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a b s t r a c t

A promising electrochemical biosensor was developed by electrodeposition of palladium nanoclusters
on polyfuran film modified platinum electrode. This biosensor electrode was used to determine some
catecholamines, namely dopamine, epinephrine and norepinephrine, ascorbic acid and paracetamol. The
method of formation of the polymer film and deposition of Pd particles plays a key role in the electroac-
tivity of the resulting hybrid material. This sensor effectively resolved the overlapping anodic peaks of
ascorbic acid (AA), dopamine (DA) and paracetamol (ACOP) into three well-defined voltammetric peaks
in differential pulse voltammetry analysis. The detection limit of DA in the absence and presence of AA
and ACOP are eventually the same which indicates that the oxidation processes of DA, AA and ACOP are
independent and that the simultaneous measurements of the three analytes are possible without inter-
ensor

atecholamine neurotransmitters
aracetamol
scorbic acid

ference. The electrodeposition of Pd on polyfuran improved exceptionally the detection limit about four
decades. Moreover, diffusion coefficient measurements confirmed the fast electron transfer kinetics of
the electrochemical oxidation of the analyte molecules at the sensor/solution interface. It is very inter-
esting to note that the electrocatalytic effect of PF/Pd composite has been increased to be sometimes 21
times that of the pristine PF which has been considered for a long time to be of low conductivity and

s a res
attracted low attention a

. Introduction

The discovery of electric conductivity of conjugated organic
olymers has opened a novel and a very important field of
odern materials science. In the past few years the class of

oly(heteroaromatic) compounds has been the center of great
nterest because of the high electrical conductivity, chemical
tability and satisfactory processability. Among these polymers,
oly(pyrroles), poly(thiophenes) and their derivatives have been
xtensively investigated. However, poly(furan) (PF) has received
ess attention because of the difficulty of synthesis as the monomer
as high oxidation potential [1,2]. Many authors have overcome
his difficulty by changing the experimental conditions [3–24].
n addition, various composites [25–30], copolymers [31–33], and
ipolymers [16,18] based on PF have also been prepared. A review
ummarizing previous work on PF has recently appeared [34]. In
his review, PF synthesis methods and the nucleation mechanism;

he electrochemical, structural, morphological, and magnetic prop-
rties of PF; thermal behavior; theoretical calculations on PF, as
ell as its applications were reported. However, to the best of our

nowledge, modification of PF films with metal particles has not

∗ Corresponding author. Tel.: +20 0237825266; fax: +20 0235727556.
E-mail address: Nada fah1@yahoo.com (N.F. Atta).
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ult of the difficulty of its formation and poor conductivity.
© 2009 Elsevier B.V. All rights reserved.

been reported in literature. It is thus of great importance to examine
with enthusiasm different factors relevant to the synergistic effect
between this polymer and Pd particles. This is due to the possibility
of combining the properties of polymers (processability, chemical
stability, and magnetic properties) with those of metals (electrical
conductivity, optical and magnetic properties) in a single material.

Catecholamines, for example epinephrine (E), norepinephrine
(NE), and dopamine (DA), are widely distributed and are important
neurotransmitters and hormones in mammalian species [35]. Thus
detecting and determining the concentrations of catecholamines
in the presence of interfering species is an important goal in
electrochemical analysis. Much attention has been given to the
design and development of novel materials coated on electrode
surfaces with improved molecular recognition capabilities [36–39].
The determination of monoamine neurotransmitters have been
carried out by using spectrophotometer [40], fluorescence [41],
chemical luminescence [42], pseudopolarography [43], voltamme-
try [44], capillary electrophoresis [45]. High performance liquid
chromatography (HPLC) with electrochemical detection is most
often used for the analysis of catecholamines and their metabolites

[46–48,35]. The detection of neurotransmitters and their metabo-
lites by electrochemical methods have attracted great interests
because of their simplicity, rapidness and high sensitivity, the
ability of sensing neurotransmitters in living organisms and in vivo
real time analysis [49]. However, electrochemical analysis on the

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:Nada_fah1@yahoo.com
dx.doi.org/10.1016/j.snb.2009.07.002
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nmodified electrodes such as glassy carbon (GC), Pt, Au electrodes
as limitations because of overlapping voltammetric peaks, high
oncentrations of ascorbate, uric acid (UA) in typical biological
atrices [50,51]. Recently, attention has been paid to develop
new generation of modified electrodes involving monolayers,

onducting polymers and nanoparticles able to solve efficiently the
roblems encountered in the conventional unmodified electrodes.

