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Cobalt  phthalocyanine  (CoPc)  and  cobalt  phthalocyanine  carboxylic  derivatives  (CoTCPc  and  CoOCPc)
have  been  used  as  electrocatalysts  for  the  detection  of  the antioxidants  vanillic  acid,  caffeic  acid,  pyrogal-
lol,  and  ascorbic  acid on  screen-printed  carbon  and  disk  electrode  surfaces.  The  cobalt  phthalocyanines
were  used  to  detect  vanillic  acid  (with  limit  of  detection  ranging  from  1.15 �M  to 2.42  �M  at  poten-
tials  of  0.55–0.88  V vs.  Ag|AgCl),  caffeic  acid (with  limit  of  detection  ranging  from  1.17  �M  to  2.20  �M
at  potentials  of 0.30–0.81  V vs.  Ag|AgCl),  pyrogallol  (with  limit  of  detection  ranging  from  1.16  �M to
creen-printed electrode
isk electrode
ntioxidant
hthalocyanine
inetics
rincipal component analysis

3.63  �M at  potentials  of  0.52–0.63  V vs.  Ag|AgCl),  and ascorbic  acid  (with  limit  of  detection  ranging
from  1.16  �M to 1.58  �M at potentials  of  0.34–0.46  V vs.  Ag|AgCl).  The  kinetic  studies  also  demonstrate
diffusion-controlled  processes  at  the  electrode  surface.  The  SPCE  electrodes  have  better  detection  prop-
erties towards  vanillic  acid,  caffeic  acid,  pyrogallol  while  the  disk  electrodes  had  better  ascorbic  acid
detection  properties  as  proven  by  kinetic  studies.  Both  types  CoPc-influenced  electrodes  show  100%
discrimination  of  the  antioxidants.
. Introduction

Antioxidants are a broad group of active biological substances
hich are widespread in foods [1].  Among antioxidants, polyphe-
ols are of great interest due to their health benefits [2–4]. In
ddition, polyphenols influence the quality and the organoleptic
haracteristics of foods and affect their antioxidant capacity [5,6].
everal analytical methodologies have been proposed in order to
uantify phenolic compounds in food, beverages and biological
uids. These techniques include chromatographic, electrophoretic
nd optic techniques [6,7]. Electrochemical techniques have often
een considered superior, due to their higher sensitivity, negligible
ffect of the sample turbidity and inherent portability [6].

During the last years, a new technology for the analysis of

oods has been developed, called electronic tongue that con-
ists of an array of electrodes with cross selectivity coupled to

 pattern recognition software [8,9]. The most used methods in
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e-tongues employ electrochemical techniques, including poten-
tiometry [10–12],  amperometry [13], cyclic voltammetry [14–16]
or impedance measurements [16–18].  Much attention has been
paid to the analysis of foods and beverages, and in particular, to
the analysis of antioxidants [19,20], antioxidants in oils [21] wines
[22–24] and beers [25]. By using PCA, it is possible to discriminate
between samples of different characteristics [26].

One of the main challenges in electronic tongues is to find the
appropriate sensing materials for each particular application. Met-
allophthalocyanines (MPcs), a wide family of materials that belong
to the family of tetrapyrrolic compounds, have demonstrated to be
an interesting choice as sensitive materials because the changes
produced by the presence of other molecules can be monitored
using a variety of transduction methods [27–29].  In particular, these
fully �-conjugated macrocyclic molecules have attracted consider-
able interest as chemical modifiers in electrochemical sensors due
to their rich electrochemical and electrocatalytic activities [27–31].
In addition, the electrochemical signals produced by the presence
of analytes can be monitored using a variety of electrochemical
methods that include potentiometry, amperometry, voltammetry

or impedimetry [32–35].

Metallophthalocyanine (MPc) electrochemistry in the solution
phase is typified by multiple and often reversible redox processes
localized on the metal center and the Pc ring [30,36],  but ring

dx.doi.org/10.1016/j.snb.2012.02.088
http://www.sciencedirect.com/science/journal/09254005
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ig. 1. Molecular structures of cobalt phthalocyanine (CoPc, 1), cobalt tetracarboxy
hthalocyanine (CoTCPc, 2) and cobalt octacarboxy phthalocyanine (CoOCPc, 3).

ubstituents have been known to have a significant effect on the
Pc electrochemical sensing ability [37]. These redox pathways
ay  be further influenced by the solvent and the axial ligand [38]

nd are important in natural and industrial catalytic reactions of
hthalocyanines.

