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Abstract

In this concept, multi-walled carbon nanotubes (MWCNTs) were functionalized by triethylenetetramine (TETA-MWCNTs),
and the as-synthesized TETA-MWCNT materials were utilized for the simultaneous voltammetric detection of bisphenol
A (BPA) and bisphenol S (BPS). The voltammetric behaviors were tested by cyclic voltammetry (CV) and square-wave
voltammetry (SWV). The high-priority experimental parameters have been carefully optimized. The designed sensor exhib-
ited exceptional electrocatalytic activity toward the oxidation of BPA and BPS and provided two well-separate oxidation
peaks enough to quantify BPA and BPS in a binary mixture. The standard curve was linear over the concentration range of
1.0-30 uM for both analytes. The detection limit was estimated to be 0.35 pM and 0.56 pM for BPA and BPS, respectively.
The designed voltammetric sensor was successfully applied in simultaneous estimation of BPA and BPS in food samples.
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Introduction

Bisphenol A (BPA) (2,2-bis(4-hydroxyphenyl) propane)
is one of the most famous endocrine-disrupting chemi-
cals (EDCs) (Thoene et al. 2018). Likewise, bisphenol S
(BPS) (4, 4'-sulfonyldiphenol, related to its chemical cousin
BPA, is an organic compound utilized to make hard plastic
products and synthetic fibers. Besides, BPS is more heat-
stable and photo-resistant than BPA and therefore replaces
BPA (Zhao et al. 2018). Moreover, BPS is a BPA analog
in which the dimethyl methylene group are changed by a
sulfonyl functional group which can enhance the chemical
stability of the molecule. BPS has a lower risk to the envi-
ronment and human health than BPA but it is not amenable
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to biodegradation. Numerous studies introduce that BPS
retains analog estrogenic action, causes chronic disorders,
and exhibits environmental durability (Rao et al. 2018; Zhu
et al. 2016). Above all, EDCs are found in numerous every-
day materials, including some plastic bottles and containers,
metal-canned foods, toys, detergents, cosmetics, and pesti-
cides (Zhang et al. 2018a; Zheng et al. 2018). Both com-
pounds (BPA and BPS) have similar chemical structures
which both comprise two hydroxyphenyl groups and are
named bisphenol (BP) analogs. Resulting from the univer-
sal use of BPs in daily products, a mass of BP leaching from
various materials exists in food, environmental medium, and
living organisms (Baluka and Rumbeiha 2016; Huang et al.
2018). Except for specific endocrine-disrupting impacts, BPs
are suspected to be related to many chronic diseases such as
reproductive disorders, cardiovascular diseases, breast can-
cer, diabetes, obesity, and birth defects (Zhang et al. 2018b).
Because of ecological and human health risks, many coun-
tries have banned the utilization of various products with
BP addition. BP compounds or derivatives can generally
co-exist in the same medium (water, food, and so on) and
interfere reciprocally in detection and quantification proto-
col due to their analog chemical structures and attributes
(Wang et al. 2017). Therefore, it is needed to improve a
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rapid, sensitive, and precise analytical concept for the sens-
ing of two target EDCs.

Up to now, instrumental analysis based on the principles
of chromatography and mass spectrometry has still been the
main method to detect BPA and BPS content in various sam-
ples (Garcia-Corceoles et al. 2018; Rocha et al. 2018; Wang
et al. 2017). Even though these conventional analytical tech-
niques have advantages of high accuracy and sensitivity, they
also require a complex pretreatment process, time-consuming
analyses, expensive instruments, special organic solvents, and
trained operators. Hence, electrochemical methods are used
as a convenient way for the rapid and accurate detection of
BPs. In recent years, the electrochemical sensor has shown
promising potential for its advantages of simple operation,
time-saving, high sensitivity, and portability. BPA and BPS
have two phenolic hydroxyl groups, and at a certain poten-
tial, the phenolic hydroxyl groups can be oxidized to a qui-
none. Nanomaterials are considered to be ideal materials for
improving the sensitivity and selectivity of electrochemical
sensors (Butmee et al. 2019; Canevari et al. 2019).

