
ORIGINAL PAPER

Lorena Athie Goulart1 & Roger Gonçalves1 & Alessandra Alves Correa1 & Ernesto Chaves Pereira1 &

Lucia Helena Mascaro1

Received: 10 July 2017 /Accepted: 9 November 2017 /Published online: 5 December 2017
# Springer-Verlag GmbH Austria, part of Springer Nature 2017

Abstract
A glassy carbon electrode (GCE) was modified with multi-walled carbon nanotubes (MWCNT) and silver nanoparticles
(AgNPs) and applied to the simultaneous determination of hydroquinone (HQ), catechol (CC), bisphenol A (BPA) and phenol
by using square-wave voltammetry. The MWCNTs were deposited on the GCE and the AgNPs were then electrodeposited onto
the MWCNT/GCE by the application of 10 potential sweep cycles using an AgNP colloidal suspension. The modified GCE was
characterized by using SEM, which confirmed the presence of the AgNPs. The electrochemical behavior of the material was
evaluated by using cyclic voltammetry, and by electrochemical impedance spectroscopy that employed hexacyanoferrate as an
electrochemical probe. The results were compared to the performance of the unmodified GCE. The modified electrode has a
lower charge-transfer resistance and yields an increased signal. The peaks for HQ (0.30 V), CC (0.40 V), BPA (0.74 V) and
phenol (0.83 V; all versus Ag/AgCl) are well separated under optimized conditions, which facilitates their simultaneous deter-
mination. The oxidation current increases linearly with the concentrations of HQ, CC, BPA and phenol. Detection limits are in the
order of 1 μM for all 4 species, and the sensor is highly stable and reproducible. The electrode was successfully employed with
the simultaneous determination of HQ, CC, BPA and phenol in spiked tap water samples.
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Introduction

Carbon nanotubes (CNTs) are very versatile and can be applied
in different electrochemical devices. They are materials that are
structured in the nanometer scale with unique properties, such
as high tensile strength and electrical and thermal conductivity
[1]. Multi-walled carbon nanotubes (MWCNTs) are widely
employed and used to build electrochemical sensors and bio-
sensors due its catalytic properties and high surface area [2].

Acid treatments [3] and the incorporation of metallic
nanoparticles [4] within the CNTs are an alternative with
which to improve the analytical response of the sensors,
thereby resulting in low detection limits [5]. The metallic
nanoparticles that are most often used are gold, nickel, copper
oxide and silver [6, 7].

Silver nanoparticles (AgNPs) have stood out because they
are inexpensive, easy to obtain and offer excellent catalytic
properties [8]. Different methods have been reported for the
deposition of nanoparticles on CNTs. The most frequently
used are casting, spin coating and electrodeposition [9]. The
electrochemical procedure presents advantages because of its
simplicity and quickness.

In this work, a sensor based on MWCNTs and AgNP was
developed for the detection of phenolic compounds such as
hydroquinone (HQ), catechol (CC), bisphenol A (BPA) and
phenol (Phe). These substances are commonly used in the
manufacture of plastic bottles, metal food cans, cosmetics,
and pesticides [10]. However, these compounds are emerging
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as pollutants because they are not degraded in conventional
water treatment processes. Moreover, they can cause harm to
the environment and animals. Studies indicate that these phe-
nolic compounds can affect the endocrine system and damage
the reproductive system [11]. In addition, exposure to these
substances can lead to neurological problems, obesity, diabe-
tes and breast and prostate cancer [12–14].

Due to the low degradability and high toxicity of these
compounds in the environment, different analytical methods
have been developed for their detection. Among these
methods, the electrochemical approach stands out due to its
low implementation and running costs, simple operation, high
sensitivity and selectivity [15].

