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Carbon-paste electrodes modified with Fe(III)-Y zeolite have been used to study the electrocatalytic
oxidation of ascorbic acid. The ion-exchange behavior of the modified electrodes in different
supporting electrolytes was investigated. Maximum cathodic current due to reduction of the exchanged
Fe(IIl) ions was observed in phosphate buffer, pH 5. The modified electrode acts as a catalyst for
electrooxidation of ascorbic acid, lowering the overpotential of the reaction by ~200 mV. The faster
rate of electron transfer results in a great enhancement of the cathodic peak current compared to those
observed for the unmodified electrode. The effect of several parameters such as pH and concentration
of the supporting electrolyte was investigated. The square-wave voltammetric response of the electrode
to ascorbic acid is linear in the range 4.0x107" to 1.2x10™> M with a detection limit of 2x10™® M. The
interfering effect of several cationic species and organic compounds was investigated and tolerance
limits were obtained. The method was applied to the determination of ascorbic acid in citrus fruits.
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1. INTRODUCTION

Zeolites are an important group of crystalline aluminosilicates currently available for various
fields of applications. These minerals are widely used as sorbents, ion exchangers, catalysts and
catalyst supports [1-4]. The catalytic nature and activity, and other properties of zeolites can be greatly
improved by cation-exchange. The versatile cation-exchange behavior of zeolites allows a large
number of metal ions and complexes to be incorporated into these materials [5-8]. These
characteristics of zeolites, together with their low cost and resistance to various chemical environments
have made them useful for electroanalytical applications [9]. Several reviews cover the general
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interests in zeolites as materials useful for electrochemical environments [10-13]. Applications of
zeolites in various electroanalytical fields such as potentiometry [14,15], voltammetry and
amperometry [16-18], voltammetry after preconcentration [19,20], and especially electrocatalysis [4-
6,21] have stimulated a wide variety of research. Almost all of these applications are based on the use
of zeolites in chemically modified electrodes. Due to their unique characteristics including molecular
sieving selectivity [11] based on the size and shape of the molecules, charge selectivity, high ion-
exchange capacity [22,23], inherent catalytic activity [17], possibility of improving their catalytic
properties and their analyte preconcentration ability [19,20], zeolites possess outstanding potentialities
for use as the modifying agents for chemically-modified electrodes, and as such, have drawn
considerable attention of electrochemists during the past years [24-27].

Several methods have been used for incorporation of zeolite particles into electrodes. These
include the use of a polymer layer containing zeolite [28,29], pressed zeolite pellets [30], carbon-paste
mixed with zeolite particles [31,32], zeolite-carbon composites [33], and co-deposition of zeolite with
organic salts [34]. For analytical applications, it is highly desirable to develop robust modified
electrodes that can be prepared easily and reproducibly. Additionally, by using a suitable modifier, it is
desirable to improve sensitivity, detection limit and selectivity [5]. Jiang et al. [2] have reported on the
use of a graphite-zeolite-modified electrode doped with iron(III) for the catalytic oxidation of ascorbic
acid. They have prepared their modified electrode by applying a suspension of zeolite-graphite mixture
containing polystyrene and carried out their electrochemical studies using cyclic voltammetry and
constant potential amperometry. In the present work, we have attempted to improve the response
characteristics of the Fe(Ill)-Y-zeolite by incorporating the modifier in carbon-paste matrix. A simple
electrode was designed with a reservoir for holding the carbon-paste. The electrode surface can be
renewed very easily for a large number of times over a long period. The use of carbon-paste matrix,
besides renewability by a simple polishing, offers several other advantages including easy preparation,
uniform distribution of the catalyst into the paste, better reproducibility and stability, and adequate
robustness in aqueous solutions. The electrochemical response characteristics of the modified electrode
were investigated. The influences of several alkali ion electrolytes, pH, modifier concentration and
instrumental parameters on the response characteristics of the electrodes were studied and the optimum
operating conditions established. The modified electrodes were used for the electrocatalytic oxidation
of ascorbic acid using square-wave voltammetry.

