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Abstract A novel voltammetric assay for the simultaneous
determination of hydroquinone (HQ), catechol (CC) and res-
orcinol (RS) by using an electrochemically treated pencil
graphite electrode modified with cobalt-phthalocyanine is de-
scribed. Differential pulse voltammetric results showed three
well-distinct oxidation peaks for HQ, CC and RS at 102 mV,
203 mV and 591 mV (vs. Ag/AgCl), respectively. Thus, the
method can be applied to direct simultaneous determination
without previous separation. The detection limits are
338 x 107 mol L ™! for HQ, 3.40 x 10" mol L™! for CC
and 7.23 x 10 " mol L' for RS. The method was successfully
applied to the direct determination of dihydroxybenzene iso-
mers in tea samples, and the results were compared with chro-
matographic data.
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Introduction

Hydroquinone (HQ), catechol (CC) and resorcinol (RS), iso-
mers of dihydroxybenzene, are important organic intermediates
for the products of industry and agriculture, considered highly
toxic to both environment and human even at very low concen-
trations [1, 2]. They are used to produce food additive agents,
hair dyes, antioxidants, plastics, synthetic fibers, and in phar-
maceutical industry. CC is a natural compound that widely
exists in higher plants such as teas, vegetables, fruits, and to-
baccos. The taste of tea is affected and can be improved by
changing the content of catechol and related compounds [3,
4]. Different analytical methods have been established to deter-
mine dihydroxybenzene isomers, such as high performance
liquid chromatography [5], fluorescence [6],
electrochemiluminescence [3], spectrophotometry [7], and gas
chromatography/mass spectrometry [8].

Electrochemical methods are of prime importance for detect-
ing various phenolic compounds and number of works ad-
dressed on the simultaneous electrochemical determination of
HQ, CC and RS [9-18]. Having similar electroactive groups,
their redox peak potentials are too close to be identified at the
solid electrodes. Another main problem is the possible forma-
tion of a polymeric film on the electrode surface which blocks
the electron transfer [19], so a cleaning step of the electrode
surface is required before each measurement. The use of dis-
posable electrodes eliminates this time-consuming stage.

Pencil graphite electrode (PGE) presents some advantages
compared with conventional electrodes like robust oxidation
capacity, the possibilities of modification due to its adsorption
capacity, mechanical resistance, low-cost, and the fabrication of
reproducible single-use PGEs. The suitability of PGE has been
demonstrated in the literature in multiple applications [20].

Nowadays chemically modified electrodes (CMEs) are
widely used in the field of electroanalytical chemistry.
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Among various CMEs, metallo-phthalocyanines (MePC)
modified electrodes seem to be a promising approach for
dihydroxybenzene isomers determination. The sensitivity
and the selectivity of the sensors towards different analytes
can be greatly improved as a result of using MePC [21].

A survey of the literature reveals that there is no report
regarding the electrochemical determination of CC, HQ and
RS using a PGE modified with cobalt-phtalocyanine (CoPC).
The present paper describes the voltammetric behavior of CC,
HQ and RS at the electrochemically treated CoPC modified
PGE (CoPC-PGE*). Determination of the three
dihydroxybenzene isomers by a differential pulse
voltammetric method was successfully demonstrated by using
the CoPC-PGE*, without previous chemical or physical sep-
arations and thus a novel approach for simultaneous and se-
lective detection of isomers was established. The method was
applied to the analysis of these isomers in tea samples.

Experimental
Chemicals

Hydroquinone, catechol, resorcinol, cobalt(Il) phthalocyanine,
N,N-dimethylformamide (DMF) and methanol were provided
by Sigma-Aldrich (http://www.sigmaaldrich.com/). Kalium
hexacyanoferrat(Ill) (Merck, http://www.merck.com/) and
potassium chloride (Sigma-Aldrich) were used to prepare a re-
dox probe solution of 1 x 10 mol L' K5[Fe(CN)4] in 1 mol
L™ KCL. The dihydroxybenzenes were dissolved with ultra-
pure water to obtain 1 x 102 mol L™ of standard stock solu-
tions which were further diluted with ultra-pure water to desired
concentrations immediately before use. As the supporting elec-
trolyte, Britton-Robinson buffer (BRB) was used.

