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a b s t r a c t

The characterization of tantalum phthalocyanine conjugates with gold nanoparticles and single wall car-
bon nanotubes as well as their electrocatalytic oxidation of bisphenol A is hereby presented. The forma-
tion of the conjugates was confirmed by X-ray diffraction and transmission electron microscope
techniques. Single walled carbon nanotube conjugates of TaPc complexes showed the best catalysis as
well as less passivation for bisphenol A detection and significant recovery of �98% compared to gold
nanoparticle conjugates.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Metallophthalocyanines (MPc) are known to act as good elect-
rocatalysts for many analytes when employed to modify electrode
surfaces [1–4]. Similarly, gold nanoparticles (AuNPs) have found
applications in electrochemical sensing [5,6] due to their high sur-
face-to-volume ratio, which gives them high sensitivity over their
bulk gold counterparts [5–8]. Thus the combination of MPcs and
AuNPs may enhance the catalytic activity compared to when these
extraordinary catalysts are used separately. To illustrate this, con-
jugates of AuNPs with MPcs will be employed for the electrocata-
lytic oxidation of bisphenol A (BPA) in this work. Alkylthio TaPc
conjugates with AuNPs have been characterized [9]. In this work,
tantalum phthalocyanine complex (3) substituted at the peripheral
positions with an aryl substituent (2-mercaptopyridine, Scheme 1)
will be conjugated to AuNPs, and its behavior compared with that
of complex 4 substituted with alkyl substituents. The two TaPc
derivatives (3 and 4) will also be adsorbed onto single walled car-
bon nanotubes (SWCNTs). The aim is to compare AuNPs and
SWCNTs towards reducing electrode passivation during the detec-
tion of BPA. The central metal Ta was chosen because of the possi-
bility of multiple oxidation states, and the fact that electrocatalytic
behavior of TaPc has been relatively unexplored [9]. This is due to
the difficulty in the synthesis of these complexes. The mercapto-
ll rights reserved.
pyridine group was chosen since it is a bulky group which may pre-
vent aggregation of TaPc derivative. The presence of the electron
donating thio group will make oxidation easier, hence improve
electrocatalysis. The conjugates (TaPc-AuNPs or TaPc-SWCNT) are
characterized by transmission electron microscopy (TEM), X-ray
diffraction (XRD) and cyclic voltammetry and employed for BPA
detection.

Single walled carbon nanotubes (SWCNT) are one dimension-
less nanowires that are either metallic or semi conducting and they
readily accept charges which they transport along their tubular
axis [10–12]. Their remarkable properties have encouraged their
use in electrochemical devices for electron-transfer processes
[13–15]. Carbon nanotubes have been non-covalently functional-
ised using porphyrins [16] and metallophthalocyanines [17,18]
through p-p interactions. In this work, TaPc complexes (3 and 4)
were non-covalently bonded to carbon nanotubes to form 3-
SWCNT and 4-SWCNT conjugates and these were employed for
the electrooxidation of BPA.

Biphenol A, is a type of estrogen present in the environment,
and it can have harmful effects on the endocrine systems of hu-
mans and wild animals [19–21]. Electrochemical methods have
been explored for the detection of BPA [22–24]. However, the ma-
jor drawback with the oxidation of phenolic type compounds on
bare electrodes is the inevitable formation of dimers which passiv-
ate the electrode surface resulting in low oxidation currents [1].
We have recently reported [9] that TaPc derivatives and their con-
jugates with AuNPs showed catalytic activity towards BPA. We also
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Scheme 1. Synthetic route for the tantalum phthalocyanine complex (3).
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reported on the use of nickel tetraamino phthalocyanine [Ni(II)-
TAPc] for BPA detection, which showed extensive passivation of
the electrode [22]. Yin et al. [23,24] reported on the use of cobalt
phthalocyanine carbon paste electrode (CPE) and multiwalled car-
bon nanotubes (MWCNT) – cobalt phthalocyanines – silk fibroin
films for BPA detection, with improved stability. The current work
is aimed at using a Au electrode modified with conjugates of TaPc
with SWCNT or AuNPs. The electrode is modified by a simple
adsorption method. The aim is to minimize passivation, hence im-
prove electrode re-usability. The effects of AuNPs or SWCNT on the
electrocatalytic behavior of TaPc derivatives are compared.
2. Experimental

