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A novel  glassy  carbon  electrode  (GCE)  modified  with  a film  of  ferroferric  oxide  nanoparticles  (Fe3O4

NPs)  over  a film  of  gold  nanoparticles  (Au  NPs),  both  stabilized  in  a polymer  solution  of  3-n-propyl-
4-picolinium  silsesquioxane  chloride  (Si4Pic+Cl−),  is presented  for  the  electroanalytical  determination
of  bisphenol  A  (BPA).  At the  modified  electrode,  cyclic  voltammograms  of  BPA  in  B-R  buffer  (pH 9.0)
showed  a diffusion-controlled  irreversible  oxidation  peak  at around  +0.470  V. Under  optimized  experi-
mental  conditions  for differential  pulse  voltammetry  experiments,  the peak  current  was  found  to  vary

−1 2

erroferric oxide nanoparticles
old nanoparticles
odified electrode

isphenol A
oltammetry

linearly  with  the  concentration  of BPA  in  the range  of  20–1400  nmol  L (R =  0.996)  with  a  detection  limit
of  7.0  nmol  L−1. The  modified  electrode  Fe3O4 NPs-Si4Pic+Cl−/Au  NPs-Si4Pic+Cl−/GCE  was  successfully
employed  for  the  determination  of  BPA  in different  commercial  plastic  samples.  Satisfactory  recov-
eries  were  obtained  in the  range  of  90–120%,  in  agreement  with  the  comparative  technique  (UV–vis
spectroscopy).

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Bisphenol A (BPA) is a compound widely used as a monomer in
he synthesis of polycarbonate (PC) and epoxy resins, and along
ith other materials it is used to produce plastics. It is thus

resent in a wide variety of products including packaging for food
nd drinks, packing materials and engineering plastics, and it has
een detected in samples of wastewater and drinking water [1–3].
owever, BPA is non-biodegradable, highly resistant to chemical
egradation and it has been listed as a typical endocrine disrup-
or, which can mimic  hormones and may  lead to negative health
ffects [4,5]. Small amounts of BPA may  cause reproductive disor-
ers including decreased sperm quality, birth defects and impaired
rain development in humans, besides various kinds of cancer, such
s prostate, testicular and breast cancer [6,7]. Considering these
haracteristics, analytical methods employing sensitive detectors

eed to be developed for the determination of BPA.

Several techniques are used to determine the BPA content
n different matrices, which include high-performance liquid

∗ Corresponding author at: Universidade Federal de Santa Catarina – UFSC, Cam-
us  Universitário Reitor João David Ferreira Lima, Centro de Ciências Físicas e
atemáticas – CFM, Departamento de Química, 88040-900 – Florianópolis – SC –

razil.
E-mail address: almir.spinelli@ufsc.br (A. Spinelli).

ttp://dx.doi.org/10.1016/j.snb.2016.09.003
925-4005/© 2016 Elsevier B.V. All rights reserved.
chromatography (HPLC) [8,9] and more sophisticated tech-
niques such as liquid chromatography–tandem mass spectrometry
(LC–MS-MS) [10] and gas chromatography coupled with mass
spectrometry (GC–MS) [11]. However, it is well-known that
separation methods involve expensive instrumentation, requir-
ing time-consuming extraction or pre-concentration steps and
skilled operators [3,12]. Furthermore, studies involving the use
of fluorescence [13,14], the enzyme-linked immunosorbent assay
(ELISA) [2,15], chemiluminescence [16,17] and electrochemical
techniques [1,3–7] have been reported. Notable among these are
the voltammetric techniques, which offer a number of advan-
tages in environmental monitoring, such as fast response, low cost,
ease of miniaturization, simple operation, accuracy, high sensitiv-
ity, good selectivity and in vivo real-time determination [3,4,18].
Although BPA is an electrochemically-active compound, the direct
determination of BPA with bare electrodes is not applicable due
to the poor response of the traditional unmodified electrodes to
BPA. To solve this problem, novel sensing materials with high
conductivity and stability as well as good catalytic activity need
to be developed [4,19]. To improve the sensitivity and selec-
tivity in the determination of BPA, various materials have been
proposed for the modification of electrodes including ionic liq-

uids [18,20], enzymes [21,22], molecularly imprinted polymers
[23,24], many carbon materials, such as carbon nanotubes [25],
both single-walled (SWCNT) [4] and multiple-walled (MWCNT)

dx.doi.org/10.1016/j.snb.2016.09.003
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.09.003&domain=pdf
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26–28] and graphene [29–31] and metal nanoparticle-based com-
osites, such as gold nanoparticles (Au NPs) [32,33] and ferroferric
xide nanoparticles (Fe3O4 NPs) [3,19,34,35].