First row transition metals have d-orbitals situated between
he HOMO and LUMO gap of the Pc ligand and consequently show
lectrochemical reactivity: electrochemical processes occurring on
he metal in the Pc are expected especially for Fe, Co, and Mn
erivatives [39], and hence Co derivatives were used in this work.

n addition, it is well known that the catalytic activity of metal-
ophthalocyanines for the oxidation of several molecules can be
tuned” by manipulating the E◦′ formal potential, using proper
roups on the macrocyclic ligand [40,41].  In spite of the poten-
ial advantages of cobalt phthalocyanine carboxyl derivatives, they
ave not been used as electroactive materials for construction of
rrays of sensors. Therefore, the objective of this work is to com-
are two types of electrochemical experimental setups based on
hese Pcs and to evaluate their capability to discriminate several
ntioxidants. For this purpose, cobalt phthalocyanine (CoPc, 1),
obalt tetracarboxyphthalocyanine (CoTCPc, 2) and cobalt octacar-
oxyphthalocyanine (CoOCPc, 3), Fig. 1, sensing units with distinct
electivity have been prepared using screen-printed carbon elec-
rodes (SPCEs), and traditional disk electrodes for the detection and
iscrimination of four antioxidants including three phenols: vanil-

ic acid (monophenol), caffeic acid (a diphenol) and pyrogallol (a
riphenol) and ascorbic acid (a dihydroxyfuran) which is one of the

ain antioxidants found in foods as a preservative. The capability
f discrimination of the array of sensors toward antioxidants has
een analyzed by the principal component analysis (PCA).

. Experimental
.1. Materials

The cobalt complexes 1–3 were synthesized according to
eported procedures [42–44].  Ethanol and dimethylformamide
uators B 166– 167 (2012) 457– 466

(DMF) were purchased from Scharlau. l-Tartaric acid was pur-
chased from Sigma. NaOH was purchased from Panreac. Pyrogallol
and caffeic acid were purchased from Sigma–Aldrich. Vanillic acid
was purchased from Fluka. l(+)-Ascorbic acid was purchased from
Riedel-de Haën. The antioxidants were dissolved in a model wine
solution (hydroalcoholic solution) consisting of 12% (v/v) ethanol
and 0.033 M l-tartaric acid adjusted to a pH of 3.6 using NaOH.
This hydroalcoholic solution simulates the conditions at which the
phenols are found in wines. Deionized water was obtained from a
Millipore-Q-system.

2.2. UV–vis measurements

UV–visible spectra were recorded on a UV-1603 UV–visible
spectrophotometer (Shimadzu). In UV–vis studies [antioxi-
dant] = [MPc] = 1 mM.

2.3. Electrochemical procedure

2.3.1. Screen-printed carbon electrodes
The electrochemical studies were carried out using DRP-

110 screen-printed electrodes (SPCE) purchased from Dropsens
(Spain). The electrodes contained three screen-printed electrodes:
a working electrode made of carbon (4 mm diameter); a counter
electrode also made of carbon and a silver reference electrode. The
electrodes were connected to a potentiostat (�Stat 400 BioPoten-
tiostat/Galvanostat) adapted to these electrodes fabricated by the
same company using a DSC boxed connector.

A significant advantage of using a disposable SPCE is that no
cleaning steps are need being the SPCE replaced between mea-
surements. Therefore, 1 mM of the corresponding CoPc derivative
(10 �L in DMF, final concentration = 0.5 mM)  mixed with 1 mM
antioxidant solution (10 �L in hydroalcoholic solution, final con-
centration = 0.5 mM)  was  placed onto a new screen-printed carbon
electrode surface and the resulting solution analyzed by cyclic
voltammetry.

Cyclic voltammograms were registered from 0 to 1.2 V (except
otherwise indicated) at a scan rate of 100 mV  s−1.

2.3.2. Disk electrodes
Cyclic voltammetry studies were recorded using a PARSTAT

2273 potentiostat (EG&G). A conventional three-electrode system
consisting of a BASi glassy carbon electrode (3.00 mm diame-
ter) as a working electrode, a platinum wire counter electrode
and an Ag|AgCl/KCl (3 M)  reference electrode were employed. The
Ag|AgCl/KCl (3 M)  reference electrode has an offset potential of
0.222 V vs. the normal hydrogen electrode.

For the disk electrode setup, 10 �L of the corresponding CoPc
derivative (1 mM in DMF) was placed onto a cleaned glassy carbon
electrode surface for 30 min  to dry.

Cyclic voltammograms were registered from 0 to 1.2 V (except
otherwise indicated) at a scan rate of 100 mV s−1. The electrochem-
ical responses to antioxidants were recorded in 1 mM antioxidant
solutions. After use electrodes were cleaned by polishing using
0.05 �m alumina followed by an ultrasonic bath cleaning in deion-
ized water for a few minutes, in order to remove any residual
alumina.

2.4. Data analysis

Cyclic voltammograms were disk analyzed by principal compo-

nent analysis (PCA) which is a non-supervised technique used to
explain the variance in a data matrix [26] (The Unscrambler v. 9.1,
CAMO ASA, Norway and Matlab v5.3., The Mathworks Inc., Natick,
MA,  USA). So, using PCA, it is possible to find the structure and
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Fig. 3. Cyclic voltammograms of vanillic acid (1), CoPc + vanillic acid (2),
CoTCPc + vanillic acid (3), and CoOCPc + vanillic acid (4) solutions recorded on a
ig. 2. UV–visible spectra of CoTCPc before (1) and after (2) addition of vanillic acid.
oTCPc concentration ≈1 �M.

orrelation in a data set and to make a calibration data set, which
an be used to predict test data.