Various remediation technologies have been developed
and reported for the determination of BPA and BPS and
other EDCs. BPA and BPS with good electrochemical activ-
ity can display two separated oxidation peaks by the voltam-
metric method (Zheng et al. 2016). However, since EDCs
have similar chemical architectures and oftentimes co-exist
in the environmental medium, it causes some issues in vol-
tammetric detection. To find a way out of these drawbacks,
different efforts have been made to modify electrodes with
graphene, carbon nanotubes (CNTs), quantum dots (QDs),
metal-organic frameworks (MOFs), Ni-loaded CdFe,O,,
conducting polymer (CP), SiO,/graphene oxide/Ag nanopar-
ticles, graphite-polyurethane composites, and flexible car-
bon fiber sheets (Avan and Filik 2018; Baccarin et al. 2020;
Campos et al. 2016; de Sa et al. 2020; Ezoji and Rahimne-
jad 2018; Filik and Avan 2017; Filik et al. 2019; Lu et al.
2016; Mo et al. 2019; Rao et al. 2018; Wang et al. 2015;
Yao et al. 2019). To date, only a few electrochemical-based
sensors have been reported for the simultaneous sensing of
the target EDCs. For example, a platinum (Pt) nanoparticles-
functionalized poly(diallyl dimethyl ammonium chloride)
(PDDA)-diamond powder (DMP) composite-modified GCE
was fabricated for electrochemical sensing of the selective
or simultaneous determination of BPA and BPS. DMP is a
pure carbon material with an abundant negative charge. It
has high chemical and electrochemical properties, as well
as strong resistance to high temperature and corrosion. Its
electrochemical response can remain stable for a long time.
Pt nanoparticles were synthesized in situ on the surface of
PDDA-DMP using H,PtCl, as the precursor by reduction of
ethylene glycol (Zheng et al. 2016). The differential pulse
voltammetry (DPV) in 0.1 M phosphate buffer solution (pH
6.0) has been applied to their simultaneous determination
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in river water and thermal paper samples using a -COOH
functionalized MWCNTSs modified GCE (Wang et al. 2018).
Compared with conventional materials, covalent organic
framework (COFs) have the advantages of large specific
surface area, good chemical and thermal stability, © con-
jugation, tunable porosity, and low density, which make
them potentially useful in diverse fields (gas storage, photo-
conduction, catalysis, and so on). For example, Pang et al.
(2020), constructed a highly porous crystalline COF, CTpPa-
2-modified GCE for the electrochemical sensing of BPA and
BPS. The electrochemical properties of the CTpPa-2/GCE
were characterized using galvanostatic charge—discharge,
CV, and DPV. The electrochemical responses for BPA and
BPS were found to be linear in the concentration ranges of
0.1-50 uM and 0.5-50 uM with detection limits of 0.02 uM
and 0.09 uM, respectively. Finally, the three-component
composite material AuAgPt-p-cyclodextrin polymer (PCD)-
graphene oxide (GO) was properly designed to construct
a novel electrochemical sensor for simultaneous BPA and
BPS assay (Ye et al. 2019). The response linear ranges for
BPA and BPS are from 6 to 4000 nM and 8 —8000 nM with
detection limits of 2 nM and 2.67 nM, respectively.
Among the different carbon nanomaterials, carbon nano-
tubes (CNTs) are slowly attracting attention owing to their
ease of synthesis, fluorescent nature, relatively low/non-tox-
icity, high surface area and functional ability. Carbon nano-
tubes (MWCNTs or SWCNTSs) have been accepted as good
candidates to rehabilitate the performance of electrochemi-
cal sensors due to their extraordinary chemical, physical,
and electrical attributes. Also, CNTs present a large surface
area, chemical robustness, and fast electron transfer ability,
which are responsible for their prevalence utilized as voltam-
metric sensing materials (Dubey et al. 2021; Li et al. 2018).
Despite their amazing features, CNTs demonstrate very low
dispersibility and a high tendency to agglomerate in ordinary
polar and non-polar solvents (Li et al. 2019). Procedures to
accomplish this difficulty comprise surface modification of
CNTs with polymers, small molecules, and biomolecules,
incorporation in composite matrices, and doping with exter-
nal atoms (Gonzélez et al. 2016; Yang et al. 2019). The
modification of CNTs (and other carbon materials) either
by physical or chemical treatments, is known to induce new
properties or enhance some already existing properties. The
surface alteration of CNTs improves the reactivity and solu-
bility and ensures an avenue for further surface alteration of
CNTs such as metal deposition, ion adsorption, and func-
tional group reactions. Meanwhile, the surface groups can
also serve as linking groups for combining two fragments
and further derivatization by chemical interactions with
other specific functional groups (Noordadi et al. 2018; Wol-
ski et al. 2017). Previous research reported that the amide or
amine functional groups (or derivatives) in functionalized
CNTs could attract the protons from electrolyte solution due
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to their conjugation (Li et al. 2016a; Shalom et al. 2014;
Zheng et al. 2014), and this protonation could be a crucial
factor to promote analyte activity. Herewith, amide/amine
attached architectures (CNTs, GO, and so on) have a crucial
potential for the detection of specific analytes as electrocata-
lysts because of their proton adsorption ability and electron
transfer features. Also, the abovementioned textures can be
synthesized with a low cost and simple strategy.