Stock solutions of 2 mg mL ™" CC, HQ and RS respectively,
were prepared in water for HPLC studies. The working solu-
tion (0.1 mg mL™") used for the HPLC method development
was prepared by dilution of each stock solution in methanol.

Equipment

Voltammetric measurements were performed with Autolab
PGSTAT 128 N (Ecochemie B.V., Netherlands, www.
metrohm-autolab.com) controlled by Nov. 1.8 software. Pencil
graphite (PG), electrochemically treated pencil graphite (PG*),
cobalt-phtalocyanine (CoPC) modified pencil graphite (CoPC-
PG) and a CoPC modified and electrochemically treated pencil
graphite (CoPC-PG*) were used as working electrodes. Pt wire
and Ag|AgCl (3.0 M KCI) were used as an auxiliary and refer-
ence electrode, respectively. PGEs were Rotring HB pencil-
leads model with a diameter of 0.5 mm and 6 cm length pur-
chased from local bookstore. The PGEs were prepared as de-
scribed elsewhere [22]. Each voltammetric recording was
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carried out on a new graphite pencil lead. Chromatographic
analysis was performed with a Thermo Finnigan Surveyor
HPLC system (Thermo-Electron Corporation — Waltham, MA,
USA, www.thermo.com) equipped with a Photodiode Array
detector having a 50 mm cell length and controlled by means
of the Chrom Quest software. Atomic force microscopy images
were recorded with the Integrated Platform SPM-NTegra,
model Prima microscope (NT-MDT trade mark, http://www.
ntmdt-si.com/) in noncontact mode using a cantilever with
silicon tip of NSG-01.

Procedures

Cyclic voltammetry studies were done in the potential
range — 0.2 - +1.2 V, at a scan rate of 100 mV s~ unless
otherwise stated. Differential pulse voltammograms were re-
corded between —0.2 - +1.0 V for different concentrations of
HQ, CC and RS solutions prepared in BRB buffer, pH = 6.80,
under optimized instrumental parameters (scan rate 10 mV
s”!, pulse amplitude 25 mV, sampling width 17 ms, pulse
width 100 ms, pulse period 500 ms).

The chromatographic method was based on a published
paper [23] using a Hypersil GOLD C18 column
(250 x 4.6 mm, 5 um). The separation was achieved under
isocratic elution using a mobile phase composed by water and
methanol (40%) as organic modifier. A flow rate of 1 mL
min !, and an injection volume of 10 uL were used; detection
was realized at 270 nm. Under the chromatographic condi-
tions described herein the elution order was HQ, RS and CC
at 3.36 min, 3.79 min and 4.43 min, respectively and the
resolution between peaks was 2.16 and 2.77, respectively. In
the tea sample, each compound was identified according to its
retention time and UV-VIS spectrum recorded during elution.

Preparation of the CoPC modified electrode

Initially 5 mg CoPC was dispersed under ultrasonic agitation
into 5 mL DMF for 20 min [24]. The PGE was immersed in
the CoPC/DMF mixture for 2 h and then left to dry. The CoPC
modified PGE was electrochemically treated by performing
10 cyclic voltammetric scans from —0.2 V to +3.0 V at a scan
rate of 500 mV s ', in BRB of pH 6.80 [2].

Tea sample preparation

To demonstrate the usefulness of the proposed activated
CoPC-PGE* tea samples were analyzed. 1 g of green tea
was infused with 50 mL hot (100 °C) de-ionized water; the
infusion was cooled 20 min and then filtered. 10 pL of tea
infusion was diluted with 10 mL BRB (pH 6.80) for DPV
analysis. For HPLC analysis 0.5 mL infusion was diluted with
10 mL methanol. Injection volume was 10 pL.
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Results and discussion
Electrochemical characterization of PG electrodes

Initially, a bare PGE, an activated pencil graphite electrode
(PGE*), a CoPC modified electrode (CoPC-PGE) and a
CoPC modified and activated pencil graphite electrode
(CoPC-PGE¥*) were characterized by cyclic voltammetry in
1 x 107 mol L' K5[Fe(CN),] solution prepared in 1 mol

Fig. 1 a Non-activated (a) and A
activated (¢) PGE, inset details -
layer stacking in graphite (b),
details of the graphite layers
eroded during activation (d). b
Non-activated CoPC-PGE (a,b)
and activated CoPc-PGE"(c)

L' KCI. The results are presented in the Electronic
Supplementary Material (Fig. S1).