All antioxidant samples were measured seven times with each
ensor. The analysis was carried out using, as input data source, pre-
rocessed voltammograms obtained by the adaptation of a data
eduction technique based on predefined response ‘bell-shaped-
indowing’ curves called ‘kernels’ [45]. Using this approach, 10
arameters per curve were obtained.

. Results and discussion

.1. UV–visible spectra studies of antioxidants

As an example, Fig. 2 shows the UV–visible spectra of CoTCPc
efore (1) and after (2) addition of vanillic acid. The Q-band max-

mum shifts for all the MPcs (complexes 1–3) on addition of the
arious antioxidant solutions due to the electron donating nature
f the latter [46]. Electron donating groups shift the Q band to the
ed. It is possible that the antioxidants coordinate to the central Co
etal of the phthalocyanines. Electrochemical studies between the

wo types of species could then be more confidently done.

.2. Electrochemical studies of antioxidants

.2.1. Vanillic acid
Fig. 3a shows the cyclic voltammograms registered when using

he unmodified SPCE and the three electrodes chemically modified
ith the three phthalocyaine compounds in contact with vanillic

cid solutions. A broad and relatively insignificant vanillic acid oxi-
ation peak was observed for the unmodified SPCE (Fig. 3a, plot
). Better-defined vanillic acid oxidation peaks with higher peak
urrent intensities and less positive peak potentials were observed
hen CoPc, CoTCPc, and CoOCPc were added in the vanillic acid

olution at 0.60 V, 0.80 V and 0.55 V vs. Ag|AgCl respectively, Table 1.
he increase in current and shifting of potentials to less positive
alues confirm electrocatalytic activity.

Fig. 3b shows the cyclic voltammograms registered using the
are and the modified disk electrodes recorded in 1 mM vanil-

ic acid solution. A weak peak was observed for vanillic acid on
nmodified disk electrode (Fig. 3b, plot 1). Vanillic acid oxidation
eaks were observed between 0.81 V and 0.88 V vs. Ag|AgCl for the
oPc-modified electrodes, Table 1. Vanillic acid oxidation occurs
n unmodified electrode at approximately 0.93 V vs. Ag|AgCl and

he peak current is enhanced (and overpotential decreased) upon

odification, Fig. 3b, confirming catalytic activity.
In comparing the cyclic voltammogram responses of the SPCEs

Fig. 3a) and disk electrodes (Fig. 3b), it can be seen that the
screen-printed carbon electrode (a) and a disk electrode (b). For the screen-printed
carbon electrode recordings: [vanillic acid] = [MPc] = 0.5 mM,  while the disk elec-
trodes were recorded in 1 mM vanillic acid solution. Scan rate = 100 mV s−1.

phthalocyanine complexes on the SPCEs detected vanillic acid at
lower potentials, Table 1, and the phthalocyanine modified disk
electrodes gave larger peak current response.

Linear relationships between the peak current and square root
of scan rate for both SPCEs and disk electrodes of this work (figures
not shown) in all analytes indicate a diffusion-controlled analyte
electrocatalytic oxidation by the CoPc complexes.

The Tafel slope was  determined using the standard equation for
a totally irreversible process [47,48],  Eq. (1):

Ep = 2.3RT

2(1 − ˛)nF
log � + K (1)

where  ̨ is the transfer coefficient, � is the scan rate, n is the num-
ber of electrons involved in the rate determining step and K is the
intercept. Plots of Ep vs. log � for SPCE immersed in cobalt
phthalocyanine derivatives–vanillic acid solutions gave linear rela-
tionships, Fig. 4a. Tafel slopes in the region of 186–241 mV  decade−1

were obtained for the SPCE-used cobalt phthalocyanine derivatives,
Table 1. Tafel slopes larger than the normal 30–120 mV decade−1

are known and have been related either to chemical reactions cou-
pled to electrochemical steps or to substrate-catalyst interactions
in a reaction intermediate [49,50]. It may  therefore be suggested
that vanillic acid and the catalyst (MPc) interaction may be the main
cause of the large Tafel slopes.