Acetaminophen or paracetamol (ACOP) is an antipyretic and
nalgesic drug widely used worldwide for the relief of mild to
oderate pain associated with headache, backache, arthritis and

ostoperative pain. It is also used for the reduction of fevers of
acterial or viral origin [52]. So it is very important to establish
simple, fast, sensitive and accurate detection method for ACOP.
oreover, ACOP is likely to interfere with DA and ascorbic acid

AA) determination. To our knowledge, few reports were pub-
ished for the simultaneous determination of AA, DA, and ACOP
n mixtures [53]. Voltammetric pulse techniques have been estab-
ished to be very sensitive in the detection of micromolar or even
anomolar amounts of dopamine [54,55]. Moreover, electrochem-

cal methods such as differential pulse voltammetry (DPV) can be
sed for obtaining better resolved Voltammetric characteristics for
ixture of components. We employed DPV to understand the inter-

ependence in the electrochemical signals on the oxidation of AA,
A and ACOP in the mixture. Furthermore, DPV was used for the
imultaneous determination of AA, DA and ACOP.

In this work, a novel sensor is introduced for the first time
y polymerizing PF and further modifies its surface with Pd nan-
clusters. The sensor is demonstrated useful for the sensitive
etermination of catecholamines, AA and ACOP in mixtures with
xceptionally high selectivity and sensitivity. Several parameters
ncluding the diffusion coefficients of the polymer/nanocluster sen-
or were also determined.

. Experimental

.1. Chemicals and reagents

All chemicals were used as received without further purifica-
ion. Furan, tetrabutyl ammonium hexafluorophosphate (Bu4NPF6),
cetonitrile (HPLC grade), hydroquinone, catechol, dopamine,
pinephrine, norepinephrine, methyl-l-DOPA, p-aminophenol,
aracetamol, ascorbic acid, sulfuric acid, were supplied by Aldrich
hem. Co. (Milwaukee, WI. USA). Palladium (II) chloride (Scherimg
aul Paum AG, Berlin, Germany) was also used. Aqueous solutions
ere prepared using double distilled water.

.2. Electrochemical cells and equipments

Electrochemical polymerization and characterization were car-
ied out with a three-electrode/one-compartment glass cell. The
orking electrode was platinum disc (diameter: 1.5 mm). The aux-

liary electrode was in the form of 6.0 cm platinum wire. All
he potentials in the electrochemical studies were referenced to
g/AgCl (3.0 M NaCl) electrode. Working electrode was mechani-
ally polished using alumina (2 �m)/water slurry until no visible
cratches were observed. Prior to immersion in the cell, the elec-
rode surface was thoroughly rinsed with distilled water and dried.
or the purpose of specimens’ preparation for the scanning elec-
ron microscope, platinum wires were polished before usage as

reviously described. All experiments were performed at 25 ◦C.

The electrosynthesis of the polymers and their electrochemical
haracterization were performed using a BAS-100B electrochemi-
al analyzer (Bioanalytical systems, BAS, West Lafayette, USA). JEOL
SM-T330A instrument was used to obtain the scanning electron

icrographs of the different films.
tors B 141 (2009) 566–574 567

2.3. Electrodeposition of Pd particles

The electrodeposition of Pd particles on the polymer film has
been reported in our previous work [56]. Briefly, a polymer film
is prepared by either bulk electrolysis, BE, or cyclic voltammetry,
CV, methods and washed with doubly distilled water. This was
followed by the electrochemical deposition of Pd particles on the
polymer film from a solution of 2.5 mM PdCl2 in 0.1 M HClO4 by
applying a double potential step (BE) or cyclic voltammetric pro-
gram (CV) to the polymer. The double potential step conditions
are (Ei = −0.05 V, �ti = 30 s, Ef = +0.01 V, �tf = 300 s), the electrode
formed in this way is indicated Pt/PF/Pd(BE). In the cyclic voltam-
metric (CV) method, on the other hand, the electrode is cycled
between −0.25 and +0.65 V at a scan rate of 50 mV s−1 for 25 cycles
and the electrode formed in this way is indicated Pt/PF/Pd(CV).