Au NPs are widely used to build electrochemical devices due
o their high chemical stability, excellent catalytic ability, good
iocompatibility, high electrical conductivity and enhanced sur-
ace area, facilitating the electron transfer [32,36,37]. Many authors
ave reported that electrodes modified with Au NPs have shown
xcellent electrocatalytic activity for the detection of biomolecules
37–43]. Recently, Saha et al. [36] published a review on the synthe-
is and application of Au NPs in the fields of chemical and biological
ensing. For the determination of BPA in milk samples, Zhou et al.
33] developed an aptasensor based on a glassy carbon electrode

odified with an Au NPs-dotted graphene nanocomposite film.
lso, Niu et al. [32] used a glassy carbon electrode modified with

 stacked graphene nanofibers/Au NPs composite to determine the
PA content in a plastic baby bottle.

The unique characteristics of Fe3O4 NPs allow their application
n many fields, as supports for the immobilization of biomateri-
ls, in environmental treatment, in biomedical and bioengineering,
nd in food analysis [44]. Recently, Fe3O4 magnetic NPs have
ttracted increasing interest for application in sensing devices
ecause, in addition to their small size and large surface area,
heir properties include strong superparamagnetism, biocompat-
bility, low toxicity, easy preparation and high adsorption ability
3,34]. As an example, Yu et al. [3] reported the application of a
lassy carbon electrode modified with a chitosan-Fe3O4 nanocom-
osite for the amperometric determination of BPA in real plastic
amples. Similarly, Zhang et al. [35] determined BPA in commer-
ial plastic samples using a sensor based on Fe3O4 NPs-reduced
raphene oxide composites stabilized in chitosan. The detection
imit obtained was 17 nmol L−1.

To retard the tendency toward the aggregation of metallic NPs
hey need to be dispersed in a suitable matrix which promotes
nhanced stability. In this regard, organic-inorganic hybrid mate-
ials, such as silsesquioxanes, have been the subject of increasing
nterest since they offer a combination of the physical properties
f glass, such as rigidity and thermal stability and the exchange
roperties of the organofunctional group. In addition, due to
he presence of the ionic organic groups, these materials exhibit
otable solubility in water. Recently some authors have reported
hat soluble charged silsesquioxanes, such as the water-soluble
-n-propyl-4-picolinium silsesquioxane chloride (Si4Pic+Cl−), rep-
esent an excellent alternative to support and stabilize metal
anoparticles in aqueous medium besides having the ability to form
table thin films on various surfaces [43,45,46].

In this context, we propose a novel, simple, fast and sensitive
lectrochemical detector for BPA determination based on the good
urrent response resulting from BPA oxidation at a glassy carbon
lectrode modified with a film of Fe3O4 NPs over a film of Au NPs,
oth NPs being stabilized by a Si4Pic+Cl− polymer. The proposed
hemically-modified electrode was employed to determine BPA in
lastic samples. The precision and accuracy provided by the elec-
rochemical detector were verified by recovery experiments and
omparison with data provided by the UV–vis technique.

. Experimental

.1. Chemicals, reagents and solutions

All chemicals were of analytical grade and used with-

ut further purification. The aqueous solutions were prepared
ith water purified using a Milli-Q system (Millipore, United

tates) with a resistivity of 18.2 M� cm.  Britton-Robinson (B-
) (H3BO3/CH3COOH/H3PO4), Mcllvaine (citric acid/Na2PO4),
Scheme 1. Construction steps of the proposed modified electrode.

NH3/NH4Cl, and H3BO3·KCl/NaOH buffers were prepared at an
initial concentration of 0.1 mol  L−1 and tested as the support-
ing electrolyte. The pH was  adjusted with 1.0 mol L−1 HCl or
NaOH solution. A stock solution of 0.1 mol  L−1 K3[Fe(CN)6] and
a solution of 0.1 mol  L−1 KCl were prepared in water. A stock
solution of 1.0 mmol  L−1 BPA in ethanol was prepared daily.
The water-soluble 3-n-propyl-4-picolinium silsesquioxane chlo-
ride (Si4Pic+Cl−) polymer was  kindly provided by the Laboratório
de Equílibrios Químicos e Superfícies (LabEqS-UFSC). The synthesis
and characterization of this material are described in the Ref. [43].

2.2. Preparation of the Au NPs-Si4Pic+Cl− dispersion

Au NPs stabilized in the silsesquioxane polymer were prepared
as follows: 5 �L of 0.1 mol  L−1 chloroauric acid were added to 2.5 mL
of an aqueous solution of Si4Pic+Cl− (2.0 g L−1). The mixture was
stirred for 5 min  at room temperature and 200 �L of a freshly pre-
pared 20.0 m mol  L−1 sodium borohydride solution were quickly
added under continuous stirring. After 60 s the dispersion changed
from colorless to red, indicating the formation of Au NPs. The dis-
persion obtained was  stored at 4 ◦C.