Fig. 4b shows the plot of Ep vs. log � for all the disk elec-

trodes modified with complexes 1–3. Using Eq. (1),  a high Tafel
slope of ∼170 mV decade−1 for the disk electrode modified with
complex 1, Table 1, again indicates extensive vanillic acid and
catalyst (complex 1 in this case) interaction. Disk electrodes
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Table  1
Electrochemical parameters for vanillic acid (pH 3.6) determination using the MPc  complexes of this work.a

SPCE Disk electrode

Complex 1 2 3 1 2 3

Detection potential (V) 0.60 0.80 0.55 0.88 0.81 0.83
Tafel  slope (mV  decade−1) 241.0 202.8 186.4 168.1 108.8 117.7
˛  0.76 0.71 0.68 0.83 0.73 0.75
nt 1.98 2.06 1.96 1.97 1.99 2.15
LOD  (�M) 1.57 1.61 1.15 2.42 1.18 1.95
Sensitivity (A M−1 cm−1) 1.05 0.35 1.29 0.041 0.065 0.054

b
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Fig. 5a and b shows the linear relationships between peak
Stability as % decay 5.6 4.3 

a SPCE, screen-printed carbon electrode; nt , total number of electrons involved; L
b Over 30 continuous scans.

odified with complexes 2 and 3 displayed Tafel slopes closer to
20 mV  decade−1, Table 1, suggesting that the first one electron
ransfer is rate determining.

As all SPCEs recorded in the various CoPc–vanillic acid solu-
ions gave higher Tafel slopes in comparison to their disk electrode
ounterparts, it can be observed that chemical reactions coupled to
lectrochemical steps or substrate-catalyst interactions are more
fficient for the former electrode setup. This may  be due to the fact
hat as the CoPc derivatives, being in solution are more able to inter-
ct with the antioxidant species, than adsorbed to the electrode
urface.

Values of  ̨ above 0.5, obtained for all electrodes studied in this
ork (SPCE and disk), indicate that there is a greater probability of
orming products in the reaction-activated transition, Table 1. The
 values for the MPc  complexes are tentative since the Tafel slopes
re large and do not fall within the 30–120 mV  decade−1 region.

ig. 4. Plot of Ep vs. log � for all the MPc  + vanillic acid solutions of this work on SPCEs
a)  and disk electrodes (b).
2.3 3.3 8.2 8.6

mit of detection.

Nevertheless, the disk-modified electrodes gave slightly higher ˛
values suggesting that product formation is more efficient here in
comparison to on the SPCEs.

The total number of electrons (nt) involved in the electrocat-
alytic oxidation of vanillic acid was calculated using Eq. (2):

ip = 2.99 × 105nt[(1 − ˛)n]1/2ACoD1/2�1/2 (2)

where A is the area of the electrode (cm2), Co is the concentra-
tion of the electroactive reactant (mol cm−3) and D is the diffusion
coefficient of vanillic acid [51]. The total number of electrons trans-
ferred for both types of electrodes was two, Table 1, a value which
correlates with the literature [52].
current and vanillic acid concentration (10−5 to 10−4 M range)
for all SPCEs and disk electrodes, respectively, proving that they
may  reliably be used for the determination of vanillic acid in this

Fig. 5. Plot of Ip vs. vanillic acid concentration for all the MPcs of this work on SPCEs
(a)  and disk electrodes (b).
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Fig. 6. Cyclic voltammograms of caffeic acid (1 or BGC), CoPc + caffeic acid (2),
CoTCPc + caffeic acid (3), and CoOCPc + caffeic acid (4) solutions recorded on a
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creen-printed carbon electrode (a) and a disk electrode (b). For the screen-printed
arbon electrode recordings: [caffeic acid] = [MPc] = 0.5 mM,  while the disk elec-
rodes were recorded in 1 mM caffeic acid solution. Scan rate = 100 mV s−1.

oncentration range. The vanillic acid limits of detection (3�  crite-
ia) for both types of electrodes are in the �M range, Table 1. The
oPc- and CoOCPc- + vanillic acid mix  on the SPCE gave better lim-

ts of detection in comparison to their disk electrode counterparts,
hile the situation was reversed for CoTCPc.

The vanillic acid sensitivities of all CoPcs, when analyzed as a
ix  with vanillic acid on the SPCEs, lay in the 0.35–1.29 A M−1 cm−1

egion with complex 3 displaying the highest value, Table 1. For
he disk-modified electrodes, vanillic acid sensitivities of all CoPc-

odified electrodes ranged between 0.041 and 0.065 A M−1 cm−1

ith complex 2 displaying the highest value, Table 1. Therefore,
he SPCE immersed in cobalt phthalocyanine derivative–vanillic
cid solutions are much more sensitive in comparison to the disk
lectrode modified electrodes.

Both types of electrodes displayed good stability as there was
nly less than 10% decay in peak current output over 30 con-
inuous scans recorded in 0.5 mM vanillic acid solution, Table 1.
ut, on average, the SPCE immersed in cobalt phthalocyanine
erivative–vanillic acid solutions are more stable as there was a
elatively lower decay.

