J Appl Electrochem (2009) 39:799-805
DOI 10.1007/s10800-008-9724-y

ORIGINAL PAPER

Homogeneous electrocatalytic oxidation of p-penicillamine
with ferrocyanide at a carbon paste electrode: application

to voltammetric determination

J. B. Raoof : R. Ojani - M. Majidian -
F. Chekin

Received: 9 March 2008/ Accepted: 6 November 2008 / Published online: 25 November 2008

© Springer Science+Business Media B.V. 2008

Abstract The electrooxidation of p-penicillamine (D-PA)
was studied in the presence of ferrocyanide as a homoge-
neous mediator at the surface of a carbon paste electrode in
aqueous media using cyclic voltammetry (CV) and chro-
noamperometry. Under optimum pH in CV the oxidation of
D-PA occurs at a potential about 380 mV less positive than
that in the absence of ferrocyanide. The catalytic oxidation
peak current was dependent on the D-PA concentration
and a linear calibration curve was obtained in the
ranges 4.0 x 107°-2.0 x 107> M and 8.0 x 107°~1.8 x
107* M of p-PA with CV and differential pulse voltam-
metry (DPV) methods, respectively. The detection limits
(30) were determined as 1.9 x 107> and 3.2 x 107° M by
CV and DPV methods. This method was also used for the
determination of p-PA in pharmaceutical preparations by
the standard addition method.
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1 Introduction

Thiols, R-SH are known to play many roles within phys-
iological systems. Penicillamine (PA) is an unphysiological
sulfur-containing amino acid that belongs to the amino-
thiols family. Penicillamine is a strong chelating agent and
can react with the majority of heavy metal ions. The
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outstanding metal-binding capability is reflected in the
pharmaceutical importance of PA [1]. Thus PA is the drug
of choice in the treatment of hepatolenticular degeneration
(Wilson’s disease: a genetic disease that results in exces-
sive copper deposits in the body tissues) and is also
effective for the treatment of several disorders including
rheumatoid arthritis, primary biliary cirrhosis, scleroderma,
fibrotic lung disease, cystinuria, heavy element poisoning
and progressive systemic sclerosis [2—4]. It exists in b- and
L-enantiometric forms that show different biological and
toxicological properties. The p-enantiomer is therapeutic
and the L-enantiomer is highly toxic since it possesses the
same configuration as the L-amino acids (which are con-
stituents of proteins) and therefore interferes with the
amino acid metabolism [5].

Different direct and indirect methods have been pro-
posed for the determination of p-penicillamine including:
high performance liquid chromatography with pre or post
column derivatization [6-8], calorimetry [9], fluorometry
[10], spectrophotometry [11-13], chemiluminescence [14],
capillary electrophoresis [15, 16] and NMR spectrometry
[17]. Electrochemical methods are an alternative for p-PA
determination because they are cheap, simple, fast and
sensitive. Mercury and mercury amalgam [18, 19] have
been extensively used for thiol-compound determination;
however, mercury has limitations due to its toxicity and the
rapid deterioration of the electrode response [20]. Some
chemically modified electrodes with various mediators
such as cobalt phthalocyanine [21, 22], cobalt salophen
[23], 4-tert-butylcatechol [24], dopamine [25] and tyrosi-
nase [3] have been used for electrochemical determination
of p-PA. Also the boron doped diamond thin film electrode
has been applied for electrochemical analysis of p-PA in a
flow injection system [26]. Also, many types of carbon-
based electrodes such as glassy carbon [27, 28], carbon
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composites [29, 30] carbon nanotubes [31, 32] and carbon
pastes [33-36] are used as modified electrodes.

Recently, we have demonstrated the suitability of fer-
rocyanide ion trapped in the poly (pyrrole) film prepared on
the surface of carbon paste electrode as a mediator for the
electrocatalytic oxidation of ascorbic acid and voltam-
metric determination of ascorbic acid and dopamine in the
same sample [37, 38]. Also, we reported the homogeneous
electrocatalysis of nitrite reduction by aqueous ferrocya-
nide at a carbon paste electrode [39]. This system due to
the use of ferrocyanide and the inexpensive carbon paste
electrode can provide a simple and low cost electrochem-
ical sensor for catalytic oxidation detection of p-PA. In this
work we investigated the suitability of ferrocyanide as a
homogeneous mediator for electrocatalytic oxidation of
D-PA at the surface of a carbon paste electrode in buffered
aqueous media. Finally, in order to demonstrate the
catalytic ability of this mediator in the electrooxidation of
D-PA in real samples, we examined this method for the
voltammetric determination of D-PA in pharmaceutical
preparations.