2.3. Preparation of the Fe3O4 NPs-Si4Pic+Cl− dispersion

The Fe3O4 magnetic nanoparticles of around 30 nm used in this
study were purchased from Sigma-Aldrich. The nanoparticle dis-
persion was  prepared by adding 3.75 mg  of Fe3O4 NPs to 2.5 mL
of an aqueous solution of Si4Pic+Cl− (2.0 g L−1). The mixture was
stirred for 5 min  at room temperature and stored at 4 ◦C.

2.4. Preparation of the modified electrode

As shown in Scheme 1, the drop coating method was used to
prepare the as modified electrode as follows: (A) a bare GCE  (diam-
eter of 2 mm)  was carefully polished with 0.05 �m alumina powder,
thoroughly rinsed and sonicated for 3 min  in purified ethanol; (B)
an aliquot (3.0 �L) of the Au NPs-Si4Pic+Cl− dispersion was  then
dropped onto the surface of the GCE and allowed to dry in a stove
at 40 ◦C for 10 min; after drying, (C) an aliquot (3.0 �L) of the Fe3O4
NPs-Si4Pic+Cl− dispersion was  dropped onto the surface of the Au
NPs-Si4Pic+Cl−-modified GCE and dried in a stove for 10 min; the
as prepared (D) Fe3O4 NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−-modified
GCE electrode.
2.5. Apparatus

To characterize the Au NPs-Si4Pic+Cl− dispersion and perform
the comparative method of analysis by UV–vis spectroscopy, a
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Fig. 1. (A) UV–vis spectrum, (B) TEM image an

V-1800 spectrophotometer (Shimadzu, Japan) was  employed.
mages of the Au NPs-Si4Pic+Cl− and Fe3O4 NPs-Si4Pic+Cl− were
btained by transmission electron microscopy (TEM) using a JEM-
100 microscope (JEOL, Japan) operating at 100 kV. To obtain the
EM images of the Au NPs-Si4Pic+Cl−, a drop of the dispersion
as placed on a carbon-coated copper grid and then dried at room

emperature for 24 h. The same procedure was adopted for Fe3O4
Ps-Si4Pic+Cl−, but the drop was obtained from an aliquot of the

upernatant of the dispersion. The nanoparticle diameter distribu-
ion was obtained using the ImageJ software. The morphology of the
e3O4 NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl− immobilized on the glassy
arbon surface was analyzed by scanning electron microscopy with
eld emission gun (SEM-FEG) using a JSM-6701F microscope (JEOL,

apan) (accelerating voltage of 10 kV). The images were obtained at
he Central Laboratory for Electron Microscopy, UFSC. Electrochem-
cal impedance spectroscopy (EIS) measurements were carried
ut using an Autolab PGSTAT128N potentiostat/galvanostat (Eco
hemie, The Netherlands) with an FRA impedance module using
he open circuit mode, an amplitude of 5 mV  and a frequency
ange of 0.1–100 000 Hz. The electrochemical experiments were
arried out on a PalmSens portable potentiostat (Palms Instruments
V, The Netherlands) coupled to a personal computer with the
STrace 4.6 software installed. A standard one-compartment three-
lectrode glass cell was used. A bare GCE or modified GCE served as
he working electrode, a platinum wire as the auxiliary electrode
nd an Ag/AgCl (KCl saturated) as the reference electrode.

.6. Sample preparation

In order to evaluate the performance of the modified electrode
eveloped for practical analytical applications, the determination
f BPA in commercial samples such as a polycarbonate (PC) cup,
olystyrene (PS) plastic cup, polyvinyl chloride (PVC) food pack-
ging, polyethylene terephthalate (PET) water bottle and BPA-free

lastic containers was carried out via addition and recovery stud-

es. All of the commercial samples were acquired from shops in
lorianópolis, Santa Catarina State, Brazil. The treatment of the
ommercial samples used was based on the work published by Li
article size distribution for Au NPs-Si4Pic+Cl− .

et al. [26]. The commercial samples were pre-cleaned in an ultra-
sonic bath with acetone (with the exception of the PS sample, which
was immersed in ethanol), rinsed successively with ethanol and
ultrapure water and then dried. In the next step, the commercial
samples were cut into small pieces and 1.0 g samples of these pieces
together with 30 mL of ultrapure water were heated in an oil bath
at 70 ◦C for 48 h. After cooling to room temperature and filtering,
the resulting water-leached sample was collected. Lastly, ultrapure
water was  added to make up 100 mL.  For the voltammetric analy-
sis, an aliquot of 4.0 mL  of water-leached sample was transferred to
the electrochemical cell along with 6.0 mL of the supporting elec-
trolyte. The standard addition method was used to evaluate the
analytical performance of the modified electrode.

