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a b s t r a c t

Bisphenol A (BPA) is an environmental pollutant to disrupt endocrine system or cause cancer, thus the
detection of BPA is very important. Herein, an amperometric sensor was fabricated based on immobilized
CoTe quantum dots (CoTe QDs) and PAMAM dendrimer (PAMAM) onto glassy carbon electrode (GCE)
surface. The cyclic voltammogram of BPA on the sensor exhibited a well-defined anodic peak at 0.490 V
vailable online 16 September 2009
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in 0.1 M pH 8.0 PBS. The determination conditions were optimized and the kinetic parameters were
calculated. The linear range was 1.3 × 10−8 to 9.89 × 10−6 M with the correlation coefficient of 0.9999.
The limit of detection was estimated to be 1 × 10−9 M. The current reached the steady-state current within
about 5 s. Furthermore, the fabricated sensor was successfully applied to determine BPA in real water
samples.
lectrochemistry
etermination

. Introduction

Bisphenol A (BPA, 2,2′-bis(4-hydroxyphenyl)propane) is one of
he endocrine disrupting compounds (EDCs), which mimics the
ction of hormone estrogen [1]. It is found that BPA could also possi-
ly cause cancer, and an association between BPA and breast cancer
as been discovered [2]. These findings are particularly important,
ecause BPA is a monomer for the production of polycarbonate (PC),
stabilizing material of polyvinyl chloride (PVC) and a major com-
onent of epoxy resin (EP), which are widely employed for nursing
ottle, food can lining and beverage container, from which BPA
an leach into food and environment, especially at elevated tem-
eratures, for extending periods of time [3–5]. In addition, several
eports have also demonstrated that BPA can also migrate into agri-
ulture soil [6], lake water [7] and river water [8] from the plastic
anufacturing process or the degradation product of plastic. There-

ore, quantitative determination of BPA by reliable and fast method
s necessary for the trace level environmental contamination.

Various methods, such as high-performance liquid chromatog-

aphy (HPLC), liquid chromatography–mass spectrometry (LC–MS),
iquid chromatography with electrochemical detector (LC-ED),
as chromatography–mass spectrometry (GC–MS), fluorimetry,
nzyme-linked immunosorbent assay (ELISA) and molecular

∗ Corresponding authors. Tel.: +86 538 8247660; fax: +86 538 8242251.
E-mail addresses: ashy@sdau.edu.cn (S. Ai), lushzhu@sdau.edu.cn (L. Zhu).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.09.041
© 2009 Elsevier B.V. All rights reserved.

imprinting technique [9,10] have been reported for determination
of BPA. Apart from those methods, electrochemically analyti-
cal technique has great potential for environmental monitoring
because of its fast response speed, cheap instrument, low cost,
simple operation, timesaving, high sensitivity, excellent selectiv-
ity and real-time detection in situ condition. BPA could be oxidized
at electrode surface due to containing phenolic hydroxyl groups
[11–15]. However, direct detection of BPA using bare electrode is
rare, because the response of BPA is poor and the oxidation of BPA
always involves a relatively high overpotential [11]. Thus, the appli-
cation of bare electrode for BPA detection is limited. In order to
settle these problems, chemically modified electrodes have been
developed. Furthermore, modification of electrode surface can pro-
vide a way to extend the dynamic range in analytical determination
[16]. Therefore, novel electrode modification material with high
sensitivity, catalytic activity and conductivity should be developed.

Quantum dots (QDs), also called semiconductor nanocrystals,
are a class of nanoparticles containing group II–VI elements or
group III–V elements, with diameter between 1 and 100 nm. Due to
their size-tunable, chemically functionalizable surface, electronic
property and catalytic effect, they are widely used as modified
material in electrochemical sensors. For example, Wang et al.

reported a H2O2 sensor based on incorporated horseradish per-
oxidase (HRP) and liophilic CdS/ZnS QDs onto the surface of GCE
[17]. Liu et al. constructed a novel electrochemical biosensing plat-
form of glucose by modifying a GCE with glucose oxidase, CdTe
QDs and CNTs [18]. Dendrimers belong to a new class of synthetic

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ashy@sdau.edu.cn
mailto:lushzhu@sdau.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.09.041
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acromolecule, which possess a regularly branched treelike struc-
ure. In recent years, poly(amidoamine) (PAMAM) dendrimers have
ttracted more attention because of their high geometric symme-
ry, easily controlled nanosize, controllable surface functionality,
lm forming ability and chemical stability [19–21]. Moreover,
AMAM could be easily protonated to make external amino-groups
ositively charged in neutral and alkaline conditions [22], which
ould be applied to adsorb the negatively charged BPA.

