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In  this  study,  we  demonstrated  a highly  sensitive  electrochemical  sensor  for  the  determination  of  bisphe-
nol A  (BPA)  in  aqueous  solution  by using  single-walled  carbon  nanotubes  (SWCNTs)/�-cyclodextrin
(�-CD)  conjugate  (SWCNT–CD)  modified  glassy  carbon  electrode  (GCE).  The  cyclic  voltammetry  results
show  that  the  modified  GCE  exhibits  strong  catalytic  activity  toward  the oxidation  of  BPA  with  a  well-
defined  cyclic  voltammetric  peak  at 0.543  V.  The  response  current  exhibits  a linear  range  between  10.8  nM
eywords:
isphenol A
ingle-walled carbon nanotubes
-Cyclodextrin
lectrochemistry
odified electrode

and 18.5  �M with  a high  sensitivity  (1256  �A  mM−1). The  detection  limit  of BPA is  1.0  nM  (S/N  =  3).  The
enhanced  performance  of  the  fabricated  sensor  can  be attributed  to the  combination  of  the excellent
electrocatalytic  properties  of  SWCNTs  and  the  molecular  recognition  ability  of  �-CD.  The  sensor  was  suc-
cessfully  applied  to determine  BPA  leached  from  real plastic  samples  with  good  recovery,  ranging  from
95% to 103%.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Bisphenol A (BPA, 2,2′-bis(4-hydroxyphenyl)propane) is an
ndocrine disruptor, which can mimic  the body’s own  hormones
nd may  lead to negative health effects [1]. The first study of health
ffects on humans associated with BPA exposure was reported in
008 by Lang et al. [2],  in which they found that higher BPA levels
ere significantly associated with heart disease, coronary heart dis-

ase, diabetes, and abnormally high levels of certain liver enzymes.
 later study at Tufts University Medical School concluded that BPA
ight increase cancer risk [3].  In recent years, the concern over the

ffect of BPA on humans was heightened by the fact that infants
nd children are estimated to have the highest daily intake of BPA,
ecause BPA is the key monomer in the production of polycar-
onate (PC) plastics, which are widely used to make a variety of
ommon products including baby bottles and water bottles, medi-

al and dental devices, eyeglass lenses, and household electronics.
dditionally, BPA-based epoxy resins are usually used as coatings
n the inside of almost all food and beverage cans. Unfortunately,
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BPA has been known to be leached from these plastics, especially
those that are cleaned with harsh detergents or those that contain
acidic or high-temperature liquids. A recent Health Canada study
found that the majority of canned soft drinks it tested had low, but
measurable levels of BPA [4].  Therefore, in September 2010, Canada
became the first country to declare BPA as a toxic substance and
banned the use of BPA in baby bottles [5]. So, the development of
new methods for the determination of BPA at trace concentrations
has become one of the most attractive subjects of investigation in
analytical chemistry because of the practical applications.

Various analytic methods have been developed and used
for the determination of BPA. Such methods include liquid
chromatography (LC), liquid chromatography–mass spectrometry
(LC–MS), gas chromatography–mass spectrometry (GC–MS), liquid
chromatography with electrochemical detector (LC-ECD), chemi-
luminescence, enzyme-linked immunosorbent assay (ELISA), and
electrochemical techniques [6–17]. Among them, electrochemical
method has great potential for environmental monitoring because
of its inherent advantages such as fast response speed, ease of
miniaturization, low cost, timesaving, high sensitivity, excellent
selectivity, and in vivo real-time determination. However, a major
obstacle encountered in the determination of BPA by electrochem-
ical method is the relatively high overpotential together with poor

reproducibility although BPA can be oxidized at electrode sur-
face due to containing phenolic hydroxyl groups [18]. Additionally,
bare electrode often suffers from a fouling effect, which causes
rather poor selectivity and sensitivity [19]. An effective way to

dx.doi.org/10.1016/j.jhazmat.2011.10.066
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:lihuaming@xtu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.10.066
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vercome these barriers is electrode modification. Modified elec-
rode is capable of reducing the overvoltage and overcoming the
low kinetics of many electrode processes. Enzyme [17], func-
ionalized polymer [20], nanoparticles [21], and carbon materials,
specially one-dimensional carbons, such as carbon nanotubes
CNTs) [22] and carbon fibers [23], have been successfully used to

odify bare electrode.
Owning to their high electrical catalytic properties, high chem-

cal stability and extremely high mechanical strength, CNTs have
een focused on the field of modification of electrode surface
24,25]. The CNT modified electrode has shown superior perfor-

ance due to its ability of promoting electron transfer reactions
ith electroactive species present in solution [26]. However, the

ntrinsic van der Waals interactions between the pristine tubes
ake CNT bundles in scale and insoluble in routine solvents