2.1. Materials

Toluene and acetonitrile were purchased from Saarchem.
Bisphenol A (BPA) was purchased from Sigma Aldrich. Ultra pure
water of 18.2 MX cm resistivity {and total organic content (TOC)
of 4 ppb} was from a Milli-Q Water system. pH 12 phosphate buffer
solutions were prepared from KH2PO4 and Na2HPO4, and NaOH
was used to adjust the pH. Gold nanoparticles (and AuNP-MPc con-
jugates) were synthesised as described recently [9]. The synthesis
of 4 (Fig. 1) was reported in Ref. [25].

2.2. Equipment

Transmission electron microscope (TEM) images were obtained
using a JEOL JEM 1210 transmission electron microscope at 100 kV
accelerating voltage. A few drops of the solutions of the samples
Fig. 1. Molecular structures of complex 4.
were placed on carbon coated 300 mesh grids and were left to
dry for about 30 s. X-ray powder diffraction (XRD) patterns were
recorded on a Bruker D8, Discover equipped with a proportional
Lynx Eye Detector using Cu Ka radiation (k = 1.5405 Å, nickel fil-
ter). Data were collected in the range from 2h = 5� to 60�, scanning
at 1� min�1 with a filter time-constant of 2.5 s per step and a slit
width of 6.0 mm. Samples were placed on a silicon wafer slide.
The X-ray diffraction data were treated using Eva (evaluation curve
fitting) software. Baseline correction was performed on each
diffraction.

Cyclic voltammetry (CV) experiments were performed using
Autolab Potentiostat/Galvanostat model 263A (Princeton Applied
research) driven by the Electrochemistry Powersuit software, using
a conventional three-electrode system. Spectroelectrochemical
data was recorded using an optically transparent thin-layer elec-
trochemical (OTTLE) cell which was connected to a Bioanalytical
System (BAS) CV 27 voltammograph. The electrodes for spectro-
electrochemical studies are Pt mesh working and counter elec-
trodes, and a Ag|AgCl pseudo reference electrode.
2.3. Electrochemical methods

The gold disk electrode surface was polished in aqueous slurry
of alumina on sic-emery paper and subjected to ultrasonic vibra-
tion in absolute ethanol to remove residual alumina. The electrode
was then etched in hot ‘piranha’ solution (1:3 v/v 30% H2O2 and
concentrated H2SO4) for 2 min and rinsed with excess Millipore
water. The electrode was then scanned in 0.5 M H2SO4 between
�0.5 and 1.5 V vs Ag|AgCl to obtain a reproducible scan.

The working electrodes were either bare or Au disk (1.6 mm
diameter) modified with the following complexes: AuNPs, 3, 3-
AuNPs, 4-AuNPs, SWCNT, 3-SWCNT or 4-SWCNT. Respectively, sil-
ver–silver chloride (Ag|AgCl) and platinum wire were used as
pseudo-reference and counter electrodes. The potential of the
pseudo reference electrode was less than that of Ag|AgCl (3 M
KCl) by 0.015 ± 0.003 V. The modification of the working Au elec-
trode was achieved using the drop – dry method, where a drop
of the complex of interest (AuNPc or TaPc-AuNPs conjugates dis-
solved in toluene; or SWCNT or TaPc-SWCNT suspended in CHCl3

following sonication) was placed on the electrode surface and left
to dry for �10 min in the oven. This allowed for adsorption of the
complexes onto the electrode surface. The removal of the excess
catalyst was accomplished by rinsing the electrode in toluene
(for AuNPs and their conjugates) or CHCl3 (for SWCNT or their con-
jugates) followed by acetone before use.