AFM studies

Non-activated/activated PGEs and non-activated/activated
CoPC-PGEs were characterized using AFM. A comparison
of Fig. 1a(a,b,c,d), b(a,b,c) reveals a significant morphological
difference among all mentioned PGE electrode surfaces.
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In Fig. la(a), (b) the morphology and texture of PGE is
typical for graphite materials prepared by extrusion from a
given composition. The graphite grains are stacked in flakes
oriented along of the extrusion direction. In Fig. 1a(b) there
are details of the local organization: stacked graphite layers in
a grain of graphite. The graphite layers are stacked small
pockets of graphene with well-defined edges. The electro-
chemical activation induces a high oxidation of the graphene
layer edges in consequence the graphite grains are rounded,
loose orientation, Fig. 1a(c). In Fig. 1a(d) are details related to
the reducing in size, shapes and edges of the graphene layers.
That is specific for oxidative process of the graphite either by
chemical or electrochemical methods. The electrochemical
oxidation take the advantage to induce high reactive radicals
(such as *OH), the oxidation reaction being faster than chem-
ical route. In addition, on the graphene edges the radical spe-
cies react with carbons inducing functional groups (carboxyl,
hydroxyl, epoxide) which will increase the electron transfer at
the interface electrode-electrolyte (observed in Fig. 1, PGE*,
electronic supplementary material).

The CoPC-PGE (Fig. 1b) shows that CoPC is deposited in
plate-like layers ((Fig. 1b(a)) with no preferential orientation
on the electrode surface. In inset, Fig. 1b(b), are detailed some
features of the CoPC layers. CoPC interact only weakly with
the graphite substrate and commonly adopt a square lattice
with a very similar lattice constant to a bulk molecular crystal.
During the drying stage, when the interactions with the graph-
ite layers are weaker the CoPC adopt a packing in small drop-
lets. Therefore, on the PGE substrate two forms of the CoPC
co-exist. After electrochemical activation CoPC-PGE"
((Fig. 1b(c)) the CoPC layers loose distinctive edges, are re-
duced in dimension and droplets become rounded. Due to a
well-defined coverage on the PGE surface, the graphite
electro-oxidation cannot be seen. However, Fig. 1 CoPC-
PGE and CoPC-PGE* in electronic supplementary material
clearly shows the synergic effect in the CV-peaks with high
and distinctive amplification of the electron transfer at the
electrode interface.

Electrochemical behaviors of dihydroxybenzene isomers
at PG electrodes

Cyclic voltammetry studies of dihydroxybenzene isomers in a
mixed solution (5 x 10™* mol L ™! of each isomer in buffer of
pH 6.80) shows that for HQ a pair of well-defined redox peaks
appears on CoPC-PGE* at 166 mV and 44 mV, with approx-
imately equal anodic and cathodic peak currents and a sepa-
ration between peak potentials AE, of 122 mV (Fig. 2). For
CC, the redox peak potentials are at 288 mV and 200 mV
(AE, = 88 mV). In case of RS, only an oxidation peak is
observed at 698 mV, which proves that its oxidation is a totally
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Fig. 2 Cyclic voltammograms for a mixture of HQ, CC and RS
(5 x 10* mol L™! each) at PGE, CoPC-PGE, PGE* and CoPC-PGE*
in BRB of pH 6.80; scan rate of 100 mV 5!

irreversible electrode process. As shown in the literature [15],
the electro-oxidation of RS is complex and in the first stage,
non-stable phenoxy-type radicals may be generated, which
further can couple with other radicals or dihydroxybenzenes
to form polymers which may inactivate the electrode.

At the CoPC-PGE, although hydroquinone and catechol can
be separated from resorcinol, CV responses of HQ and CC still
overlap to form a wide oxidation peak at 434 mV. In cathodic
range, a peak appear at about —122 mV, which represents the
overlapping reductive peaks of HQ and CC. The electro-
oxidation reaction of RS shows an irreversible process, because
only a broad oxidation peak appeared at 757 mV.

In case of using PG* and PG electrodes, a similar behavior,
as presented above, is observed for the three isomers. The peak
currents at electrochemically treated PGEs are separated being
two times higher than those generated at untreated PGEs.

