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This work reports the electrocatalysis of bisphenol A on Ni(II) tetraamino metallophthalocyanine (NiTAPc)
polymer modified gold electrode containing Ni–O–Ni bridges (represented as Ni(OH)TAPc). The Ni(II)TAPc
films were electro-transformed in 0.1 mol L−1 NaOH aqueous solution to form ‘O–Ni–O oxo bridges’,
forming poly-n-Ni(OH)TAPc (where n is the number of polymerising scans). poly-30-Ni(OH)TAPc, poly-
50-Ni(OH)TAPc, poly-70-Ni(OH)TAPc and poly-90-Ni(OH)TAPc films were investigated. The polymeric
films were characterised by electrochemical impedance spectroscopy and the charge transfer resistance
isphenol A
ickel phthalocyanine
lectropolymerization
old
lectrocatalysis
yclic voltammetry

(RCT) values increased with film thickness. The best catalytic activity for the detection of bisphenol
A was on poly-70-Ni(OH)TAPc. Electrode resistance to passivation improved with polymer thickness.
The electrocatalytic behaviour of bisphenol A was compared to that of p-nitrophenol in terms of elec-
trode passivation and regeneration. The latter was found to passivate the electrode less than the former.
The poly-70-Ni(OH)TAPc modified electrode could reliably detect bisphenol A in a concentration range
of 7 × 10−4 to 3 × 10−2 mol L−1 with a limit of detection of 3.68 × 10−9 mol L−1. The sensitivity was

2.
3.26 × 10−4 A mol−1 L cm−

. Introduction

The determination and oxidation of phenolic type compounds
as been extensively studied due to their widespread presence in
he atmosphere and in industrial waste waters [1,2]. Phenolic com-
ounds are toxic to humans, animals and plants. Bisphenol A (BPA)

n particular, which is a subject of this study, is among the most
erious environmental contaminants.

BPA (Fig. 1(i)) is highly suspected to act as an endocrine disrup-
or [3–6]. BPA is commonly used as a monomer compound in the
roduction of polycarbonate plastics and finds its way into rivers,

akes and oceans [7,8]. It is thus important that cheap effective ways
f detecting BPA are developed.

Various methods have been employed in determining BPA and
ther phenolic compounds, these include: high performance liq-
id chromatography (HPLC) [8], gas chromatography coupled with
ass spectrometry [8,9] and electrochemical methods [10–14].
Electrochemical methods are preferred since there is no need
or extensive separation. The electrochemical oxidation of phenols
eadily occurs on bare electrodes; however, oxidation results in
he formation of dimers which poison the electrode, thus decreas-
ng the oxidation current [14]. To combat this problem, modified
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el.: +27 46 6038260; fax: +27 46 6225109.
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oi:10.1016/j.jhazmat.2010.01.061
© 2010 Elsevier B.V. All rights reserved.

electrodes have been used; metallophthalocyanine (MPc) modified
electrodes in particular have shown good electrocatalytic activity
[14].

This work reports the electrocatalytic oxidation of bisphenol A
on nickel tetraamino phthalocyanine (Ni(II)TAPc) (Fig. 1(iii)) modi-
fied electrode containing Ni–O–Ni bridges. It has been reported that
when NiPc derivatives are transformed into the ‘O–Ni–O oxo form’,
better catalytic activity is observed for detection of chlorophenols
[14–16] and other analytes. Hence in this work, the NiTAPc species
is transformed to the O–Ni–O form for BPA detection. BPA has been
determined on cobalt phthalocyanine (CoPc) modified carbon paste
electrode (CPE) [17] with a detection limit of 1.0 × 10−8 mol L−1 and
a linear range of 8.75 × 10−8 to 1.25 × 10−5 mol L−1. Even though
CPEs have the advantage of renewable electrode surfaces, they suf-
fer from the effects of the binding materials employed such as
leaking and partial inhibition of the faradaic currents [18]. On the
other hand, passivation of the solid electrodes by the products of
phenol oxidation is a serious limitation [14]. It has been reported
that when NiPc derivatives are transformed into the ‘O–Ni–O oxo
form’, electrode fouling is decreased [12], hence the use of this
species for electrode modification in this work. BPA oxidation
occurred on bare CPE, with only a slight increase in currents in

the presence of CoPc, hence showing only small catalytic activity
[17]. Thus the use of gold electrode was influenced by the fact that
there is no oxidation peak for BPA on bare Au, making detection
using NiPc easier. Recently [19] bisphenol A has been analysed at a
glassy carbon electrode which had been elaborately modified with

