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Abstract: The detection of pollutant traces in the public water supply and aquifers is essential for
the safety of the population. In this article, we demonstrate that a simple electrochemical procedure
in acidic solution can be employed for enhancing the sensitivity of flexible screen-printed carbon
electrodes (SPEs) to detect bisphenol-A (BPA), hydroquinone, and catechol, simultaneously. The SPEs
were pretreated electrochemically in a H2SO4 solution, which did not affect their morphology, yielding
high current signals with well separated oxidation peaks. The sensitivity values were 0.28, 0.230, and
0.056 µA L µmol−1 with detection limits of 0.12, 0.82, and 0.95 µmol L−1 for hydroquinone, catechol,
and BPA, respectively. The sensors were reproducible and selective for detecting BPA in plastic cups,
and with adequate specificity not to be affected by interferents from water samples. The simple,
inexpensive, and flexible SPE may thus be used to detect emerging pollutants and monitor the
water quality.

Keywords: flexible carbon electrodes; electrochemical sensor; emerging pollutants; bisphenol-A;
hydroquinone and catechol; water samples

1. Introduction

The detection of pollutant traces is crucial for guaranteeing the safety of public water supply and
aquifers, which can be contaminated by pesticides [1], industrial products, personal hygiene pharmaceutical
products (PPCPs) [2–5], and other emerging contaminants [6]. Among the latter contaminants, attention
has been paid to plastic packaging containing bisphenol A (2,2-bis (4-hydroxyphenyl) propane) (BPA),
a poorly water-soluble compound (5.2 × 10−4 mol L–1) used in manufacturing [7] of polycarbonate plastics
and epoxy resins [4,8,9]. Byproducts of BPA from these plastics may be released into the environment and
groundwater [8], contaminate food, and affect people using healthcare equipment, contact lenses, dental
composites, toys, storage media, windows foils, and spectacle lenses [8,10,11]. Of special relevance is
water ingestion using plastic cups since BPA may migrate from plastic to water particularly at hot water
temperatures [9]. BPA may react with residual chlorine and release a toxic chlorinated byproduct that can
alter endocrine functions [11–14]. The concern about possible serious effects from BPA on the environment
and humans has motivated the use of various detection methods, including enzyme-linked immune sorbent
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assays (ELISA), liquid chromatography-mass spectrometry (LC-MS), surface-enhanced Raman scattering
(SERS), high-performance liquid chromatography (HPLC), and gas chromatography-mass spectrometry
(GC-MS). The application of these methods requires sample pretreatment, which is time-consuming [13,15]
and elevates operating costs. Furthermore, the operation must be performed by specialized personnel
and these methods are unsuitable for point-of-care detection [16].

An alternative to these high-cost methods is to employ electrochemical sensors whose sensitivity,
portability, fast response, and low cost [15,17] have been exploited in monitoring the environment [18]
and food processing [19,20], in addition to medical diagnosis [21]. These sensors can be made with a
variety of materials, including quantum dots, composites containing metal nanoparticles, carbon-based
materials and aptamers [15]. Molecularly imprinted polymers (MIP) can also be used in electrochemical
sensing owing to their recognition sites at the nanoscale, high surface area, and selectivity towards
target molecules [22,23]. With regard to BPA, perhaps the most important challenge is to reach a
sufficient sensitivity and selectivity for detection in real samples that contain a mixture of various
contaminants [24]. The main difficulty arises from the high oxidation potential of BPA, which justifies
the search for materials providing a large number of active sites for BPA oxidation [15]. In this work,
we demonstrate that a simple electrochemical procedure in acidic solution can be used to enhance the
sensitivity of flexible screen-printed electrodes (SPEs) made with carbon-based materials which may
be applied even to non-planar surfaces. It is shown that the SPEs can not only detect BPA, but also
hydroquinone and catechol, including in water samples from aquifer ducts or pipelines.