27]. Therefore, CNT bundles are required to disperse in sol-
ent prior to the electrode modification. Several approaches to
he functionalization of CNTs, including noncovalent exohedral
nteractions [24] and covalent sidewall coupling reactions [25],
ave been developed to disperse CNTs. Recently, independent
esearch groups in China [28,29] have reported the determina-
ion of BPA by electrochemical method using multiwalled CNT
MWCNT) modified electrode with a detection limit of 7.5 and
.0 nM,  respectively. However, it is still a challenge to fabricate
ew electrochemical sensors based on familiar carbon materials
ith higher sensitivity through exfoliation of the CNT bundles

nto small bundles or individual nanotubes, together with the
ncorporation of molecular recognition sites onto the surface of
NTs.

Cyclodextrins (CDs) are cyclic oligosaccharides with d-(+)-
lucose as the repeating unit coupled by 1,4-�-linkages [30]. �-,
-, and �-CDs are commonly available forms which consist of 6, 7,
nd 8 glucose units, respectively. The most characteristic property
f CDs is their remarkable ability to form inclusion complexes with

 wide variety of guest molecules due to their different cavity sizes
31–33]. This property enables CD modified electrode to improve
electivity. Accumulating properties of �-CD self-assembled on
old electrode surface were demonstrated with respect to BPA by
sing cyclic voltammetry [34,35]. Up to now, the selectivity of CDs
as not been thoroughly realized for CD-modified electrodes. Nev-
rtheless, CDs play an important and undisputed role among the
lectrode modifiers, and electrodes with attached CDs have been
uccessfully utilized for the solution of many specific electrochem-
cal and electroanalytical tasks.

In the present work, single-walled CNTs (SWCNTs) were firstly
unctionalized with �-CD (SWCNT–CD). Consequently, glassy car-
on electrode (GCE) was coated with SWCNT–CD film. The modified
lectrode, SWCNT–CD/GCE, was further used to determine BPA by
sing cyclic voltammetry and amperometry. To the best of our
nowledge, there is no report on the modification of GCE with
WCNT–CD conjugate to detect BPA. The modified GCE will com-
ine the electrocatalytic properties of SWCNTs and the selective

nclusion property of �-CD, which exhibits an attractive ability for
ighly sensitive determination of BPA in real samples. The sensi-
ivity, linear range, limits of detection and stability of the prepared
lectrochemical sensor in the detection of BPA were also investi-
ated.

. Experiments

.1. Reagents and apparatus
SWCNTs with the external diameter less than 2 nm and
ength 5–15 �m were obtained from Shenzhen Nanotech Port
o. Ltd. (Shenzhen, China), which was prepared by the chemical
terials 199– 200 (2012) 111– 118

vapor deposition (CVD) method. HDA-�-CD (mono-6-deoxy-
6-hexanediamino-�-CD) was prepared through two successive
reactions according to the method reported elsewhere [36,37].
BPA was purchased from Aldrich. 1.0 mM BPA stock solution was
prepared with anhydrous ethanol and kept in darkness at 4 ◦C.
A series of phosphate buffer solutions (PBSs) with different pH
were prepared by mixing the solutions of 0.1 M NaH2PO4 and
0.1 M Na2HPO4, and then adjusting the pH with HCl or NaOH. All
other reagents were analytical reagent grade and used as received
without further purification. All the solutions were prepared with
doubly distilled water. Thermogravimetric analysis (TGA) was car-
ried out on a STA 449C instrument under a flowing nitrogen
atmosphere. Transmission electron microscopy (TEM) analysis was
performed on a JEOL JEM-3010 electron microscope.