All solutions were de-aerated by bubbling argon preceding the
experiments and the argon atmosphere was maintained through-
out the experiments. A stock solution of 1 � 10�3 mol L�1 bisphe-
nol A was prepared in a mixture of deionised water/acetonitrile
(60:30 v/v). This solvent mixture was employed due to the lack
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of solubility of BPA in water alone. For practical BPA applications,
samples were obtained from a local food market in Grahamstown.
Two types of plastic products were used; microwave plastic from
meat package and a baby feeding bottle. Both plastic products were
washed thoroughly with water and soap to remove blood stains,
animal fat and other impurities. The plastic products were then
placed in a big bowl, separately, and exposed to high microwave
power for 10 min [24]. This was repeated three times on different
days. The BPA concentrations were determined using the standard
addition method.
2.4. Synthesis of (2-mercaptopyridine)pthalocyaninato tantalum (IV)
butoxide (3), Scheme 1

Under a stream of nitrogen, a mixture of tantalum (V) butoxide
(0.66 g, 1.21 mmol), 3-(2-mercaptopyridine)phthalonitrile (2,
0.25 g, 1.05 mmol), DBU (1.66 mL, 12 mmol) and 1-pentanol
(10 mL) was stirred at 160 �C for 5 h. After cooling, methanol was
added to the solution. The resulting precipitate was filtered and
washed twice with methanol. Column chromatography over silica
was done using CHCl3 as eluent.

Yield: 0.25 g (42%). UV/Vis (Toluene): kmax (nm) (log e) 335
(4.59) 620(4.15) 688(5.74), 710 (5.79). IR (KBr): mmax/cm�1; 3063
(Ar-H), 1560 (C@C), 1523, 1452, 1345, 1201, 1307, 1285, 1201,
1109, 1095 (CASAC), 910, (Ta-O). 1H NMR (CDCl3): d, ppm: 8.32–
9.33 (m, 8H, Pc-H), 7.71–8.50 (m, 4H, Pc-H), 6.70–7.30 (m, 16H,
Pyridyl-H), Calc. for C52H31N12S4O4Ta: C 52.16; H 2.61; N 14.04; S
10.71; Found: C 52.09, H 3.04, N 14.14, S 10.45. MALDI-TOF MS
m/z: Calcd: 1197 amu. Found: [M-Ta] 965 amu.
0 0.2 0.4 0.6 0.8 1
2.5. Synthesis of TaPc-SWCNT conjugates

The SWCNT were purified by following methods described pre-
viously in literature [26] with modification as follows: SWCNT
(150 mg) were suspended in a mixture of concentrated HNO3:
H2SO4 (1:3) and stirred at 70 �C for 2 h. The SWCNTs were subse-
quently washed with water and dried in the oven overnight at
70 �C. The 3-SWCNT and 4-SWCNT conjugates were formed by
mixing complexes 3 or 4 (3.5 mg) and SWCNT (1.0 mg) in CHCl3

(1.5 mL) and stirred for �12 h. Adsorption of TaPc derivatives onto
SWCNT is expected due to p–p interactions between the two.
Fig. 2. Cyclic voltammogram of complex 3 in DMF containing 0.1 M TBABF4. Scan
rate = 100 mV/s. Inset: Complex 3 adsorbed onto Au electrode.

Table 1
Electrochemical data (half-wave potential, E½, unless otherwise stated) for TaPc
derivatives in DMF containing 0.1 M TBABF4. (Potentials vs Ag|AgCl.

Complex TaVPc�2/
TaIVPc�2

TaIVPc�2/
TaIVPc�3

TaIVPc�3/
TaIVPc�4

Oxidation
processes

Refs.