3. Results and discussion

3.1. Electrochemical polymerization of furan

Furan has attracted less attention than pyrrole, thiophene,
etc., because of its high oxidation potential and low conductiv-
ity. Low electrical conductivities may be attributed to type of
dopant anion, short conjugation lengths, as well as the ring-
opening reactions, the degree of cross-linking, and defects in
the lattice that results in different morphologies [34]. Furan was
electro-polymerized from a monomer solution containing 0.05 M
furan/0.05 M Bu4NPF6/acetonitrile. Repeated cyclic voltammetry,
CV, and bulk electrolysis, BE, methods were used for the electro-
chemical formation of polyfuran (PF) film. In the BE method a
potential of 2.6 V was applied to the working electrode for 30 s
whereas in the CV method the working electrode was cycled
between −0.1 and +2.6 V at a scan rate of 50 mV s−1 for 15 cycles.
Fig. 1A shows the repeated cyclic voltammograms taken during the
formation of PF film by CV method. In the first cycle, in which PF
is deposited over a clean surface of Pt, a sharp peak is observed
around 1.95 V which decreases sharply in the second cycle. Fur-
thermore, another peak is observed around 2.45 V in the first cycle,
the intensity of this peak decreases in the subsequent cycles. How-
ever, the intensity of the previous signals seems to decrease only
slightly in the subsequent scans which represent the deposition
of more PF layers on PF surface. The increase in the number of
scans resulted in the formation of irregular and low conductivity
PF films that was manifested in a decrease in the current [16,18].
In addition, Nessakh et al. suggested that anodic peak current of
2-methylfuran decreases rapidly during repetitive cyclic voltam-
mograms and it stabilizes at a small value when the electrode
surface is coated by an insulating film [8]. Fig. 1B reveals the
charge–time and current–time relationships obtained during the
electrodeposition of PF by BE method. The charge increases with
time while the current time transient shows an exponential decay
indicating film thickening. The current is highest at the start of the
experiment, in which PF is deposited over Pt, and decreases as time
elapses. Again, these results confirm the insulating nature of PF on
subsequent formation and thickening of the film.

3.2. Electroactivity of polyfuran films prepared under different
electrochemical conditions

PF films were formed on Pt electrodes using BE, Pt/PF(BE), and

CV, Pt/PF(CV), conditions. The electrocatalytic activity of both elec-
trodes was tested using the hydroquinone/benzoquinone (HQ/BQ)
redox system. Cyclic voltammograms were obtained at Pt/PF(BE) (I)
and Pt/PF(CV) (II) electrodes in 5 mM analyte/0.1 M H2SO4 and the
results are summarized in Table 1. Results show that lower oxida-
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Fig. 1. Results for the electrodeposition of PF on Pt electrode from 0.05 M
furan/0.05 M Bu4NPF6: (A) repeated cyclic voltammograms obtained during the for-
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ation of PF film on Pt electrode. Ei = −0.1 V, Ef = +2.6 V, number of cycles = 15, and
can rate = 50 mV s−1. The inset: the first cycle, solid line, and the last cycle, dashed
ine, are only shown. (B) Bulk electrolysis results obtained during the formation of
he polymer film at +2.6 V for 30 s.

ion peak potential, Epa, is observed at electrode (II) which indicates
hat the electro-oxidation of hydroquinone is thermodynamically

ore favorable at electrode (II) compared to electrode (I). Moreover,
nhanced reversibility for the hydroquinone/benzoquinone redox
ystem was observed at electrode (II) compared to electrode (I). This
as indicated from the potential peak separation for this redox cou-
le. Furthermore, lower oxidation peak current, Ipa, was observed
t electrode (II). Therefore, the electro-oxidation of hydroquinone
s kinetically less favorable at electrode (II) compared to electrode
I). However, the mechanism of the redox process did not change as
ndicated by the slopes of I–V curves prior the anodic and cathodic
rocesses.