2. EXPERIMENTAL PART

2.1. Reagents and chemicals

The sodium-Y (NaY) zeolite (Cat. No. 33444-8) and spectroscopic grade mineral oil (Nujol)
were obtained from Aldrich. Graphite powder, ascorbic acid, sodium dihydrogen phosphate,
tetrabutylammonium perchlorate (TBAP), lithium, potassium, and sodium nitrates, and all other
chemicals were of analytical reagent grade from Merck. Doubly distilled, deionized water was used for
preparing all solutions and throughout the experiments. Ascorbic acid solutions were freshly prepared
as required and protected from light during the investigation. Phosphate buffer was prepared from 0.1
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M sodium dihydrogen phosphate and the desirable pH was adjusted by addition of sodium hydroxide
or phosphoric acid solution as appropriate.

The Fe(Il)-Y zeolite was prepared according to a previously reported method [2]. The NaY
zeolite (0.5 g) was lightly ground, mixed with 100 ml 0.01 M FeClj; solution and stirred on a magnetic
stirrer for 24 h. The exchanged zeolite was washed with dilute HCI solution to remove the adsorbed
matter, then washed with water till free of chloride and dried in open air.

2.2. Apparatus

Electrochemical experiments were carried out using a 746 VA Trace Analyzer (Metrohm)
equipped with a 747 VA Stand. A conventional three electrode system was employed incorporating a
zeolite-modified carbon-paste electrode, a saturated Ag/AgCl reference electrode and a Pt wire counter
electrode. All potentials are reported vs. Ag/AgCl reference electrode. The pH measurements were
performed using a Corning model 125 pH meter equipped with a combined glass electrode.

2.3. Modified electrode preparation

The zeolite-modified carbon-paste electrodes were prepared according to the following
procedure. An appropriate amount of the Fe(Ill)-exchanged zeolite (5—20 weight% with respect to
graphite) was mixed with 100 mg graphite powder and then Nujol was added. After thorough hand
mixing in a mortar to obtain a fine paste, a portion of the composite mixture was packed into the end of
a polyethylene tube. The electrode body (see Fig. 1) was made by drilling a bore with 2.5 mm diameter
through 1/3 of a solid polyethylene rod of 3 cm length and 11 mm diameter. In the opposite end, a bore
with 6 mm diameter was drilled. The modified carbon-paste was inserted from the wider side and
pressed down using a rod of the same diameter. In this way the carbon-paste is packed into the short
diameter side of the electrode. Electrical contact was made by forcing a copper wire of ~1 mm
diameter, positioned into a glass tubing of 6 mm diameter, down the polyethylene tube and into back
of the paste. Unmodified electrodes were prepared in a similar way, using a carbon-paste with
unmodified zeolite (NaY). The electrode surface was polished using a soft paper and then rinsed with
ethanol and distilled water, respectively.

Copper wire

IlOmm

Carbon paste

Figure 1. Schematic drawing of the modified electrode.
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2.4. Procedure

The supporting electrolyte, 20 mL phosphate buffer, pH 5, was placed in the cell and an
appropriate amount of standard or the measuring solution containing ascorbic acid was added. The
solution was degassed with pure argon for at least 10 min. The inert gas was passed over the solution
during all the voltammetric measurements. The modified carbon-paste electrode was polished on a soft
paper and rinsed with ethanol and distilled water. This electrode together with the reference and the
counter electrodes were immersed into the measuring solution and the potential was scanned from 0.1
to +0.8 V vs. Ag/AgCl using square-wave voltammetry. The peak current was appeared at a potential
of ~0.42 V vs. Ag/AgCl. All electrochemical measurements were conducted at room temperature. The
electrodes were kept in open air when not in use. A series of optimization studies were made on the
square-wave voltammetric parameters; optimized values of the parameters were: pulse height (AE,), 20
mV; pulse width (tyep), 50 ms; measuring time (tmeas), 2 ms; modulation frequency, 50 Hz; step
potential (Egep), 2—12 mV. Scan rate was varied by changing either Eg Or tep.