In the current strategy, an electrochemical sensor based
on TETA-functionalized MWCNTSs has been established
for simultaneous monitoring of BPA and BPS. The electro-
oxidation of both analytes was carefully evaluated by CV
and SWV techniques. The TETA-MWCNTs-modified GCE
displayed sufficient electrocatalytic performance toward the
oxidation of target EDCs. The suggested sensing concept
was successfully implemented in real food samples with
convincing results.

Material and Methods
Instrumentation and Chemicals

The electrochemical measurements (CV, EIS, and SWYV)
were made with Gamry series 600 potentiostat/galva-
nostat. All measurements were recorded using a 10-mL
electrochemical cell that has a three-electrode system. The
electrodes used were 3.0-mm GCE (modified GCE) as the
working electrode, Ag/AgCl (with a 3 M KCl) as the ref-
erence electrode, and platinum wire (Pt) as the counter
electrode. Before each modification process, the GCE sur-
face has been polished and then rinsed twice with distilled
water followed by ethanol to remove encrusted materi-
als on the electrode surface. Fourier transform infrared
(FTIR) spectra were obtained using a Bruker Vertex
70v FTIR spectrometer (Bruker Optics, Germany). The
surface morphology of carbon nanotubes was examined
by using a scanning electron microscope (SEM) Zeiss
Sigma 300 SEM (Zeiss, Germany). Multi-walled car-
bon nanotubes (MWCNTSs > 95% carbon basis, O.D. X L:
10-20 nm X 20-50 pm) and TETA (purity >97%) were
purchased from Sigma, St. Louis. All chemicals used in
the experiments were of reagent grade and were employed
as provided without any further separation. In this context,
BPA, BPS, N, N-Dimethylformamide (DMF) (>99%),
thionyl chloride (SOCl,) (>99%), H,SO, (98%), H;PO,
(>85%), HCI (37%), and CH;COOH were obtained from
Sigma-Aldrich. Boric acid (H;BO;), HNO; (68%), NaOH
(Pellets), K,[Fe(CN)4]0.3H,0, K;[Fe(CN)¢], and KCl
were obtained from Merck. Britton Robinson buffer (BRB)
solution was prepared by mixing 0.1 M each of H;PO,,
H;BO;, and CH;COOH. A series of BRBs in the pH range
of 3.0-7.0 was prepared by the addition of 1 M NaOH.

Alumina polishing slurries were provided from Buehler,
LL, USA and were employed for polishing the bare GCE
surface before the modification process. Distilled water
has been used for all voltammetric experiments. BPA and
BPS stock solutions (both 2 mM) were prepared by dis-
solving appropriate amounts in 5 mL of ethanol and then
diluted with 50 mL of distilled water.