To the best of our knowledge, electrode modified with CoTe QDs
as not yet been reported. Therefore, this paper describes a sim-
le method based on immobilized fourth-generation (G4) PAMAM
endrimer and CoTe QDs on glassy carbon electrode (GCE) using

ayer-by-layer assembly technique for the determination of trace
mounts of BPA. The effect factors were optimized and the kinetic
arameters were calculated. The sensitivity, linear range, limits of
etection and stability of the prepared electrochemical sensor in
he detection of BPA were also investigated.

. Experiments

.1. Reagents and apparatus

Amine terminated G4 poly(amidoamine) dendrimer (G4
AMAM) and BPA was purchased from Aldrich Chemical Co. (USA).
.1 M BPA stock solution was prepared with anhydrous ethanol
nd kept in darkness at 4◦C in a refrigerator. Working solutions
ere freshly prepared before use by diluting the stock solution.

.4 mM PAMAM solution was prepared with methanol. CoTe QDs
ere prepared according to the previous report [23]. Phosphate

uffer solution (PBS) was prepared by mixing stock solutions of
.1 M NaH2PO4 and 0.1 M Na2HPO4 and adjusting the pH with 0.1 M
3PO4 or 0.1 M NaOH. CoSO4·7H2O, TeO2, ethanolamine, glucose
nd other reagents were of analytical reagent grade and used as
eceived without further purification. All the solutions were pre-
ared with redistilled deionized water from quartz.

Electrochemical experiments were performed with CHI660C
lectrochemical workstation (Shanghai Chenhua Co., China) with
conventional three-electrode cell. A bare or modified GCE was

sed as working electrode. A saturated calomel electrode (SCE)
nd a platinum wire were used as reference electrode and aux-
liary electrode, respectively. The pH measurements were carried
ut on PHS-3C exact digital pH meter (Shanghai KangYi Co. Ltd.,
hina), which was calibrated with standard pH buffer solutions. All
he measurements were carried out at 25 ± 0.5 ◦C.

.2. Preparation of PAMAM/CoTe/GCE

Before modification, a bare GCE (3 mm in diameter) was pol-
shed to a mirror-like with 0.3 and 0.05 �m alumina slurry on

icro-cloth pads, rinsed thoroughly with redistilled deionized
ater between each polishing step, then washed successively
ith redistilled deionized water, anhydrous alcohol and redistilled
eionized water in an ultrasonic bath and dried in air before use.

For preparation of PAMAM/CoTe/GCE, 1 mg mL−1 CoTe solu-
ion was first prepared with redistilled deionized water, followed
y ultrasonication for 30 min to obtain a homogeneously dis-
ersed solution. With a microinjector, 5 �L of CoTe suspension
as deposited on the fresh prepared electrode surface. After the

olvent was evaporated, the electrode surface was thoroughly
insed with redistilled deionized water and dried in air. Then,

�L PAMAM solution (0.4 mM) was dropped onto the surface of
oTe/GCE. (To obtain good cyclic voltammetric response of the
AMAM/CoTe/GCE, the amounts of CoTe and PAMAM were opti-
ized in control experiments and finally the above loadings were

hosen.) After dried under ambient condition, the modified elec-
Fig. 1. Cyclic voltammograms (A) and Nyquist plots (B) of different electrodes in
5 mM Fe(CN)6

3−/4− (1:1) solution containing 0.1 M KCl. Scan rate: 100 mV s−1. The
frequency range was from 0.1 to 105 Hz at the formal potential of 0.17 V. (a) GCE,
(b) CoTe/GCE, (c) PAMAM/GCE and (d) PAMAM/CoTe/GCE.

trode was wasted with redistilled deionized water to remove the
unimmobilized modifier. The obtained electrode was noted as
PAMAM/CoTe/GCE. For comparison, CoTe/GCE and PAMAM/GCE
were fabricated with similar procedures. All the modified elec-
trodes were stored at 4 ◦C in a refrigerator before use.