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:t.nyokong@ru.ac.za
dx.doi.org/10.1016/j.jhazmat.2010.01.061
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ig. 1. Molecular structure of bisphenol A (i), p-nitrophenol (ii) and nickel
etraamino phthalocyanine (iii).

multi-walled carbon nanotubes–gold nanoparticles hybrid film,
ith a linear range of 2.0 × 10−8 to 2 × 10−5 mol L−1 and a limit of
etection of 7.5 nmol L−1. The current work combines the catalytic
ctivity of the NiTAPc and reduced passivation in the presence of
–Ni–O bridges.

The oxidation of BPA on nickel tetraamino phthalocyanine
Ni(II)TAPc) modified electrode containing Ni–O–Ni bridges, is
ompared with that of another phenol, namely p-nitrophenol (PNP)
Fig. 1(ii)) in terms of electrode passivation. PNP is used as an
ntermediate in the synthesis of paracetamol and mainly in the
roduction of herbicides, pesticides, dyes and explosives [3,20].
lthough its mode of action in the human body and animals is not
ntirely known, reports have shown that it may cause inflammation
f eyes, skin and respiratory tract [20].

. Experimental

.1. Materials

N′-Dimethylformamide (DMF) from Aldrich was freshly dis-
illed. Tetrabutylammonium tetrafluoroborate (TBABF4) (Aldrich)
as used as the electrolyte for electrochemical experiments.
isphenol A (BPA) was purchased from Sigma–Aldrich. p-
itrophenol was purchased from the British drug house (BDH). The

yntheses of NiTAPc have been reported before [21].

.2. Electrochemical apparatus and methods

Cyclic voltammetry (CV) experiments were performed using
utolab Potentiostat/Galvanostat model 263A (Princeton Applied
esearch) driven by the Electrochemistry Powersuit software, using
conventional three-electrode system. Faradaic impedance mea-

urements were performed with Autolab FRA equipment using a
0 mV root mean square (rms) sinusoidal modulation. The working
lectrodes were either bare or Au (1.6 mm diameter) modified with
i(II)TAPc. Respectively, silver–silver chloride (Ag|AgCl) and plat-

num wire were used as pseudo-reference and counter electrodes.
ll the solutions were de-aerated by bubbling argon preceding the
xperiments and the argon atmosphere was maintained through-
ut the experiments. The pH 7 and 12 phosphate buffer solutions
ere prepared from KH2PO4 and Na2HPO4, and NaOH was used

o adjust the pH. A stock solution of 1 × 10−2 mol L−1 bisphenol
or p-nitrophenol (PNP) was prepared in a mixture of deionised
ater/acetonitrile (60:30, v/v). This solvent mixture was employed
ue to the lack of solubility of BPA or PNP in water alone.
Samples for BPA practical application were obtained from a local
ood market. Two types of plastic products were used: microwave
lastic (taken from a meat package) and a soft drink plastic bottle.
oth plastics (microwave plastic and soft drink bottle) were washed
horoughly with water and soap to remove animal fat and blood-
Fig. 2. Repetitive cyclic voltammogram of 1 × 10−3 mol L−1 NiTAPc in DMF contain-
ing 0.1 mol L−1 TBABF4 at the gold electrode. Scan rate = 100 mV s−1.

stains or soft drink leftovers. The microwave plastic was added to
water and exposed to microwaves at high power for 5 min [17].
This was repeated three times on different days. The soft drink bot-
tle was cut into small pieces and treated with hot boiling water. The
treatment with hot water was repeated three times. To determine
the concentration of BPA, the standard addition method was used.

The modification of the working Au electrode was achieved by
electropolymerization of Ni(II)TAPc by repetitive cycling at a con-
stant scan rate of 0.1 V s−1 in a potential range of −0.5 to 1.0 V to
form poly-NiTAPc.