3 �0.57 �0.99 0.86 TW
4 �0.74 �1.13 0.37, 0.57 [25]
TaPc �0.31 �0.48 �0.94 075 [29]

aTW = This work.
2.6. Synthesis of AuNPs and TaPc-AuNP conjugates

The synthesis of gold nanoparticles (using phase transfer agent
TOABr as a protecting ligand) was achieved following the method
described by Brust et al. [27] and as reported before [28]. Briefly
gold (III) chloride trihydrate solution (25 mmol L�1, 4 mL) was vig-
orously stirred with a solution of TOABr (85 mmol L�1, 6 mL) in tol-
uene until all the gold chloride was transferred to the organic
phase, as judged by the change of color from orange to red
[27,28]. An aqueous solution of a reducing agent NaBH4

(3.6 � 10�2 mol L�1) was then added drop-wise over a period of
10 min. The mixture was then stirred vigorously for 30 min. The
organic phase was separated and washed with water. Solid com-
plexes of conjugates of 3 and 4 with AuNPs were synthesized by
mixing the two, allowing time (�28–30 h) for the MPcs to react
with the gold nanoparticles. The solvent (toluene) was then evap-
orated. The uncoordinated TaPc derivatives were removed in a
size-exclusion column (bio-beads).
3. Results and discussion

3.1. Characterization of complex 3

Scheme 1 gives the synthetic pathways for 3. Column and pre-
parative thin layer chromatography with silica gel were employed
to obtain the pure product from the reaction mixtures. The syn-
thesised complex (3) is soluble in organic solvents such as dichlo-
romethane, chloroform, chloronaphthalene, dimethylformamide
(DMF) and dimethylsulfoxide (DMSO).

The new complex was found to be pure by 1H NMR with all the
substituents and ring protons observed in their respective regions.
The metal salt employed for synthesis of complex 3 was tantalum
butoxide, however the axial ligand obtained is hydroxide as a re-
sult of the purification process. Elemental analyses and mass spec-
tral data were consistent with the structure of the complex.

The loss of symmetry is observed for complex 3 as judged by the
split Q band, Fig. 1 (Supporting material), even though this com-
plex is substituted at peripheral positions. This is due to the large
size of the Ta central metal which lies more out of the plane of the
ring when compared to the other central metals.

The cyclic voltammogram (CV) of TaPc complex (3) is shown in
Fig. 2 in DMF containing 0.1 M TBABF4. Reduction processes la-
belled II and III at half-wave (E1/2) potentials of �0.57 and
�0.99 V vs Ag|AgCl, respectively were observed. The DE values of
84 and 90 mV for couples II and III suggests reversibility (DE for
ferrocene standard was 80 mV). Process I is irreversible and is ob-
served at 0.86 V. Compared to octa pentathio alpha substituted
TaPc complex (4) and unsubstituted TaPc in Table 1, [25,29] com-
plex 3 is easier to reduce that the former but more difficult to re-
duce than the latter. The ease of reduction of 3 compared to
unsubstituted TaPc is due to the thio substituents which are elec-
tron donating hence making reduction more difficult. The assign-
ments of the redox processes for 3 are based on
spectroelectrochemistry.

Fig. 2 (Supporting material) shows the absorption spectral
changes observed on applying potentials more negative than
potentials of couple II (�0.57 V vs Ag|AgCl), a shift of the split Q
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band from 667 to 701 nm to 601 and 664 nm was observed. The
combination of aggregation and loss of symmetry may have re-
sulted in broadening of the spectra in Fig. 2a (Supporting material).
Isosbestic points were diffuse, possibly to due axial ligand exchange
and aggregation. Typically, the changes in Fig. 2a (Supporting mate-
rial) are due to redox processes occurring at the central metal [30],
since there is no drastic decrease in intensity of the Q band. There-
fore, process II is attributed to the reduction TaVPc�2 to TaIVPc�2.
Further reduction at potentials of process III (�0.99 V vs Ag|AgCl),
Fig. 2b (Supporting material), resulted in a decrease in the intensity
of the Q band and the appearance of new peaks at �560 nm. The
appearance of new bands between 500 and 600 nm is typical of ring
reduction processes [31], i.e. TaIVPc�2 is reduced to TaIVPc�3. Oxida-
tion is expected only on the ring for TaIVPc complexes, hence pro-
cess I is assigned to the formation of TaIVPc�1.
5000 nm