2.7. Comparative spectroscopic method

UV–vis spectroscopy was carried out in the wavelength range
of 200–450 nm.  A quartz cell with an optical path length of 1.0 cm
was used. The absorbance of the solutions containing different con-
centrations of BPA was  determined at 279 nm.

3. Results and discussion

3.1. Characterization of Au NPs-Si4Pic+Cl− and Fe3O4
NPs-Si4Pic+Cl− dispersions

The characterization of the Au NPs-Si4Pic+Cl− was performed by
TEM analysis and UV–vis spectroscopy. Fig. 1A shows the surface
plasmon resonance absorption peak at 533 nm,  which corresponds
to an average particle diameter of around 50 nm [47,48]. These
results are consistent with those obtained in the TEM analysis.
Fig. 1B shows the TEM image of Au NPs-Si4Pic+Cl− and Fig. 1C a his-
togram of the particle size distribution. The latter was  constructed
by counting approximately 200 particles randomly chosen from

more than one TEM image. The TEM image shows that synthesized
Au NPs were spherical in shape with an average size of 50 nm.

The characterization of the Fe3O4 NPs-Si4Pic+Cl− was also car-
ried out by TEM analysis. Fig. 2A shows the TEM image of Fe3O4
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 size distribution for Fe3O4 NPs-Si4Pic+Cl− .
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Fig. 4. Nyquist plots of different electrodes in 0.1 mol  L−1 KCl containing
Fig. 2. (A) TEM image and (B) particle

Ps-Si4Pic+Cl− and Fig. 2B the histogram with the particle size
istribution constructed by counting approximately 200 particles
andomly chosen from more than one TEM image. The average size
f the Fe3O4 NPs dispersed in the polymer was 38 nm,  which is close
o the size certified by the manufacturer (30 nm).

.2. Characterization of Fe3O4 NPs-Si4Pic+Cl−/Au
Ps-Si4Pic+Cl−/GCE

The morphology of the GCE and Fe3O4 NPs-Si4Pic+Cl−/Au NPs-
i4Pic+Cl−/GCE was investigated by SEM-FEG. A clear difference
n terms of surface morphology is observed between the bare GCE
Fig. 3A) and the GCE modified with Au NPs and Fe3O4 NPs (Fig. 3B).
he presence of nanoparticles well distributed on the GCE substrate

s evident. However, it is not possible to determine the chemical
ature of the nanoparticles from the image.

Electrochemical impedance spectroscopy (EIS) was  employed
o characterize the interfacial properties of the modified elec-
rode. The results are shown in Fig. 4 in the form of Nyquist
iagrams. In EIS, the semicircle diameter of impedance equals
he electron transfer resistance (Rct), which controls the electron
ransfer kinetics of the redox probe at the electrode surface [6].
ig. 4a shows the impedances of the bare GCE in 5.0 mmol  L−1

Fe(CN)6]3−/4− containing 0.1 mol  L−1 KCl. It can be seen that a large
ell-defined semicircle was obtained at lower frequencies, corre-

ponding to Rct = 757 ohm, indicating strong resistance to charge
ransfer. When Fe3O4 NPs-Si4Pic+Cl− (Fig. 4b) or Au NPs-Si4Pic+Cl−

Fig. 4c) dispersions were deposited on the surface of the GCE,
he impedance values obtained decreased to Rct = 586 ohm and
ct = 606 ohm, respectively, which could be attributed to the con-
uctivity of the Au NPs and Fe3O4 NPs, leading to a lower interface
lectrical resistance. Finally, when the two nanoparticle disper-

ions were dropped onto the surface of the GCE, the impedance
alue obtained at Fe3O4 NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE
Fig. 4d) was even lower, reaching Rct = 158 ohm, indicating a lower
harge transfer resistance. These experiments demonstrated the

Fig. 3. SEM-FEG images for (A) GCE and (B) Fe3O
5.0  mmol  L−1 Fe(CN)6
3−/4− solution: (a) GCE, (b) Fe3O4 NPs-Si4Pic+Cl−/GCE, (c) Au

NPs-Si4Pic+Cl−/GCE, and (d) Fe3O4 NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE.

successful preparation of the chemically-modified GCE with Fe3O4
NPs over Au NPs.