Electrochemical experiments were performed with CHI630C
electrochemical workstation (Shanghai Chenhua Co., China) with
a conventional three-electrode cell. A bare GCE or modified GCE
was used as working electrode. A saturated calomel electrode and a
platinum wire electrode were used as reference electrode and aux-
iliary electrode, respectively. The pH measurements were carried
out on pHS-3C exact digital pH meter (Shanghai Rex Co. Ltd., China).
All the measurements were carried out at room temperature.

2.2. Preparation of SWCNT–CD

The synthesis of SWCNT–CD was performed by a two-step pro-
cess. Firstly, a round-bottom flask was charged with 200 mg  of
SWCNTs and cooled in an ice water bath. Then, 20 mL  of oxidant
(concentrated H2SO4/HNO3, 3/1, v/v) was slowly added. The mix-
ture of SWCNTs and the acid was  subjected to sonication at 0 ◦C
for 30 min. The flask was  then immersed into an oil bath at 20 ◦C
and stirred for 20 h. The dispersion was  then carefully poured into
1000 mL  of deionized water. The black slurry was vacuum filtered
on a 0.22 �m Teflon membrane, resulting in the formation of a
SWCNT filter cake. The SWCNTs were then subjected to disper-
sion by sonication and rinsed with deionized water until the pH
value of the filtrate was  neutral. The resultant SWCNT-COOH was
dried under vacuum. TGA result indicates that the carboxylic acid
incorporation density is about 2.08 mmol  per gram of neat SWCNTs.

Secondly, 20 mg  of SWCNT-COOH was treated with excess
SOCl2 (30 mL,  0.42 mol) at 65 ◦C for 24 h. The residual SOCl2
was removed by reduced pressure distillation, giving acyl
chloride-functionalized SWCNTs (SWCNT-COCl). The as-produced
SWCNT-COCl was then dispersed in 20 mL  of anhydrous DMF  and
immediately reacted with HDA-�-CD (5.00 g, 4.00 mmol) for 24 h at
65 ◦C. After repeated washing with methanol (5 × 60 mL)  and filtra-
tion, the resulting SWCNT–CD was dried overnight under vacuum.

2.3. Preparation of SWCNT–CD/GCE

The GCE was polished sequentially with sandpaper, and 0.05 �m
alumina slurry on polishing cloth to produce a mirror-like sur-
face. It was then sonicated for 1.0 min  in HNO3/water (1/1, v/v),
ethanol/water (1/1, v/v) and doubly distilled water in an ultra-
sonic bath, respectively. Subsequently, it was  dried under IR lamp.
For preparation of modified electrode, 1.0 mg  mL−1 of SWCNT–CD
aqueous suspension was prepared with doubly distilled water, and
then 10 �L of the suspension was deposited on the fresh treated
GCE surface with a pipette. After the solvent evaporated, the elec-
trode surface was thoroughly rinsed with doubly distilled water

and dried under ambient condition. For comparison, SWCNT-COOH
modified GCE (SWCNT-COOH/GCE) and the blended mixture of
SWCNT-COOH and CD modified GCE (SWCNT-COOH/CD/GCE) were
fabricated with similar procedures.
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that no peaks are observed for the bare GCE (curve a). However,
a well-defined oxidation peak is observed during the sweep from
0.30 to 0.90 V at the modified GCEs, while no corresponding reduc-
tion peak is observed, indicating that the electrode response of BPA

Fig. 2. Nyquist plots of different electrodes in 5.0 mM Fe(CN)6
3−/4− (1/1) solution

containing 0.1 M KCl, (a) GCE, (b) SWCNT-COOH/GCE, (c) SWCNT-COOH/CD/GCE,
and (d) SWCNT–CD/GCE.
ig. 1. (A) TGA plots of (a) pristine SWCNTs, (b) SWCNT-COOH, and (c) SWCNT–C
WCNT–CD.