The synergistic effect of CoPC surface modification and
electrochemical activation may explain the improved conduc-
tivity and electron transfer ability of the CoPC-PGE*, leading
to an enhanced sensitivity of this electrochemical sensor to-
ward dihydroxybenzene isomers.

Method optimization

The effects of pH and scan rates on the electrochemical be-
havior of the three dihydroxybenzene isomers in the mixed
solution at CoPC-PGE* were investigated by cyclic voltamm-
etry. Respective data and figures are given and discussed in
the Electronic Supporting Material (Figs. S2, S3). In case of
the oxidation processes the regression equations were E,,
(V) = —0.0593pH + 0.5707 (R* = 0.9982) and Epa
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(V) = —0.0628pH + 0.7373 (R? = 0.9956) for HQ and CC
respectively. The linear regression equation for RS oxidation
process was E,, (V) = —0.0599pH + 1.1085 (R2 = 0.9926).
The three regression lines were almost parallel, implying that
the anodic peak potential separation between HQ, CC and RS
is constant at different pH solutions [12]. The slopes of the
three regression equations were close to the theoretical value
of 59 mV pH ', proving that in the electrochemical redox
process of HQ, CC and RS and RS the loss of electrons is
accompanied by an equal number of protons. Based on the
formula [25]: dEp/dpH = 2.303 mRT/nF in which, m is the
number of proton, n is the number of electron, m/n was cal-
culated to be 1.00 and 0.85 for the oxidation and reduction
process of HQ, respectively, and corresponding 1.06 and 0.86
for CC redox processes. The calculated m/n ration for RS
oxidation was 1.02. Thus, the electrochemical oxidation of
hydroquinone, catechol and resorcinol at the CoPC-PGE*
should be a two-electron and two-proton process [16]. A me-
diated electrode mechanism for the oxidation of HQ, CC and
RS implying 2H*, 2¢~ can be expected:

at electrode : 2CoPC(1I)22CoPC(III) + 2¢~ (1)

in solution : DHBReg + 2CoPC(III)DHBoy + 2CoPC(I1) + 2H™

(2)

where DHBR.y and DHB, are the reduced and oxidized
forms of dihydroxybenzene isomers. CoPC acts as a mediator
to accelerate electron transfer rate for oxidation of phenols, the
mediator being regenerated (Eq. (2)). Reaction 2 is reversible
for HQ and CC, and irreversible for RS. This mechanism is in
good agreement with that described by others [26].

The oxidation peak currents increased linearly with the
square root of the scan rate, and the regression equations were
Lo (LA) = L1134 v (mV s7') + 7.6906 (R = 0.9942), I,,,
(HA) = 2.1318 v (mV s7") + 9.1490 (R* = 0.9917) and I,
(HA) = 5.3985 v (mV s") — 2.5306 (R? = 0.9968) for HQ,
CC and RS, respectively. The results indicate a typical
diffusion-controlled process.

In case of HQ and CC the anodic and cathodic peak poten-
tial showed a linear relationship with the decimal logarithm of
scan rate. For oxidation processes of HQ and CC the linear
regression equations were: E,, (V) =0.0523 log v+ 0.2172 (V
s, R*=0.9904) and E,,, (V) = 0.0704 log v + 0.3745 (V's~',
R? = 0.9973), respectively. According to Laviron theory [27],
the charge transfer coefficient () was calculated based on the
equation, K,/K, = o/1-c¢, where K, and K_ is the slope of the

straight lines for E,, versus log v and E,. versus log v, respec-
tively; the values for & were 0.47 HQ and 0.66 for CC. For
both isomers, the calculated electron transfer number (n) was
about 2. The heterogeneous electron transfer rate constant (k)
can be calculated from eq. [27]:

logk, = alog(1—w)

RT «(l-a)nFAE,

+ (I—)logoe logm — 5aRT
where #n is the number on electrons involved in the reaction,
AE, is the peak potential separation (E,,,-Ep,), « is the charge
transfer coefficient, v is the scan rate, R, T and F having their
usual meaning. As the number of electrons involved in elec-
trochemical redox process of HQ and CC is 2, the values of &
are 0.136 £0.012 s~ for HQ and 0.302 £0.070 s~ for CC, at
298 K. These results indicate that the CoPC-PGE* can effec-
tively promote the electron transfer and prove that the HQ and
CC show a quasi-reversible electron transfer process on the
CoPC-PGE* surface.