2. Materials and Methods

Bisphenol-A (BPA), pyrocatechol, epinephrine, hydroquinone, paracetamol, and acetonitrile were
purchased from Sigma-Aldrich, while carbon conductive ink (BQ221) was acquired from Dupont
(USA). All solutions were prepared with ultrapure water (Millipore Milli-Q) with a resistivity of 18
MΩ cm. Phosphate buffer solutions (0.1 mol L–1) were prepared using NaH2PO4 and Na2HPO4

acquired from Sigma-Aldrich. The screen-printed carbon electrodes (SPEs) were designed in AutoCAD
software (Autodesk, Mill Valley, CA, USA) and transferred to 150-thread polyester screens covered
with photosensitive resin using the protocol of ref. [25]. As depicted in Scheme 1, the electrodes were
made by printing a layer of carbon conductive ink BQ221 on the flexible polyethylene terephthalate
(PET) substrate and dried in an oven at 90 ◦C for 15 min. The working area of the flexible devices was
delimited with double-sided tape. Scanning electron microscopy (SEM) images and X-ray dispersive
energy spectra (EDS) were acquired with a ZEISS, model SIGMA microscope, equipped with field
emission electron gain (SEM-FEG) and OXFORD system.

Electrochemical experiments were performed in an Autolab PGSTAT 204 potentiostat/galvanostat
controlled with Nova 2.0 software (Autolab), using SPEs with the three electrodes embedded,
viz. the working, reference, and auxiliary electrodes. Differential pulse voltammetry (DPV) was
performed in a potential range between−0.6 and +1.0 V at a scan rate of 5 mV s–1, with a pulse amplitude
of 50 mV and modulation time of 1 ms. Analytical curves for individual and simultaneous detection of
hydroquinone, catechol, and BPA were made with SPEs submitted to a simple pre-treatment step using
chronoamperometry at +2.5 V for 120 s in 0.1 mol L–1 sulfuric acid solution [26]. After electrochemical
pre-treatment, the flexible electrodes were washed with ultrapure water to remove the acidic solution
from the electrode followed by immersion in 0.1 mol L−1 phosphate buffer solution for the measurements
in blank solutions. Each analytical curve was performed using one flexible SPE. All measurements were
carried out in triplicate and the relative standard deviation (RSD) was calculated for each concentration.
The standard deviation of y (peak current)-intercept (Sy) in the linear regression, used to fit peak current
versus concentration plots, was considered to estimate the limit of detection (LOD) and quantification
(LOQ) or limit of determination. The definitions employed were LOD = 3.0 Sy/b, and LOQ = 10 Sy/b,
where Sy is the standard deviation of the y (peak current)-intercept and b is the slope of the regression
line [27]. For sample preparation, 4.799 g of plastic cups were cut into small pieces and heated at
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100 ◦C for 20 min in a beaker containing 200 mL of water. The water sample was analyzed using
standard additions.
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Scheme 1. Schematic representation of device preparation using screen printing technology and 
electrochemical sensors. Also indicated is electrochemical sensing with as-prepared sensors and with 
sensors submitted to an electrochemical treatment in acidic solution. 
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Scheme 1. Schematic representation of device preparation using screen printing technology and
electrochemical sensors. Also indicated is electrochemical sensing with as-prepared sensors and with
sensors submitted to an electrochemical treatment in acidic solution.

3. Results

Figure 1A shows DP voltammograms with small current signals and ill-defined anodic peaks for
simultaneous detection of hydroquinone, catechol, and BPA using the flexible SPEs without previous
pretreatment. The anodic peak current increased linearly from 5 × 10−6 to 30 × 10−6 mol L−1 for the
three analytes as shown in Figure 1B. The equations from the linear regression in calibration plots are
I (µA) = (9.9± 1.8)× 10−9 + (0.023± 0.001) Chydroquinone (µmol L−1); I (µA) = (2.1± 2)× 10−8 + (0.027± 0.001)
Ccatechol (µmol L−1) and I (µA) = (5.2 ± 1.2) × 10−7 + (0.124 ± 0.007) CBPA, (µmol L−1), with detection
limits of 2.4 × 10−6, 2.4 × 10−6 and 2.9 × 10−6 mol L−1 for hydroquinone, catechol, and BPA, respectively.
After applying the electrochemical pretreatment, higher anodic peak currents and well-defined peaks
were observed for hydroquinone, catechol, and BPA in Figure 1C, in comparison with the results in
Figure 1A. The oxidation peaks at 0.02, 0.11, and 0.45 V increased linearly from 9.9 × 10−7 to 50.0 × 10−6

mol L–1, as shown in Figure 1D. The linear regression for calibration plots were I (µA) = (2.1 ± 0.1) × 10−7