3. Results and discussion

3.1. Characterization of electrochemical behavior of
PAMAM/CoTe/GCE

Cyclic voltammetric responses at bare electrode and different
modified electrodes in 5 mM Fe(CN)6

3−/4− were shown in Fig. 1A.
Curve ‘a’ was cyclic voltammogram of GCE with peak-to-peak
separation (�Ep) of 103 mV. Curve ‘b’ and curve ‘c’ were cyclic
voltammograms of CoTe/GCE and PAMAM/GCE with �Ep of 96 and
81 mV, respectively. Compared with bare electrode, the peak cur-
rents of CoTe/GCE and PAMAM/GCE increased dramatically and the
�Ep decreased obviously, indicating that CoTe QDs and PAMAM
could greatly increase the electron transfer rate of Fe(CN)6

3−/4−,

respectively. This phenomenon could be attributed to the huge
surface area of CoTe and the electrostatic adsorption between
the positively charged surface confined PAMAM molecule and the
negatively charged Fe(CN)6

3−/4− probe. When PAMAM-CoTe was
deposited on GCE surface, the peak currents decreased and �Ep



238 H. Yin et al. / Journal of Hazardous M

F
(
P

i
c

c
N
e
f
i
v
(
n
s
P
a
t
F
d
P
f
e
d
t

3

P
e
P
w
e
w
t
c
t
e
[
a
c
e
n
g
[
t

that at CoPc-CPE (0.454 V vs. SCE) [12]. The difference of oxi-
dation potential of BPA might be attributed to the electrolyte,
matrix electrode, modification procedure and modification mate-
rial.
ig. 2. Cyclic voltammograms of 0.25 mM BPA at GCE (a), CoTe/GCE (b), PAMAM/GCE
c) and PAMAM-CoTe/GCE (d) in 0.1 M PBS (pH 8). (e) PAMAM/CoTe/GCE in blank
BS. Scan rate: 100 mV s−1. Accumulation time: 240 s.

ncreased to 84 mV compared with PAMAM/GCE, which might be
aused by the semi-conductive property of CoTe.

For further characterization of the modified electrode, electro-
hemical impedance spectroscopy (EIS) was used. Fig. 1B showed
yquist diagrams of 5 mM [Fe(CN)6]3−/4− in 0.1 M KCl at differ-
nt electrodes. Curve ‘a’ was Nyquist diagram of GCE. In the high
requency section, a big well-defined arc was observed, indicat-
ng a huge interface electron transfer resistance. The resistance
alue decreased after the bare electrode was modified with CoTe
curve b). When PAMAM was immobilized on GCE surface, a
early straight line was observed (curve c), indicating a very
mall interfacial electron transfer resistance. The positively charged
AMAM molecule has a three-dimensional spherical structure and
large specific surface area, which could significantly increase

he electrode surface area, effectively attract negatively charged
e(CN)6

3−/4−. Thus, the interface electron transfer resistance was
ecreased, and the electron transfer rate could be improved. When
AMAM-CoTe was deposited on GCE, the interfacial electron trans-
er resistance increased a little, which could be attributed to the
xistence of CoTe with semiconductor properties. This result also
emonstrated that PAMAM-CoTe was successfully immobilized on
he GCE surface.