3. RESULTS AND DISCUSSION

3.1. Voltammetric response of the Fe(lll)-Y-modified electrode

The voltammograms of the unmodified and Fe(Ill)-Y-modified carbon-paste electrodes were
recorded in phosphate buffer, pH 5, at a scan rate of 240 mV s Fig. 2 shows the resulting
voltammograms, recorded after several preliminary scans. No voltammetric response is observed for
the unmodified electrode (Fig. 2b). However, a well defined reduction peak with a peak potential at
—0.2 V was observed for the Fe(IIl)-Y-modified electrode (Fig. 2a).

i(uA)

02 00 -02 -04 -06 -08
E (V vs. Ag/AgCl)

Figure 2. Square-wave voltammograms obtained in phosphate buffer, pH 5, for (a) the reduction of

Fe(Ill)-Y zeolite at the modified carbon-paste electrode and (b) the same voltammogram run at the

unmodified electrode. Modifier concentration, 15%; scan rate 240 mV st
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Experimental results showed that the square-wave voltammetric peak height at the modified
electrode depends strongly on the type of supporting electrolyte. Several electrolytes, including 0.02 M
TBAP, 0.1 M LiNO3, 0.01 M NaNOs;, 0.01 M KNO3, 0.1 M NaNOs, 0.1 M KNOs, and phosphate
buffer, pH 5 were investigated. There was no wave in the presence of TBAP. However, well defined
reduction peaks were observed in the other electrolytes (Fig. 3).

1(nA)
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Figure 3. Square-wave voltammograms for the reduction of Fe(Ill)-Y zeolite in different supporting
electrolytes; (a) 0.02 M TBAP, (b) 0.1 M LiNOs, (c¢) 0.01 M NaNOs, (d) 0.01 M KNO;3, (e) 0.1 M
NaNO;, (f) 0.1 M KNOs3, and (g) phosphate buffer, pH 5. Other conditions same as Fig. 2.

These observations can be described on the basis of possible mechanisms for the
electrochemical processes at zeolite-modified electrodes. Two possible mechanisms have been
considered [5]: one where the electrochemical process takes place while the electroactive species is
resident inside the zeolite; the other where such a process occurs after the electroactive species exits
the zeolite through ion exchange or desorption. These mechanisms are known as intrazeolite and
extrazeolite electron transfer processes, respectively [6]. The later calls for electron transfer to occur at
the electrode solution interface. This is the mechanism which have been shown to be operative in most
cases [5,6]. From Fig. 3a, it is clear that no electrochemical reaction occurs in the presence of TBAP
electrolyte because the TBA™ cation is size excluded from the Y-zeolite pore system. Therefore, no ion
exchange occurs and all the Fe(IIl) species are located in the interior of the zeolite which is not
conductive for the electrochemical reaction to take place. It should be mentioned that no iron species is
initially present at the electrode surface, because as described in the experimental section, the Fe(Ill)-Y
zeolite, after preparation, was thoroughly washed with dilute HCIl solution to remove the surface
adsorbed species. However, ion exchange occurs between the intrazeolite Fe®* jons and the electrolyte
cations in the electrolytes with small cations. This ion exchange process results in transport of Fe(III)
to the electrode surface where they can approach the conductive parts of the electrode surface, and
therefore, extrazeolite electrochemical mechanism becomes operative. Based on the results presented
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in Figs. 2 and 3, and in the light of previous works [5,6], the electrochemical process for the reduction
of Fe(IlI) at the modified electrode can be represented by the following reactions,

Fe(II)-Y + 3C*, — Fe(Ill);, + 3C*, (1)
Fe(Ill);, + e — Fe(l) )

where C" stands for a singly charged cation and the descriptors z, s and i stand for zeolite, solution, and
zeolite-solution interface, respectively. It is clear that TBA™ cation is size excluded from the Y-zeolite
pore system. The Fe’* ions leaving the zeolite pores are reduced at the electrode-solution interface.