3. Results and discussion

3.1. Electrode modification using Ni(II)TAPc

The modification of the working Au electrode was achieved via
electropolymerization of NiTAPc in DMF by repetitive cycling at a
constant scan rate of 0.1 V s−1 to form poly-NiTAPc. The electropoly-
merization of CoTAPc and MnTAPc on glassy carbon electrodes is
now well known [22,23]. The formation of self-assembled mono-
layers (SAMs) of CoTAPc, CuTAPc and FeTAPc on Au and Ag has been
reported [24]. The formation of SAM is not expected to be significant
during the time used for electropolymerization. SAM formation
takes hours for significant coverage. Also the Au oxide and stripping
peaks were not observed under the conditions (organic media) of
the electropolymerization process.

Fig. 2 shows a series of CVs (20 scans) during electropolymer-
ization of Ni(II)TAPc. The number of CV scans of 30 and 50 were
also tried, but as has been observed before [13], the polymer film
tends to lose conductivity with an increasing number of scans. Thus,
the formation of O–Ni–O oxo bridges was based on the optimum
number of scans of 20. Also, the main aim was to form O–Ni–O
oxo bridges for the catalytic oxidation of BPA. It is well known
that repetitive cyclic voltammetry scanning of amino substituted
MTAPc complexes results in polymer formation of the MPc onto
the electrode surface [22–26]. This is as a result of the formation
of radicals on oxidizing the amino substituents [25], whereby the
formed radicals attack the vulnerable phenyl rings of neighbouring
molecules thus forming a polymer [25]. The cyclic voltammogram
(CV) evolution shown in Fig. 2 is similar to that reported in the
literature [25]. A general increase in currents together with the
formation of new peaks was observed. The polymer formed was
clearly noticeable on the surface of the electrode as a dark green

surface. poly-NiTAPc will be used to represent the Ni(II)TAPc poly-
mer on Au electrode surface. A slight shift on the positive potentials
with increase in scan number was observed. This is indicative of
an increase in electrical resistance of the polymer film and thus
over-potential is needed to overcome resistance [27].
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Table 1
EIS parameters and surface coverage values for poly-NiTAPc films, and recovery values for detection of BPA in pH 12 buffer.

Electrode Surface coverage (� ) mol cm−2 (MPc) % Recovery for BPA % Recovery for PNP RCT (×10−3 �) RS (k�) Cdl (�F)

Bare 0.0 13.2 0.16 0.32
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calculated surface coverage values for the various polymers are
listed in Table 1. The determined values range from 1.11 × 10−10 to
5.46 × 10−10 mol cm−2. These values are in the range for monolayer
poly-30-Ni(OH)NiTAPc-Au 1.79 × 10 16
poly-50-Ni(OH)NiTAPc-Au 2.20 × 10−10 25
poly-70-Ni(OH)NiTAPc-Au 5.46 × 10−10 61
poly-90-Ni(OH)NiTAPc-Au 1.11 × 10−10 72

Following the electropolymerization of Ni(II)TAPc, transforma-
ion of the poly-NiTAPc into ‘O–Ni–O oxo bridges’ was done by
ycling repetitively in 0.1 mol L−1 solution of NaOH between −0.2
nd 1.0 V. Fig. 3 shows the formation and increase of both the anodic
nd cathodic peaks between −0.2 and +0.5 V. These peaks are doc-
mented as the NiIII/NiII redox process and are similar to literature
16,28]. The insert in Fig. 3 shows a cyclic voltammogram of the
ransformed polymer in pH 12 phosphate buffer, which is the pH
mployed for the detection of BPA. There is only a small shift to
ore positive potential values in pH 12 compared to in 0.1 mol L−1

aOH. The cyclic voltammetry peaks between −0.2 and +0.5 V can
e explained by the formation of ‘O–Ni–O oxo bridges’ in alka-

ine aqueous solutions and are indicative of transformation of the
oly-NiTAPc into O–Ni–O oxo bridges [27–30]. The modified elec-
rode will now be represented as poly-Ni(OH)TAPc–Au. Although
he mechanism of transformation is not fully known, it has been
uggested [30,31] that the transformation is initiated by the elec-
rooxidation of the OH− in the electrolyte solution to the hydroxyl
adical (OH