. Results and discussion

.1. Electrode modification

In the present study, GCE was modified with SWCNT–CD con-
ugate prior to use. The SWCNT–CD conjugate was  prepared as
escribed in Section 2. The content of �-CD grafted on the surface
f SWCNTs was analyzed by TGA and the result is shown in Fig. 1A.
or comparison, the TGA plots of pristine SWCNTs and oxidized
WCNTs are also shown in Fig. 1A. Using the mass loss of SWCNT-
OOH at 500 ◦C as the reference, the mass loss of SWCNT–CD is
bout 7.5 wt%  at 500 ◦C, indicating that about 13.8% of the available
arboxylic acid groups have reacted with �-CD. The morphology of
WCNT–CD was also imaged by a high resolution TEM as depicted
n Fig. 1B. Based on the observation, it is clear that the SWCNT–CD
an be well dispersed in water, and small bundles, even individ-
al tubes were observed. The �-CD was immobilized on the tips
s well as sidewalls of the SWCNTs. Meanwhile, the grafted �-CD
omponents were not uniformly coated on the SWCNT surface.

.2. Electrochemical performance of SWCNT–CD/GCE

The electron transfer properties of the electrode after differ-
nt surface modifications were characterized by electrochemical
mpedance spectroscopy (EIS). Generally, the linear part in the
IS represents the diffusion-limited process, while the semicir-
le portion corresponds to the electron transfer-limited process.
he electron transfer resistance (Ret) at electrode surface is equal
o the semicircle diameter [38]. Fig. 2 shows Nyquist diagrams of
ifferent electrodes in 5.0 mM  [Fe(CN)6]3−/4− solution containing
.1 M KCl. As can be seen, the Ret of the bare GCE is 1400 � (curve
), indicating a huge interface electron transfer resistance. The Ret

alue decreases after the bare electrode was modified with the
ixture of SWCNT-COOH and �-CD (500 �,  curve c), suggesting

hat the SWCNTs can improve the conductivity and the electron
ransfer process [39]. However, the �-CD layer absorbed on the
lectrode surface still hinders the electron transfer from the redox
robe of [Fe(CN)6]3−/4− to the electrode surface. For the SWCNT–CD
odified GCE, the Ret drastically decreases to 150 � (curve d).

ompared with bare GCE or even the SWCNT-COOH/CD/GCE sur-
ace, the SWCNT–CD film greatly improves the conductivity and
he electron transfer process. Interestingly, a nearly straight line

s observed when SWCNT-COOH was immobilized on GCE sur-
ace (curve b), indicating a very small interfacial electron transfer
esistance. These results also demonstrated that SWCNT–CD was
uccessfully immobilized on the GCE surface.
uired under nitrogen at a ramp of 10 ◦C min−1. (B) Representative TEM images of

Cyclic voltammograms of the bare GCE and modified GCEs in
PBS (pH 8.0) with 10 �M BPA are shown in Fig. 3. It can be seen
Fig. 3. Cyclic voltammograms of (a) GCE, (b) SWCNT-COOH/GCE, (c) SWCNT-
COOH/CD/GCE, and (d) SWCNT–CD/GCE in 0.1 M PBS (pH 8.0) containing 10 �M
BPA. Scan rate: 100 mV s−1. The arrow indicates scanning direction.
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Fig. 4. Influence of the amount of SWCNT–CD suspension on the oxidation peak cur-
rent of 10 �M BPA. Cyclic voltammogram measurements were performed in 0.1 M
PBS (pH 8.0). Scan rate: 100 mV s−1.
14 Y. Gao et al. / Journal of Hazardo

s a typical irreversible electrode reaction. It is worth noting that
he oxidation current of BPA at SWCNT-COOH/CD/GCE increases
hen compared with SWCNT-COOH/GCE, which can be attributed

o the accumulation properties of �-CD due to the host–guest inter-
ction between �-CD and BPA [35]. The oxidation current further
ncreases and the oxidation potential shifts more negatively when
WCNT–CD was immobilized on the surface of GCE. This result can
e attributed to the synergetic activity of SWCNTs and �-CD, in
hich the negative potential shift indicates the significant elec-

rocatalytic activities of the SWCNTs due to the residual metal as
ell as metal oxide impurities [40–42],  and the increase in current

an be ascribed mainly to the surface accumulation ability of the
rafted �-CD. Therefore, covalently bonded �-CD onto the surface
f SWCNTs plays an important role in electrode modification. Nev-
rtheless, the electrostatic repulsion between the SWCNT-COOH
nd negatively charged BPA would result in the oxidation reac-
ion deceleration in the case of SWCNT-COOH/GCE. Meanwhile, the
ggregates of �-CD are formed by assembly and a mixture of aggre-
ates of different sizes may  be present in the suspension, which may
uppress the accumulation ability of �-CD, and thus decrease the
ensitivity for BPA as in the case of SWCNT-COOH/CD/GCE. Thus,
he electrode coated with SWCNT–CD conjugate can increase the
onductive area, and enhance the electron transfer rate between
PA and the electrode surface.