As can be seen in Fig. 3, the response of the electrode depends both on the type of cation (size
selectivity) and its concentration in the supporting electrolyte solution. The current observed for the
reduction of Fe(Ill) was highest when the zeolite was exposed to phosphate buffer solution, pH 5,
containing ~ 0.1 M Na* (Fig. 3g). The current observed in this solution is more than that observed for
the neutral 0.1 M NaNOs electrolyte with about the same concentration of Na™ (Fig. 3f). This can be
related to cooperation of hydronium ion in displacing Fe(IIl) from zeolite pores. The voltammogram g
in Fig. 3 shows an extra peak at —0.4 V. This is due to the reduction of Fe(Ill) from its phosphate
complex, because the peak shifts to more negative potentials and its intensity increases by increasing
phosphate concentration in the supporting electrolyte.

Voltammetric responses of the modified electrodes with 5, 10, 15 and 20% (w/w, with respect
to graphite) Fe(Ill)-Y zeolite were examined by square-wave voltammetry in phosphate buffer, pH 5
using the same instrumental parameters. The results of this study revealed that the optimum proportion
of zeolite to graphite was 15:85. Lower amounts of the modifier decrease the extent of ion exchange
and higher amounts increase the resistance of the electrode, both of which decrease the sensitivity of
the electrode response.

The Fe(Ill)-Y-modified electrode with the above characteristics was successfully applied for
the electrocatalytic oxidation of ascorbic acid, the results of which are presented in the following
sections.

3.2. Electrocatalytic oxidation of ascorbic acid at the Fe(lll)-Y-modified electrode

Carbon-paste electrodes modified with transition metal complexes have the ability to catalyze
the oxidation or reduction of solute species. The major effect of the modifier consists of lowering the
potential required for the catalyzed redox systems, which is generally accompanied with a considerable
increase in sensitivity. Among the transition metal ions, cobalt and iron complexes show the highest
electrocatalytic activity and have shown great promise for the electrocatalytic determination of many
organic and biologically important compounds [35-38]: Here, we used the Fe(Ill)-Y zeolite as a
modifier in carbon-paste electrode as a square-wave voltammetric sensor to study the electrocatalytic
oxidation of ascorbic acid.

The electrocatalytic function of the Fe(Ill)-Y-modified electrode for the electrochemical
oxidation of AA is demonstrated in Fig. 4 by square-wave voltammograms of 1x10™* M ascorbic acid
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obtained in phosphate buffer, pH 5. Under the same experimental conditions, the direct oxidation of
ascorbic acid at the unmodified carbon-paste electrode showed relatively weak anodic peak (Fig. 4a).
The corresponding voltammogram for the oxidation of ascorbic acid at the modified electrode gives
rise to electrocatalytic responses with an anodic peak current that is greatly enhanced over that
observed for the unmodified electrode (Fig. 4b). Maximum current for the oxidation of ascorbic acid at
the modified electrodes occurred at potentials about 200 mV more negative than those obtained in the
absence of the modifier. This behavior, which was observed at several concentrations and at different
potential scan rates, clearly demonstrates the electrocatalytic function of the modified electrode toward
ascorbic acid oxidation.

1(uA)
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Figure 4. Anodic square-wave voltammograms for the oxidation of 2x10™* M ascorbic acid in
phosphate buffer, pH 5 at (a) unmodified and (b) modified electrodes. Other conditions same as Fig. 2.

The influence of pH on the catalytic oxidation of ascorbic acid was investigated in the range
3—7. In all cases the concentration of Na" in the phosphate buffer was maintained at ~ 0.1 M and
voltammograms were obtained using 1x10™* M ascorbic acid at a scan rate of 240 mV s™'. The results
indicated that the peak potential, E,, shifts to more negative values with increasing pH. Such a
behavior suggests that the acidic dissociation of ascorbic acid occurs at or before the rate determining
step [35]. In addition, the square-wave voltammetric peak heights for the electrocatalytic oxidation of
ascorbic acid also are strongly affected by the solution pH as shown in Fig. 5; highest sensitivity was
observed at pH 5. Therefore, all subsequent measurements were performed at pH 5. This pH is also
suitable for better stability of ascorbic acid, because it has been suggested that for maximum stability,
ascorbic acid solutions should be buffered to pH < 5.4 [39]. Ascorbic acid can be oxidized by
dissolved oxygen present as an impurity in solutions [40]; and this effect is intensified under alkaline
conditions. Lower electrocatalytic currents observed at pH < 5 can be related to the formation of
undissociated form of ascorbic acid.
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The effect of supporting electrolyte concentration, phosphate buffer (pH 5), on the
electrocatalytic oxidation of ascorbic acid was investigated at 0.02, 0.05, 0.1 and 0.15 M. Highest
sensitivity was observed with 0.1 M phosphate buffer, containing ~0.1 M Na".
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Figure 5. Effect of pH on the square-wave voltammetric peak height for the determination of ascorbic
acid at the Fe(III)-Y-modified electrode.