Synthesis of Functionalized MWCNTs

Initially, the carboxylic acid-functionalized MWCNT
nanocomposites were synthesized. The raw-MWCNTs
(500 mg) were properly oxidized by a mixture of sulfuric
acid and nitric acid (V:V=3:1, 80 mL) at 70 °C for 6 h to
occur -COOH group on the MWCNTs. The carboxylated
MWCNTs were then properly filtered (0.4-um cellulose
acetate membrane), after that, the ox-MWCNTSs were
washed properly with distilled water until the aqueous
phase was neutral. For TETA graft MWCNTs, initially,
the ox-MWCNTs (~400 mg) were carefully mixed with
SOCI, (25 mL) and DMF (10 mL). DMF was also used to
disperse the MWCNTs. Subsequently, the dispersed solu-
tion was appropriately refluxed at 70 °C for 96 h. After
the process was completed, the acyl chloride-MWCNTs
(MWCNT-COCI) powder, was reached after filtration and
then washed twice with DMF (5 mL) to separate surplus
SOCl, and then dried for 6 h in a vacuum oven at 80 °C.
The resulted MWCNT-COCI was reacted with 10 mL of
pure TETA (purity >97% (TETA is a moderately viscous,
yellowish liquid) for 48 h at 100 °C and washed suffi-
ciently with ethanol to eliminate excess TETA. Conse-
quently, the obtained products are named TETA-MWCNTs
(MWCNT-CO-TETA). Ten milligrams of TETA-MWC-
NTs were sonicated for about 5 min in 10 mL distilled
water (1 mg/mL) to achieve a homogenous mixture and
this dispersion was used for electrode modification.

Treatment of Samples

Commercial food samples, such as drinking water, milk,
cola, and juice, were provided from local markets. The
standard addition protocol was performed by spiking
samples with known amounts of the target EDCs. On the
other hand, milk sample preparation was carried out using
a protein precipitation extraction strategy. Each sample
(5 mL milk) was properly extracted twice with 5.0 mL
ethanol under ultrasound for 15 min, after that, centri-
fuged for 10 min at 4000 rpm. The upper aqueous phase
was carefully transferred to a new tube by pipetting, and
the obtained protein-free milk was collected and used for
further analysis.
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Modification of GCE

In the beginning, the naked GCE was properly brightened to
a mirror surface with alumina slurry (0.3 pm) and washed
twice with distilled water and then, the GCE was sonicated
in ethanol and distilled water (each for 5 min) and dried.
After drying at surrounding temperature, 5 pL of TETA-
MWCNT (1 mg/mL) architectures were evenly dropped onto
the brightened GCE surface and it was adequately dried at
surrounding temperature. For comparison, the same strategy
was exploited to construct MWCNTs-modified GCE.

Electrochemical Measurement Process

Initially, the modified electrode was first rinsed with distilled
water and then scanned in potential between 0.4 and 1.2 V,
with a scan rate of 50 mV s™! in blank 10 mL of 0.1 M BRB
(pH 5.0) for several cycles until stable voltammetric profiles
were achieved. After this process, a solution of known con-
centration of BPA and BPS (or binary mixture) is added to
the electrochemical cell. Eventually, the corresponding data
were obtained by CV and SWV techniques. All voltammet-
ric data were collected through three parallel measurements.

Results and Discussion
Characterization of the TETA-Grafted MWCNTs

The FTIR spectrum of MWCNTs and TETA-modified
MWCNTs (TETA-MWCNTs) is illustrated in Fig. 1A.
The FTIR spectrum profile of MWCNTs (Fig. 1A, curve
a) is different from that of TETA-MWCNTs (Fig. 1A curve
b). In this case, when MWCNTs were functionalized by
TETA, several new adsorption peaks were monitored in the
spectrum recognized as follows: the distinctive adsorption
bands at 3321 cm™! (~OH stretching oscillation of -COOH),
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2957 cm™! (~CH, stretching oscillation), 1725 cm™! (C=0
stretching oscillation), 1637 cm™!, (-NH bending oscillation
of -NH- groups on TETA), 14601383 cm™! (C-N stretch-
ing oscillations) and 1241-1066 cm™! (C—O stretching oscil-
lations), respectively (AlOthman et al. 2015; Vatanpour and
Haghighat 2019).

SEM was used to investigate the surface morphology
of MWCNTs and TETA-MWCNTSs. The SEM images are
illustrated in Fig. 1B and C. The surface morphology of the
MWCNTs and TETA-grafted MWCNTSs exhibits considera-
ble differences. The formation of a porous surface for TETA-
grafted MWCNTs is seen (Fig. 1C). The homogenous and
porous morphology of TETA-MWCNTs can improve the
surface contact area with the target analytes while also facili-
tating a fast electronic transfer for the electrochemical reac-
tions. By the surface alteration of MWCNTs with TETA in
the recommended work, the surface of TETA-grafted MWC-
NTs has rich in the -NH, group which ensures nucleophilic
features to MWCNTs that activate the surface of MWCNTSs
for a variety of implementations (Hayat et al. 2022). Conse-
quently, the TETA-MWCNTs architectures were employed
to be an optimistic electrode material for the sensing of BPA
and BPS as compared to unmodified MWCNTs.