In addition, PF electrodes show lower electrocatalytic activity
ompared to bare Pt electrode. A comparison was made between Pt
nd PF modified Pt electrodes in terms of the anodic peak current
alues obtained from CV results for all the compounds studied. The
urrent values and therefore electrocatalytic activities are always
igher at Pt electrode compared to PF electrodes. Again, this indi-
ates the slow charge transfer rate at the PF/solution interface.

Analysis of the surface morphology of these electrodes may
xplain this behavior. Fig. 2 shows the scanning electron micro-
raphs for electrodes I and II. SEMs show a laminar structure for
F film in both cases. PF in electrode (I) is oriented at about 30◦

ith respect to the longitudinal axis of the Pt electrode. On the
ther hand, laminar structure of PF in electrode (II) takes a different
rientation. Hence, the angle of orientation changes by changing
he method of polymerization. Magnification of the electrode (I)
Fig. 2C) shows that PF exists in two phases, amorphous and semi-

rystalline, structures. This may be due to different simultaneous
rowth mechanisms for PF on Pt electrode. The first clear evidence
or an ordered and porous PF/ClO4

− morphology was presented by
arrillo et al. [11,34,57–59]. The film showed ordered nodular struc-
ure that was always oriented at 45◦ with respect to the longitudinal
Fig. 2. Scanning electron micrographs of (A) electrode I, scale bar = 50 �m, (B) elec-
trode II, scale bar = 50 �m and (C) electrode I at a magnified scale, scale bar = 1 �m.

axis of the Pt electrode. The nodule area and the perimeter of the
nodules were analyzed, from which it was established that their size
diminished as the deposition potential increased [57]. The cross-
section displays a porous texture composed of interlinked layers
of nodules, with some cavities between the layers caused by non-

simultaneous nucleation and by an alternative growth mechanism
parallel to the electrode surface. A porous structure of polyfuran
films was also found by Talu et al. [16,18] and Li et al. [60]. This
laminar porous structure could account for the low values of the PF
conductivity.
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Table 1
Summary of the cyclic voltammetry results obtained at different electrodes in 5 mM analyte/0.1 M H2SO4.

Compound Pt/PF Pt/PF(BE)/Pd

BEa CVa BEb CVb

Epa (mV) Ipa (�A) Epa (mV) Ipa (�A) Epa (mV) Ipa (�A) Epa (mV) Ipa (�A) Amount of current
increasedc

Hydroquinone 561 37.2 545 26.7 437 84.2 449 224.2 6.02
Catechol 654 44.9 635 35.3 542 95.7 553 266.6 5.92
Dopamine 635 15.2 604 12.0 533 141.1 546 285.4 18.75
Methyl-l-DOPA 650 9.2 623 9.1 551 67.2 566 196.3 21.01
Epinephrine 656 10.6 669 7.5 549 73.7 564 175.2 16.36
Norepinephrine 707 11.1 676 10.4 544 67.3 558 172.3 15.50
p-Aminophenol 575 9.82 550 10.9 541 82.2 558 183.7 18.63
Paracetamol 726 35.7 724 29.4 696 141.2 705 271.6 7.59
Ascorbic acid 522 10.6 577 7.47 296 69.4 305 124.5 11.70

3

3
e

o
q
I
p
S
I
h
l
t
p
c
e
P
c
d
t

F

a The method of formation of the polymer film.
b The method of deposition of Pd particles.
c The current at Pt/PF(BE)/Pd(CV) is normalized to the current at Pt/PF(BE).

.3. Modification of PF with Pd particles

.3.1. Effect of the method of polymerization of furan on the
lectrode response

It is necessary to test the influence of the method of formation
f PF on the synergism between the polymer film and the subse-
uently loaded Pd particles. For this reason, Pt/PF(BE) (electrode