The voltammetric peak current at the modified electrode was linearly proportional to the square
root of scan rate, illustrating that the process of ascorbic acid oxidation is diffusion controlled.

On the basis of our results and previous works [2,5,6,36], the electrocatalytic oxidation of
ascorbic acid at the surface of the zeolite-modified electrode, following Eq. (1), can be explained by a
two step process; oxidation of AA by Fe(Ill) and subsequent reoxidation of the resulting Fe(II) at the
electrode surface. All these processes occur at the electrode solution interface, where Fe’" is released
through the ion-exchange with Na" ions.

Calibration was performed using square-wave voltammetry with increasing concentration of
ascorbic acid. The peak current is linearly related to the concentration of ascorbic acid in the range
4.0x1077-1.2x107 M, with a least squares fit of i (LA) = 0.3375 + 2.857x10* Caa (UM), and a
correlation coefficients of 0.9995 (n=12).

Long term stability was investigated by taking the response of the modified electrode in a
period of 10 months. The electrode was stored in open air when not in use. Voltammetric
measurements and calibration were performed every three days during the first month and then every
week for the rest of the period. The electrode retained its full activity during this period; it was only
necessary to renew the surface by a slight rubbing of the electrode on a soft paper, whenever the
electrode response diminished. The reproducibility of the voltammetric response of the modified
electrode was investigated by carrying the measurements on five independent electrodes with the same
composition. The relative standard deviation (between electrode variation) thus obtained was less than
4%. The relative standard deviations of 10 replicate measurements performed on a single electrode
(within electrode variation) at several ascorbic acid concentrations between 2 X 10°t01 x 10°M
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were between 1.0 to 2.4%. A detection limit of 2x10™® M was estimated considering a signal/noise
ratio of 3.

The influence of several metal ions and organic compounds were tested on the voltammetric
response of the electrode in solutions containing 5%x10™* M ascorbic acid. The results are presented in
Table 1. The tolerance limits, given in Table 1, are the molar ratio of interfering species/ascorbic acid
which caused an error of < +2% in the measurement of ascorbic acid. It was found that several organic
compounds including benzoic acid, tartaric acid, citric acid, glucose, urea, acetate, and a number of
metal jons Ca®*, Cs*, Cu®™, Mg*, AI’, Sr**, Ce’* and Sn®* have no effect even when their
concentration exceeds ~200 fold of ascorbic acid. Oxalic acid interferes in the determination if its
concentration is more than 30 fold of ascorbic acid, which can be related to formation of a relatively
strong complex with Fe(IIl) at pH 5.

Table 1. Molar tolerance ratio of several metal ions and organic compounds on the voltammetric
response of 5%10™* M ascorbic acid.

Molar tolerance ratio (species/AA)

Species This work Reference 2
Benzoic acid 240 100
Tartaric acid 240 100
Citric acid 200 100
Sodium acetate 160 -
Oxalic acid 30 10
Glucose 280 100
Urea 240 100
Uric acid 18 10
Vitamin A 200 -
Ca™ 220 100
Cs* 240 -
Cu™ 190 100
Mg* 230 100
A" 220 100
Sr** 240 -
Sn** 220 100
Ce™ 260 -