+ (0.28 ± 0.01) Chydroquinone (µmol L−1); I (µA) = (3.7 ± 0.6) × 10−7 + (0.230 ± 0.008) Ccatechol (µmol L−1)
and I (µA) = (0.7 ± 1.8) × 10−8 + (0.056 ± 0.002)CBPA (µmol L−1). The electrooxidation mechanism of
hydroquinone, catechol, and BPA involves transfer of two electrons and two protons [18,28,29]. The peaks
at 0.02, 0.11, and 0.45 V were attributed to the well-established route for oxidation of hydroquinones,
phenols and derivatives of the quinine form [19,29]. The detection limit was 1.2 × 10−7, 8.2 × 10−7,
and 9.5 × 10−7 mol L−1 for hydroquinone, catechol, and BPA, respectively. The slopes of calibrations
plots changed after detection of 50 µmol L−1 due to the adsorption of molecules at the electrode surface.
This should not be considered a limitation because the flexible carbon electrodes are disposable with
a low cost of production, and can be used in only one detection procedure. These results confirm the
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efficiency of the electrochemical pretreatment with a four-fold increase in sensitivity compared to the
unmodified SPE. The enhanced sensitivity is attributed to the removal of non-electroactive components
such as resins, solvents, and additives from the carbon ink induced by the pretreatment. This increases
the electroactive area at the working electrode surface, which leads to a nanostructured film on the
electrode–solution interface comprising graphite and carbon nanoparticles (Carbon Black) [30].
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and bisphenol A as depicted in Figure 1D. The pretreated flexible SPE could be stored under 
ambient conditions for 30 days with an average decrease of 10% in the initial current value [20,31]. 

Figure 1. (A) Differential Pulse Voltammetry (DPV) data for simultaneous detection of (1) hydroquinone,
(2) catechol, and (3) BPA using flexible SPEs before electrochemical pretreatment, (B) Calibration curves
for SPEs before electrochemical pretreatment, (C) Differential Pulse Voltammetry (DPV) data for
simultaneous detection of (1) hydroquinone, (2) catechol and (3) BPA using SPEs after electrochemical
pretreatment and (D) Calibration curves for SPEs after electrochemical pretreatment. Conditions:
concentration range from 0.5 to 90 × 10−6 mol L−1, in phosphate buffer solution 0.1 mol L−1, pH 7.0.

SEM images of flexible SPEs were collected to assess if the morphology of SPEs is unaffected by the
electrochemical pretreatment. As shown in Figure 2A,B, similar surfaces are observed for the electrode
before and after the activation process. The EDX spectra in Figure 3 point to a higher carbon count and a
slight decrease in oxygen for the SPE after electrochemical pretreatment. This suggests that the treatment
does not introduce functional groups on the electrode surface but removes non-electroactive materials
such as polymers and chemicals from the carbon ink used in printing the SPEs. Well-defined peaks from
the redox probe [Fe(CN)6]4−/3− were observed with SPEs before and after electrochemical pretreatments
(see Supplementary Figure S1 and Table S1). The ∆Ep (Epa-Epc) value of 0.56 V vs. C. indicates faster
electrochemical kinetics after pretreatment in 0.1 mol L−1 of H2SO4 solution using chronoamperometry
at an applied potential of −2.5 V vs. C for 120 s [31]. The amount of electroactive species (Γ /mol cm–2)
was estimated using Γ = Q/nFA [18], where Q (C) is the background-corrected electric charge, estimated
by integrating the anodic peaks of Figure S1; n is the number of electrons; F is the Faraday constant
(96 485.34 C mol–1); and A is the surface geometric area (0.071 cm2). Q was 1.23 × 10–4 and 9.36 × 10–4

C, and the estimated surface concentration was 1.23 × 10–7 and 0.61 × 10–7 mol cm–2 at the flexible
SPEs before and after the electrochemical pretreatment, respectively. The pretreatment produces an
increase in the number of electroactive carbons on the surface, thus increasing the sensitivity toward
hydroquinone, catechol and bisphenol A as depicted in Figure 1D. The pretreated flexible SPE could
be stored under ambient conditions for 30 days with an average decrease of 10% in the initial current
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value [20,31]. All subsequent experiments were performed with SPEs electrochemically pretreated
with a sulfuric acid solution and using chronoamperometry.
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Figure 4. Differential Pulse Voltammograms data for individual electrooxidation of hydroquinone in 
(A), catechol in (B), and BPA in (C), using flexible SPEs after electrochemical pre-treatment. 

Figure 3. EDS spectra for flexible SPEs before (A) and after (B) electrochemical pretreatment.