3.3. Electrochemical behavior of BPA at Fe3O4 NPs-Si4Pic+Cl−/Au
NPs-Si4Pic+Cl−/GCE

As shown in Fig. 5, the electrochemical response of the differ-
ent electrodes to BPA was investigated using cyclic voltammetry.
When 10.0 �mol  L−1 BPA was added to the pH 9.0 B-R buffer, a
single oxidation peak was seen for all electrodes tested in the
potential window from +0.2 to +1.2 V. This indicates that the
oxidation reaction of BPA is an irreversible process, which is in
agreement with previous reports [1,3,4,34]. This oxidation reac-
tion took place on the bare GCE surface (curve a) at +0.500 V with
an anodic current of 1.02 �A. For the modified electrodes, the oxi-

dation peak and current were, respectively, +0.500 V and 1.12 �A
for the Si4Pic+Cl−/GCE (curve b), +0.495 V and 2.45 �A for the Au
NPs-Si4Pic+Cl−/GCE (curve c), +0.495 V and 3.12 �A for the Fe3O4
NPs-Si4Pic+Cl−/GCE (curve d) and +0.470 V and 4.47 �A for the

4 NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE.
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Fig. 5. Cyclic voltammograms obtained for different electrodes in B-R buffer
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pH 9.0) containing 10.0 �mol  L−1 BPA: (a) GCE, (b) Si4Pic+Cl−/GCE, (c) Au NPs-
i4Pic+Cl−/GCE (d) Fe3O4 NPs-Si4Pic+Cl−/GCE, and (e) Fe3O4 NPs-Si4Pic+Cl−/Au
Ps-Si4Pic+Cl−/GCE electrodes, � = 100 mV s−1.

e3O4 NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE (curve e). Hence, the
urrent for the BPA oxidation was four times higher for the Fe3O4
Ps/Au NPs modified electrode compared to the unmodified bare
CE. The increase in the anodic current is associated with the higher

urface area of the modified electrode and good conductivity pro-
ided by the Fe3O4 NPs and Au NPs. Furthermore, regarding the
eak potentials, for the modified electrodes the oxidation peak
hifted 30 mV  compared to the bare electrode, favoring the oxi-
ation reaction. This result demonstrates the synergistic effect of
e3O4 NPs and Au NPs, also increasing the catalytic activity of the
odified electrode, verifying that it is suitable for the determina-

ion of BPA.
However, it was observed that for BPA the anodic currents

ecreased significantly with the cycle number. This occurred

ecause the oxidation of BPA formed a polymeric product which
locked the electrode surface, as previously observed in other stud-

es [1,3,27,37,49]. Therefore, measurements of the first cycle were
sed for the BPA analysis in the following studies.

ig. 6. (A) Cyclic voltammograms of Fe3O4 NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE in 0.1 

5,  50, 75, 100, 150, 200, 250 and 300 mV s−1. The relationship between (B) logarithm of p
f  scan rate.
ators B 240 (2017) 487–496 491

The electrochemical behavior of BPA at the Fe3O4 NPs-
Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE with different scan rates was
studied further. The corresponding voltammograms are shown in
Fig. 6A, where it can be seen that the oxidation peak currents
increase linearly with the scan rate in the range of 10–300 mV s−1.
From these data, the plot of the logarithm of the peak current (log
i) versus the logarithm of the scan rate (log �) (Fig. 6B) was  lin-
ear (R2 = 0.975), with the equation of the straight line being log
i = 0.534 log �−0.999. According to the literature [50], a log–log plot
slope of (or close to) 0.5 indicates a diffusion-controlled reaction
rate. Therefore, we  can conclude that the BPA oxidation reaction
on Fe3O4 NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE is a diffusion-
controlled process, corroborating with other studies reported in
the literature [34,37].

In addition, the relationship between the anodic peak poten-
tial (Epa) and the logarithm of the scan rate is shown in Fig. 6C. It
can be seen that Epa shifted linearly with log � (R2 = 0.986), with
a linear regression equation of Epa = 0.060 log � + 0.621. According
to the Laviron equation [19,51], for an irreversible electrochemical
reaction, the relation between Epa and log � can be expressed as
follows:

Epa = Eo +
(

2.303RT
˛nF

)
log

(
RTko

˛nF

)
+

(
2.303RT
˛nF

)
log v

where, Eo is the formal redox potential; ko is the standard rate con-
stant of the reaction; � is the electron transfer coefficient; n is the
electron transfer number involved in the rate-determining step;
and R, T and F are standard notation (R = 8.314 J mol−1 K−1, T = 298 K,
F = 96485C mol−1). According to the linear correlation of Epa versus
log �, as mentioned above, the slope of the line is equal to
2.303RT/�nF, therefore the calculated �n value was  0.985. Gen-
erally, � is assumed to be 0.5 for irreversible electrode processes

[52]. Thus, the electron transfer number (n) for the oxidation of
BPA was  assumed to be 2. For the same reaction, n = 2 has also
been reported by other authors [4,6,19,26,35,37]. In conclusion, it
was verified that the BPA oxidation at the Fe3O4 NPs-Si4Pic+Cl−/Au

mol  L−1 B-R buffer (pH 9.0) containing 10.0 �mol L−1 BPA at various scan rates: 10,
eak current and logarithm of scan rate and (C) anodic peak potential and logarithm
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ig. 7. Cyclic voltammograms for Fe3O4 NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE in 

2.0  containing 10.0 �mol  L−1 BPA. (C) Effect of pH on the oxidation current and po

Ps-Si4Pic+Cl−/GCE is an irreversible diffusion-controlled process
nvolving the participation of two electrons.