The proposed electrode shows lower detection limit, higher precision and higher selectivity
compared to the Fe(Il)-Y modified electrode reported by Jiang et al. [2], which is based on applying a
suspension of zeolite and graphite in polystyrene matrix to the electrode surface. Higher precision,
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which is reflected in lower detection limit and high stability of the electrode, can be related to the
carbon paste characteristics and uniform distribution of the electrocatalyst in the paste. Further,
carbon-paste-based electrodes show rather low background current compared to solid electrodes [41].
Higher selectivity of the present electrode can be related to the lower peak potential observed for the
electrocatalytic oxidation of ascorbic acid, which was 0.4 V vs. Ag/AgCl (~ 0.6 V vs. SHE), compared
to the value of 0.55 V vs. SCE (~ 0.8 vs. SHE) used by Jiang et al. [2]. Lower potential resulted in
higher selectivity of the electrode with respect to several metal ions and organic compounds, as
indicated by the higher tolerance limits given in Table 1.

The modified electrode was applied to the determination of ascorbic acid concentration in
freshly squeezed citrus fruits according to the procedure described in the experimental section, using
the standard addition method. The method of US Association of Official Analytical Chemists (AOAC)
[42] was used as the reference method. The results of the analysis are presented in Table 2, indicating a
close agreement between the proposed and the reference method (f..c = 0.58 to 1.70, n = 3, fy0s52 =
4.30).

Table 2. The results of analysis of citrus fruit juices for determination of vitamin C.

Amount of ascorbic acid (mM)
(x RSD%, n=3)

Sample . Reference t statistics
Voltammetric method f0052 = 4.30
method

Orange juice 372 (24) 3.75(1.5) 0.58

Sweet lemon juice 3.34 (3.2) 3.30(1.4) 0.65

Sour orange juice 1.97 4.2) 2.0@2.7) 0.63

Sour lemon juice 4.27 (2.9) 4.15(2.3) 1.70

4. CONCLUSIONS

The results of this study demonstrate the suitability of the Fe(Ill)-Y-modified carbon-paste
electrode for square-wave voltammetric determination of ascorbic acid. The electrocatalytic behavior
of the electrode together with its long term stability, high sensitivity, low detection limit, wide
dynamic range, easy preparation, relatively high selectivity, and easy regeneration by a simple
polishing of the electrode surface, make it a useful device for determination of vitamin C in different
samples.

ACKNOWLEDGEMENT
The authors gratefully acknowledge the support of this work by the Center of Excellence of Chemistry
(Catalyst and Fuel Cell Division) and Office of Graduate Studies of the University of Isfahan.