(b)

3.2. Characterization of MPc-AuNPs and MPc-SWCNT

Fig. 3 shows the TEM images of AuNPs (Fig. 3a) and 3-AuNPs
(Fig. 3b). Fig. 3a illustrates the spherical nature of the AuNPs and
in Fig. 3b, the TaPc appears to be around the gold nanoparticles,
as evidenced by the dark areas on the AuNP. It is possible that
the MPc complexes are simply adsorbed onto the AuNPs.

Similarly, the SWCNT were characterized and visualized using
TEM. Fig 4a shows the SWCNT alone with rod-like shapes and clo-
sely packed together. Fig. 4b shows that on interaction of SWCNT
with complex 4, the spaces between rod-like SWCNTs seem to be
decreased due to the presence of complex 4 on the SWCNTs.

To determine the size of the gold nanoparticles, X-ray diffrac-
tion (XRD) technique was employed. Debye–Scherrer [32] (Eq.
200 nm

(a)

100 nm

(b)

Fig. 3. TEM images of (a) AuNps in toluene (b) AuNPs modified with complex 3.

5000 nm

Fig. 4. TEM images of (a) SWCNT in toluene (b) SWCNT modified with complex 4.
(1)) was used to calculate the size of the gold nanoparticles and
MPc conjugates.

dÅ ¼ kk
bCosh

ð1Þ

where k is an empirical constant equal to 0.9, c is the wavelength of
the X-ray source, (1.5405 Å), b is the full width at half maximum of
the diffraction peak, and h is the angular position of the peak. Fig. 3
(Supporting material) shows the XRD pattern for the AuNPs em-
ployed in this work. The average size for the AuNPs was then
worked out to be 10.1 nm, using the peak that fits the structure
database reflection for gold.

3.3. Electrode modification using MPcs and their conjugates with
AuNPs or SWCNT

The cyclic voltammograms of all the complexes (adsorbed on
Au electrode) used in this work were obtained in pH 12 phosphate
buffer. The bare or modified electrodes were scanned between
�1.2 V and 1.0 V vs Ag|AgCl. Gracia et al. [33] have reported the
use of adsorbed AuNPs onto Au disk electrode where they observed
no gold oxidation for AuNPs below 0.6 V on indium tin oxide (ITO)
coated glass. Similarly, AuNPs do not show any gold oxidation on
Au disk electrodes [9,34,35] below 0.6 V. The oxidation peak of
AuNPs has been reported at 1.28 V (vs saturated calomel electrode)
and the reduction peak at 0.81 V [33]. We reported the AuNP oxi-
dation at 0.99 V in pH 7.4 buffer and the subsequent reduction at
0.36 V vs Ag|AgCl [9]. Fig. 2 (inset) shows cyclic voltammogram



Fig. 5. Cyclic voltammograms recorded in 7 � 10�3 mol L�1 BPA in pH 12 phos-
phate buffer: (a) (i) 3, (ii) 3-AuNPs, (iii) AuNPs, (iv) bare gold electrode.
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of adsorbed complex 3 on Au disk. The AuNP oxidation occurs at
potentials more positive than those in Fig. 2 (inset), and has been
left out, hence the subsequent reduction will not be observed.
The broad oxidation process is observed between 0.6 and 0.8 V in
Fig. 2 (inset) and is attributed to ring oxidation process in compar-
ison with solution voltammograms (Fig. 2). Only ring based oxida-
tions are expected in TaPc complexes. The peak for TaPc derivatives
for complex 4 was observed at 0.5 V, in the presence of AuNPs and
SWCNTs the TaPc oxidation peaks are observed at lower potentials
0.3–0.4 V.