The electrochemical detection of HQ, CC, BPA and Phe is
usually done individually or in pairs, such as HQ and CC or BPA
and Phe, for example [16–25]. This is because the oxidation
potencies of these phenolic compounds are very close and are
generally difficult to separate into voltammograms. Thus, devel-
oping a method capable of selectively detecting a mixture of
phenolic compounds has been a major challenge. In this work,
we endeavored to develop, for the first time, a modified electrode
with MWCNTs and AgNP that is capable of simultaneously
determining four phenolic compounds in water samples.

Experimental

Reagents

Hydroquinone, catechol, bisphenol A and phenol were pur-
chased from Sigma-Aldrich and used without further purifica-
tion. MWCNT samples (purity of 95%, length of 5–15 μm,
diameter of 20–40 nm) were acquired from Shenzhen
Nanotech Port Co., Ltd. – China (http://www.nanotubes.com.
cn/). Silver nitrate, sodium borohydride and polyvinyl alcohol
(PVA) were obtained from Sigma-Aldrich (http://www.
sigmaaldrich.com/). Sulfuric acid and nitric acid were acquired
from Synth (http://www.labsynth.com.br/). Na2HPO4,
Na2HPO4, HCl, NaOH and KCl from Synth. All aqueous
solutions were prepared with ultra-purified water from a
Millipore Milli-Q system (>18.2 MΩ.cm). Phosphate buffer
(PB; 0.1 mol.L-1) was prepared with Na2HPO4 and Na2HPO4

and ultra-purified water. NaOH and HCl solutions (0.1 mol.L−1)
were used for adjust of pH of the buffer solutions.

Apparatus

Electrochemical experiments were carried out using an
Autolab potentiostat/galvanostat, model PGSTAT30 (Eco
Chemie, Utrecht, Netherlands), controlled by the GPES 4.9
software. Electrochemical impedance spectroscopy (EIS) was
conducted at open circuit potential (OCP) and Autolab
PGSTAT30.

A three-electrode cell was employed for the electrochemical
measurements using bare or modified GCE (5.0 mm diameter)
as the working electrode. Ag/AgCl (KCl 3.0 mol.L−1) and plat-
inum wire were used as reference and auxiliary electrodes, re-
spectively. Cyclic voltammetry (CV) was used in characterize
the sensors and to study the voltammetric behavior of the
analytes (BPA, HQ, CC, and Phe). CV measurements were
carried out in the potential range from −0.3 V to +1.0 V with
a scan rate of 50 mV s−1. The EIS experiments scanned a
frequency range from 100 kHz to 100 MHz with 10 mV of
amplitude. The square wave voltammetry (SWV) technique
was used for individual and simultaneous electrochemical de-
tection of BPA, HQ, CC, and Phe. For the SWVmeasurements,
a frequency of 10 Hz, amplitude of 20 mVand a step potential
of 2 mVwere employed. Analytical curves were obtained from
the addition of volumes of standard solutions of HQ, CC, BPA
and Phe. The detection limits (LOD) were obtained according
to the recommendation from IUPAC [26].

Morphological characterization of the films was made
using a scanning electron microscope coupled to a field emis-
sion gun (FEG-SEM), (Zeiss model Supra 35) equipped with
a secondary high definition detector operating at 6 kV with a
resolution of 3.8 nm.

Synthesis of AgNP

The AgNP were prepared at a temperature of 4 °C to reduce
silver nitrate with sodium borohydride, as previously de-
scribed [27], but with some modifications: 30 mL of a
0.02 mmol.L−1 solution of polyvinyl alcohol (PVA) was
mixed with 20 mL of a 4.6 mmol.L−1 silver nitrate solution
and the mixture was stirred for 5 min. Then, 10 mL of sodium
borohydride 0.53 mmol.L−1 was added to the reactional me-
dium. After that, the solution turned light yellow, thus
confirming the formation of AgNP. After this, the solutions
were stored in dark bottles in the refrigerator. No further pu-
rification was performed.