The oxidation peak potential of BPA at SWCNT–CD/GCE (0.543 V)
as smaller than some of previous reports in near neutral pH condi-

ions, such as Si/boron-doped electrode (1.2 V, vs. SCE) [43], carbon
ber electrode (0.75 V, vs. Ag/AgCl) [44], MWCNT/GCE (0.59 V, vs.
g/AgCl) [22], and MWCNT-COOH/GCE (0.55 V, vs. SCE) [29]. There-

ore, a substantial decrease in oxidation overpotential has been
chieved in the present study with SWCNT–CD/GCE. The difference
f oxidation potential of BPA might be attributed to the electrolyte,
atrix electrode, modification procedure, and modification mate-

ials.

.3. Optimization of experimental conditions

The aim of this work is to establish a simple and sensitive elec-
rochemical method for the determination of BPA. As mentioned
bove, the oxidation peak of BPA is remarkably heightened at
WCNT–CD/GCE vs. bare GCE, giving an enhanced sensitivity for
PA determination. However, optimization of experimental condi-
ions for the determination of BPA is of critical importance. Hence,

 systematic investigation of a number of variables related to cyclic
oltammograms, such as the amounts of SWCNT–CD loading, solu-
ion pH, scanning rate, and accumulation potential as well as time
as been conducted.

Fig. 4 shows the effect of the amount of SWCNT–CD suspen-
ion that was cast onto the GCE surface on the oxidation current of
0 �M BPA in 0.1 M PBS (pH 8.0). Clearly, the oxidation peak current
f BPA is dependent on the amounts of SWCNT–CD suspension that
as cast onto the GCE surface. The oxidation peak current of BPA

ncreases significantly with the amount of SWCNT–CD suspension
ncreasing from 2.0 to 8.0 �L, while the peak current keeps almost
table from 8.0 to 10 �L. However, when the amount of the suspen-
ion exceeds 10 �L, the peak current decreased instead. This is due
robably to the limited mass transport of BPA inside a thicker film.
onsidering that water evaporation required a long time, we  chose
0 �L of SWCNT–CD suspension to modify the electrode.

Next, the effect of PBS pH on the electrochemical response of the
WCNT–CD/GCE toward the determination of the BPA was studied
y cyclic voltammetry. The variations of peak current as well as

he oxidation peak potential with respect to the change of the elec-
rolyte in the pH range from 5.0 to 9.0 are shown in Fig. 5. It can
e seen in Fig. 5B that the peak current increases slowly with the

ncreasing of the solution pH from 5.0 to 8.0, and then decreases
Fig. 5. (A) Cyclic voltammograms of SWCNT–CD/GCE to 1.0 �M BPA in 0.1 M PBS of
different pH: 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0. (B) Effects of pH on the peak
current and potential. Scan rate: 100 mV s−1. The arrow indicates scanning direction.

with a further increase of pH, showing that protons have taken
part in the electrode reaction process [45]. As the pH increases
beyond 8.0, the residual carboxylic acid groups on the surface of
SWCNTs are deprotonated to a large extent and therefore exist as
anions, resulting in mutual repulsion between the acidic anions
and the negatively charged BPA, leading to decrease of the cur-
rent response, since BPA can form phenolic oxide anion in alkaline
solution [46]. Considering the sensitivity of the determination of

BPA, a pH of 8.0 was  chosen for the subsequent analytical experi-
ments. The relationship between the oxidation peak potential (Epa)
and pH is also shown in Fig. 5B. It is found that the value of peak
potential at SWCNT–CD/GCE shifted to more negative potential
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ith the increase of pH from 5.0 to 9.0, and that it obeys the fol-
owing equation: Epa (V) = −0.059pH + 1.024 (R = 0.993). A shift of
ypically 59 mV  per pH unit is approximately close to the theoretical
alue of 57.6 mV  pH−1 [45], indicating that the electron transfer is
ccompanied by an equal number of protons in electrode reaction.