.2. Cyclic voltammetric behaviors of BPA

Fig. 2 showed cyclic voltammograms of GCE (a), CoTe/GCE (b),
AMAM/GCE (c) and PAMAM/CoTe/GCE (d and e) in the pres-
nce (a–d) and absence (e) of 0.25 mM BPA in 0.1 M pH 8.0
BS. There was no redox peak obtained at PAMAM/CoTe/GCE
ithout BPA, indicating the PAMAM-CoTe composite film was non-

lectroactive in the selected potential region. When 0.25 mM BPA
as added, an well-defined oxidation peak was observed during

he sweep from 0.20 to 1.00 V at all the electrodes. However, no
orresponding reduction peaks were observed. It suggests that
he electrode response of BPA is a typical of totally irreversible
lectrode reaction, which is in accordance with other reports
11,12,24–28]. Both the oxidation currents of BPA at CoTe/GCE
nd PAMAM/GCE increased when comparing with GCE, which
ould be attributed to the favorable catalytic activity of CoTe and

lectrostatic adsorption between positively charged PAMAM and
egatively charged BPA. G4 PAMAM possesses 64 primary amine
roups which can be easily protonated in alkalescent condition
22]. Therefore, that is in favor of adsorption of BPA with nega-
ive charge to enhance the current response. When PAMAM-CoTe
aterials 174 (2010) 236–243

was immobilized on the surface of GCE, the oxidation current fur-
ther increased and the oxidation potential shift more negatively,
which might be attributed to the synergetic activity of PAMAM
and CoTe. In other words, the negative potential shift indicates
the significant electrocatalytic activity of the modified electrode,
and the current increase could be attributed mainly to a surface
accumulation ability of the modified layer resulting from the pro-
tonated PAMAM [19]. The extraordinarily electrocatalytic activity
of CoTe-PAMAM may be attributed to the small dimension effect,
quantum size effect, the large specific surface area, the distinc-
tive electronic characteristics, the high adsorption capacity and the
excellent electron transfer ability, which lead to the larger elec-
troactive surface of the modified electrode for the detection of BPA
[17–19,29].

The oxidation peak potential of BPA at PAMAM/CoTe/GCE
(0.490 V) was smaller than some of previous reports in near-
neutral pH conditions, such as Si/boron-doped electrode (1.2 V, vs.
SCE) [30], carbon paste electrode (0.89 V, vs. SCE) [24], Pt elec-
trode (about 0.74 V, vs. Ag/AgCl) [25], glassy carbon electrode
(0.65 V, vs. Ag/AgCl [26]) CNT/GCE (0.59 V, vs. Ag/AgCl) [27] and
carbon-felt electrode (0.54 V, vs. Ag/AgCl) [28]. Therefore, a sub-
stantial decrease in oxidation overpotential has been achieved in
the present study with PAMAM/CoTe/GCE. However, the oxida-
tion peak potential of BPA in this work was a little bigger than
Fig. 3. (A) Cyclic voltammograms of 0.25 mM BPA at PAMAM/CoTe/GCE with differ-
ent pH. (a–h) 3, 4, 5, 6, 7, 8, 9 and 10. (B) Effects of pH on the current response and
potential response. Other conditions are the same as in Fig. 2.
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ig. 4. (A) Cyclic voltammograms of 0.25 mM BPA at PAMAM/CoTe/GCE with differ
00 mV s−1, respectively. (B) The plot for the dependence of peak current on scan ra

.3. Effect of pH

The effect of solution pH on the oxidation of 0.25 mM BPA at
AMAM/CoTe/GCE was investigated in the pH range from 3.0 to
0.0 by cyclic voltammetry (Fig. 3A). As shown in Fig. 3B, the oxida-
ion peak current gradually increased with an increasing pH value
rom 3.0 to 8.0. Then the oxidation peak current decreased when
he solution pH exceeded 8.0. The primary amine groups in differ-
nt generations of PAMAM could be completely protonated to make
xternal amino-groups positively charged at a certain pH, and then
he protonation level of PAMAM would decrease with pH further
ncreasing [22]. Therefore, based on previous report [22] and the
esults obtained from this work, we think that the G4 PAMAM on
he electrode surface would be completely protonated at about pH
.0, which could be used to adsorb the negatively charged BPA to
btain the maximum current response. Then, when pH was larger
han 8.0, the protonation level of G4 PAMAM would decrease, which
ould reduce the BPA adsorbance, leading to decrease the cur-
ent response. Considering the sensitivity of the determination of
PA, a pH of 8.0 was chosen for the subsequent analytical experi-
ents. The relationship between the oxidation peak potential (Epa)