Figure 4 shows DP voltammograms with flexible SPEs for the individual detection of hydroquinone,
catechol, and BPA from oxidation peaks at 0.02 V, 0.03 V, and 0.25 V vs. C, respectively. A comparison
in Figure 5 indicates that the slopes of the analytical curves are similar for individual and simultaneous
detection: for hydroquinone, the slopes were 0.25 ± 0.01 and 0.28 ± 0.01; for catechol 0.28 ± 0.02
and 0.22 ± 0.01; and for BPA 0.05 ± 0.02 and 0.06 ± 0.01. The oxidation peaks for individual and
simultaneous BPA detection were centered at 0.25 and 0.45 (V vs C.), respectively. The change in the
anodic peak potential can be attributed to the adsorption of other components on the flexible SPE
leading to a potential shift. However, this will not be a problem for detection because the slopes
did not vary significantly (0.046 ± 0.02 and 0.056 ± 0.01 for individual and simultaneous detection,
respectively). It is, therefore, possible to apply flexible SPEs for BPA detection in water analysis
containing hydroquinone and catechol.
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detection in water analysis containing hydroquinone and catechol. 
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Figure 4. Differential Pulse Voltammograms data for individual electrooxidation of hydroquinone in 
(A), catechol in (B), and BPA in (C), using flexible SPEs after electrochemical pre-treatment. 
Figure 4. Differential Pulse Voltammograms data for individual electrooxidation of hydroquinone in
(A), catechol in (B), and BPA in (C), using flexible SPEs after electrochemical pre-treatment. Conditions:
concentration range from 0.5 to 90 × 10−6 mol L−1 in phosphate buffer solution 0.1 mol L−1, pH 7.0.
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Figure 5. Analytical curves for individual and simultaneous detection of hydroquinone, catechol,
and BPA. Conditions: concentration range from 2.0 to 90 × 10−6 mol L−1 in phosphate buffer solution
0.1 mol L−1, pH 7.0.

Seven co-fabricated SPEs were utilized for the reproducibility study using 2.0 × 10−5 mol L−1

BPA in 0.1 mol L−1 phosphate buffer solution (pH 7.0) and DPV technique. The relative standard
deviation (RSD) was 5.2%, indicating a satisfactory reproducibility of the fabrication protocol. Flexible
SPEs were applied for the simultaneous determination of hydroquinone, catechol, and BPA in water
samples using the procedure described in Section 2. The DPV curves in black in Figure 6 show no
oxidation peaks for hydroquinone, catechol, and BPA analytes, which means that these analytes
were not present in the water samples or that concentrations are below the detection limit. In order
to test the SPEs, we spiked the water with phosphate buffer solution and known concentrations of
hydroquinone, catechol, and BPA. The recovery values varied from 91.7% to 104.6% for the three
analytes, as shown in Supplementary Table S2. Therefore, flexible SPEs can be employed in monitoring
samples of wastewater, water, and biological fluids, e.g., sweat, saliva, and urine, in real scenarios.
The standard addition curves in Figure 7 were obtained from the current peak intensity in DPVs
in Figure 6 (measurements were made in triplicate). Linear dependences were observed between
7.5 × 10−6 and 3.5 × 10−5 mol L−1. The intercepts were zero in Figure 7A,B in the calibration plots for
hydroquinone and catechol, thus indicating that these analytes were not present before the additional
experiments. In contrast, the intercept in Figure 7C for BPA is (0.53 ± 0.13) × 10−6 A, corresponding to
a BPA concentration of 3.17 × 10−6 mol L−1 even before adding any BPA. Hence, there was 0.145 mg
BPA in the plastic cups made of polystyrene (PS), representing at least 0.003% of their mass, which is
particularly worrying as BPA contamination could occur with the use of such cups.
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Figure 7. Calibration plots using standard addition to analyze water samples. (A) hydroquinone,
(B) catechol and (C) BPA. Conditions: phosphate buffer solution 0.1 mol L−1, pH 7.0.

Supplementary Figure S2 shows the results of selectivity studies for BPA with SPEs on flexible
SPEs. DPVs were obtained with 1.0 × 10−5 mol L−1 BPA in the presence of 1.0 × 10−5 mol L−1

of co-existing, commonly interfering analytes such as the analgesic paracetamol and the hormone
epinephrine. No interference was noted from these co-existing species, with oxidation peaks at 0.20 V
and 0.05 V vs. C attributed to paracetamol and epinephrine electrooxidation. The BPA anodic peak
potential was shifted to a more positive potential due to kinetic limitations at the electrode/solution
interface with irreversible adsorption of secondary amine groups from paracetamol and epinephrin on
the electrode [32]. The selectivity for BPA is therefore possible because detection occurs at a different
oxidation potential. These results also confirm that SPEs can be applied for other compounds in water,
such as paracetamol [31] and epinephrine [33,34].