Cyclic voltammograms of the fabricated SWCNT–CD/GCE at dif-
erent scan rates were also recorded (Fig. 6A). It can be seen that
he peak currents (Ipa) increase linearly with the scan rate (�) in
he range of 30–150 mV  s−1 (Fig. 6B), indicating that the oxidation
f BPA at SWCNT–CD/GCE is a process controlled by electron trans-
er [45]. And the linear regression equation can be expressed as Ipa

�A) = 0.167� (mV  s−1) + 3.845 (R = 0.997). Similarly, a linear rela-
ionship between Epa and Napierian logarithm of � (ln �) is also
bserved in the range of 30–400 mV s−1 (Fig. 6C). The equation can
e expressed as Epa = 0.033 ln � + 0.400 (R = 0.996). As for an electron
ransfer controlled and totally irreversible electrode process, Epa is
efined by the following equation [47]:

pa = E0 +
(

RT

˛nF

)
ln

(
RTk0

˛nF

)
+

(
RT

˛nF

)
ln � (1)

here  ̨ is transfer coefficient, k0 is standard rate constant of
he reaction, n is electron transfer number involved in rate-
etermining step, � is scanning rate, E0 is formal redox potential,

 is the gas constant, T is the absolute temperature, and F is the
araday constant. According to the linear correlation of Epa vs. ln �
s mentioned above, the slope of the line is equal to RT/˛nF, there-
ore ˛n is calculated to be 1.29. Generally,  ̨ is assumed to be 0.5 in
otally irreversible electrode process [45], so the electron transfer
umber (n) is around 2. Considering that the number of electron
nd proton involved in the oxidation process of BPA is equal as
emonstrated in the pH-dependent electrochemical response, the
lectrooxidation of BPA at SWCNT–CD/GCE is a two-electron and
wo-proton process, which can be illustrated as follows:

The standard heterogeneous rate constant (ks) for totally irre-
ersible oxidation of BPA at the modified electrode is calculated
ased on Velasco equation [48]:

s = 2.415 exp
(

−0.02F

RT

)
D1/2(Epa − Epa/2)−1/2�1/2 (2)

here Epa/2 represents the potential at which I = Ipa/2 in linear
weep voltammetry, D is diffusion coefficient, other symbols have
heir usual meanings. D can be determined by chronocoulometry
ccording to Anson equation [49]:

 = 2nFAc
(

Dt

�

)1/2
+ Qdl + Qads (3)

here A is surface area of working electrode, c is concentration of
ubstrate, Qdl is double layer charge which can be eliminated by
ackground subtraction, and Qads is Faradaic charge. Other sym-
ols have their usual meanings. The experiment was firstly carried
ut in 0.1 mM K3[Fe(CN)6] solution containing 1.0 mM KCl, where
he standard diffusion coefficient (D0) of K3[Fe(CN)6] at 25 ◦C is
.6 × 10−6 cm2 s−1 [45]. According to the experiment results as
hown in Fig. 7A, A is calculated to be 0.021 cm2 and 0.36 cm2

or GCE and SWCNT–CD/GCE, respectively. These results indicate
hat the electrode effective surface area increases obviously after
lectrode modification. The surface can therefore be thought of

s a porous layer in which pockets of solution are trapped in
etween multiple layers of nanotubes [50,51].  The chronocoulom-
try experiments were then carried out at SWCNT–CD/GCE in 0.1 M
BS (pH 8.0) in the absence and presence of 0.25 mM BPA. As
terials 199– 200 (2012) 111– 118 115

shown in Fig. 7B, the plot of Q against t1/2 shows a linear relation-
ship after background subtraction. The slope is 1.26 × 10−4 C s−1/2