nd pH was also shown in Fig. 3B. A linear shift of Epa towards
egative potential with an increase of pH indicated that protons
ere directly involved in BPA oxidation, and that it obeyed the fol-

owing equation: Epa (V) = −0.052 pH + 0.9242 (R = 0.9954). A slope
f 0.052 V pH−1 is approximately close to the theoretical value of
.0576 V pH−1, indicating that the electron transfer is accompanied
y an equal number of protons in electrode reaction [31].
.4. Effect of scan rate

As shown in Fig. 4A, the effect of scan rate (v) on the oxidation of
PA was investigated by cyclic voltammetry. A linear relationship
an rates. Curves (a–k) are obtained at 10, 20, 40, 60, 80, 100, 150, 200, 300, 400 and
) The relationship between Epa and ln v. Other conditions are the same as in Fig. 2.

of peak current versus scan rate was obtained in the range from
10 to 500 mV s−1 (Fig. 4B). Such behavior suggests that the oxida-
tion of BPA at PAMAM/CoTe/GCE is a typical adsorption-controlled
electrode process. Moreover, a linear correlation of Epa versus ln v
was observed with a slope of 0.026 (shown in Fig. 4C). As for an
adsorption-controlled and totally irreversible electrode process,
according to Laviron, Epa is defined by the following equation [32]:

Epa = E0 +
(

RT

˛nF

)
ln

(
RTk0

˛nF

)
+

(
RT

˛nF

)
ln v (1)

where ˛ is transfer coefficient, k0 is standard rate constant of
the reaction, n is electron transfer number involved in rate-
determining step, v is scan rate, and E0 is formal redox potential.
Other symbols have their usual meanings. Thus, the value of ˛n can
be easily calculated from the slope of Epa versus ln v. In this work,
the slope is 0.026, therefore, ˛n is calculated to be 0.999. Generally,
˛ is assumed to be 0.5 in totally irreversible electrode process. So,
the electron transfer number (n) is 2. In Section 3.3, it is demon-
strated that the number of electrons and protons involved in the
oxidation process is equal. Therefore, the electrooxidation of BPA
on PAMAM/CoTe/GCE is a two-electron and two-proton process.

According to previous reports with regard to the oxidation of
BPA and other phenolic compounds [26,33–36] and the results
obtained from this work, the electrochemical oxidation mechanism
of BPA can be expressed as follows (Scheme 1).

It is well-known that direct oxidation of monophenolic com-
pounds could generate o-quinone or p-quinone via four-electron

and four-proton process [36,37]. However, this process can be sup-
pressed by applying low overpotential [37]. Therefore, in this work,
the observed oxidation peak could be attributed to the anodic
oxidation of the aromatic ring in BPA and the formation of phe-
noxonium ions (compound II) via a two-electron and two-proton
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Scheme 1. The possible oxidation m

rocess [33,35]. This is then followed by C O, C C and/or O O
oupling to form a neutral dimmer.

.5. Effect of accumulation time

Fig. 5 illustrated the relationship between the oxidation peak
urrent of BPA and accumulation time under open-circuit con-
ition. With accumulation time increasing from 0 to 240 s, the

xidation peak current of 0.25 mM BPA gradually increased at
AMAM/CoTe/GCE. As extending accumulation time, the amount
f BPA that accumulated at electrode surface also increased. Thus,
he oxidation peak current of BPA increased. However, the peak
urrent increased very slightly as accumulation time was longer

ig. 5. Effect of accumulation time on the oxidation peak current of 0.25 mM BPA.
nism of BPA at PAMAM/CoTe/GCE.

than 240 s, which could be attributed to saturated adsorption of
BPA at electrode surface. Considering both sensitivity and working
efficiency, 240 s was chosen as the optimal accumulation time.