•
). The high current observed between 0.7 and 1.0 V has

een attributed to the electrooxidation of the OH− [32]. The OH
•

adicals assist with the insertion of the oxygen atom (O) between
he NiPcs. With increase in scanning, more OH

•
radicals are gener-

ted thus leading to the interlinking of the Ni atoms to form ‘O–Ni–O
xo bridges’. There are no peaks due to Au alone at the pH employed.

.2. Electrochemical behaviour of the electrodes and effect of film
hickness

The thickness of the films is governed by the number of scans
uring polymerisation. The more the number of scans, the thicker
he film. Ideally a thicker film should give better catalytic behaviour
han a thinner one. This is expected because of the availability of

ore catalytic sites. However, it has been shown before that the
ccessibility to the redox centres within the electropolymerised
lms is limited to the external layers [32].

Fig. 4 shows the cyclic voltammograms of (i) Au electrode,

ii) poly-30-Ni(OH)NiTAPc, (iii) poly-50-Ni(OH)NiTAPc, (iv) poly-
0-Ni(OH)NiTAPc, (v) poly-90-Ni(OH)NiTAPc in 1 × 10−3 mol L−1

3[Fe(CN)6] containing 0.1 mol L−1 KCl. The bare electrode in
ig. 4(i) shows a redox couple at a half-wave potential (E1/2)
f 65 mV and an anodic to cathodic peak separation (�E) of

ig. 3. Repetitive cyclic voltammograms of poly-NiTAPc in 0.1 mol L−1 NaOH. Insert
s the polymer in buffer. Scan rate = 100 mV s−1.
76 9.3 0.19 0.37
91 5.7 0.19 0.53
91 4.3 0.18 0.82
65 4.5 0.15 0.82

130 mV. Fig. 4(ii)–(v) shows reversible cyclic voltammograms
with E1/2 values decreasing with increasing polymer thick-
ness from E1/2 = 135 mV for poly-30-Ni(OH)NiTAPc, 130 mV for
poly-50-Ni(OH)NiTAPc, 120 mV for poly-70-Ni(OH)NiTAPc and
115 mV for poly-90-Ni(OH)NiTAPc. The decrease in �E val-
ues was also observed with polymer thickness (with the
exception of poly-90-Ni(OH)NiTAPc) as follows: 120 mV for poly-
30-Ni(OH)NiTAPc, 80 mV for poly-50-Ni(OH)NiTAPc, 60 mV for
poly-70-Ni(OH)NiTAPc and 70 mV for poly-90-Ni(OH)NiTAPc. This
order suggests improved kinetics with increase in polymer thick-
ness. The peak current also increased compared to bare Au
electrode in Fig. 4.

In order to estimate the surface concentration of the complexes
on gold electrodes, the effective surface areas of the gold elec-
trodes were first determined using the Randles–Sevcik equation
[33], Eq. (1), and Fig. 4 for the cyclic voltammogram of [Fe(CN)6]3−

in 1 × 10−3 mol L−1 KCl:

Ipa = (2.69 × 105) n3/2 D1/2 �1/2 AC (1)

where n is the number of electrons transferred (n = 1), D is the dif-
fusion coefficient of [Fe(CN)6]3− (7.6 × 10−6 cm2 s−1 [34]), v is the
scan rate, A is the effective surface area, C is the bulk concentration
of [Fe(CN)6]3− (1 × 10−3 mol L−1).

The surface coverages (� polyMTAPc) of polymer modified elec-
trodes were estimated by integrating the charge under the
reduction peak in Fig. 3(insert), using Eq. (2).

�polyMTAPc = Q

nFA
(2)

where Q (C) is the charge under the metal oxidation peak, n
(=1) is the number of electrons, A is the effective area of the
electrode (calculated from Eq. (1)) and F is Faraday’s constant
(95,485 C mol−1). Using the effective area of the electrodes, the
coverage in MPc complexes [35].