.4. Effect of pH and chemical composition of supporting
lectrolyte

The pH value of the electrolytic solution is an important factor
n relation to the performance of an electrochemical sensor. There-
ore, the effect of the solution pH on the electrochemical behavior
f BPA was analyzed by cyclic voltammetry using the B-R buffer.
he corresponding voltammograms are shown in Fig. 7A and B.
he relationship between the oxidation peak current versus pH is
est shown in Fig. 7C. As can be seen, the current increased from
H 2.0–9.0 and then decreased. This behavior can be explained by
he fact that the solution pH exceeded the pKa value of BPA (i.e.,
.73) [6,37]. Above this value, BPA mainly exists in the ionic form.
his result indicates that the non-dissociated form of BPA can be
etter adsorbed than its dissociated form on the electrode surface,
roviding a higher oxidation current [34]. Thus, considering the
ensitivity in the BPA determination, a pH value of 9.0 was chosen
or the subsequent analytical experiments.

Fig. 7. The relationship between the oxidation peak potential and
he pH is also shown in Fig. 7C. A linear variation in the Epa, with

alues moving in the negative potential direction with an increase
n the pH, indicated that protons were directly involved in the oxi-
ation of BPA. This variation obeyed the following equation: Epa

V) = –0.0552 pH + 1.039 (R2 = 0.987). A slope of −55.2 mV  pH−1 was

Scheme 2. Proposed reaction for BPA oxidation at the
l  B-R buffer with (A) pH 2.0, 3.0, 4.0, 5.0, 6.0, 7.0 and (B) pH 8.0, 9.0, 10.0, 11.0 and
l, � = 100 mV s−1.

found, which is close to the theoretical value of −59.2 mV pH−1 of
the Nernst equation, indicating that equal numbers of electrons
and protons were transferred in the oxidation of the BPA on the
modified electrode [6,26,34,37].

As described in Section 3.3, the value calculated for the elec-
tron transfer number (n) was  2. Thus, the oxidation of BPA on
Fe3O4 NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE involved the transfer
of two protons and two  electrons. Scheme 2 below shows the pro-
posed reaction for BPA oxidation at the Fe3O4 NPs-Si4Pic+Cl−/Au
NPs-Si4Pic+Cl−/GCE according to the data obtained.

Subsequently, pH values of 8.0 and 9.0 were used to evaluate the
influence of different supporting electrolytes on the electrochemi-
cal response of BPA. The buffer solutions tested were Mcllvaine (pH
8.0), B-R (pH 8.0 and 9.0), H3BO3·KCl/NaOH (pH 8.0 and pH 9.0) and
NH3/NH4Cl (pH 9.0). The highest peak current was obtained in B-R
buffer at pH 9.0 (data not shown). Therefore, this buffered solution
was chosen for the subsequent analytical experiments.

3.5. Analytical performance

The experimental conditions for the implementation of differ-
ential pulse voltammetry (DPV) were optimized with a standard
solution of BPA. Applying the optimized conditions, the calibration

curve for BPA was  constructed in triplicate using the proposed mod-
ified electrode Fe3O4 NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE. The
differential pulse voltammograms obtained for different concen-
trations of BPA are shown in Fig. 8A. The calibration curve (Fig. 8B)

 Fe3O4 NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE.



E.R. Santana et al. / Sensors and Actuators B 240 (2017) 487–496 493

Fig. 8. (A) Differential pulse voltammograms for Fe3O4 NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−

0.08,  0.10, 0.20, 0.40, 0.60, 0.80, 1.00, 1.20 and 1.40 �mol  L−1), � = 40.0 mV s−1; Epulse = 80.0

Table 1
Analytical parameters of calibration curve for BPA using Fe3O4 NPs-Si4Pic+Cl−/Au
NPs-Si4Pic+Cl−/GCE.