The surface coverages were calculated for the adsorbed com-
plexes by first determining the effective area of the Au electrode
using the [Fe(CN)6]3�/4� redox system and applying the Randles–
Sevcik (Eq. (2)) for a reversible process [36]:

Ipa ¼ ð2:69� 105Þn3=2D1=2m1=2ACo ð2Þ

where D and Co are the diffusion coefficient and bulk concentration of
the redox probe (1 mM K3[Fe(CN)6]), respectively. n = 1 is the number
of electrons transferred, v is the scan rate and A is the effective surface
area. From the D value for K3[Fe(CN)6] = 7.6 � 10�6 cm2 s�1 [37], the
surface roughness of the electrode was found to be 1.36 (ratio of
Ipa experimental/Ipa theoretical) corresponding to a real electr-
ode area of 0.0274 cm2 (roughness factor � theoretical surface
area = 0.0201 cm2).

The surface coverages (C) of modified electrodes were esti-
mated by integrating the charge under the MPc (Fig. 2 insert as
an example) using the following equation [36].

C ¼ Q
nFA

ð3Þ

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 (cal-
culated from Eq. (2)) and F is Faraday’s constant (95,485 C mol�1).

The determined surface coverages of the AuNPs, 3, 4, 3-AuNP
and 4-AuNP electrodes ranged from 1.54 � 10�10 to
5.25 � 10�10 mol cm�2, Table 2. Surface coverages were was calcu-
lated for SWCNT, 3-SWCNT and 4-SWCNT using the method de-
scribed above and were found to be 1.88 � 10�10, 3.39 � 10�10

and 2.55 � 10�10, respectively, Table 2. The values for TaPc-AuNP
or TaPc-SWCNT represent an increase compared to AuNP or
SWCNT alone. Also larger surface coverages are obtained for
TaPc-AuNP compared to TaPc-SWCNT. The expected monolayer
coverage value for phthalocyanines lying flat on the electrode is
1 � 10�10 mol cm�2 [38]. This suggests multilayer coverage for
the TaPc complexes alone.

3.4. Electrocatalysis of bisphenol A using TaPc derivatives in
conjugation with AuNPs or SWCNT

Fig. 5 shows the CVs for the electrocatalytic oxidation of BPA in
pH 12 phosphate buffer using TaPc derivatives and their conju-
gates with AuNPs. The AuNPs oxide formation and its stripping
Table 2
Cyclic voltammetry parameters for surface coverage and BPA detection.

Electrode
modifier

Surface coverage C,
mol cm�2 (MPc)

Ep (V) vs Ag|AgCl
(BPA oxidation)

Current
(Amps)