Preparation of AgNP/MWCNT/GCE

First, the MWCNTs were pre-treated using a solution of con-
centrated sulfuric and nitric acids in the proportion of 3:1 v/v,
respectively. The mixture was stirred for 12 h at room temper-
ature and the filtration and washing processes were subse-
quently carried out. Then, the nanotubes were dried in an oven
for 12 h at 70 °C [28]. It is known that the pre-treatment of
CNTcan lead to the enhancement of its catalytic properties. In
this process occur changes of morphology, unblocking of the
ends of the CNT, a sharp decrease in the diameter of the tubes,
an increase of superficial area. Besides, there are the effective
incorporation of different functional groups such as epoxide,
hydroxyl, carboxyl and other oxygenated species [29]. After
the pretreatment, 1.0 mg ofMWCNTs was added to 1.0 mL of
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dimethylformamide (DMF) and this suspension was stirred in
ultrasonic bath for 30 min.

The AgNP/MWCNT/GCE was prepared as follows: an
aliquot of 10 μL of the MWCNTs suspension in DMF was
placed as a droplet on the bare GCE. The solvent is evaporated
at the room temperature to form the MWCNT/GCE. The in-
corporation of AgNP at the MWCNTs film was pre-optimed
and was carried out using CV (10 scans between −0.2 V and
0.4 Vat a scan rate of 100 mV s−1) in 22 mL of a 0.1 mol.L−1

KCl solution containing 3.0 mL of AgNP solution [30]. After
this, the AgNP/MWCNT/GCE sensor was obtained
(Scheme 1).

Analytical application

Tap water samples were collected at the University Federal
of São Carlos, SP, Brazil, at the Laboratório Interdisciplinar
de Eletroquímica e Cerâmica (LIEC) in the chemistry de-
partment. The tap water samples were not treated in any
way. To obtain electrochemical measurements, 5 mL of the
tap water samples were added to a 10-mL volumetric flask
and the volume was filled up with phosphate buffer with a
pH of 3. In the addition and recovery study, the water sam-
ples were fortified at concentrations of 10 and 30 mg.L−1 of
HQ, CC, BPA and Phe. Aliquots of the standard solution of
HQ, CC, BPA and Phe (1.0 × 10−3 mol.L−1) were added to
10 mL of fortified water samples for the construction of the
analytical curves. SWV was the technique that was used for
the electrochemical detection of BPA, HQ, CC, and Phe.
The potentials of oxidation that were used to obtain the
current peak were +0.28 V for HQ, +0.39 V for CC,
+0.72 V for BPA and +0.82 V for Phe. The analyte concen-
trations in the water sample were calculated by applying the
extrapolation method.

Results and discussion

Choice of materials

MWCNTs present a high surface area, excellent electrical and
thermal conductivity and can promote electronic interaction
with electroactive molecules and electrochemical sensors.
After acid treatments, there is a significant improvement in
the catalytic properties of MWCNTs. This is related to the
increase of the surface area, besides the addition of functional
groups in its structure. In addition, MWCNTs form stable and
reproducible films when deposited on glassy carbon sub-
strates. These characteristics make it an excellent candidate
in the manufacture of electrochemical sensors. The stability
of the film is also attributed to the solvent used in dispersing
MWCNTs. DMF was used because, with it the MWCNTs
forms a more homogeneous film than other solvents, such as
ethanol and acetone. To increase the conductivity of the car-
bon films, AgNP were electrodeposited. AgNP were chosen
because of their excellent conductivity, fast synthesis and low
cost. Moreover, they have a synergistic effect with carbon
materials, leading to the formation of a very catalytic material.
The electrodeposition of the nanoparticles was chosen as the
deposition technique due to its simplicity.