In case of RS, any increase in the scan rate causes shift in
the oxidation peak potential to a positive value. A linear rela-
tionship between E, and log v, was observed, in the range of
25 to 500 mV s~'. The linear regression equation can be
expressed as: E,, (V) = 0.1166 log v + 0.8417 (V s L,
R? = 0.9965). According to Bard and Faulkner [28], for an
irreversible anodic process « can be calculated from the fol-
lowing equation:

B 417
Ep EP /2 = m mV
where £, is the potential where the current was at half the
peak value. Thus, considering the number of electron n

1.2E-05
——Ha

E ——cC

- —RS

9.0E-06 - ——HQ+CC+RS
———BRpH 6.80

6.0E-06 -

3.0E-06

0.0E+00 ‘ ‘ ; ; ;

-0.2 0 0.2 0.4 0.6 08 EI/IV 1

Fig. 3 Differential pulse voltammograms of 25 x 107 mol L™' HQ,
25x 10 °mol L' CC, 25 x 10 ® mol L' RS and for a mixture of HQ,
CC and RS (25 x 107 mol L™! each) at CoPC-PGE* in BRB of
pH 6.80
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Fig. 4 Differential pulse voltammograms of HQ, CC and RS at different
concentrations (from 5 x 107" mol L ' to 1 x 10™* mol L") in BRB of
pH 6.80 obtained at CoPC-PGE*

transferred in the oxidation of RS equal to 2, the value of «
was calculated to be 0.64.

Based on the L, vs. pH plot information and considering
the determination sensitivity, a BRB of pH 6.80 was further
used as the optimal supporting electrolyte for the simultaneous
determination of CC, HQ and RS at a scan rate value of
100mV's ™.

Simultaneous determination of dihydroxybenzene isomers
using DPV

DPV results in the mixed solution at CoPC-PGE* (Fig. 3)
shows three well-distinguished anodic peaks for HQ, CC
and RS at 102 mV, 203 mV and 591 mV, respectively, which
were used for their quantification. The results indicate that the
oxidation of dihydroxybenzene isomers in the mixed solution
occurred independently at the CoPC-PGE*.

The oxidation peak current of each component was linear to
its concentration (Fig. 4) in the range of 5 x 10~ + 1 x 10~* mol
L™ for HQ ((I (LA) = 0.1617 C(uM) + 0.0050, R* = 0.9973)),
5%x107+1x10 *mol L for CC ((I (nA) = 0.1202 C(uM) +
0.0657, R = 0.9987)) and 1 x 10°°+ 1 x 10 * mol L™ (1
(LA) = 0.0784 C(UM) - 0.2044, R? = 0.9966)) for RS. The
detection limits were 3.38 x 10" mol L™}, 3.40 x 10" mol L™
and 7.23 x 107" mol L™ for HQ, CC and RS, respectively. The

method sensitivity is 2.18 pA-uM em 2 for HQ, 1.62 pA-
uM "-em 2 for CC and 1.05 pA-uM '-cm 2 for RS. Therefore,
for the high resolving ability and sensitivity, the modified elec-
trode can be used for the simultaneous and sensitive determi-
nation of dihydroxybenzenes with DPV technique. Comparing
the DPV results at the CoPC-PGE* with those reported in an
electroanalytical method based on a glassy carbon electrode
modified with multi-walled carbon nanotubes and CoPC [29],
our method for direct determination of dihydroxybenzene iso-
mers presented comparable detection limits; they and are better
than those presented by others [9, 10, 12, 16].

Precision of the DPV method was evaluated by repeatabil-
ity (intra-day) and intermediate precision (inter-day). The re-
peatability of the method was assessed by repeating four ex-
periments at 10 x 10" mol L™" of each isomer standard solu-
tions on the same day. The intermediate precision was
assessed comparing the results from three different days and
the data are presented in Table 1.

