
controlled at —0.35 V (E;)), the pH change can also affect the measurement sensitivity, as shown in
Figure 3 (B).
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Figure 3. pH Effect in both steps: preconcentration (A) and reduction (B). Data from voltammograms
under the following conditions: (A) The preconcentration step at open circuit; (B) The reduction step
in closed circuit. [Cu(11)] = 5x10™2 mol/L; pH (acetate buffer 0.02mol/L); tpre: 60s; tred: 60s; v = 100
mV/s, Ei: -0.35V.

3.2.2 Pre-concentration time effect

Pre-concentration time is one of the most important parameters in stripping voltammetry,
which not only affects the detection sensitivity but also has an impact on the analysis duration. Figure
4 shows the effect of the preconcentration time on the peak current. Within the time range of 30-270
seconds, linearity can be observed. After 270 seconds, a plateau appears, suggesting that the ARS
ligand sites on the electrode surface may be saturated by Cu(ll) ions. In this work, a value of 180
seconds was chosen for the sample analysis, which isin the middle of the linear part of the curve.

3.3.3 Reduction potential effect

As discussed previously, the reduction potential is another important parameter determining
analysis sengitivity. The value was chosen from -0.5V to 0.0 V (vs. SCE). The stripping peak current
gradually disappeared as the reduction potential increased from —0.5 V to 0.0 V. The measurable
stripping peaks were at the reduction potential range of <-0.35V.
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Figure 4. Plot of the peak current versus different preconcentration times (s): 30, 120, 150, 180, 210,
240, 270, 300, and 330. Data from stripping voltammograms under the following conditions: [Cu(Il)]
= 5x10"* mol/L, pH 5.5, and acetate buffer 0.06 mol/L at the preconcentration step; pH 3.5, and
acetate buffer 0.02 mol/L at the reduction and stripping steps; the reduction potential was -0.35 V; the
stripping potential scan rate of 100mV/s; and the reduction time was 90 seconds.

3.2.4 Scan Rate

The potential scan rate for stripping was tested in the range between 25 and 125 mV/s, and the
stripping peak current that was obtained showed a linear dependence on the scan rate (Figure not
shown). This linear behavior may suggest that the peak current comes largely from surface adsorbed
species[17]. Inthiswork, apotential scan rate 100 mV/swas chosen and used in all the experiments.

After the optimization, the following experimental parameters were applied in all subsequent
measurements: 180 seconds of preconcentration at open circuit; 90 seconds of reduction at —0.35 V;
and a solution pH of 3.5 with 0.02 mol/L acetate buffer at the reduction/stripping stage.

3.2.5 Calibration curves

A calibration curve (I, versus [Cu(ll)]) was obtained through the standard addition of
successive aliquots of Cu(ll) ions into the electrochemical cell. Figure 5 (A) shows the
voltammograms obtained at different Cu(ll) concentrations. A linear relationship can be observed
between the stripping peak current and a Cu(l1) concentrationin therange of 2.0 x 10 2 t0 1.0 x 10 *
mol/L using a 180 s pre-concentration (Figure 5 (B)). If the Cu(ll) concentration is higher than 1x10™*
mol/L , a deviation from linearity is observed. In the present work where the current is catalytic the
linearity deviation may not due to the saturation of the analyte on the electrode surface. It is believe
this saturation could be attributed to the limitation of the catalytic process on the electrode surface.

3.3 Application of the method

In order to measure the sensitivity of present method through a calibration curve, an ultra
purification procedure was applied to the standard water samples. After that, a standard addition
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method was used to analyze the real water samples. Figure 6 shows an example for the process. A
linear standard addition curve was obtained (Figure 6 (B)) from which the Cu(ll) concentration could
be determined at a 10 mol/L level, adjusted by the equation 1p ( A) = 1.81( 0.13) + 1.06 ( 0.08)
x [Cu(I1)] (mol/L), with > = 0.99 and n = 4. Practical samples showed a medium value of 1.7x10™
mol/L with a recovery of 103%, a standard deviation (triplicate measurements) of 4.7%, and a
confidence level of 95%.
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Figura 5: (A) Stripping voltammograms at different concentrations of Cu(ll). Conditions: pH 5.5 and
acetate buffer 0.06 mol/L at the preconcentration step; pH 3.5 and acetate buffer 0.02 mol/L at the
reduction and stripping steps; the reduction potential was at —0.35 V, and the reduction time was 90
seconds. The preconcentration time was 180 seconds; the stripping potential scan rate was 100 mV/s.
Cu(IN]: (8 0.0 mol/L; (b) 2x10** mol/L; (c) 4x10™ mol/L; (d) 6x10™* mol/L; (e) 8x10™4/mol/L;
(f) 10x10™* mol/L. (B) Plot of Ip vs. [Cu(I1)]. Datafrom (A).
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These results indicate that the proposed analytical method is reliable for determining copper in
water samples. The signal-to-noise ratio of these data (S/N = 3) corresponds to a detection limit of 5.8
x 10" mol/L (3.8 pg/L) under a pre-concentration time of 180 s and a reduction time of 90s. This
result is comparable to those in literature. Liu et al. [18] reported a detection limit of 1.6 x 10™° mol/L
Cu (Il) using a carbon paste electrode modified with ARS-K,S,0g through catalytic adsorptive
stripping voltammetry. Freire et al. [19] obtained a detection limit of 1.8x10* mol/L Cu®** employing
a 3-mercaptopropionic acid SAM with 10 min of preconcentration.

The study presented in this paper demonstrated the formation of an adduct between hydrogen
and the Cu(l)-ARS complex that is associated with the accumulation process seen with cataytic
hydrogen reactions. The results reported here also demonstrate a simple method without prior
treatment or addition of any reagent in the determination of cooper in an aqueous standard matrix.

(A)

(B)

Figure 6. (A) Stripping voltammograms at different concentrations of standard Cu(ll) in ultra pure
water (nanopure system). Conditions: pH 5.5 and acetate buffer 0.06 mol/L at the preconcentration
step; pH 3.5 and acetate buffer 0.02 mol/L at the reduction and stripping steps, the reduction potential
was —0.35V, and the reduction time was 90 seconds. The preconcentration time was 180 seconds; the
stripping potential scan rate was 100mV/s. [Cu(I)]: (8) 0.0; (b) 1x10™ mol/L; (c) 2x10™*® mol/L;
(d) 3x10 mol/L; (B): Datafrom (A).
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4. CONCLUSIONS

An extremely high sensitivity for Cu(l1) analysis at alevel of 10™ mol/L has been achieved in this
study using ARS as a coordination ligand on the electrode surface to facilitate the Cu(ll)
preconcentration process. It is believed that this sensitivity may be amplified by a catalytic-adsorptive
stripping mechanism. Furthermore, the preconcentration step in an open-circuit, coupled with pH and
electrolyte concentrations had large scale effects on catalytic hydrogen production. The accumulation
of produced H; on the electrode/water interface amplifies the voltammetric hydrogen catalytic signal,
leading to a remarkably sensitive stripping voltammetric method for copper determination.

A catalytic-adsorptive stripping mechanism for sensitivity amplification was proposed based on our
current understanding. Further work is definitely needed for confirmation, and work on this is
continuing in our laboratory.
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