Morphology and composition of AgNP/MWCNT film

The morphological characterization of the MWCNTs and
AgNP/MWCNT films were performed by SEM and the results
are presented in Fig. 1. The MWCNTs were uniformly distrib-
uted over the GCE surface, as can be observed in Fig. 1a. After
the electrodeposition step, white dots, which indicate the pres-
ence of metallic particles, were observed over the MWCNTs on
the surface of the material, Fig. 1b. To facilitate the observation

Scheme 1 Schematic diagram for the sensor manufacture (AgNP/MWCNT/GCE)
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of AgNP, the SEM backscattered mode was used, Fig. 1c. The
AgNP average size is 32 nm. To stress the presence of AgNP, an
energy-dispersive X-ray spectroscopy (EDS) analysis was per-
formed; the results are presented in Fig. S1 in Supplementary
Material. The method of electrodepositing of AgNP on
MWCNTs was chosen because it is quick. In addition, it is
possible to control the thickness of the deposited layer [51].

Electrochemical characterization
of AgNP/MWCNT/GCE

The electrochemical deposition of the AgNP at the sensors
was confirmed by CV (Fig. S2-Supplementary Material). In
the cyclic voltammogram of the AgNP/GCE electrode a well
defined redox pair was observed at −0.07 V and +0.14 V
associated with Ag+/Ag0 conversion. Similar voltammograms

of AgNP were previously described [31]. The presence of
AgNP in the MWCNTs film is confirmed by the typical oxi-
dation peak of the nanoparticles in +0.14 V. In the cyclic
voltammogram of the AgNP/MWCNT/GCE, two oxidation
and reduction processes in +0.3 V and 0.2 V appear. These
processes may be related to the oxidant species present in the
MWCNTs after their functionalization and may have masked
the peak of reduction of AgNP. The electro catalytic effect of
the AgNP/MWCNT/GCEwas evaluated through CVand EIS.
Figure 2 shows the cyclic voltammetries and the Nyquist plots
for GCE, AgNP/GCE, MWCNT/GCE and AgNP/MWCNT/
GCE in the presence of 5.0 mmol.L−1 of ferricyanide in
0.1 mol.L−1 KCl. The voltammograms show the response of
the electrode and an increase of current is noticeable for the
samples modified with MWCNTs and MWCNTs decorated
with AgNP. The stability of the nanoparticles in the medium

Fig. 1 SEM images of MWCNTs (a) AgNP/MWCNT (b) and AgNP/MWCNT obtained in the backscatter mode (c)

Fig. 2 CVs (a) and Nyquist plot (b) zoom of Nyquist plot (c) obtained in presence of 5.0 mmol.L−1 of Fe2+/Fe3+ redox pair in 0.1 mmol.L−1 H2SO4. EIS
performed at the oxidation peak potential, from 10 kHz down to 100 MHz with 10 mVof amplitude
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was observed bymeans of CV before and after immersion and
cycling of the electrode in ferricyanide medium. It was ob-
served no change between one voltammetric profile and an-
other, attesting that the nanoparticles are not affected.

The EIS data was fitted by using an equivalent circuit and
Table S1 (supplementary material) summarizes the values that
were obtained for the oxidation of the Fe2+/Fe3+ redox pair. It is
possible to verify that, when the AgNPs are deposited over the
GCE, they lead to a less effective electrode response. This result
is attributed to the slow electronic transfer between these two
materials. On the other hand, when the AgNPs are deposited on
the MWCNT, the nanoparticles cause a decrease in the charge
transfer resistance (from 236Ω to 116Ω), in addition to a small
increase in the electrochemical area (from 49.1 μF sn-1 to
51.7 μF sn-1). Additionally, the deposition of AgNPs on the
nanotubes produced a surprising result; the estimated charge
transfer rate (8.3 × 104 s−1) is approximately twice those veri-
fied for both GCE and MWCNTs (3.4 × 104 s−1 and 4.3 ×
104 s−1, respectively). Thus, the rate with which the charge is
transferred is two times higher, due to the presence of the nano-
particles. These results support the idea that there is a synergism
between AgNPs and MWNTCs. This can be explained by the
higher rate of charge transfer that occurs between both AgNP
and analyte and then AgNP and MWCNTs. While the rate of
charge transfer is not so high between the GCE and the nano-
particles, there is thus a decrease in the electrocatalytic activity
of GCE decorated with AgNP.