) or Pt/PF(CV) (electrode II) polymer films were prepared and Pd
articles were then loaded by the cyclic voltammetry program (cf.
ection 2.3). The resulting electrodes, Pt/PF(BE)/Pd(CV) (electrode
II) or Pt/PF(CV)/Pd(CV) (electrode IV), were tested by CV in 5 mM
ydroquinone/0.1 M H2SO4. The oxidation peak potential decreased

argely as a result of the electrodeposition of Pd which indicates
he thermodynamic feasibility of the redox reaction of HQ/BQ cou-
le at the Pd modified PF electrodes compared to PF electrodes. It
an also be noticed that the reversibility of the redox signals was

nhanced considerably at Pd modified PF electrodes compared to
F electrodes. The catalytic effect of Pd particles on the kinetics of
harge transfer can be manifested by comparing the peak current
ensity for HQ oxidation at the PF and the PF/Pd electrodes. Thus,
he anodic peak current at electrode (III) is about 6 times larger

ig. 3. Scanning electron micrographs of (a and c) Pt/PF(BE)/Pd(CV), electrode III (b and d
compared to electrode (I), while it is only about 2.1 times larger at
electrode (IV) compared to electrode (II). Thus, the redox reaction
of dopamine is kinetically and thermodynamically more favorable
at electrode (III) compared to other electrodes. Consequently, elec-
trode (III) shows the most marked synergistic, electrocatalytic effect
between PF film and Pd particles.

The variation of the electrocatalytic activity as a result of the
method of polymer film formation can be assessed from the sur-
face analysis of both electrodes. Fig. 3 shows scanning electron
micrographs of electrodes (III) and (IV). The host polymer film show
high roughness and some scattered pores with different sizes for
the PF prepared by two different methods (Fig. 3a and b). This
allows the chance for the deposition of Pd within the intercalation
of the polymer layers which could result in an effective interac-
tion between the polymer film and Pd particles. Thus, Pd starts
to deposit from the interior of the polymer matrix and grow to

the outside (cf. Fig. 3c and d). The strong interaction between PF
and Pd particles and the high electrocatalytic activity of Pd mod-
ified PF electrodes compared to PF electrodes could be explained
in terms of the small grain size of Pd (with nano-dimensions). It
can also be noticed that Pd forms clusters in the micrometer range,

) Pt/PF(CV)/Pd(CV), electrode IV. Scale bar (a and b) = 10 �m, (c and d) = 1 �m.
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owever, they are composed of smaller particles in the nanometer
ange.

.3.2. Effect of the method of deposition of Pd particles on the
lectroactivity of PF electrodes

The effect of presence of Pd as well as the method of its depo-
ition on the electroactivity of PF electrodes is considered here. At
rst, PF polymer film was prepared using BE conditions as it gives
etter synergistic effects on the current response of the electrode.
ubsequently, Pd was deposited over the polymer film using the
ouble potential step and the cyclic voltammetry methods (Sec-
ion 2.3). The electroactivity of the resulting electrodes, namely,
t/PF(BE)/Pd(BE) (electrode V) and Pt/PF(BE)/Pd(CV) (electrode III)
ere tested by cyclic voltammetry in 5 mM hydroquinone/0.1 M
2SO4. Analysis of these results again reveals that the redox

eaction of the HQ/BQ redox couple is thermodynamically and
inetically more favorable at PF electrodes modified with Pd
articles compared to the pristine PF electrodes. Moreover, incor-
oration of Pd into PF films results in enhanced reversibility of the
edox reaction of the HQ/BQ system. The value of the potential peak
eparation is lowered by the deposition of Pd. In addition, the ratio
f the anodic to the cathodic peak current (ipa/ipc) gets closer to
nity by the deposition of Pd. The foregoing results confirm the
easonable reversibility of HQ/BQ system at electrode (III) [61,62].
ence, electrode (III) has the best synergistic effect between the
olymer film and Pd particles in terms of the thermodynamic and
inetic feasibility of the redox reaction.

In order to characterize the reproducibility of the modified elec-
rode, repeated cyclic voltammetry (CV) experiment was run in
mM DA/0.1 M H2SO4. The relative standard deviation (R.S.D.) was
bout 3% after 50 successive CVs indicating that the designed sen-
or had an excellent reproducibility. On the other hand, electrode (I)
howed a change of 26% of current values at oxidation peak poten-
ial from the second cycle which indicate very weak reproducibility.
he plot of oxidation peak current versus the square root of scan rate
ields a straight line for electrode (III) in the range of 10–200 mV s−1.
his suggests that the oxidation of dopamine at electrode (III) is
iffusion controlled.