3.6. Chronocoulometry

The electrochemically effective surface areas of bare GCE
and PAMAM/CoTe/GCE were determined by chronocoulometric
method according to the formula given by Anson [38]:

Q (t) = 2nFAcD1/2t1/2

�1/2
+ Qdl + Qads (2)

where A is surface area of working electrode, c is concentration of
substrate, D is diffusion coefficient, Qdl is double layer charge which
can be eliminated by background subtraction, Qads is Faradaic
charge. Other symbols have their usual meanings. Based on the
slope of the linear relationship between Q and t1/2, A can be calcu-
lated when c, D and n are known. This experiment was carried out in
0.1 mM K3[Fe(CN)6] solution containing 1 mM KCl, where the diffu-
sion coefficient of K3[Fe(CN)6] is 7.6 × 10−6 cm2 s−1 [39]. According
to the experiment results (shown in Fig. 6A), A was calculated to
be 0.053 cm2 and 0.21 cm2 for GCE and PAMAM/CoTe/GCE, respec-
tively. These results indicated that the electrode effective surface
area was increased obviously after electrode modification, which
would enhance the current response and decrease the detection
limit.

The diffusion coefficient D and Faradic charge Qads of BPA

at PAMAM/CoTe/GCE can also be determined by chronocoulom-
etry based on Eq. (2). As shown in the insert of Fig. 6B, after
background subtraction, the plot of Q against t1/2 showed a lin-
ear relationship. The slope was 1.44 × 10−5 C s1/2and the intercept
(Qads) was 9.67 × 10−7 C. As n = 2, A = 0.21 cm2, and c = 0.25 mM, D
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Fig. 6. (A) Plot of Q–t curves of GCE (a) and PAMAM/CoTe/GCE (b) in 0.1 mM
K3[Fe(CN)6] containing 1 M KCl. Insert: Plot of Q–t1/2 curves on GCE (a) and
P
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AMAM/CoTe/GCE (b). (B) Plot of Q–t curves of the modified electrode in 0.1 M
H 8.0 PBS in the absence (a) and presence (b) of 0.25 mM BPA. (c) Q–t curve
fter background subtracted. Insert: Plot of Q–t1/2 curve on PAMAM/CoTe/GCE after
ackground subtracted.

as calculated to be 1.62 × 10−6 cm2 s−1. According to the equa-
ion Qads = nFA� s, the adsorption capacity, � s, can be obtained as
.41 × 10−11 mol cm−2.

.7. Standard heterogeneous rate constant (ks)

The standard heterogeneous rate constant (ks) for totally irre-
ersible oxidation of BPA at the modified electrode was calculated
ased on Eq. (3) [40]:

s = 2.415 exp
(−0.02F

RT

)
D1/2(Ep − Ep/2)−1/2v1/2 (3)

here Ep and Ep/2 represent the peak potential and the potential
t which I = Ip/2 in linear sweep voltammetry (LSV), respectively.
ther symbols have their usual meanings. In this experiment,
p = 489 mV, Ep/2 = 431 mV, D = 1.62 × 10−6 cm2 s−1, v = 100 mV s−1,
nd T = 298 K. Therefore, ks was calculated to be 1.85 × 10−3 cm s−1.
.8. Amperomatric response

Fig. 7 showed a typical current–time plot of PAMAM/CoTe/GCE
nder the optimized experimental conditions after successive addi-
ion of 0.001 �M, 0.01 �M, 0.1 �M and 1 �M of BPA to 0.1 M
Fig. 7. (A) Typical current–time curve of PAMAM/CoTe/GCE upon the successive
addition of 0.001, 0.01, 0.1 and 1 �M BPA into acutely stirred 0.1 M pH 8.0 PBS.
Applied potential: 0.49 V. Insert: The magnified curve from 50 to 700 s. (B) Calibra-
tion curve.