Fig. 4. Cyclic voltammograms of (i) Au bare electrode, (ii) poly-30-Ni(OH)NiTAPc,
(iii) poly-50-Ni(OH)NiTAPc, (iv) poly-70-Ni(OH)NiTAPc, (v) poly-90-Ni(OH)NiTAPc
in 1 × 10−3 mol L−1 K3[Fe(CN)6] containing 0.1 mol L−1 KCl. Scan rate = 100 mV s−1.
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ig. 5. Nyquist plots of electrodes of this work recorded in 1 × 10−3 mol L−1

Fe(CN)6]3−/4− in 0.1 mol L−1 KCl: (i) bare, (ii) poly-30-Ni(OH)NiTAPc, (iii) poly-50-
i(OH)NiTAPc, (iv) poly-70-Ni(OH)NiTAPc, (v) poly-90-Ni(OH)NiTAPc modified Au
lectrodes. The insert shows the Randles equivalent circuit of the electrodes.

Electrochemical impedance spectroscopy (EIS) was employed
or further characterization of the modified electrodes. The Nyquist
lot (−Z′′ vs. Z′) was fitted and analysed using the Randles
quivalent circuit (Fig. 5(insert)) which takes into considera-
ion the diffusion and kinetic control parameters [36–38]. The
andles equivalent circuit used for fitting impedance data con-
isted of the solution or electrolyte resistance (RS) connected
n series to the parallel combination of the capacitance and
harge transfer resistance (RCT) in series with Warburg impedance
ZW).

Fig. 5 shows the Nyquist plots for (i) bare and (ii)
oly-30-Ni(OH)NiTAPc, (iii) poly-50-Ni(OH)NiTAPc, (iv) poly-70-
i(OH)NiTAPc, and (v) poly-90-Ni(OH)NiTAPc modified Au elec-

rodes recorded in 1 × 10−3 mol L−1 [Fe(CN)6]3−/4− in 0.1 mol L−1

Cl. The bare electrode shows an almost straight line. The Nyquist
lots of all the modified electrodes (Fig. 5(ii)–(v)) resemble a semi-
ircle pattern (due to barrier to the interfacial electron-transfer)
ollowed by a straight line in the low frequency region (the Warburg
ine).

The charge transfer resistance (RCT) (Table 1) decreases with
lm thickness, except for poly-70-Ni(OH)NiTAPc and poly-90-
i(OH)NiTAPc, whose values are almost the same. The behaviour
f poly-70-Ni(OH)NiTAPc and poly-90-Ni(OH)NiTAPc implies that
lm thickness in this case does not necessarily mean less charge
ransfer resistance or better catalytic activity as reported before
31]. The general decrease in RCT values with film thickness
ould be attributed to the catalytic nature of the surface con-
ned polymer films as has been observed before [39,40]. This
ehaviour may be a result of decreased electrical resistance
o mass transport through the film thickness. The decreases
n RCT values confirm the cyclic voltammetry results which
howed improvement in ferrocene peak separation with film thick-
ess.

The RS values (Table 1) between the different polymers on
u electrodes were not significantly different (0.15–0.19 k�). The
olymers on the electrode surfaces are not expected to change
he solution resistance significantly, hence this was expected. The
dl values were different, with poly-70-Ni(OH)NiTAPc showing the
ighest value of 0.82 �F and bare gold electrode showing the small-
st value of 0.32 �F. The differences show the different conducting
bilities of the different films.
.3. Electrocatalysis of bisphenol A using poly-Ni(OH)TAPc

Fig. 6a shows the cyclic voltammograms recorded in
× 10−3 mol L−1 BPA in pH 12 phosphate buffer on poly-n-
Fig. 6. Cyclic voltammograms recorded in 2 × 10 mol L BPA in pH 12 phosphate
buffer: (a) (i) poly-30-Ni(OH)NiTAPc, (ii) poly-50-Ni(OH)NiTAPc, (iii) poly-70-
Ni(OH)NiTAPc, (iv) poly-90-Ni(OH)NiTAPc, and (v) bare gold electrode; (b) of
poly-Ni(OH)TAPc (i) and poly-NiTAPc (ii) modified electrodes. Scan rate = 100 mV s−1.