.4. Cyclic voltammetry results for the studied compounds at Pd
odified PMPy electrodes

Table 1 shows the results of the cyclic voltammograms of the
tudied compounds at electrodes I, II, III and V. It can be noticed
hat all compounds show a sluggish and much smaller CV peak
esponse with high oxidation potentials at electrodes I, II. On the
ther hand, electrodes III, V showed a negative shift in the oxida-
ion overpotential and increase in both redox peak currents with

ore reversible behavior. The current increase at Pd modified PF
lectrode (electrode III) is sometimes 21 times larger compared
o the pristine PF electrode (electrode I). The decrease of the oxi-
ation peak potential and the increase of the peak current prove
he excellent electrocatalytic effect of Pd particles imparted to
lectrodes III and V. Furthermore, the redox processes turn to be
ore reversible, suggesting that Pd particles accelerate the electron

ransfer of the studied compounds at the electrode/solution inter-
ace. Cyclic voltammograms for two compounds of biological and
harmaceutical interest are shown, Fig. 4. A remarkable enhance-
ent in the current response followed by a drop in peak potential

rovide a clear evidence of the catalytic effect of Pd particles which
ct as a promoter to enhance the electrochemical reaction, con-

iderably accelerating the rate of electron transfer. Stability of the
lectrochemical redox signal is also of importance for a superior
lectrode. The cyclic voltammetric signal at the Pd modified elec-
rodes for all compounds exhibits excellent stability by repetition
or up to 50 cycles.
Fig. 4. cyclic voltammograms obtained for (a) 5 mM DA (b) 5 mM ACOP at different
electrodes.

3.5. Apparent diffusion coefficients of the studied compounds at
different electrodes

The dependence of the anodic peak current density on the scan
rate has been used for the estimation of the “apparent” diffusion
coefficient, Dapp, for the compounds studied. Dapp values were cal-
culated from Randles Sevcik equation [63].

ip = 2.69 × 105n3/2AC0D1/2�1/2

where ip is the peak current density (A cm−2), n is the number of
electrons transferred at T = 298 K, A is the geometrical electrode area
(0.0176 cm2), C0 is the analyte concentration (5 × 10−6 mol cm−3),
D is the diffusion coefficient of the electroactive species (cm2 s−1),
and � is the scan rate (V s−1). It is important to notice that the
apparent surface area used in the calculations did not take into
account the surface roughness, which is an inherent characteristic
for all polymer films formed using the electrochemical techniques.
Dapp values are between 10−4 and 10−8 cm2 s−1 (Fig. 5). The elec-
trodeposition of Pd affects remarkably the diffusion component of
the charge transfer at the electrode surface as indicated by the
Dapp values. Sometimes, the increase in Dapp values is about four
decades that can only be explained in terms of the exceptional
catalytic role played by the Pd particles. This is possibly due to

quick mass transfer of the analyte molecules towards electrode
surface from bulk solutions and/or fast electron transfer process
of electrochemical oxidation of the analyte molecule at the inter-
face of the electrode surface and the solutions [64,65]. These results
are consistent with recent publications [66,67]. Furthermore, Dapp
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Fig. 7. Differential pulse voltammograms, DPVs, obtained at bare Pt, Pt/PF(BE) (elec-
ig. 5. Apparent diffusion coefficient values for all studied compounds as calcu-
ated from the oxidation segment of the corresponding CVs at: Pt/PF(BE), Pt/PF(CV),
t/PF(BE)/Pd(BE), and Pt/PF(BE)/Pd(CV) electrodes.

alues increase in the following order: electrode (II) < electrode
I) < electrode (V) < electrode (III) which is in consistence with the
yclic voltammetric results.