.2.2. Caffeic acid
Fig. 6a shows the cyclic voltammograms obtained using SPCEs

overed with a solution of 0.5 mM caffeic acid–cobalt phthalocya-
ine derivative. A weak and poorly defined peak was observed for

affeic acid on SPCE (Fig. 6, plot 1), but the peak current is enhanced
and overpotential decreased) upon addition of cobalt phthalocya-
ine derivatives, Fig. 6a. Caffeic acid oxidation peaks were observed
etween 0.30 V and 0.40 V vs. Ag|AgCl for all CoPcs, Table 2.
uators B 166– 167 (2012) 457– 466 461

Fig. 6b (plot 1) shows the cyclic voltammograms for the caf-
feic acid solution performed on the CoPc-modified disk electrode.
No significant peaks were observed for the unmodified electrode.
But caffeic acid oxidation peaks were observed between 0.76 V and
0.81 V vs. Ag|AgCl for the CoPc-modified disk electrodes, Table 2.

The SPCE electrodes were far superior to the disk electrodes in
the detection of caffeic acid as proven by the reversibility of caffeic
acid on SPCEs and not on the disk electrodes, Fig. 6, and by the
fact that the SPCEs detected caffeic acid at much lower potentials
compared to the disk electrodes, Table 2.

Using Eq. (1),  high Tafel slopes for all the SPCEs caffeic acid-
CoPcs derivatives, Table 2, again indicates extensive caffeic acid
and catalyst (complexes 1–3) interaction. Tafel slopes in the region
of 244–276 mV  decade−1 were obtained for all CoPc-modified disk
electrodes, Table 2. It may  be suggested that caffeic acid and the
catalyst (MPc) interaction may  be the main cause of the much larger
Tafel slopes since similar interactions have been documented [53].

The values of  ̨ calculated in this electrochemical study for both
SPCE and disk electrodes, indicate that there is a greater probability
of forming products in the reaction activated transition, Table 2.
This is more so for the disk modified electrodes because the  ̨ values
were greater in comparison to SPCEs, Table 2. Using Eq. (2),  a value,
which agrees with the literature, of two electrons was calculated
to be involved in the electro oxidation of caffeic acid [52] Table 2.

Linear relationships between peak current and caffeic acid con-
centration (figures not shown but similar to Fig. 5) were observed
in both electrodes used (SPCE and disk), and can therefore depend-
ably be used for the determination of caffeic acid in the 10−5 to
10−4 M range. Caffeic acid detection limits for all CoPc electrocat-
alysts are in the �M region, Table 2. Complex 1 displayed the best
LOD when as a vanillic acid solution mix  on SPCE but gave the high-
est LOD when attached to the disk electrode, Table 2, suggesting
that it would be more efficiently used on SPCEs.

On average, the SPCEs electrodes of this work gave higher sensi-
tivities to caffeic acid in comparison to disk electrodes, Table 2. The
stabilities of complex 1 on both SPCE and disk electrode were sim-
ilar whereas complexes 2 and 3 were more stable on SPCEs than
on disk electrodes as proven by the lower percent decay over 30
continuous cyclic voltammetry recordings, Table 2.

3.2.3. Pyrogallol
Cyclic voltammograms of 0.5 mM  pyrogallol–CoPc complexes

solutions using SPCE are shown in Fig. 7a. Electrocatalysis by the
CoPc complexes of this work are observed due to the fact that in the
presence of CoPc complexes SPCE (plots 2–4) detected pyrogallol at
higher peak currents in comparison to individual antioxidant solu-
tion (plot 1), Fig. 7a (in the absence of CoPcs, the SPCE gave a very
poor peak current response). In the presence of CoTCPc, the SCPE
detected pyrogallol at the lowest oxidation potential of 0.54 V vs.
Ag|AgCl while in the presence the other CoPcs detected pyrogallol
between 0.50 and 0.65 V, Table 3.

Fig. 7b shows the cyclic voltammograms of all disk electrodes of
this work recorded in 1 mM pyrogallol solution. Electrocatalysis by
the CoPc complexes of this work are observed due to the fact that
CoPc modified disk electrodes (plots 2–4) detected pyrogallol at
higher peak currents in comparison to an unmodified disk electrode
(plot 1), Fig. 7b. CoOTCPc-modified electrode detected pyrogallol at
the lowest oxidation potential of 0.56 V vs. Ag|AgCl while the other
modified disk electrodes of this work detected pyrogallol at ∼0.6 V,
Table 3.

From Table 3, it can be seen that the disk modified electrodes

detected pyrogallol at higher detection potentials in comparison to
their SPCE counterparts. But, from Fig. 7, the disk-modified elec-
trodes were superior in terms of peak current response. This result
is similar to that obtained for vanillic acid (Fig. 3).
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Table  2
Electrochemical parameters for caffeic acid (pH 3.6) determination using the MPc  complexes of this work.a

SPCE Disk electrode

Complex 1 2 3 1 2 3

Detection potential (V) 0.30 0.40 0.38 0.77 0.81 0.76
Tafel  slope (mV  decade−1) 171.2 215.8 217.8 276 246 244
˛  0.66 0.73 0.73 0.79 0.76 0.76
nt 1.96 2.09 1.95 1.99 2.03 2.01
LOD  (�M) 1.18 2.11 2.20 1.74 1.59 1.17
Sensitivity (A M−1 cm−1) 0.04 0.14 0.21 0.038 0.031 0.033
Stability as % decayb 4.4 2.1 1.4 4.3 6.3 6.6

a SPCE, screen-printed carbon electrode; ˛, transfer coefficient; nt , total number of electrons involved; LOD, limit of detection.
b Over 30 continuous scans.