Ni(OH)NiTAPc (containing O–Ni–O bridges, where n is the number
of polymerization scans). From Fig. 6a, the modified electrodes
showed peaks for BPA oxidation, showing that the NiPc species
catalyses the oxidation. There were no BPA peaks on bare Au
electrode. The peak for the oxidation of BPA was observed at 0.45 V
(vs. Ag|AgCl) which is 0.41 V vs. saturated calomel electrode (SCE)
(using a −0.045 V correction factor [41]). This value is slightly less
positive than the value of 0.45 V vs. SCE obtained on CoPc-CPE
[17]. However, since no oxidation peak for BPA is observed on
bare Au electrode in the current work, the detection of this species
is hence more convenient compared to its detection on CPE. The
return peak near 0.28 V in Fig. 6a is attributed to the reduction of
the oxidation products of BPA.

It is expected that a thicker film should be the most sensi-
tive (due to the availability of more catalytic sites). However, this
was not the case in this study. It has also been shown before
that catalysis by polymerised films is only limited to external lay-
ers [32]. For BPA oxidation reactions poly-70-Ni(OH)NiTAPc was
the most sensitive towards the oxidation of BPA of all the poly-
mers. This could be explained by the fact that the RCT value of
poly-70-Ni(OH)NiTAPc showed less resistance, making the polymer
more catalytic. The largest surface coverage was for poly-70-
Ni(OH)NiTAPc.

Fig. 6b demonstrates that poly-Ni(OH)TAPc modified electrode
(i) shows good catalytic activity to bisphenol A compared to poly-
NiTAPc modified electrode (ii). This is judged by the fact that
poly-Ni(OH)TAPc displays less positive potential for bisphenol A
detection (0.45 V vs. Ag|AgCl) compared to poly-NiTAPc which
detected bisphenol A at ∼0.62 V vs. Ag|AgCl (Fig. 6b). Also, a higher
peak current in the detection of bisphenol A was obtained on the
poly-Ni(OH)TAPc (i) relative to poly-NiTAPc (ii) (Fig. 6b). Further-
more, a sharper and better defined bisphenol A detection peak was
displayed by the poly-Ni(OH)TAPc (i) relative to poly-NiTAPc (ii)

(Fig. 6b).

Fig. 7 shows the cyclic voltammograms of 2 × 10−3 mol L−1 PNP
in pH 12 phosphate buffer on poly-Ni(OH)TAPc (containing O–Ni–O
bridges). There was a significant potential shift (peak at ∼0.76 V) for
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Fig. 9. The variation of peak currents with scan number for the voltammetric
ig. 7. Cyclic voltammograms of 2 × 10−3 mol L−1 PNP in pH 12 phosphate buffer:
i) poly-30-Ni(OH)TAPc, (ii) poly-50-Ni(OH)TAPc, (iii) poly-70-Ni(OH)TAPc, (iv) poly-
0-Ni(OH)TAPc and (v) bare gold electrode. Scan rate = 100 mV s−1.

he catalytic oxidation of PNP compared to BPA (peak at 0.45 V). The
eak observed at ∼0.5 V for PNP catalysis by poly-30-Ni(OH)TAPc
nd poly-90-Ni(OH)TAPc is most likely due to NiIII/NiII in compari-
on with Fig. 3. poly-30-Ni(OH)TAPc and poly-50-Ni(OH)TAPc were
he most sensitive towards the oxidation of PNP (Fig. 7) while, as
tated above, poly-70-Ni(OH)TAPc was the most sensitive for BPA.
here was a decrease in current for poly-70-Ni(OH)TAPc for BPA
nd after poly-50-Ni(OH)TAPc for PNP.

The mechanism for the oxidation of BPA is expected to be simi-
ar to that proposed for its oxidation on CoPc-CPE [17] (Scheme 1)
ut catalysed by NiIIIPc/NiIIPc instead of the corresponding CoPc
ouple. Catalysis was carried out in basic media where BPA depro-
onates (step 1). The catalytic oxidation occurs at potentials where
i(III) exits for poly-Ni(OH)TAPc, hence it catalyses oxidation of
PA to form radicals (step 3) which subsequently dimerise to form
olymers as indicated in steps 4–5. For poly-NiTAPc, only ring
ased processes will be involved since, without transformation to
i–O–Ni bridges, NiPc complexes do not show the Ni(III)/Ni(II) cou-
le.