Table 1 lists the analytical performance of carbon-based sensing layers in terms of technique, linear
range, sensitivity (µA L µmol−1), and detection limits (µmol L−1) for BPA detection. The flexible SPE
sensor exhibits sensitivity and detection limit which are competitive with those in the works mentioned.
Unlike the SPE sensor, most of them were made with a blend of materials on the carbon surface.
Moreover, film architectures require long procedures that consume larger amounts of chemicals and
produce waste. Thus, the flexible SPE sensor is advantageous for sensitivity and selectivity, with the
potential to be low cost and used in portable systems.
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Table 1. Electrode materials for the detection of BPA.

Sensing Layer Type of
Technique

Linear Range
µmol L−1

Sensitivity
µA L µmol−1

LOD
µmol L−1 Ref.

NiPCTS DPV 0.5–10 1.78 0.29 [35]
CoPCTS DPV 0.5–10 1.57 0.43 [35]
MIL/CPE SWV 2.0–53 0.42 0.87 [36]

RGO-Ag/PLL/GCE DPV 1.0–80 0.15 0.54 [15]
CGE/graphene DPV 0.05–1 0.010 0.05 [37]

EG SWV 1.56–50 6.06 0.76 [38]
MWCNTs/GCE DPV 2–30 0.51 0.5 [39]

SPEindividual DPV 2–50 0.046 ± 0.002 3.41 This Work
SPEsimultaneous DPV 2–50 0.055 ± 0.001 0.95 This Work

Note: MWCNTs: multi-walled carbon nanotubes; CGE: glassy carbon; SPE: Screen-printed electrodes;
EG: Exfoliated graphite; NiPCTS: Pencil graphite electrodes modified with metallophthalocyanine sulfonates
of nickel; CoPCTS: Pencil graphite electrodes modified with metallophthalocyanine sulfonates of cobalt;
CPE: carbon paste; MIL: Magnetic ionic liquid; SWV: Square wave voltammetry; RGO-Ag/PLL: Reduced graphene
oxide-silver/poly-L-lysine nanocomposites.

4. Conclusions

We have developed a simple and inexpensive electrochemical sensor for detecting hydroquinone,
catechol, and BPA in water samples using disposable flexible screen-printed electrodes. Devices were
made on PET flexible substrates using screen-printing technology. Carbon surface features, combined
with electroanalytical performance, pointed to increased conductivity and sensitivity, induced by
electrode pretreatment in a 0.5 mol L−1 H2SO4 solution. The flexible SPE sensor exhibited detection limit
and sensitivity similar to other works in the literature (0.055 µA L µmol−1 and 0.95 µmol L−1). SPE was
able to distinguish interferences such as paracetamol and epinephrine in real samples. The advantages
of this sensing platform are related to selectivity, sensitivity, and simplicity, with the potential to be
used in portable systems.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9040/8/4/103/s1,
Figure S1: Cyclic Voltammograms for flexible SPEs: (A) Before electrochemical pre-treatment; (B) After
electrochemical pretreatment with 0.1 mol L−1 of H2SO4 solution, applying −2.5 V vs. C. for 120 s. (C) After
electrochemical pretreatment with 0.1 mol L−1 of H2SO4 solution, applying +2.5 V vs. C. for 120 s. (D) After
electrochemical pretreatment with 0.1 mol L−1 of NaOH solution, applying +1.2 V vs. C. for 300 s. The measurements
were performed in 0.1 mol L−1 of KCL solution (pH 7.0) containing 5.0× 10−3 mol L−1 of redox probe [Fe(CN)6]4−/3−

with scan rate 50 mV s−1, Figure S2: DP Voltammograms data on the SPE electrode to verify possible interference
of other drugs with 1 × 10−5 mol L−1 (1) BPA, (2) Paracetamol, (3) Epinephrine. Conditions: 0.1 mol L−1 phosphate
buffer solution, pH 7.0, Table S1: Characteristics of electrochemical pretreatment and change in peak potential for
flexible SPEs, Table S2: Results for hydroquinone, catechol and BPA quantification in real samples of plastic cups
containing water samples using flexible carbon electrodes.
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