Int. J. Electrochem. Sci., Vol. 2, 2007 593

References

1. C.Iwakura, S. Miyazaki, and H. Yoneyama, J. Electroanl. Chem., 246 (1988) 63.
2. Y. Jiang, M. Zou, K. Yuan, and H. Xu, Electroanalysis, 11 (1999) 254.
3. R.Raja and P. Ratnasamy, Appl. Catal. A: General, 143 (1996) 145.
4. S. V. Guerra, C. R. Xavier, S. Nakagaki, and L. T. Kubota, Electroanalysis, 10 (1998) 462.
5. B.R. Shaw, K. E. Creasy, C. J. Lanczycki, J. A. Sargeant, and M. Tirhado, J. Electrochem.
Soc., 135 (1988) 869.
6. C. Senaratne, J. Zhang, M. D. Baker, C. A. Bessel, and D. R. Rolison, J. Phys. Chem., 100
(1996) 5849.
7. C.A.Bessel and D. R. Rolison, J. Am. Chem. Soc., 119 (1997) 12673.
8. S.S. Shevade, R. Raja, and A. N. Kotasthane, Appl. Catal. A: General, 178 (1999) 243.
9. G. C. Petrucelli, E. Y. Kawachi, L. T. Kubota, and C. A. Bertran, Anal. Commun., 33 (1996)
227.
10. D. R. Rolison, Chem. Rev., 90 (1990) 867.
11. D.R. Rolison, R. J. Nowak, T. A. Welsh, and C. G. Murray, Talanta, 38 (1991) 27.
12. A.J.Bard and T. E. Mallouk, “Molecular Design of Electrodes”, ed. R. W. Murray, 1992,
John Wiley & Sons Inc., New York, p.271 (1992).
13.  A. Walcarius, Electroanalysis, 8 (1996) 971.
14. N. P. Evmiridis, M. A. Demertzis, and A. G. Vlessidis, Fresenius J. Anal. Chem., 340 (1991)
145.
15. S. Matysik, F. M. Matysik, J. Mattusch, and W. D. Einicke, Electroanalysis, 10 (1998) 98.
16. M. D. Baker and C. Senaratne, Anal. Chem., 64 (1992) 697.
17. J. Wang and A. Walcarius, J. Electroanal. Chem., 407 (1996) 183.
18. B. Liu, R. Hu, and J. Deng, Anal. Chem., 69 (1997) 2343.
19. B. Chen, N. K. Goh, and L. S. Chia, Electrochim. Acta, 42 (1997) 595.
20. B. Chen and L. Kryger, Talanta, 43 (1996) 153.
21. D.R.Rolison and J. Z. Stemple, J. Chem. Soc., Chem. Commun., (1993) 25.
22. K.B. Yoon, Chem. Rev., 93 (1993) 321.
23. F. Shunong, F. Yilu, and L. Peiyan, Talanta, 41 (1994) 155.
24. M. D. Baker, C. Senaratne, and J. Zhang, J. Chem. Soc. Faraday Trans., 88 (1992) 3187.
25. F. Bedioui, L. Roue, E. Briot, J. Devynck, S. L. Bell, and K. J. Balkus, J. Electranal. Chem.,
373 (1994) 19.
26. F. Bedioui and J. Devynck, J. Phys. Chem., 100 (1996) 8607.
27. G. Marko-Vagra, E. Burestedt, C. J. Svensson, J. Emneus, L. Gorton, T. Ruzgas, M. Lutz, and
K. K. Unger, Electroanalysis, 8 (1996) 1121.
28. J. Li and G. Calzaferri, J. Electroanal. Chem., 377 (1994) 163.
29. J. Li, K. Pfanner, and G. Calzaferri, J. Phys. Chem., 99 (1995) 2119.
30. O. Enea, Electrochim. Acta, 34 (1989) 1647.
31. J. P. Pereira-Ramos, R. Messina, and J. Perichon, J. Electroanal. Chem. Interfacial
Electrochem., 146 (1983) 157.
32. S. Castro-Martins, S. Khouzami, A. Tuel, and Y. Ben Taarit, J. Electroanal. Chem., 350 (1993)
15.
33. B.R. Shaw and K. E. Creasy, J. Electroanal. Chem., 243 (1988) 209.
34. C. G. Murray, R. J. Nowak, and D. R. Rolison, J. Electroanal. Chem. Interfacial Electrochem.,
164 (1984) 205.
35. M.J. Aguirre, M. Isaacs, F. Armijo, N. Bocchi, and J. H. Zagal, Electroanalysis, 10 (1998)
571.
36. M. K. Amini, S. Shahrokhian, S. Tangestaninejad, and V. Mirkhani, Anal. Biochem., 290
(2001) 277.



Int. J. Electrochem. Sci., Vol. 2, 2007 594

37.
38.
39.
40.
41.

42.

J. Ren, Q. Zhang, Q. Ren, C. Xia, J. Wan, and Z. Qin, J. Electroanal. Chem., 504 (2001) 59.

R. O. Lezna, S. Juanto, and J. H. Zagal, J. Electroanal. Chem., 452 (1998) 221.

“Martindale, The Extra Pharmacopeia”, ed. J. E. F. Reynolds and A. B. Prascal, 28t ed.,
Pharmacopeia Press, London, (1982).

A. Lechien, P. Valenta, H. W. Nurnberg, and G. C. Partriarche, Fresenius Z. Anal. Chem., 311
(1982) 105.

K. Kalcher, J. M. Kaufmann, J. Wang, 1. Svancara, K. Vytras, C. Neuhold, and Z. Yang,
Electroanalysis, 7 (1995) 5.

“Official Methods of Analysis of the Association of Official Analytical Chemists” (AOAC), 16"
ed., Vol. 2, Assoc. Offic. Anal. Chem., VA. (1995).

© 2007 by ESG (www.electrochemsci.org)