2 Experimental
2.1 Reagents and materials

The solvent used for the electrochemical studies was
bi-distilled water. Buffer solutions were prepared from
orthophosphoric acid and its salts in the pH range 2.00—
10.00. High viscosity paraffin (density = 0.88 g cm ™)
from Fluka was used as the pasting liquid for the carbon
paste electrode. Graphite powder (particle diameter =
0.1 mm) from Merck was used as the working electrode
(WE) substrate. Potassium chloride from Fluka was used as
the supporting electrolyte. The potassium hexacyanoferrate
and p-PA were from Fluka and were used as received. All
other reagents were of analytical grade.

2.2 Working electrode

A 1:1 (w/w) mixture of graphite powder and paraffin was
blended by hand mixing with a mortar and pestle for
preparation of the carbon paste. Then the resulting paste
was inserted in the bottom of a glass tube (internal radius
1.5 mm). The electrical connection was implemented by a
copper wire lead fitted into the glass tube.

2.3 Instrumentation
The electrochemical experiments were carried out using a

Potentiostat/Galvanostat (BHP  2061-Electrochemical
Analysis system, Behpajooh, Iran) coupled with a Pentium

@ Springer

IITI personal computer connected to a HP laser jet 6L
printer. The experiments were performed in a three com-
partment cell. A platinum wire was used as the auxiliary
electrode. A carbon paste electrode as the working elec-
trode and a double junction AglAgClIKCl,, electrode as
reference electrode were used. A pH-meter (Ion Analyzer
250, Corning) was used to read the pH of the buffered
solution.

3 Results and discussion

3.1 Electrochemical of ferrocyanide in aqueous
solutions

Previously, it has been demonstrated that electrochemical
behavior of ferrocyanide at the usual solid electrodes is
reversible [39]. But in this work, we studied the electro-
chemical behavior of ferrocyanide in 0.1 M phosphate
buffered solution (pH = 7.00) with 0.1 M KCl as the sup-
porting electrolyte at the surface of a carbon paste electrode
(CPE) by cyclic voltammetry. The low cost, wide potential
windows, low electrical resistance, chemical inertness and
compatible with molecules and biological species are some
advantages of the carbon paste electrode compared to other
solid electrodes as working electrodes in electrochemical
methods. Figure 1A shows the cyclic voltammogram of
1.0 mM of ferrocyanide at the various scan rates (v =
5-1,000 mV sfl) in the above mentioned condition. Ano-
dic and cathodic peak potentials (Ep,,, E,), half wave
potential (E},,) and peak separation potential (AE,) can be
found 360, 140, 250 mV vs. AglAgCIlIKCl, and 220 mV,
respectively. AE, is greater than 59/n mV (n =1) as
expected for a reversible system; which shows quasi-
reversible behavior for the ferrocyanide/ferricyanide redox
system. In addition, the plots of the anodic and cathodic
peak currents were linearly depended on the square root of
scan rate (vm) at all scan rates (Fig. 1B). This behavior
indicates that the redox process is diffusion-controlled.

3.2 Electrocatalytic ability of ferrocyanide
at optimum pH

The effect of aqueous solution pH on the electrode process
of p-PA (RSH in below) was investigated by cyclic vol-
tammetry. Cyclic voltammograms of 1.5 mM bp-PA in
0.1 M phosphate buffered solutions with various pH values
were recorded at a scan rate of 10 mV s™' at the surface of
CPE (Fig. 2A). A potential—pH diagram was constructed
by plotting the oxidation peak potential values of D-PA as a
function of pH (Fig. 2B). This diagram comprises a linear
segment with slope value equal to 63 mV per unit of pH in
the range 5.00 < pH < 9.00. According to the slope value,
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Fig. 1 A Cyclic
voltammograms (CVs) of