pH 8.0 PBS under magnetic stirring. The modified electrode can
achieve the steady-state current within less than 5 s, which is
a very rapid response to the change of BPA concentration. As
shown in Fig. 7B, the current response was linear with BPA
concentration in the range from 0.013 to 9.893 �M and the regres-
sion equation could be expressed as I = −59.27c − 25.58 (nA, �M,
R = 0.9998). The detection limit was estimated to be 1 × 10−9 M
(S/N = 3). And the detection limit in this work was lower than that
of some other BPA sensors, such as tyrosinase/poly(thionine)/GCE
(23 �M) [13], tyrosinase/boron-doped diamond electrode (1 �M)
[14], tyrosinase-MWCN paste electrode (1 �M) [15], tyrosinase-
CPE (0.15 �M) [41], tyrosinase-CPE (0.1 �M) [15], MCM-41/CPE
(0.038 �M), tyrosinase-SWCN paste electrode (0.02 �M) [15],
CoPc-CPE (0.01 �M) [12] and dsDNA/Au (0.01 �M) [42] and car-
bon paste electrode (0.0075 �M) [24], indicating that this proposed
method could potentially be used to sensitively monitor BPA con-
centration. The lower detection limit could be ascribed to the
electrocatalytic activity of CoTe and the accumulation ability of
protonated PAMAM.

3.9. Reproducibility, stability and interference
The fabrication reproducibility was investigated in 0.1 �M BPA
with RSD of 4.86% for five different electrodes. The stability of
PAMAM/CoTe/GCE was also investigated by measuring the current
response of 0.1 �M BPA. Between measurements, the electrode was
stored at 4◦C in a refrigerator. The current retained 93% of its orig-
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Table 1
Determination of BPA in water samples.

Type of watera Added (�M) Foundb (�M) RSDc (%) Recovery (%)

River 0.100 0.097 3.78 97.00
Lake 0.100 0.103 3.86 103.0
Waste 0.500 0.536 5.52 107.2
Tap water 1.000 0.982 2.45 98.20
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a All water samples were collected from Taian, Shandong Province, China.
b Mean of five measurements.
c Relative standard deviation for n = 5.

nal response after 10 days, while the current response decreased
o 88% and 81% after 15 and 25 days, respectively. The electrode
till retained 72% of its original response even after 35 days. The
henomenon indicated the good stability of PAMAM/CoTe/GCE.

To evaluate the selectivity of the fabricated electrode, the
nfluence of some common phenolic complexes and inorganic
ons were examined in PBS solution (pH 8.0) containing 1 �M
PA. The results suggested that 100-fold concentration of phenol,
ydroquinone, hydroxyphenol, pyrocatechol, 4-nitrophenol and
,4-dinitrophenol had no influence on the signals of BPA with devia-
ions below 10%. Additionally, some inorganic ions such as 400-fold
oncentration of Na+, Ca2+, Mg2+, Fe3+, Al3+, Zn2+, Cu2+, Cl−, SO4

2−,
O4

3−and NO3
− had no influence on BPA determination.

The results obtained from reproducibility, stability and interfer-
nce tests indicated that PAMAM/CoTe/GCE might be suitable for
ractical application.

.10. Practical application

In order to evaluate the performance of PAMAM/CoTe/GCE
n practical analytical application, the determination of BPA in
eal matrix samples were checked via a recovery study accord-
ng to the above-described analytical procedure. As can be seen
rom Table 1, the results obtained in determination of BPA in
ater samples (river, lake, waste water and tap water) were good.

n fact, the recoveries ranged from 97.0% to 107.2%. Therefore,
AMAM/CoTe/GCE is able to predict the concentration of BPA in
eal matrix samples.

. Conclusion

The present study shows that the electrochemical determi-
ation of BPA using PAMAM/CoTe/GCE is a suitable strategy for
etermination of trace amounts of this compound in natural water.
he oxidation peak current of BPA was significantly enhanced and
he oxidation overpotential was decreased after electrode modi-
cation. The reason can be attributed to the catalytic activity of
oTe, and the high adsorption capacity and conductivity of pos-

tively charged PAMAM. The proposed method was successfully
pplied in determining BPA in real water samples with recovery
anging from 97.0% to 107.2%. Compared with other electrochemi-
al methods, this new method possesses lower oxidation potential,
igher sensitivity, lower detection limit and faster response.
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Electrochemical detection of phenolic estrogenic compounds at carbon
nanotube-modified electrodes, Talanta 71 (2007) 1031–1038.
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