Electrochemical Behavior of BPA and BPS

A binary solution is prepared by mixing BPA (0.1 mM) and
BPS (0.1 mM). The voltammetric response of the modi-
fied electrodes has been evaluated by the CV technique.
Figure 2 A showed the CVs of EDCs on (a) naked GCE,
(b) 0x-MWCNTSs/GCE, and (c) TETA-MWCNTs/GCE,
respectively. As illustrated in Fig. 2A, the electrochemical
response of EDCs on naked GCE was smaller (curve a), and
two oxidation peaks of BPA and BPS located at 0.748 V and
1.040 V were observed, and the peak currents were 1.66 pA
and 0.75 pA, respectively, and the electro-oxidation pro-
cesses were irreversible characters. The oxidation current

Fig. 1 A FTIR spectra of MWCNTSs (a), TETA-MWCNTs (b). B SEM images of ox-MWCNTs. C TETA-MWCNTs
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Fig.2 A CVs for BPA
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responses for EDC at ox-MWCNTs/GCE (b) are 13 and 11
pA; however, at TETA-MWCNTSs/GCE (c), they are 56 and
35 pA, respectively. Compared with the naked GCE, these
three modified GCEs exhibited electrocatalytic activity for
the oxidation of EDCs. Moreover, a negative potential shift
has been monitored for both analytes on (b) ox-MWCNTSs/
GCE, (¢c) TETA-MWCNTs/GCE as follows; BPA: 632 to
612 mV and BPS: 943 to 931 mV. It should be demonstrated
that the electrochemical activity of TETA-MWCNTs was
better than that of MWCNT-COOH due to the better disper-
sion behavior of TETA-MWCNT architecture. The possible
mechanism for the electrochemical oxidation of each analyte
is presented in Fig. 2B.

Effect of Scan Rate

Helpful knowledge involving the voltammetric reaction
mechanism can be mostly achieved from the relationship
between peak intensity (/,) and a scan rate of potential (v)
in CV. Thereby, the influence of potential scan rates (v)
on the anodic currents (/,) of 0.1 mM BPA and 0.1 mM
BPS at the TETA-grafted MWCNTSs/GCE in 0.1 M BRB

Fig.3 CVsof 0.1 mM BPA (A) A
and 0.1 mM BPS (B)in 0.1 M
BRB (pH 5) at different scan 300 1
rates from 25 to 200 mV/s (25, 200 mV/s
50, 100, 150, and 200 mV/s) at < 200 -
TETA-MWCNTs/GCE =2
g 25 mV/s
g 100 1
@)

BPA

was individually examined by CV (Fig. 3). In this con-
text, the CV experiments at dissimilar scan rates from
10 to 200 mV/s were studied. The plot of anodic peak
current versus the scan rate was linear when the scan rate
increased from 25 to 200 mV/s, which proves that the
electrochemical oxidation of two analytes on the TETA-
grafted MWCNTSs/GCE sensor is an adsorption-controlled
process. The regression equation was found as: Igp,
(MA)=0.902 v (mV/s) + 14.244 (R*=0.9965) for BPA
and Igps (MA) =0.5909 v (mV/s) +39.902 (R*>=0.9962)
for BPS. The dependence of E,, with Inv can be expressed
as E,, (V)=0.0251 Inv (mV/s) +0.573 (R*=0.9912)
for BPA and E,, (V)=0.0253 Inv (mV/s) +0.364
(R*=0.9926) for BPS. In addition, in the scan rate range
from 25 to 200 mVs~!, peak currents (Ip) of BPA and
BPS electrooxidation depend linearly on square root of
the scan rate (v'/?) and are described by the equation:
Igpa (WA)=18.581 v'> (mV/s) —30.31 (R>=0.9945) and
Igps (WA)=11.362 v!'2 (mV/s) — 8.1757 (R>=0.9938).
This fact can suggest that the electrode process of BPA
and BPS electrooxidation is not controlled by diffusion
and can be preceded by a chemical reaction. On the other
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hand, a dependence of In 7, on In v is linear and described
by the equations: In I(pA)=0.6011 In v (mV/s) +0.9624
(R*=0.9977) for BPA and In I(pA)=0.6302 In v
(mV/s) +0.96 (R>=0.9963) for BPS. Its slope is 0.6 and
indicates adsorption-control of the electrode process. A
slope close to 0.5 is expected for diffusion-controlled
electrode processes and close to 1.0 for adsorption-con-
trolled processes (Bard and Faulkner 2001; Brett and
Brett 1993). This linearity demonstrated that the redox
reaction of BPA and BPS was a typical adsorption-con-
trolled process. The obtained results confirm the above
findings. As exhibited by growing the scan rate, the
anodic peak potential value of both analytes shifted to a
more positive value of potential. For a fully irreversible
and adsorption-controlled process, Laviron’s equation
(Eq. 1) can be employed to calculate a and n. Accord-
ing to the equation (E, versus In v) (Eq. 1), the value of
RT/anF was found to be 0.0251 for BPA and 0.0251 for
BPS. Since for a fully irreversible electron transfer, a was
assumed as 0.5. Based on Eq. (1), the transfer electron
number was 2.05 for BPA and 2.03 for BPS in the rate-
determination step, respectively.