0.5 mM ferrocyanide in 0.1 M
phosphate buffer solution

(pH 7.00) containing 0.1 M KCl
as supporting electrolyte at the
surface of CPE at various scan
rates: (a) 5 (b) 10 (c) 20 (d) 50
(e) 100 () 250 (g) 500 (h) 800
(i) 1,000 mV s~'. B Plots of
anodic and cathodic peak
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Fig. 2 A Cyclic 2] (A)
voltammograms of 1.5 mM B
D-PA in phosphate buffer 3 e
solution containing 0.1 M KCl 20 8 0.6 4
as supporting electrolyte at the < . 6] =
surface of CPE in various pHs: = | % 0.7 -
(a) 5.00 (b) 6.00 (c) 7.00 (d) = 12 < ¥ =-0.063% + 1.163
8.00 and (e) 9.00 at scan rate 3 :ﬁ” 061 R";= 0.9905
10 mV s~'. B Variation of the . 054
anodic peak current vs. pH 4 e
0 g 04 .
If B4 5 8§ 7 8 8 10
T oz 06 08 | pH
E/V vs. AglAgCIKCl,;

the reaction scheme probably involves sulfide radical
formation via the following mechanistic steps [40]:

RSH — RS™ + H' (1)
RS™ —RS"+ e (2)
2RS* — RSSR (3)
Overall: 2(RSH or RS™) — RSSR + 2e~ 4)

Therefore, the electrochemical behavior of p-PA and fer-
rocyanide are dependent on pH [23, 39]. Therefore, pH
optimization of the solution is necessary in order to obtain
the electrocatalytic oxidation of p-PA by ferrocyanide.
Thus, we studied the electrochemical behavior of p-PA in
0.1 M phosphate buffered solutions with various pH values
(2.00 < pH < 10.00) at the surface of CPE in the presence
of ferrocyanide by cyclic voltammetry. Cyclic voltammo-
grams of D-PA in strong acidic medium (such as pH 2.00)
show that the oxidation of p-PA cannot be catalyzed by
ferricyanide (Fig. 3A, curve a). However the oxidation of
D-PA and ferrocyanide are pH-dependent and shift toward
less positive potential with increasing solution pH. So, the
thermodynamic driving force for the catalysis varies with
pH, making the peak currents and the shapes of the cyclic
voltammograms different at different pH values. Conse-
quently, buffered solutions of pH >4.00 favor the catalyzed
oxidation of p-PA which is initiated by ferricyanide pro-
duced from electrooxidation of ferrocyanide.

This was manifest as a gradual growth in the anodic
peak current and a simultaneous decrease in the cathodic
peak current of cyclic voltammogram of Fe(CN)g* >~
redox system in the presence of D-PA at the CPE
(Fig. 3A, curves b—d). The variation of I,, with pH is
shown in Fig. 3B. The electrocatalytic current decreases
at high pH values. Therefore, pH 7.00 was chosen as the
optimum pH for the electrocatalysis of p-PA oxidation by
Fe(CN)s®~ at the CPE. The anodic peak potential of p-PA
was shifted to a less-positive potential with increasing pH
in the presence of ferrocyanide at the surface of CPE
(Fig. 3C).

Comparison of the cyclic voltammograms of 0.5 mM
of ferrocyanide in the 0.1 M phosphate buffered solution
(pH 7.00) in the absence (Fig. 4c) and presence of
1.5 mM of p-PA (Fig. 4d) with the cyclic voltammogram
of 1.5 mM of p-PA (Fig. 4b) at the surface of CPE in the
same pH, demonstrated that the electrooxidation of p-PA
can be catalyzed by electrochemically generated
Fe(CN)¢>~. The reaction can be defined in Scheme 1,
whereby the generation of Fe(CN)¢>~ at the CPE surface
catalyzes the oxidation of p-PA. Then, the Fe(CN)63_
undergoes a catalytic reduction by D-PA back to
Fe(CN)647, which can be re-oxidized electrochemically to
produce an enhancement in the oxidation current. The
kinetic mechanism of this electrocatalyzed reaction (EC’)
process remains unexplained due to the oxidation
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Fig. 3 A Cyclic
voltammograms (CVs) of

0.5 mM ferrocyanide in the
presence of 1.5 mM p-PA in
0.1 M phosphate buffer solution
containing 0.1 M KCl as
supporting electrolyte at the
surface of CPE in various pHs:

(a) 2 (b)4 (c) 6 (d) 7 at scan rate - 164 (B)
10 mV s~!. B Variation of the oy
anodic peak current vs. pH. C ]
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Fig. 4 Cyclic voltammograms of a CPE in 0.1 M phosphate buffer
solution (pH 7.00) at scan rate of 10 mV s™!and b as (a) in the
presence of 1.5 mM p-PA, ¢ as (a) and d as (b) in the presence of
0.5 mM ferrocyanide

processes of Fe(CN)¢*~ and p-PA having similar voltages
at CPE. Figure 3b shows that the oxidation of p-PA at the
bare CPE occurs irreversibly with a peak potential of

@ Springer

Scheme 1 Homogeneous electrocatalytic oxidation of p-PA with
ferrocyanide at CPE

nearly 800 mV vs. AglAgCIIKClg,, whereas the cyclic
voltammogram of supporting electrolyte at the CPE did
not show any anodic and cathodic peaks (Fig. 4a).
Comparison of Fig. 4b and d shows that the oxidation of
D-PA in the presence of ferrocyanide at the surface of
CPE occurs at a potential about 380 mV less positive than
that in the absence of ferrocyanide. The electrocatalytic
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Table 1 Comparison of the efficiency of some modified electrodes in the electrocatalytic oxidation of p-PA

Electrode Modifier pH Peak potential LDR (uM) LOD (pm) References

shift (mV)

CP Cobalt salophen 3.00 50 10-1,000* 1.00* [23]

GC* 4-tert-Butylcatechol 7.00 420 0.02-80° 0.007° [41]

CP Ferrocene carboxylic acid 7.00 420 6.5-100° 6.15% [42]

CP Ferrocyanide 7.00 380 8-180* 3.20° This work

* LDR and LOD were obtained using differential pulse voltammetry
" LDR and LOD were obtained using cyclic voltammetry
¢ GC is on the top of the rotating biosensor

oxidation of D-PA has been investigated at the surface of
other chemically modified electrodes. Our value is com-
parable with other results (see Table 1) [23, 41, 42].

3.3 Double potential step chronoamperometry

Double potential step chronoamperometry, as well as other
electrochemical methods, was employed for the investi-
gation of electrochemical processes. Figure SA shows the
current—time curves of ferrocyanide by setting the working
electrode potential at 0.40 V (first potential step) and
0.04 V (second potential step) vs. AglAgCIlIKCl, for
various concentration of p-PA in buffered aqueous solu-
tions (pH 7.00). There is no net cathodic current
corresponding to the reduction of Fe(CN)s>~ to Fe(CN)e*~
in the presence of p-PA, when the second potential step is
employed. The oxidation current increases with increasing
D-PA concentration at the first potential step. While the
forward and backward potential step chronoamperometry
of Fe(CN)637 in the buffered solution in the absence of
D-PA at the CPE show very symmetrical chronoampero-
grams with an equal charge consumed for the oxidation and
reduction of Fe(CN)¢*~and Fe(CN)s>~ (Fig. 5B, curve a).
However, in the presence of p-PA, the charge value asso-
ciated with forward chronoamperometry is significantly
greater than that observed for backward chronoampero-
metry (Fig. 5B, curve ¢’).

The rate constant for the chemical reaction can be
evaluated by chronoamperometry according to the method
described in [43]:

IC/IL — nl/z,yl/z — nl/Z(Ktht)l/z

(5)

where Ic is the catalytic current in the presence of p-PA
and [;_is the limited current in the absence of D-PA, y is the
argument of the error function, Cy, is the bulk concentration
of p-PA, mol cm”3 , Ky, and ¢ are the catalytic rate constant
(cm® mol ™! s71) and time elapsed (s). The above equation
can be used to calculate the rate constant of the catalytic
process, Ky. The value of K, can be simply calculated for a
given concentration of substrate from the slope of the I-/I},
vs. 1'% plot. The calculated value of K is 4.33 x 10* cm®
mol~' s using the slope of the I/l — ¢'/* plot (with
linear equation y = 1.4766x + 1.4147, R® = 0.994). This
value of K}, also explains the sharp feature of the catalytic
peak observed for the oxidation of p-PA by Fe(CN)s>~.