.6. pH study

The effect of solution pH on the electrocatalytic oxidation of
A at the Pt/PF(BE)/Pd(CV) modified electrode was studied by
V in 0.1 M PBS with the pH range of 2–11, Fig. 6. It was found
hat both the anodic and the cathodic peak potentials shifted
egatively with the increase of solution pH, indicating that the
lectrocatalytic oxidation of DA at the Pt/PF(BE)/Pd(CV) modified
lectrode is a pH-dependent reaction. The relationship between
he anodic peak potential and the solution pH value (over the pH
ange from 2 to 7) could be fit to the linear regression equation
f Epa (V) = 0.6439 − 0.0613 pH, with a correlation coefficient of
2
 = 0.9997. The slope was found to be −61.3 mV/pH unit over the
H range from 2 to 7, which is very close to the theoretical value
f −59 mV. This indicates that the number of protons and electrons

nvolved in the oxidation mechanism is equal [68]. As the dopamine
xidation is a two-electron process, the number of protons involved

ig. 6. Cyclic voltammetric response of the Pt/PF(BE)/Pd(CV) electrode to 5 mM DA
n 0.1 M PBS of different pH values: (a) pH 2.2, (b) pH 3, (c) pH 5, (d) pH 7, (e) pH 9,
f) pH 11. Scan rate 50 mV s−1. Inset: plot of the anodic peak current versus pH value.
trode I) and Pt/PF(BE)/Pd(CV) (electrode III) for a tertiary mixture of 5 mM AA + 5 mM
DA + 5 mM ACOP in 0.1 M H2SO4. DPV conditions: Pulse amplitude = 50 mV, scan
rate = 20 mV s−1, sample width = 17 ms, pulse width = 50 ms, pulse period = 200 ms,
and quiet time = 2 s.

is also predicted to be two. In solution, the pKa’s of dopamine are
8.9 (pKa1) and 10.6 (pKa2) [69]. A linear behavior was observed for
pH values in the range from 2 to 7 and just a little deviation was
obtained at pH 9. This indicates the deprotonation of dopamine at
pH 9 so that it is no longer a two-proton, two-electron process at this
point and other equilibria should be taken into account. At pH 11
the redox reaction of DA is no longer pH dependent as dopamine is
completely deprotonated at this pH. The peak current (Fig. 6, inset)
decreased from pH 2 to 5 then increased up to pH 7. Above pH 7,
the peak current decreased again.

3.7. Interference study

3.7.1. Voltammetric response of DA, ACOP, and AA in their mixture
Sensitivity and selectivity of electrode (III) for the simultaneous

determination of AA, DA and ACOP were evaluated for a mixture
of AA, DA and ACOP at electrode (III). Fig. 7 shows the Differen-
tial pulse voltammograms, DPVs, recorded for a mixture of AA
(5 mM), DA (5 mM) and ACOP (5 mM) at bare Pt and electrodes
(I) and (III) in 0.1 M H2SO4. We can see that bare Pt and electrode
(I) cannot separate the voltammetric signals of AA, DA and ACOP.
Therefore it is difficult to use bare Pt and electrode (I) for the voltam-
metric determination of this ternary mixture. On the other hand,
electrode (III) resolved the mixed voltammetric signals into three
well-defined voltammetric peaks at 246, 508 and 673 mV corre-
sponding to the oxidation of AA, DA and ACOP, respectively. The
parameters used during the DPV are set to be as follows: pulse
width (50 ms), pulse period (200 ms) and pulse amplitude (10 mV).
Generally, for a given concentration of DA, a comparatively large
oxidation current was noticed in the presence of AA at conven-
tional electrodes. This is due to the fact that oxidation product of
DA, dopamine-o-quinone, catalytically reacts with AA and reduces
the dopamine-o-quinone back to DA [70,51]. Therefore, determina-
tion of concentration of DA could not be achieved accurately in the
presence of AA. However, in the present work, AA is readily oxi-
dized at the new sensor surface well before the oxidation potential
of DA is reached. Hence, in addition to the wider potential differ-
ence (262 mV) for the oxidation of AA and DA at electrode (III),

the interference from oxidation product of DA is minimized. Thus,
the combined presence of PF and Pd nanoparticles in electrode (III)
is advantageous in the simultaneous determination of AA, DA and
ACOP.
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ig. 8. DPV curves of DA, ACOP and AA at electrode (III) in 0.1 M H2SO4. Concen-
rations of the three compounds (a–k): AA: 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
.9, 1.0 mM, DA and ACOP: 0.5, 1, 5, 10, 20, 30, 40, 50, 60, 80, 100 �M. Insets: the
orresponding calibration curves for (a) AA, (b) DA and ACOP.