E,=A+RT/(1 — a)nFinv (1)

In this equation, F'=Faraday’s constant (96,485.339 C/
mol), R=universal gas constant (8.31447J K~ mol™h),
T =absolute temperature, @ = electron transfer coefficient,
n =electron transfer numbers, Inv =scan rate in mV/s,
A =the constant value.

Electrochemical Impedance Spectroscopy
Characterization of the Sensor

Electrochemical impedance spectroscopy was applied to dis-
play the achievement of the electrochemical sensor prepared
at each stage of the electrode modification process. Figure 4
A displays the typical EIS (Nyquist diagrams) results at the
surface of (green curve) GCE, (red curve) ox-MWCNTs/
GCE, (blue curve) TETA-MWCNTSs/GCE in a mixture of
5.0 mM [Fe (CN)¢]*™*~ and 0.1 M KCI. The frequency bands
were between 0.1 Hz and 0.1 MHz. The electron-transfer
resistance (R) of naked GCE was calculated to be 706 Q
(green curve). The R, value of naked GCE was more than
(red curve) ox-MWCNTSs/GCE and (blue curve) TETA-
MWCNTs/GCE. On the other hand, the R, value of the ox-
MWCNTSs/GCE was estimated to be 21.8 Q (blue curve).
The semicircle part, as observed at higher frequencies, was
associated with a process that was limited by electron trans-
fer. The linear features observed at lower frequencies were
attributed to diffusion-limited electron transfer. The covalent
binding of TETA on the ox-MWCNTs to fabricate TETA-
MWCNTSs/GCE caused a remarkable decrease of the semi-
circle portion at higher frequencies to form a nearly-straight
line (Fig. 4A, blue curve). This may be demonstrated that
the TETA-MWCNTs layer introduced an advantage to the
interfacial electron transfer. Because of the positive charge of
TETA in the layer, the [Fe(CN)¢]*~>~ probe could arrive at
the surface of the electrode promptly. The impedance changes
of the different modified electrodes revealed that TETA had

j B
®GCE .
40 @ MWCNTs/GCE 65
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1200 ;g — Fitted results 45
£ / Cl ~~ 25 |
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Fig.4 A Nyquist plot of experimental (colored symbols) and fitted
results (black lines). EIS curves of the three electrodes (bare GCE
(green curve), ox-MWCNTs/GCE (red curve), and TETA-MWCNTs/
GCE (blue curve) measured in 0.1 mol/L KCI containing 5.0 mM
Fe(CN)63_/4_ over the frequency range of 0.1 MHz to 0.1 Hz with an
amplitude of 5 mV. The insert in (a) shows the quasi-vertical curve in