3.4 Electrocatalytic determination of p-PA

The electrocatalytic peak current of p-PA oxidation by
Fe(CN)63 ~ at the CPE was used for determination of D-PA
in solution. Cyclic voltammetry and differential pulse
voltammetry experiments of 0.5 mM of ferrocyanide were
performed in phosphate buffer solution containing various
concentrations of pD-PA (Fig. 6). The electrocatalytic peak

Fig. 5 A Double step potential 20] (A)
chronoamperograms obtained ]
for 0.5 mM ferrocyanide in the 60 e
(a) absence and presence of (b) 3 d
03(c)1.0(d) 1.2 (e) 1.6 mM of 40 c 250 (B) i
p-PA in 0.1 M phosphate buffer - b €
solution (pH 7.00). First and = 20 200
second potential steps were 0.40 L 0 1 a Y 150
and 0.04 V vs. AglAgCIIKClgy,. 1 P =
B The charge-time curves: (a’) ] ( O 100 a’
for curve (a) and (&) for curve (e) -20 1 50
-401 0 .
2 4 6 8 1012 14 16 18 T
t/s t/s
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Fig. 6 A Cyclic voltammograms of 0.5 mM ferrocyanide in the
presence of various D-PA concentration: (a) absence and (b) presence
of 0.04 (¢) 0.1 (d) 0.3 (e) 0.5 (f) 0.7 (g) 0.9 (h) 1.0 (i) 1.2 (j)1.5 and (k)
2.0 mM at a scan rate of 10 mV s~'. B Differential pulse voltam-
mograms of 0.5 mM ferrocyanide at the surface CPE in (a) absence
and presence of (b) 0.008 (c) 0.020 (d) 0.040 (e) 0.080 (f) 0.110 (g)
0.160 and (h) 0.180 mM of p-PA in 0.1 M phosphate buffer solution
(pH 7.00)

current of pD-PA oxidation was linearly dependent on
D-PA concentration. The calibration plot was linear in the
range 4.0 x 107°-2.0 x 107> M (with linear equation
y = 8.0443 x + 5.2807, R* = 0.998) and 8.0 x 10 °-1.8
x 107* M (with linear equation y = 15.581 x + 5.8418,

R* = 0.990) in the cyclic voltammetry and differential
pulse voltammetry. The detection limits (30) were
19 x 107> and 32 x 100°M with CV and DPV,
respectively. Thus, the catalytic oxidation of p-PA by
Fe(CN)¢*~ at the CPE can readily be applied for the
determination of p-PA.

Also, we studied the influence of other compounds such
as alanine, tryptophan, cysteine and glutathione on the
electrocatalytic peak current of p-PA oxidation in 0.1 M
phosphate buffer solution at the surface of CPE using CV.
The presence of alanine, tryptophan and cysteine did not
influence the determination of p-PA in the experimental
conditions. But glutathione, in large concentration, did
influence the determination of p-PA.

3.5 Determination of p-PA in pharmaceutical
preparations

In order to demonstrate the electrocatalytic oxidation of
D-PA in pharmaceutical preparation, we examined this
ability in the voltammetric determination of p-PA in the
D-PA capsules (containing 250 mg p-PA) purchased from
local sources (Laboratories Rubio, S.A. Spain). The
precision of the method was obtained on the basis of intra-
assay using the standard addition method. The intra-assay
data is summarised in Table 2. In the United States phar-
macopoeia (USP) PA tablets are assayed by an ion-pairing
HPLC method [12]. There is no significant difference
between the labelled contents and those obtained by the
proposed method with satisfactory recovery.

4 Conclusions

Ferrocyanide can act as a homogeneous mediator for the
electrocatalytic oxidation of pD-PA in buffered aqueous
solution (pH 7.00) at the surface of a CPE. Under optimum
conditions the oxidation peak potential of D-PA is shifted
by 380 mV to a less positive potential in the presence of
ferrocyanide. Therefore, the electrocatalytic oxidation peak

Table 2 Determination of p-PA in D-PA capsule and recovery data obtained for p-PA added at specified concentrations to buffer solution
(pH 7.00) at the surface of CPE using ferrocyanide as a homogeneous mediator

Amount added Amount found Mean recovery (%) Texp Fexp
(mg mLfl) (mg mLfl) b

Proposed-method® USP-method
0.5 mg per tablet 0.504 100.8 £ 1.56 102.6 £ 0.6 2.40 6.76
0.93 0.980 1053 £ 4.0
1.05 1.098 104 £ 7.0
1.50 1.480 98 + 8.5

4 Result based on five replicate determinations per samples

® Result based on five replicate determinations per samples
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current of D-PA in the presence ferrocyanide was used for
voltammetric determination of p-PA in aqueous solution.
This method can be employed as a new and simple method
for the voltammetric determination of p-PA in pharma-
ceutical preparations.
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