and the intercept (Qads) is 1.10 × 10−5 C. As n = 2, A = 0.36 cm2,
and c = 0.25 mM,  D is calculated to be 4.10 × 10−5 cm2 s−1 at
25 ◦C. According to the equation Qads = nFA� s, the adsorption
capacity, � s, can be obtained as 1.58 × 10−10 mol cm−2. Simi-
larly, the ks of BPA is thus calculated to be about 0.011 cm s−1.
This ks is higher than those of previously reported CNT-
based sensors. Such sensors include CNT powder microelectrode
(1.90 × 10−3 cm s−1) [52], MWCNTs/GCE (3.62 × 10−3 cm s−1) [53],
and MWCNT-COOH/GCE (3.83 × 10−3 cm s−1) [54], but close to Au-
MWCNTs/GCE (0.013 cm s−1) [55]. These results suggest that the
SWCNT–CD/GCE provide fast electron transfer between BPA and
the surface of electrode.

Finally, the influences of accumulation potential as well as time
on the oxidation peak current obtained at the SWCNT–CD/GCE were
investigated, since the accumulation step is usually a simple and
effective way to enhance the sensitivity. The oxidation peak cur-
rent of 10 �M BPA carried in 0.1 M PBS (pH 8.0) was  compared at
different potentials. The highest oxidation peak current is achieved
at −0.2 V (Fig. 8A). The influence of the accumulation time on the
oxidation peak current of BPA was  also tested. The oxidation peak
current increases greatly within the first 150 s and then levels off
(Fig. 8B), suggesting that the accumulation of BPA at SWCNT–CD
modified GCE rapidly reached saturation. Thus, the accumulation
step in the experiments was  performed at −0.2 V for 150 s.

4. Analytical utility

4.1. Calibration curve, linear range, and detection limit

Fig. 9 shows a typical current–time plot of SWCNT–CD/GCE
under optimum experimental conditions after successive addition

of BPA, with concentrations ranging from 5.4 nM to 21.2 �M,  to
0.1 M PBS (pH 8.0) under magnetic stirring. The modified elec-
trode can achieve the steady-state current within 5 s, which is
a very rapid response to the change of BPA concentrations. As
shown in Fig. 9B, the current linearly increased with the increase in
BPA concentration ranging from 10.8 nM to 18.5 �M with a cor-
relation coefficient (R) of 0.999 and a high sensitivity of about
1256 �A mM−1. The linear regression equation can be expressed
as I (�A) = 1.256c (�M) − 0.922. The detection limit is estimated to
be 1.0 nM at a ratio of signal to noise of 3, which is lower than
that reported previously [14–17,22,28,29]. The enhanced perfor-
mance of SWCNT–CD/GCE can be attributed to the combination of
the excellent electrocatalytic properties of debundled SWCNTs and
the inclusion ability of �-CD to BPA. Therefore, the SWCNT–CD/GCE
can be served as a BPA sensor although the peak current tends to
level off at higher BPA concentrations as shown in Fig. 9B, due to
the saturation of active sites at the surface of electrode.

4.2. Reproducibility, stability and interference of SWCNT–CD/GCE

In order to prove the precision and practicability of the pro-
posed method, the reproducibility and storage stability of the
SWCNT–CD/GCE were investigated by cyclic voltammetry. The rel-

ative standard deviation of the modified electrode response to
10 �M BPA is 2.2% after twenty successive measurements with
the same modified electrode, showing excellent reproducibility of
SWCNT–CD/GCE. As a further demonstration of the stability, the
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Fig. 6. (A) Cyclic voltammograms of SWCNT–CD/GCE in 0.1 M PBS containing 10 �M
BPA at various scan rates: 30, 40, 50, 60, 70, 80, 90, 100, 125, 150, 200, 300, and
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Fig. 7. (A) Plot of Q–t curves of (a) GCE, and (b) SWCNT–CD/GCE in 0.1 mM
K3[Fe(CN)6] containing 1.0 M KCl. Insert: plot of Q–t1/2 curves on (a) GCE, and (b)
SWCNT–CD/GCE. (B) Plot of Q–t curves of the modified electrode in 0.1 M PBS (pH
8.0) (a) in the absence, and (b) presence of 0.25 mM BPA. Insert: plot of Q–t1/2 curve
on SWCNT–CD/GCE.
00 mV s−1. (B) The plot of peak current vs. scan rate. (C) The relationship between
he  peak potential (Epa) and the natural logarithm of scan rate (ln �). The arrow
ndicates scanning direction.

odified electrode was also investigated by measuring the current
esponse of 10 �M BPA. Before measurements, the electrode was
tored at 4 ◦C in a refrigerator for 15 days. The current retained 95%
f its original response. However, the current response decreased
o 88% after prolonging the storage time to 30 days under the
ame conditions. The phenomenon indicated the good stability of
WCNT–CD/GCE.