Table 3
Electrochemical parameters for pyrogallol solution (pH 3.6) determination using the MPc  complexes of this work.a

SPCE Disk electrode

Complex 1 2 3 1 2 3

Detection potential (V) 0.62 0.54 0.52 0.63 0.60 0.56
Tafel  slope (mV  decade−1) 211.4 192.4 171.2 214.4 189.0 219.0
˛ 0.72 0.69 0.66 0.72 0.69 0.73
nt 2.02 2.13 1.96 1.98 2.20 1.99
LOD  (�M) 2.44 1.98 2.02 3.63 1.16 2.64
Sensitivity (A M−1 cm−1) 0.0496 0.0446 0.0524 0.012 0.030 0.023
Stability as % decayb 9 4 2 5 3 2

a SPCE, screen-printed carbon electrode; ˛, transfer coefficient; nt , total number of elec
b Over 30 continuous scans.

Fig. 7. Cyclic voltammograms of pyrogallol (1), CoPc + pyrogallol (2),
CoTCPc + pyrogallol (3), and CoOCPc + pyrogallol (4) solutions recorded on a
screen-printed carbon electrode (a) and a disk electrode (b). For the screen-
printed carbon electrode recordings: [pyrogallol] = [MPc] = 0.5 mM,  while the disk
electrodes were recorded in 1 mM pyrogallol solution. Scan rate = 100 mV  s−1.
trons involved; LOD, limit of detection.

The high Tafel slopes obtained for complexes 1–3 on both types
of electrodes (more so for the disk modified electrodes), Table 3,
indicate extensive pyrogallol and MPc  interaction [48–50].  There is
a greater, and similar because  ̨ ≈ 0.7, probability of forming prod-
ucts in the reaction activated transition state for all electrodes (SPCE
and disk) as all  ̨ values were greater than 0.5. Again, the  ̨ values
for the MPc  complexes are tentative since the Tafel slopes are large
and do not fall within the 30–120 mV  decade−1 region. Two  elec-
trons were calculated, using Eq. (2),  to be involved in the electro
oxidation of pyrogallol [52], Table 3.

The linear relationships obtained between plots of peak current
vs. pyrogallol concentration prove that all electrodes of this work
(SPCE and disk) can dependably determine pyrogallol in the 10−5

to 10−4 M range (figures not shown but similar to Fig. 5).
The CoTCPc is consistently better for detecting pyrogallol

because it gave the best LOD on both SPCE (1.98 �M)  and disk elec-
trode (1.16 �M),  Table 3. CoPc and CoTCPc displayed similar range
LODs on their respective electrodes in the detection of pyrogallol,
Table 3.

For the SPCEs, the SPCE with CoOCPc + pyrogallol mix displayed
the highest pyrogallol sensitivity of 0.0524 A M−1 cm−1, Table 3.
For the disk electrodes, CoTCPc-modified electrode displayed the
highest pyrogallol sensitivity of 0.030 A M−1 cm−1, Table 3.

All the SPCEs and disk electrodes of this work displayed good
pyrogallol detection stability proven by the less than 10% decays
in peak current output over 30 continuous scans when recorded
in 0.5 mM pyrogallol solution, Table 3. Nevertheless, the disk elec-
trodes were slightly more stable in the detection of pyrogallol as
proven by their lower percent decay, Table 3.

3.2.4. Ascorbic acid
Fig. 8a shows the cyclic voltammograms of SPCE recorded in
0.5 mM ascorbic acid–CoPc complexes solutions. In the absence
of CoPc complexes, SPCE barely gave any cyclic voltammogram
response indicting poor ascorbic acid detection. In the presence
of CoPc complexes, SPCE detected ascorbic acid at approximately
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Table 4
Electrochemical parameters for ascorbic acid (pH 3.6) determination using the MPc  complexes of this work.a

SPCE Disk electrode

Complex 1 2 3 1 2 3

Detection potential (V) 0.42 0.34 0.36 0.68 0.40 0.51
Tafel  slope (mV  decade−1) 185.6 219.2 187.6 104.9 104.5 95.5
˛  0.68 0.73 0.69 0.72 0.72 0.69
nt 2.03 1.98 1.96 1.99 2.05 2.19
LOD  (�M)  1.58 1.47 1.37 1.33 1.16 1.28
Sensitivity (A M−1 cm−1) 0.35 0.41 0.42 1.03 × 10−4 8.99 × 10−4 8.92 × 10−4

b 3.84
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Stability as % decay 2.83 2.64 

a SPCE, screen-printed carbon electrode; nt , total number of electrons involved; L
b Over 30 continuous scans.

qual peak currents and at approximately the same potentials of
.40 V vs. Ag|AgCl, Table 4.