Interference study

To assess the selectivity of the CoPC-PGE* an interference
study in the electrode response was performed by using DPV
method. Under optimal experimental conditions a mixed
dihydroxybenzene solution (HQ, CC and RS, each
5 x 107° mol L™") in BRB solution of pH 6.8 was analyzed in
the presence of possible interfering species. The results showed
that 10-fold of ascorbic acid, phenol, o-nitrophenol, p-nitrophe-
nol, o-aminophenol, and p-aminophenol do not interfere with
the determination of HQ, CC and RS (signals change below
5%). Measurement of the peak currents for each solution was
repeated three times and the average current values were calcu-
lated. All the results demonstrate that the CoPC-PGE* has good
selectivity towards the mentioned interferents.

Analytical application

The applicability of the method was evaluated for the quanti-
tative determination of HQ, CC and RS in tea infusion sam-
ples. The standard additions method was used to avoid the
possible effects due to matrix. The peak currents of DPVs
recorded on CoPC/PGE* before and after three standard

Table 1 Results obtained for the

evaluation of the method Added (< 10"°mol L™

Found (x 10 ® mol L) + SD

Precision, RSD%

precision for the determination of
HQ, CC and RS at CoPC-PGE* HQ

CcC RS HQ CcC RS

Intra-day precision

10 10.08 +0.37

Inter-day precision

10 10.14 £ 0.51

9.93 £0.37 10.13 £0.40 3.63 3.68 3.98

10.11 £ 041 10.10 £ 0.48 4.98 4.09 4.80

SD standard deviation, RSD% relative standard deviation
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= additions of dihydroxyphenol standard solutions were mea-
sured and used for recovery studies, in order to evaluate the
accuracy of the method. The measurements were done in trip-
licate and the results are presented in Table 2. The recoveries
of three added analytes to tea samples were calculated and the
overall averages values were 101.39% for HQ, 98.97% for
CC, and 100.26% RS (Table 2).

The presence of dihydroxyphenols in tea samples was con-
firmed using the HPLC method, and the statistical comparison
of the results from DPV and HPLC studies is presented in
Table 2. The relative errors (%) calculated as 100 X (cppv) —
carLc) / capLc)) were <0.1%. The well-known statistical t
test was applied in order to emphasize the reliability of the
proposed method results. The calculated t values are smaller
than the theoretical one (tabled t-value for 4 freedom degrees
at 95% confidence level, two-tailed is 2.78). This means that
the average values of the two methods belong to the same
values population. Thus, the results using the two methods
are not significantly different.

It can be summarized that the proposed voltammetric meth-
od for practical samples is accurate and reliable on the basis of
the average recoveries with RSD below 5% in all cases, and
can be used for the simultaneous determination of the three
dihydroxybenzene isomers in tea infusion samples.

o
o

t-value
1.84

re. %

-0.036
0.003
0.052

HPLC content + SD, mg g
tea; RSD%
0.084 +0.001;

1.21

0.227 £ 0.002;

0.222 +0.003;
0.98

1.37

DPV content + SD, mg g
tea; RSD%
0.088 + 0.004;

0.228 £ 0.010;
4.32

0.214 +0.008;
432

3.

Conclusions

In this work, an electrochemically treated cobalt-
phthalocyanine modified PGE and differential pulse
voltammetric method were first used to determine three
dihydroxybenzene isomers simultaneously and quantitatively
in a mixture. Based on the good electrochemical activity and
electrical conductivity of the CoPC-PGE* the determination of
HQ, CC and RS with good analytical performance was
achieved with good selectivity. The new DPV method is simple,
rapid and was successfully applied in the direct simultaneously
determination of the three isomers of dihydroxybenzene in tea
samples. The DPV results using the CoPC-PGE* are in good
agreement with the more laborious chromatographic ones. The
problems related to the surface contamination were resolved by
using a disposable electrode. At this stage, although graphite
pencil electrodes demonstrate a high degree of maturity from
fabrication and modification point of view, technologies are
needed for mass production of modified GPEs for reliable de-
tection of certain analytes in different matrices.

R +SD%
102.06 + 4.56
104.81 +0.50
97.32 £0.49
96.75 +£2.08
99.34 +£0.93
100.84 +0.36
99.01 +0.44
103.11 £ 0.35
98.68 +0.12

C+SD, x 10°° M found

3.90 +£0.13
5.19 £ 0.40
10.67 +0.07
14.49 £ 0.09
4.14 £0.18
4.71 £0.19
9.91+0.13
15.16 £0.07
1.59 £ 0.07
4.93+£0.03
10.36 +0.04
14.78 +£0.02
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