Under optimal conditions, the interference test was per-
ormed in the presence of 100-fold concentration of phenol,
-isopropylphenol, hydroquinone, pyrocatechol, hydroxyphenol,
-nitrophenol, 2,4-dinitrophenol, ethanol, Cu2+, Ca2+, Fe3+, Pb2+,
g2+, Al3+, Zn2+, Br−, SO4

2−, NO3
−. The results indicate that they

ave no influence on the signals of 10 �M BPA with deviation below
.0%. Due to the excellent reproducibility, stability and the result
f interference tests, SWCNT–CD/GCE can be used in practical ana-
ytical applications.

.3. Practical application

In order to evaluate the performance of SWCNT–CD/GCE in prac-
ical analytical applications, the determination of BPA in the real
amples (such as PC baby bottle, PC water bottle, and poly(vinyl
hloride) (PVC) bottle) was carried out via a recovery study accord-
ng to the above-described analytical procedure. All the samples

ere collected from the disposal sites. The samples were pre-

leaned in an ultrasonic tub with acetone, rinsed successively with
lcohol, doubly distilled water, and then dried. After being cut into
mall pieces, 1.0 g of plastic sample and 30 mL  of doubly distilled
ater were added into a flask fitted with a condenser. The flask
Fig. 8. Effect of (A) accumulation potential and (B) time on the oxidation peak
current of 10 �M BPA in 0.1 M PBS (pH 8.0).

was then placed in an oil bath at 70 ◦C for 48 h. After cooling to
room temperature, the condenser was  washed with doubly dis-
tilled water and the sample solution was  filtrated, and the filtrate

was collected. Finally, doubly distilled water was added to make up
100 mL.  A standard addition method was used to evaluate the ana-
lytical performance of the sensor. The results are shown in Table 1,
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Fig. 9. (A) Current–time recording obtained at SWCNT–CD/GCE for the addition
of  0.0054–21.2 �M BPA into acutely stirred 0.1 M pH 8.0 PBS. Applied potential:
0.54 V. Insert: the magnification of 300–400 s. (B) Linear calibration curve. Insert:
the  magnification of 0.0054–0.03 �M.

Table 1
Determination of BPA in plastic samples.

Samples Measured
(nM)a

Added
(nM)

Found
(nM)

Recovery
(%)

PC bottle 25.95 100 129.60 102.90
PC  water bucket 36.54 100 130.90 95.86
PVC food package bag 53.23 100 149.39 97.49
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PC baby bottle 13.52 100 116.33 102.47
PVC  bottle 29.05 100 133.12 103.15

a Mean of five measurements.

nd the recoveries are in the range of 95–103%, indicating that the
ensor might be sufficient for practical applications.

. Conclusion

Covalent functionalization of oxidized SWCNTs with amide-
odified �-CD was accomplished by amidation reaction. The

esultant �-CD–nanotube conjugate (SWCNT–CD) can be dispersed
n water, and a stable and homogeneous SWCNT–CD film could be
btained after the suspension was cast onto the surface of GCE. Due
o the excellent electrocatalytic properties of SWCNTs as well as
he inclusion ability of �-CD to BPA, the SWCNT–CD modified GCE
xhibited enhanced performance on the oxidation of BPA, improv-

ng its oxidation peak current, lowering its oxidation potential,
nd lowering detection limit for BPA (1.0 nM at S/N ratio of 3).
he proposed method was successfully applied in determining BPA
n real plastic samples with recovery ranging from 95% to 103%.

[
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Additionally, the fabricated SWCNT–CD/GCE showed remarkable
stability and reproducibility. Compared with other electrochemical
methods, this new method possesses higher sensitivity and faster
response.
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