Fig. 8b shows the cyclic voltammograms of all disk electrodes of
his work recorded in 1 mM ascorbic acid solution. The unmodified
isk electrode recorded ascorbic acid at a relatively low peak cur-
ent response and displayed an unfavorably broad peak indicting
oor ascorbic acid detection, Fig. 8b. CoTCPc-modified disk elec-
rode detected ascorbic acid with the highest peak current and at
he lowest potential of 0.40 V vs. Ag|AgCl, Table 4. Ascorbic acid oxi-
ation peaks were observed at 0.51 and 0.68 V vs. Ag|AgCl for the
oOCPc- and CoPc-modified electrodes respectively, Table 4.

As for the other analytes of this work, the disk electrodes, in
omparison to the SPCEs, generally gave higher peak currents with

espect to ascorbic acid detection, but at higher potentials, Table 4.

For the SPCEs in the presence of all MPc  complexes, the voltam-
etric responses displayed large Tafel slopes, Table 4, indicating

xtensive ascorbic acid and MPc  interaction. All MPc  complexes

ig. 8. Cyclic voltammograms of ascorbic acid (1), CoPc + ascorbic acid (2),
oTCPc + ascorbic acid (3), and CoOCPc + ascorbic acid (4) solutions recorded on a
creen-printed carbon electrode (a) and a disk electrode (b). For the screen-printed
arbon electrode recordings: [ascorbic acid] = [MPc] = 0.5 mM,  while the disk elec-
rodes were recorded in 1 mM ascorbic acid solution. Scan rate = 100 mV s−1.
 6 4 4

mit of detection.

on the disk modified electrodes displayed Tafel slopes closer to
120 mV  decade−1 (as opposed to 30 mV decade−1), Table 4, suggest-
ing that the first one electron transfer is rate determining.

There is a greater, and similar, probability of forming products
in the reaction activated transition state for all CoPc-complexes,
for both SPCEs and disk electrodes, because all  ̨ values are greater
than 0.5, Table 4. Two  electrons were calculated, again for both
SPCEs and disk electrodes, to be involved in the electro oxidation
of ascorbic acid [52], Table 4.

Linear relationships obtained between plots of peak current vs.
ascorbic acid concentration prove that all electrodes of this work
(SPCE and disk) can dependably determine pyrogallol in the 10−5

to 10−4 M range (figures not shown but similar to Fig. 5). Both
electrode types displayed ascorbic acid detection limits in the �M
region, Table 4. But the disk electrodes had slightly better ascor-
bic acid LOD values in comparison to the SPCEs proven by the
larger cyclic voltammogram peak current responses to ascorbic
acid, Fig. 8.

Ascorbic acid sensitivities of SPCE in the presence of all CoPc
complexes were much larger than the disk modified electrodes as
they were in the 10−1 A M−1 cm−1 region while the latter electrodes
displayed sensitivities in the 10−4 A M−1 cm−1 region, Table 4.

Even though the SPCEs were slightly more stable than the disk
modified electrodes (lower % decay in peak current), both electrode
types were satisfactorily stable as proven by the less than 10% decay
in peak current output over 30 continuous scans when recorded in
0.5 mM ascorbic acid solution, Table 4.

3.3. Mechanism of MPc–analyte interaction

As both SPCE and disk electrodes used similar CoPc complexes,
the mechanism of interaction between the CoPc complexes and the
analytes (vanillic acid, caffeic acid, pyrogallol, and ascorbic acid) is
summarized for both types of electrodes in this section.

The most likely mechanism for the oxidation the analytes (Eqs.
(3)–(5)) takes into account that the first one electron transfer is
rate determining (from Tafel slopes) and that the total number of
electrons transferred is two.

CoIIPc + Analyte → (Analyte)CoIIPc (3)

(Analyte)CoIIPc → [(Analyte)CoIIIPc]+ + e− (4)

2[(Analyte)CoIIIPc]+ → 2CoIIPc + oxidationproducts (5)

where Analyte represents vanillic acid, caffeic acid, pyrogallol, or
ascorbic acid.

Eq. (3) is proposed on the basis of coordination of the analytes

to CoPc, CoTCPc, and CoOCPc. Eq. (4) is also proposed because the
catalytic oxidation of the analytes is within the range of CoIII/II and
is catalyzed by this couple. Two electrons are involved hence Eq.
(5) is proposed.
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ig. 9. PCA score plot of SPCEs in the presence of all CoPcs exposed to antioxidants.
A, ascorbic acid; VA, vanillic acid; CF, caffeic acid; PY, pyrogallol.