AuNPs 2.87 � 10�10 0.45 3.24 � 10�6

SWCNT 1.88 � 10�10 0.20 5.25 � 10�6

3 1.54 � 10�10 0.22 2.03 � 10�6

3-AuNPs 5.25 � 10�10 0.38 4.20 � 10�6

3-SWCNT 3.39 � 10�10 0.16 5.12 � 10�6

4 1.98 � 10�10 0.19 3.24 � 10�6

4-AuNP 4.51 � 10�10 0.41 5.98 � 10�6

4-SWCNT 2.55 � 10�10 0.19 3.26 � 10�5
are not expected at the potential range shown in Fig. 5, as ex-
plained above, thus all the peaks are due to BPA oxidation. The bare
electrode, Fig. 5iv, showed no detection of BPA. Catalytic behavior
is characterized by an increase in currents and improvement in the
potential (to be precise, shift to less positive values during oxida-
tion). The TaPc complexes used in this work and their conjugates
with AuNPs are able to catalyse the oxidation of BPA since peaks
are observed with potentials ranging between 0.19 and 0.41 V,
Table 2 for 3 or 4 and their conjugates with AuNPs, were obtained.
AuNPs in the absence of TaPc derivatives were less efficient for BPA
oxidation as judged by more positive potential, Table 2, Fig. 5iii. A
shift of potential to more positive values for BPA oxidation was ob-
served on 3-AuNPs or 4-AuNPs compared to corresponding TaPcs
alone, but with increase in current for the former, Table 2. The in-
crease in current for 3- or 4-AuNPs is attributed to higher surface
coverage compared to corresponding TaPcs alone. The BPA detec-
tion potentials in this work were lower when compared to the re-
ported NiTAPc containing ‘OANiAO’ bridges [22], CoPc-CPE [23]
and MWNTs-CoPc [24], where there BPA oxidation potentials were
0.45 V, 0.41 V and 0.58, respectively. It is also interesting to note
that ‘bulk’ Au electrode was not sensitive towards the oxidation
of BPA; however Au in its nanosized form could catalyse the oxida-
tion of BPA. This therefore confirms that indeed AuNPs have extra-
ordinary catalytic properties.

Fig. 6 shows the comparative cyclic voltammetric responses of
4-SWCNT (i), 3-SWCNT and SWCNT (iii) towards the oxidation of
BPA. The oxidation potential for the three complexes were more
or less the same although the oxidation potential by 3-SWCNT
was slightly less at 0.16 V, Table 2, compared to SWCNT or 4-
SWCNT. 4-SWCNT showed larger currents for BPA detection when
compared to the rest of the electrodes in Table 2. It was interesting
Fig. 6. Cyclic voltammograms recorded in 7 � 10�3 mol L�1 BPA in pH 12 phos-
phate buffer: (i) 4-SWCNT, (ii) 3-SWCNT and (iii) SWCNT.



Scheme 2. Proposed reaction mechanism for the electrooxidation of BPA, where R
(in steps 1 and 3) represents the rest of the BPA molecule.

Table 3
Selectivity and limits of detection for the detection of BPA on TaPc complexes.

Electrode
modifier

Sensitivity
(lA mmol�1 L1 cm�2)

LOD
(mol L�1)

Refs.

3 3.21 � 10�5 1.02 � 10�10 This
work

3-AuNP 3.30 � 10�5 1.87 � 10�10 This
work

3-SWCNT 3.47 � 10�4 1.90 � 10�10 This
work

4 4.20 � 10�5 4.78 � 10�10 [9]
4-AuNP 4.29 � 10�5 2.03 � 10�10 This

work
4-SWCNT 2.12 � 10�4 1.16 � 10�10 This

work

Fig. 7. Calibration curves for BPA detection (i) 4-SWCNT, (ii) 3-AuNPs and (iii) 3 in
pH 12 phospahte buffer.

(a)

(b)

(c)

(d)

Fig. 8. Variation of peak current with scan number for the voltammetric responses in 7
SWCNT. (c) and (d) are the cyclic voltammograms recorded in 7 � 10�3 mol L�1 BPA for th
scan and the scan following re-use and rinsing 0.1 M NaOH, respectively.
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to note that the SWCNT alone showed BPA oxidation, Fig. 6,
Table 2.

The mechanism (in basic media) for the oxidation of BPA is ex-
pected to be similar to that proposed for its oxidation on CoPc-CPE
[23] but catalyzed by ring based oxidation processes since metal
oxidations do not occur in all the complexes, Scheme 2:

Catalysis was carried out in basic media where BPA deproto-
nates, hence the presence of BPA anion in step 2. The catalytic oxi-
dations occur at potentials where ring based processes occur. The
oxidation of BPA forms radicals (step 2) which subsequently
dimerize to form polymers as indicated in step 3.