Electrochemical behavior of HQ, CC, BPA and Phe

Figure 3 shows the schematic diagram with CV responses of a
mixture of the studied species (HQ, CC, BPA and Phe) in a
potential range from −0.2 V to +1.0V in PB of pH 6.0 over the
different electrodes. Two broad oxidation and reduction peaks
with low resolution and intensity were observed on the bare
GCE, Fig. 3a. This behavior indicates that the molecules un-
der study cannot be distinguished on the bare electrode. A
similar behavior was observed in the CV obtained by using
the AgNP/GCE sensor, Fig. 3b. The characteristic oxidation
peak of AgNP was observed in the voltammogram in PB.
However, with the oxidation of the phenolic compounds, the
peak was not observed in the cyclic voltammogram. This be-
havior may indicate the low adhesion of the nanoparticles to
the surface of the CGE since there was no improvement in the
resolution of phenol oxidation peaks. However, the GCE
modified with MWCNTs promoted the separation of the
peaks related to the oxidation of the species, Fig. 3c. The
current peak potentials are +0.15 V, +0.25 V, +0.59 V and
+0.67 V for HQ, CC, BPA and Phe, respectively. The same
oxidation peak potentials were observed for AgNP/MWCNT/
GCE and, in addition, the current peak was more intense, Fig.
3d. The AgNP peak appears on the cyclic voltammogram,
along with the hydroquinone oxidation peak at a pH of 6.0.

However, at a pH of 3.0, which is the optimized condition, the
oxidation peaks of Ag and HQ do not overlap.

The results indicate that the AgNP under the MWCNTs
film can accelerate electron transfer, as suggested by the elec-
trochemical impedance data. The simultaneous detection of
the four species is possible because each species oxidizes at
a different potential on the surface of the modified electrode

Fig. 3 Schematic diagrams of the electro-oxidation of 1.0 × 10−4 mol.L−1

of HQ, CC, BPA and Phe with cyclic voltammogram recorded at the bare
GCE (a), AgNP/CGE (b), MWCNT/GCE (c) and AgNP/MWCNT/GCE
(d) at a scan rate of 50 mV s−1 in 0.1 mol.L−1 phosphate buffer of pH 6.0
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with MWCNTs and AgNP. This is due to the faster charge
transfer; there is a narrowing of the peaks, leading to a better
separation these peaks and an increase in the selectivity of the
electrode among the different analytes. This is not observed in
the GCE electrode, for example, which presents a smaller
surface area in comparison to the AgNP/MWCNT/GCE elec-
trode. The oxidation processes that leads to a voltammogram
peaks very close as HQ and CC and of BPA and Phe, is
possible to observe no separation of these peaks in the bare
GCE. The oxidation mechanisms of the studied species are
presented in the Supplementary Material, Fig. S3.

Optimization of method

To improve the analytical response of the sensor, some param-
eters have been studied: (a) the effect of pH; (b) the effect of the
scan rate and (c) the parameters of the SWV technique. The
Electronic Supporting Material section presents the respective
data and figures. The following experimental conditions were
found to give the best results: (a) a sample pH value of 3.0; (b) a
linear relationship between the peak current and the square root
of the scan rate (v1/2) was obtained from 5 to 100mV.s−1 for HQ,
CC and Phe. It is also observed a linear relationship between the
peak current and the scan rate (v) for BPA; (c) frequency of
10 Hz, amplitude of 20 mVand step potential of 2 mV to SWV.