Fig. 8 shows the linear variation of the electrocatalytic cur-
ents plateaus (steady-state currents) with BPA concentrations
n the range of 7 × 10−4 to 3 × 10−2 mol L−1 for Au poly-70-
i(OH)NiTAPc. A linear coefficient above 0.998 was obtained.
he calculated sensitivity (obtained from the slope of the lin-
ar plot) was 3.26 × 10−4 A mol−1 L cm−2. The limit of detection

LoD) was calculated according to literature [42], using the
ı/slope ratio notation (where ı is the standard deviation of
he plot in Fig. 8), and found to be 3.68 × 10−9 mol L−1 for
PA on poly-70-Ni(OH)NiTAPc. This value is better than that

ig. 8. Calibration curves for BPA detection by poly-70-Ni(OH)NiTAPc (pH = 12).
responses in 2 × 10−3 mol L−1 (a) BPA and (b) PNP at (i) poly-30-Ni(OH)NiTAPc, (ii)
poly-50-Ni(OH)NiTAPc, (iii) poly-70-Ni(OH)NiTAPc, and (iv) poly-90-Ni(OH)NiTAPc
modified gold electrode.

reported for CoPc-CPE (LoD = 1.0 × 10−8 mol L−1) [17] and carbon
electrode which had been modified with a multi-walled carbon
nanotubes–gold nanoparticles hybrid film [19]. Thus the poly-
Ni(OH)NiTAPc on gold shows excellent sensitivity for BPA.

BPA concentrations were calculated in the two types of plas-
tics that were obtained from a local food store for practical analysis
using poly-70-Ni(OH)NiTAPc which was the most sensitive towards
the oxidation of BPA. This was performed to determine the possi-
ble potential of the modified gold electrodes in the detection of
BPA in real sample applications. A standard addition method was
employed, where it was discovered that the microwave oven plas-
tic had more BPA concentration (2.55 �M) than the soft drink bottle
which had a BPA concentration of 0.585 �M. Values in the �M range
were obtained for similar samples [17].

3.4. Electrode passivation

Phenolic type compounds are disreputable for fouling electrode
surfaces. This is due to the fact that when they are oxidized, phe-
nol polymerization and hydroquinone formation take place [15,16]
and thus block the electrode surface. Fig. 9 shows a decrease in
current responses of BPA or PNP with cyclic voltammetry scan num-
ber. There is a decrease in current after the first scan followed by
stabilization of the current. The electrodes could be partially regen-
erated by rinsing in pH 7.4 buffer, with percentage recoveries listed

in Table 1. It was also observed that percentage recovery values
increased with increase in polymer thickness, with the exception
of poly-90-Ni(OH)NiTAPc for PNP. The percentage recovery values
in Table 1 show that it was easier to regenerate surfaces with PNP
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Scheme 1. Proposed reaction mechanism for the electrooxidation o

xidation products than those of BPA, the recovery values of the
atter range from 16 to 72% for BPA and 65 to 91% for PNP.

. Conclusion

The electrooxidation of BPA and PNP in pH 12 buffer by differ-
nt poly-NiTAPc of different thicknesses was investigated. It was
lso demonstrated that thicker films do not necessarily give bet-
er catalysis. poly-70-Ni(OH)NiTAPc was the most sensitive for the
lectrocatalysis of BPA. The stability of the electrodes increased
ith polymer thickness. The poly-70-Ni(OH)TAPc modified elec-

rode (which showed the largest sensitivity) could reliably detect
isphenol A in a concentration range of 7 × 10−4 to 3 × 10−2 mol L−1

ith a limit of detection of 3.68 × 10−9 mol L−1. The sensitivity was
.26 × 10−4 A mol−1 L cm−2. BPA passivates the electrode to a larger
xtent than PNP.
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