@ Springer

the low-frequency region. The insert in (b) shows an equivalent cir-
cuit model applied to fit the Nyquist plots quantitatively. R, charge
transfer resistance; Rg, electrolyte solution resistance; Zy, Warburg
impedance resulting from the diffusion of ions; Cgy, double-layer
capacitance of the electrode. B CV curves of the three electrodes in
0.1 mol/L KCI containing 3.0 mM Fe(CN)¢*>~*~, scan rate 50 mV/s
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attached to the ox-MWCNTs. EIS result indicated that a GCE
modified with the TETA-MWCNTs nanocomposite displayed
an excellent electrochemical performance than the naked
GCE and ox-MWCNTs-modified GCE. The findings dis-
play that the TETA-MWCNTSs/GCE exhibits faster electron-
transfer kinetics and a large number of redox sites compared
to other modified electrodes. The TETA is known to form
a stable nitrogen source to make nitrogen-rich MWCNTSs
(Narwade et al. 2021). The findings show that the TETA-
MWCNTs have higher electrochemical performance than ox-
MWCNTs/GCE. It enhances the voltammetric efficiency due
to improving charge transfer and high electrochemical activ-
ity. The results suggest that BPA and BPS can be efficiently
detected by the TETA-MWCNTs-modified GCE.

CV Characterization of the Sensor

The CV behavior of different modified electrodes in a mix-
ture of 3.0 mM Kj;[Fe(CN),] and 3.0 mM K,[Fe(CN),] solu-
tion is displayed in Fig. 4B. A single pair of the reversible
peak of ferricyanide ions can be monitored on the naked
GCE (curve a) and the AEp (AEp=E,-E,,) value obtained
was 375 mV. Manifestly increased reversible peak current
was monitored on the ox-MWCNTs-modified GCE (curve
b) and the AEp value of the redox probe was decreased to
92 mV. When the naked GCE was carefully altered with
TETA-grafted MWCNTSs (curve c), the redox peak cur-
rent increased markedly, and the monitored AEp value was
decreased to 80 mV. With the TETA-MWCNTs/GCE, the
CV profile (versus Fe(CN)63_/4_probe) displays a higher cur-
rent response than ox-MWCNTSs/GCE. These results show
that TETA-MWCNTs have a higher proportion of electroac-
tive or redox sites than ox-MWCNTs and bare electrodes.
The TETA-MWCNTs electrode has the lowest R, and lowest
AE,, while ox-MWCNTs have a higher R, and higher AE,,.
Thus, the TETA-MWCNTs surface has better electrochemi-
cal reactivity. Based on the above findings, we can approve
that our fabrication duration was feasible.

Furthermore, the Randles—Sevcik equation (Eq. 2)
was also employed to estimate the specific surface area
of TETA-MWCNTs/GCE from the CV result of the
Fe(CN)63_/ 4~ redox probe.

I, = (2.69 x 10°)n*/*D)/*Cov'/2A 2)

In this equation, I]J =peak current (amperes), n =number
of electrons transferred in a redox cycle, A =the electroactive
surface area (cm?), C,=molar concentration of redox-active
species (mol/cm?), D, =the diffusion coefficient (6.6 X 1076
cm?/s) (Wang 2006), v=scan rate in V/s. Based on Eq. (2),
the calculated electroactive surface area was 0.0629 cm?

and 0.6000 cm? for naked GCE and TETA-MWCNTSs/GCE,

respectively. The noticeable growth of the electroactive sur-
face area of TETA-MWCNTs/GCE, attended by facilitated
electron transfer, enables to increase in the efficiency of the
occurring electrode reaction, and so that manifests in an out-
standing increase of peak current and thus higher sensitivity.
Importantly, the use of the Randles—Sevcik equation is
not the most appropriate method for electroactive area esti-
mation because (i, is proportional to the scan rate. If the
scan rate changes, probably i, will be changed too. The elec-
troactive area is a physical parameter and it does not change
with scan rate. Therefore, the thickness of the diffusion layer
can be calculated from Eq. (3) (Bard and Faulkner 2001).

6= VaxaDt 3)

where the § is the thickness of the diffusion layer reported
in cm, D is the diffusion coefficient of the redox probe (cm?
s71), and 7 is the timescale experiment for the forward scan
(s). The parameters used in the experiments are as follows:
D=6x10"%cm s™' (Smith et al. 2015) and t=15 s. The
thickness of the diffusion layer value calculated from Eq. (3)
for these experimental conditions was 168 uM. This calcu-
lated thickness is much larger than the scale of nanomaterial
surface roughness.