Individual and simultaneous determination of HQ, CC,
BPA and Phe

The AgNP/MWCNT/GCE sensor was used in the separate
and simultaneous determination of HQ, CC, BPA and Phe
using the SWV technique. Initially, separated determinations

for each substance were made by changing its concentration
and keeping all other concentrations constant. The anodic
peaks current for HQ, CC, BPA and Phe were obtained at a
working voltage of +0.28 V to HQ, +0.39 V to CC, +0.72 V to
BPA and +0.82 V to Phe (vs. Ag/AgCl) respectively, with
scan rate of 20 mV s−1. Fig. S9 (Supplementary Material)
shows the square wave voltammograms for different concen-
trations of HQ at PB of pH 3.0 and 50 μmol.L−1 CC, BPA and
Phe. The inset in Fig. S6A is the analytical curve of Ipa average
values vs. the concentration of HQ. The Ipa was directly pro-
portional to the concentration of HQ in two concentration
ranges. The first linear range was from 2.5–56 μmol.L−1

(r = 0.999) and the second linear range was from 65 to
160 μmol.L−1 (r = 0.997) with a LOD of 1.2 μmol.L−1

(S/N = 3), an average of the values obtained from the above
two linear ranges.

The SWVs for different concentrations of CC keeping the
concentration of HQ, BPA and Phe constant at 50 μmol.L−1

are shown in Fig. 6B. As shown in the inset of Fig. S6B, the
Ipa is proportional to the CC concentration in a range from
19.0–100.0 μmol.L−1 (r = 0.997) and in a range from 120.0–
260.0 μmol.L−1 (r = 0.997). LOD was 1.6 μmol.L−1 (S/N =
3). Fig. S6C and Fig. S6D illustrate the same behavior for
BPA and Phe, respectively. Two linear ranges were also ob-
served from 4.9–740.0 μmol.L−1 and 82.0–150.0 μmol.L−1

for BPA and 2.6–56.0 μmol.L−1 and 65.0–160.0 μmol.L−1

for Phe. LODs were 2.4 μmol.L−1 for BPA and 3.1 μ
mol.L−1 for Phe.

The simultaneous determination of HQ, CC, BPA and Phe
by AgNP/MWCNT/GCE sensor was made by changing the
concentrations of these species simultaneously. In Fig. 4 it is
possible to observe that the oxidation peaks of HQ, CC, BPA

Fig. 4 SWVs obtained in
phosphate buffer of pH 3.0 using
the AgNP/MWCNT/GCE in the
presence of different
concentrations of HQ, CC, BPA
and Phe. Inset: calibration plots
for (a) various concentrations of
HQ (9.6–110 μmol.L−1), (b)
various concentrations of CC
(9.6–110 μmol.L−1), (c) various
concentrations of BPA (2.4–
71 μmol.L−1) and (d) various
concentrations of Phe (5.0–
71.0 μmol.L−1)
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and Phe are well separated. Table S4 in Supplementary
Material, presents the regression parameters and detection
limits of the species studied.

In both individual and simultaneous detection, two linear
concentration ranges were observed. By comparing the sensitiv-
ities of the analytical curves (slope) in the two linear ranges for
each species studied (Table S5 in Supplementary material), it is
evident that there is a decrease in the sensitivity in the second
range. This may be related to the limitation of electron transfer
kinetics between the analytes and the sensor surface [32].

An unexpected current peak appeared at +0.52 V. Fig. S10
in Supplementary Material presents the voltammetries that
were obtained by changing the vertex potential during the
anodic scan to investigate this issue. It was found that this
peak appears after the vertex reaches the BPA and Phe oxida-
tion potentials. Additionally, voltammetries were separately
performed for each species and are presented in Fig. S11 in
Supplementary Material. In this case, it was observed that
only in the presence of BPA and Phe is this peak is present
in the voltammogram. Therefore, this peak should be related
to the formation of BPA and Phe oxidation intermediates. In
the literature [33–35] it was found that both have intermedi-
ates in common, thus supporting our proposal.

Good sensitivity was observed in the individual and simulta-
neous determination of HQ, CC, BPA and Phe. The detection
limits achieved in this study were in the order of 10−6 mol.L−1.