Analytical parameter Value

Peak potential (V) +0.470
Linear range (�mol  L−1) 0.02 to 1.40
Correlation coefficient − R2 0.996
Slope (�A L mol−1) 12.156
Standard deviation of slope (�A L mol−1) 0.139
Intercept (�A) 0.137
Standard deviation of intercept (�A) 0.025
Detection limit (�mol L−1) 0.007
Quantification limit (�mol  L−1) 0.021
Repeatability of i (intra-day) (%)a,b 4.17
Repeatability of i (inter-day) (%)a,b 6.79

w
fi
a
r
i

c
w
t
w
c
T

a
i

T
P

a Relative standard deviation.
b n = 5.

as linear from 0.02 to 1.40 �mol  L−1 BPA, with a correlation coef-
cient of 0.996. The linear regression equation can be expressed
ccording to the function: i = 12.156[BPA] + 0.137, where i is the
esulting peak current in �A, and [BPA] is the concentration of BPA
n �mol  L−1.

The detection limit (DL) and quantification limit (QL) were cal-
ulated according to the equations: DL = 3.3 Sb/B and QL = 10 Sb/B,
here Sb is the standard deviation of the linear coefficient and B is

he slope of the calibration curve. The DL and QL values obtained
ere 7.0 nmol L−1 and 21.0 nmol L−1, respectively. The analyti-

al parameters extracted from the calibration curve are given in

able 1.

The repeatability of the current measured for the BPA oxidation
t the Fe3O4 NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE was  estimated
n 0.1 mol  L−1 B-R buffer (pH 9.0) containing 0.6 �mol  L−1 BPA

able 2
erformance of different nanomaterial-based modified electrodes for BPA detection.

Modified Electrode Methods 

Fe3O4 NPs-CSa/GCE DPV 

CMK−3/nano-CILPEb LSV 

Fe3O4 NPs-CBc/GCE DPV 

Au NPs/SGNFd/GCE LSV 

Au NPs-GRe/GCE DPV 

Fe3O4 NPs-PANAMf/GCE AMP 

RGOg/CNTh/Au NPs/SPEi DPV 

Fe3O4 NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE DPV 

a CS: Chitosan.
b CMK-3/nano-CILPE: ordered mesoporous carbon modified nano-carbon ionic liquid p
c CB: carbon black.
d SGNF: stacked graphene nanofibers.
e Au NPs-GR: gold nanoparticles dotted graphene.
f PANAM: poly(amidoamine).
g RGO: reduced graphene oxide.
h CNT: carbon nanotubes.
i SPE: screen printed electrode.
/GCE in 0.1 mol  L−1 B-R buffer (pH 9.0) containing BPA (a-m = 0.00, 0.02, 0.04, 0.06,
 mV and tpulse = 8.0 ms. (B) Calibration curve for BPA (n = 3).

under optimized conditions. The relative standard deviation (RSD)
of successive measurements on the same day (intra-day repeata-
bility) was  4.17% (n = 5), indicating good repeatability of the data
provided by the modified electrode. The inter-day repeatability was
evaluated on five consecutive days using the same parameters and
a relative standard deviation (RSD) of 6.79% was obtained (n = 5).
The Fe3O4 NPs-Si4Pic+Cl− and Au NPs-Si4Pic+Cl− dispersions were
stored at 4 ◦C in a refrigerator for around three months. During this
time, new films were prepared using the same procedure. The rela-
tive standard deviation of the analytical response (peak current) for
0.6 �mol  L−1 BPA using different films was lower than 9.0%, indicat-
ing good repeatability for the preparation procedure of the Fe3O4
NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE. Thus, we conclude that the
Fe3O4 NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE provides data with
high repeatability and, as a consequence, it can be applied for the
detection of BPA.

For comparative purposes, Table 2 lists recently published
papers reporting the analytical performance of modified electrodes
for BPA analysis. It is evident that the LD achieved with the modified
electrode proposed herein is one of the lowest values provided by
nanomaterial-based modified electrodes. These data verify the abil-
ity of the Fe3O4 NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE to detect
BPA at nanomolar levels.

3.6. Practical application

Five samples were analyzed in order to determine the BPA con-

tent using the two techniques: DPV with the proposed modified
electrode and UV–vis spectroscopy. The standard addition method
was employed in both techniques and BPA was detected in both
cases only in the PC cup samples (see Table 3). The concentration of

Linear range (�mol  L−1) LD (nmol L−1) Reference

0.05–30.0 8.0 [3]
0.2–150 50.0 [6]
0.0001–50.0 0.031 [19]
0.08–250.0 35.0 [32]
0.0001–100 50.0 [33]
0.01–3.07 5.0 [34]
0.00145–1.49 0.8 [37]
0.02–1.40 7.0 This work

aste electrode.
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Table  3
Determination of BPA in different samples.