.4. Data analysis

In this work, all the antioxidants were measured seven times
ith each sensor. A pre-processing method was used in order to

xtract the relevant information from the experimental data. The
CA was carried out using, as the input data source, pre-processed
oltammograms obtained by the adaptation of a data reduction
echnique based on predefined response “bellshaped-windowing”
urves called “kernels” [54,55]. Using this method, ten parameters
er voltammogram were obtained and used as the input variable
or statistical analysis.

.4.1. SPCE data analysis
Fig. 9 shows, for SPCEs in the presence of all CoPcs, the

cores plot of the two first principal components calculated from
he parameters extracted from the cyclic voltammograms. The
rst two principal components explain 98% of the information
PC1 = 90%; PC2 = 8%). As observed in Fig. 9, phenolic compounds
ppear in the same region of the diagram while ascorbic acid
ppears far away from the phenolic compounds. The second prin-
ipal component is mostly responsible for the discrimination of
he antioxidants according their chemical structure (phenolic com-
ounds and ascorbic acid).

A closer look to the clusters corresponding to the phenolic com-
ounds indicated that, the first principal component is mainly
esponsible for the discrimination of the phenols according to the
umber of OH groups in the structure.

The PCA scores plot structure is in conformity with the elec-
rochemical voltammograms registered for each antioxidant. The
esults indicate that it is clearly possible to discriminate antioxi-
ants in function of chemical structure, Fig. 9.

.4.2. Disk electrode data analysis
PCA was again employed to evaluate the capability of the CoPc

isk modified electrode sensors to discriminate among the antiox-
dants by using the obtained electrochemical signals as the input
ariable. Seven repetitions of each measurement were carried out.
ig. 10 shows the PCA scores plot of the principal components (PC1
s. PC2 vs. PC3). The 1st, 2nd, and 3rd principal components account
or 63%, 25%, and 10%, respectively, of the variation in the electro-
hemical signal. Overall, PC1, PC2 and PC3 explained 98% percent
f the total variance between the samples.

The PCA scores plot structure is in agreement with the elec-

rochemical voltammograms registered for each antioxidant. The
esults indicate that it is clearly possible to discriminate antioxi-
ants as a function of the chemical structure.
Fig. 10. Score plot of PCAs of CoPc disk modified electrodes exposed to antioxidants.
AA, ascorbic acid; VA, vanillic acid; CF, caffeic acid; PY, pyrogallol.

4. Conclusions

Cobalt phthalocyanines have been successfully used in the elec-
trocatalysis of vanillic acid, caffeic acid, pyrogallol, and ascorbic acid
solutions on screen-printed carbon (as a mixed CoPc-antioxidant
solution) and disk electrode (as adsorbed CoPc species) onto sur-
faces.

The high Tafel slopes obtained for cobalt phthalocyanine
complexes indicate extensive antioxidant and CoPc-complex inter-
action. The kinetic studies also show that there is a greater
probability of forming products in the reaction activated transition
state in the presence of CoPcs for both types of electrodes.

Both types of electrodes, in the presence of the CoPc complexes,
can reliably be used for the determination of the antioxidant solu-
tions in the 10−5 to 10−4 M range and both displayed antioxidant
detection limits in the �M region.

The principal component method for the analysis of the electro-
chemical signals obtained showed that the cobalt phthalocyanines,
when used as arrays of sensors for the antioxidant solutions in both
the SPCE and the disk electrode format, showed a 100% discrimina-
tion of the solutions as a function of their chemical structure.

In comparing the SPCE and disk electrode types, the SPCEs were
better than the disk electrodes at detecting vanillic acid because,
even though they displayed a lower vanillic acid cyclic voltammo-
gram peak current response, the signals were obtained at better
potentials, the LOD values were lower and the sensitivities were
higher.

SPCE is also perhaps the better electrode for caffeic acid
detection in that better-defined and reversible caffeic acid cyclic
voltammograms at lower detection potentials, and with better sta-
bility, were obtained than for disk electrodes.

It may  again be concluded that the SPCEs of this work were
better at detecting pyrogallol because pyrogallol cyclic voltammo-
grams occurred at lower detection potentials (albeit not as well
defined), the LOD values were generally better and the SPCEs dis-
played higher sensitivities.

But the disk electrodes were better at detecting ascorbic acid
than the SPCEs because the disk electrodes ascorbic acid cyclic
voltammograms were better defined with higher peak current
responses (albeit at higher detection potentials) and they displayed
lower LOD values.

Both SPCE and disk electrodes can equally, and reliably, be used
to discriminate the antioxidants as a function of the chemical struc-
ture.
In terms of physical use, the SPCE is quicker (no adsorption time
needed), more efficient as an experimental set-up (all electrodes
are on one device) and the SPCEs can use very little sample making
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ample use economical. But the GCE is more reusable than an SPCE
eaning electrode use is more cost-effective.
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