.7.2. Simultaneous determination of DA, ACOP at high
oncentrations of AA

In biological environments, the concentration of AA is large com-
ared to DA. So it is important to investigate the electrochemical
esponse of DA and ACOP in the presence of large concentrations of
A. DPV experiments were performed at electrode (III) (Fig. 8) while
hanging the concentration of DA and ACOP simultaneously at the
icromolar levels and AA at the millimolar level. The peak current

alues were proportional to the concentrations of DA, ACOP and AA
n the mixture. The oxidation current of AA increases linearly with
ts concentration between 0.05 and 1.0 mM (inset of Fig. 8). For the
egression plot of peak current versus AA concentration, the slope
s 21.31 �A mM−1 and correlation (r2) is 0.9986. At the same time,
he calibration plots of both DA and ACOP are linear between 0.5
nd 100 �M with slopes of 0.4784 �A �M−1 (DA), 0.2637 �A �M−1

ACOP) and correlations of 0.9990 (DA), 0.9993 (ACOP). The detec-
ion limits (S/N = 3) are 7.13 × 10−6, 4.82 × 10−8 and 7.64 × 10−8 M
or AA, DA and ACOP, respectively. The separations of peaks between
ither two-peak potentials were large enough to determine DA and
COP individually and simultaneously in the presence of high con-
entration of AA. Hence, it is confirmed that for the oxidation of
A, DA or ACOP at electrode (III), the other components do not
ive any interference to the electrochemical signal. Interestingly,
he difference between peak potentials does not change with con-
entration of AA and DA in the mixture. To our knowledge, only
ne report was published for the analysis of AA, DA, and ACOP
ixture [53]. In this report the detection limits were 4.1 × 10−8,

.2 × 10−6 and 2.3 × 10−6 M for AA, DA and ACOP, respectively.
he latter values were achieved at carbon-coated nickel magnetic
anoparticles modified glassy carbon electrodes (C–Ni/GCE). When
ompared to our results, lower detection limits have been achieved
t Pt/PF(BE)/Pd(CV) electrode.

It is very interesting to note that the detection limit of DA
S/N = 3) at electrode (III) in the absence and presence of AA and
COP are eventually the same (i.e. 5.36 × 10−8 and 4.82 × 10−8 M,
espectively), which indicates that the oxidation processes of DA,
A and ACOP at electrode (III) are independent and that the simul-

aneous or independent measurements of the three analytes are

ossible without interference. Furthermore, the detection limit of
A at electrode (I) was only 2.15 × 10−4 M. Thus, the electrodepo-
ition of Pd on polyfuran made an enhancement for the detection
imit of about four decades which is an excellent result for these
ypes of polymers. It is important to mention that with the use of

[

[
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“small current” electrical transducers it will be possible to measure
small currents to allow the detection of pico-mole concentrations
for each of DA and ACOP simultaneously in presence of relatively
high concentrations of AA.

The other main interferences were examined and it was found
that 1.0 mM glucose, 1.0 mM uric acid did not interfere with 100 �M
DA and ACOP oxidation.

4. Conclusions

This study has indicated that the Pd modified PF composite elec-
trode exhibits highly electrocatalytic activity to the oxidation of
catecholamines, some organic compounds, ascorbic acid and parac-
etamol. The methods of deposition of the polymer film and Pd
particles were found to be key factors in controlling the electroactiv-
ity of this hybrid electrode. In addition, it has been shown that this
composite has good stability, reproducibility, selectivity and sensi-
tivity. It is very interesting to note that the electrocatalytic power
of PF/Pd composite has been increased to be sometimes 21 times
that of the pristine PF which has been considered for a long time to
be of low conductivity and attracted low attention as a result of the
difficulty of its formation. Ascorbic acid, dopamine and paraceta-
mol coexisting in a homogeneous solution can be simultaneously
determined at this modified electrode. The separations of peaks
were large enough to determine DA and ACOP individually and
simultaneously in the presence of high concentration of AA with-
out any interference. The detection limits (S/N = 3) are 7.13 × 10−6,
4.82 × 10−8 and 7.64 × 10−8 M for AA, DA and ACOP, respectively.
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