The analytical performance of the AgNP/MWCNT/GCE sen-
sor was compared with those of other sensors reported in previ-
ous studies, Table 1. Although the LOD values are 2 to 3-fold
greater than most limits reported in the literature [16, 17, 20–25],
it was possible to simultaneously determine the four molecules
—HQ, CC, BPA and Phe— for the first time. This result can be
attributed to the synergistic effect between the MWCNTs and
AgNPs. The excellent conductivity of MWCNTs and the

electrocatalytic activity of AgNPs may be the main contribution
to the separate oxidative processes of the studied molecules,
which makes it easy to simultaneously determine them.

Reproducibility and stability

The reproducibility of the AgNP/MWCNT/GCE sensor was
verified by detection of 1.0 × 10−4 mol.L−1 HQ, CC, BPA and
Phe in solution of pH 3.0 using five sensors built on different
days. The relative standard deviation (RSD) was 3.8%, 2.6%,
0.8% and 2.3% for HQ, DC, BPA and Phe, respectively,
showing that the sensor has a good reproducibility. The sta-
bility of the sensor was studied through voltammetric re-
sponses after 4 weeks. The sensors were stored in a desiccator
at room temperature and under light, without light and in a
refrigerator at 4 °C. After 4 weeks, the peak currents were
retained under all conditions studied (99.7%, 95.4%, 98.3%
and 98.7% for HQ, CC, BPA and Phe respectively).
Therefore, the AgNP/MWCNT/GCE sensor showed excellent
reproducibility and long-term stability.

Practical application

To investigate the performance and applicability of the
AgNP/MWCNT/GCE sensor for the simultaneous determina-
tion of HQ, CC, BPA and Phe, local tap water samples were
tested. Since the electroanalytical signals of HQ, CC, BPA and
Phe were not observed in the real samples, spike and recovery
experiments were carried out by measuring the SWV re-
sponses to the samples in which known quantities of species
were added. Then, the concentrations of species in the tap
water sample were determined through the calibration meth-
od; the results are listed in Table S6 in Supplementary
Material. The recoveries were 100–101%, 103–104%, 99.1–

Table 1 Comparison of the new sensor for detection of HQ, CC, BPA and phenol (Phe) with others

Sensor Method Linear range (μM) LOD (μM) Ref.

HQ CC BPA Phe HQ CC BPA Phe

(MWCNT)/
(DTDAB)/(Tir)

– 2.0–15 – 1.5–25 – 3.1 – 2.9 [16]

BDD DPV 8–10,000 – – 50–10,000 1.6 – – 1.8 [17]

MWNTs/GCE LSV 2–100 2–100 – – 0.6 0.6 – – [18]

MWNTs/MA Amperometry 1–100 1–100 – – 0.3 0.2 – – [19]

PANI/MnO2 DPV 0.2–100 0.2–100 – – 0.13 0.16 – – [20]

Au-G/GCE DPV 1–100 1–100 – – 0.2 0.15 – – [21]

ZnS/NiS@ZnS/L-Cys/AuNPs/
GCEs

DPV 0.1–300 0.5–400 – – 0.024 0.07 [22]

PME/GR-CPE Amperometry 7–1000 – 9–1000 – 0.074 – 0.01 – [23]

SiO2/GO/AgNP DPV – – 0.1–2.6 – – – 0.004 – [24]

Pd@TiO2–SiC/GCE DPV 0.01–200 – 0.01–200 – 0.005 – 0.004 – [25]

AgNP/MWCNT/GCE SWV 2.5–260 20–260 5.0–152 2.4–152 0.16 0.2 2.4 3.0 This work
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99.6% and 95.2–101% for HQ, CC, BPA and Phe, respective-
ly. The results suggested that the AgNP/MWCNT/GCE sen-
sor can be applied to simultaneously determine these species
in water samples.

Conclusions

An electrochemical GCE sensor that was modified with
MWCNT and AgNP films was successfully synthesized in
this work. The SWV was used to simultaneously determine
four phenolic compounds (HQ, CC, BPA and Phe) in water
samples. The results showed that the sensor present a good
linear range and high stability and reproducibility. To extend
the application of the sensor, it is necessary to research the
quantification the molecules of interest in the presence of oth-
er phenolic compounds in our future work.
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