Sample Determineda (�mol L−1) Added (�mol L−1) Founda (�mol  L−1) Recovery (%)

DPVb UV–vis DPVb UV–vis DPVb UV–vis

PC cup 0.290 0.275 1.00 1.287 1.272 99–104 97–109
PS  plastic cup ––– ––– 1.00 1.080 0.989 106–112 98–110
PVC  food package ––– ––– 1.00 1.130 1.083 106–120 98–108
PET  water bottle ––– ––– 1.00 1.010 1.021 90–110 101–104
BPA-free plastic ––– ––– 1.00 1.050 1.011 97–105 93–101

a Mean of five measurements under the same conditions.
b DPV with Fe3O4 NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE.
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ig. 9. (A) Differential pulse voltammograms for Fe3O4 NPs-Si4Pic+Cl−/Au NPs-Si4P
olution,  and (c-g) sample with successive additions of 100 �L of 0.1 mmol  L−1 BPA
urve.  Experimental conditions: � = 40.0 mV s−1; Epulse = 80.0 mV  and tpulse = 8.0 ms.

PA determined by the voltammetric method was  0.290 �mol  L−1

n = 5, RSD = 6.63%), while according to the spectroscopic method it
as 0.275 �mol  L−1 (n = 5, RSD = 3.72%). To assess the accuracy of

he data, recovery experiments were carried out with all samples
nd the results were between 90% and 120%, which are acceptable
alues for the concentration level studied.

The results for the determination of BPA in PC cup samples are
hown in Fig. 9. Fig. 9A shows the DPVs for the blank (curve a),
ample (curve b) and sample with consecutive additions of the BPA
tandard solution (curves c–g). Fig. 9B shows the resulting stan-
ard addition plot (curve a) together with the calibration curve
curve b) for comparison purposes. It can be observed that the
lopes of the two curves are very similar. The slope of the cal-
bration curve is 12.156 �A L �mol−1 while that of the standard
ddition curve is 12.730 �A L �mol−1. This verifies that the matrix
omponents of PC cup sample did not interfere in the electrochem-
cal determination of BPA. In addition, the Fe3O4 NPs-Si4Pic+Cl−/Au
Ps-Si4Pic+Cl−/GCE was able to detect and to discriminate BPA in

he presence of the other sample components.
Statistical analysis was applied to compare the sets of data

btained by voltammetric and spectroscopic methods. Two of the
ost widely used tests for the comparison of data are the t-test and

-test. The t-test method was used to compare the average values
or the determination of BPA by the two methods. The calculated
-value was 1.75 (confidence level 95%), which was lower than the
-theoretical of 2.78. These data indicated that there are no systematic
rrors in the data provided by the methods used to determine the
PA concentration in PC cup samples. The discrepancy between
he data provided by the DPV with the modified electrode Fe3O4
Ps-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE and the UV–vis technique
as verified by applying the F-test. The F-value obtained (3.68) in

he quantification of BPA in the PC sample solution was lower
han the F-theoretical (6.38) at the 95% confidence level, indicating

hat there is no significant difference in the precision provided by
he two techniques. These results corroborate the accuracy and
recision of the data obtained with the modified electrode Fe3O4
Ps-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE. The results presented and
/GCE modified electrode in 0.1 mol L−1 B-R buffer (pH 9.0): (a) blank, (b) PC sample
The standard addition curve for (a) the PC sample solution and (b) the calibration

discussed herein demonstrate that the Fe3O4 NPs-Si4Pic+Cl−/Au
NPs-Si4Pic+Cl−/GCE provides precise, accurate and reliable data for
BPA quantification.

4. Conclusions

A novel and sensitive chemically-modified electrode was suc-
cessfully employed for the voltammetric determination of BPA,
based on Fe3O4 NPs and Au NPs both stabilized in a polymer
solution of Si4Pic+Cl−. Due to the combination of the electrocat-
alytic and high conductivity properties of the nanoparticles used,
the proposed modified electrode improved the oxidation of BPA,
increasing its oxidation peak current and lowering its oxidation
potential. The calibration curve was constructed in a concentration
range of 20 nm to 1400 nmol L−1. The LD was 7.0 nmol L−1, which
is one of the lowest provided by modified electrodes. The proposed
modified electrode Fe3O4 NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE
was successfully applied in the determination of BPA in com-
mercial plastic samples showing excellent accuracy, as observed
from recovery experiments and comparison with data obtained
by UV–vis spectroscopy. Moreover, the results obtained using the
modified electrode also showed high precision, which was  evalu-
ated by statistical processing of the data. Hence, the proposed Fe3O4
NPs-Si4Pic+Cl−/Au NPs-Si4Pic+Cl−/GCE associated with DPV is an
effective device to determine BPA and potentially other endocrine
disruptors with similar chemical structure.
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