The analysis data (sensitivity and limits of detection, Table 3)
were carried out for complexes 3 and 4, and compared to their
AuNP and SWCNT conjugates (3-AuNPs, 3-SWCNT, 4-AuNPs and
4-SWCNT). Shown in Fig. 7 are the linear plots of current vs BPA
concentrations in the range of 1–8 mM for, 3, 3-AuNPs and 4-
SWCNT. The calculated sensitivity values were obtained from the
slope of the linear plot and ranged from 3.21 � 10�5 to
2.12 � 10�4 lA mmol�1 L1 cm�2, Table 3. The limits of detection
(LoD) were determined according to literature [39], by recording
the chronoamperometry (at 0.22, 0.19, 0.38, 0.16, 0.41 and 0.19 V
potentials for complexes, 3, 4, 3-AuNP, 3-SWCNT, 4-AuNP and 4-
SWCNT, respectively) of the modified electrode in pH 12 buffer.
The LoD was then calculated by multiplying the standard deviation
of the chronoamperometry current by three and then dividing the
result by the gradient of the calibration curve in Fig. 7. The LoD
ranged from 1.02 � 10�10 to 4.78 � 10�10 mol L�1, respectively.
The chronoamperometric response due to the buffer alone consti-
tutes the background current. On adding �10�10 mol L�1 BPA to
the buffer, the current responses were above that of the back-
ground for 4-SWCNT. This would imply that the operational limit
of detection could be very similar to the theoretical LOD obtained
through the 3d criterion. These LOD values, Table 3, are an
improvement over the values reported [22] for ‘OANiAO’ oxo
bridges (for poly-70-Ni(OH)NiTAPc, 3.68 � 10�9 mol L�1), the
CoPc-CPE (LoD = 1.0 � 10�8 mol L�1) [23] and carbon electrode
which had been modified with a multi-walled carbon nanotube-
gold nanoparticle hybrid film, 3 � 10�8 mol L�1 [24].
� 10�3 mol L�1 BPA in pH 12 phosphate buffer for (a) (i) 3-AuNP and (ii) 3, (b) 4-
e re-use of 3-AuNPs and 4-SWCNT, respectively. (i) and (ii) in (c) and (d) are the first
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For real samples, the BPA concentration for the microwave plas-
tics obtained from a local supermarket was determined using com-
plex 3 as an example since it gave the lowest LOD for the BPA
standard. A standard addition method was employed, where the
BPA concentration in the plastic was found to be 1.89 lM. No
BPA was detected in the feeding bottle.
3.5. Electrode stability

Phenolic type compounds are notorious for poisoning electrode
surfaces. This is as a result of the formation of polymer-like struc-
tures and hydroquinones when oxidized, which subsequently
block the electrode surface [1,2]. Electrode passivation is illus-
trated by a drastic decrease in current, shown Fig. 8a where a drop
in Ip with increase in scan number is observed, indicating passiv-
ation. In the presence of AuNPs, however, the drop in current
was gradual, implying that the presence of AuNPs reduces passiv-
ation. The electrodes could be partially regenerated by rinsing in
0.1 M NaOH as shown in Fig. 8c which is illustrative of weak recov-
ery, where (i) is the first scan and (ii) is the cyclic voltammogram of
BPA after rinsing in 0.1 M NaOH for complex 3. The recovery was
roughly 22%.

Less passivation was observed on 4-SWCNT Au modified elec-
trodes, Fig. 8b. This reiterates the fact mentioned earlier that less
fouling is experienced in the presence of SWCNT. Furthermore,
recovery by rinsing in concentrated NaOH solution was almost
up to �98% (Fig. 8d), again proving that SWCNT are remarkable.
4. Conclusions

The electrocatalytic oxidation of BPA was observed on elec-
trodes modified with TaPc complexes and their AuNPs or SWCNT
conjugates. The presence of AuNPs or SWCNT increases sensitivity
significantly and interestingly AuNPs (and SWCNT) alone showed
BPA detection which was not obtained on the bare Au electrode.
Passivation was inevitable; however, in the presence of AuNPs
the process of passivation was gradual. Regeneration of the elec-
trode surface was achieved partially by rinsing in 0.1 M NaOH. 4-
SWCNT showed very high activity towards BPA analysis. Both 3-
SWCNT and 4-SWCNT showed minimal electrode fouling, hence
improved recovery.
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