Effect of pH

Initially, the effect of supporting electrolyte type was
investigated. In this context, various buffer solution was
tested such as phosphate buffer (PBS) (a), acetate buffer
(ACB) (b), and BRB (c) (each 0.1 M, pH 5). According
to the test results, the maximum current response was
observed in BRB as shown in Fig. 5(A and B). Therefore,
BRB was chosen as a supporting electrolyte. The influ-
ence of pH on the peak current of BPA (Fig. 5C) and BPS
(Fig. 5D) at TETA-MWCNTs/GCE was properly stud-
ied with the pH value of supporting electrolytes ranging
from 3.0 to 7.0. As illustrated in Fig. 5E, the oxidation
peaks of BPS increased apparently from pH 3.0 to pH 5.0.
However, up to the increase of solution pH, the oxida-
tion peak current of BPA increased slightly till pH=35.
In this case, at pH 5 (Ip~ 80 pA), the response of BPA is
slightly higher than at pH 3 (I,~76 pA). As can be seen
in Fig. 5E, the peak currents in pH=5.0 are maximum,;
therefore, pH=15.0 was selected as the optimum pH, and
this pH was used in all following experiments. While the
pH value was over 6.0, the peak currents of the two ana-
lytes were decreased. The regression equation (E(V) ver-
sus pH) was estimated to be as follows: E(V)= —0.0637
pH+0.9502 (R*=0.9979) for BPA and E(V)= —0.0665
pH + 1.2433 (R*=0.9904) for BPS. Based on the above
equations, the measured value (63.7 and — 66.5 V/pH) is
close to the theoretical or known value of 59.0 mV/pH,
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Fig.5 CV for 0.1 mM BPA A B 150 1 ¢
(A) and 0.1 mM BPS (B) in 100 ~ Ch 4 130 4 b
different supporting electrolyte 20 - a
(0.1 M) PBS (a), ACB (b), and 2 a0
BRB (c) at a scan rate 50 mV/s. Z 60 A =2 90 A
CVs of 0.1 mM BPA (C) and 5 10 - £ 70 1
BPS (D) in 0.1 M BRB with 5 =
different pH values (3.0-7.0) on O 4 | O 30 1
the TETA-MWCNTSs/GCE at a 30
scan rate of 50 mV/s. E Linear 0 1 10
relation between the peak poten- 20 . i X 10
tials (Epa) and the pH values. 300 600 900 1200 500 700 900 1100
Error bars represent standard E (mV vs. Ag/AgCl) E (mV vs. Ag/AgCl)
deviations (n=23)
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indicating the involvement of an equal number of electrons
and protons. The pH with optimum response was lower
than the pKa of BPA (pKa=9.6-10.2 (Li et al. 2016b))
and BPS (pKa=8.20) (Guo et al. 2016), informing that
the undissociated analyte (BPA and BPS) can be more
easily adsorbed than thedissociated EDCs on the modified
GCE surface.

BPA molecule exists in different molecular structures
with different charge distributions, depending on the pH of
the solution. At low and neutral pH, BPA exists predomi-
nantly in its neutral form HO-C,sH,,—~OH, while above pH
10.1, the negatively charged species HO-C,sH,,—O — (phe-
nolate) predominates. On the other hand, although, phe-
nolate remains the single dominant species in water at
pH>10.1. In this system, at pH (3.0-7.0), BPA has a
main peak at 612 mV with a secondary peak (725 mV) or
shoulder about 113 mV higher. The two peaks may cor-
respond to the oxidation of two species (neutral BPA and
phenolate) (Del Olmo et al. 1998; Kuramitz et al. 2001;
Schifer et al. 2006). Although, the minor peak slightly
increases and then decreases (pH > 7) with the increasing
pH value of the BRB. This result shows that the phenolate
ion is oxidized more easily than neutral BPA. These results
are in good agreement with a previously reported method
(Wang et al. 2018). Consequently, for the simultaneous
and sensitive sensing of BPA and BPS, 0.1 M BRB with
a pH of 5.0 was chosen as the supporting electrolyte. The
above findings demonstrated that the modified GCE had
a high electrochemical performance for the oxidation of
BPA and BPS in 0.10 M BRB (pH 5.0).

@ Springer

Simultaneous Detection of BPA and BPS

Before recording the linear curve for BPA and BPS detec-
tion, the frequency (1-10 Hz), step size (5-20 mV), and
pulse amplitude (50-200 mV) were carefully examined in
the detection of both compounds. The optimal parameter
values were frequency: 4 Hz, step size: 15 mV, and pulse
amplitude: 150 mV.

Binary solutions have been prepared from various con-
centrations of both analytes in the range 1.0 — 30 uM using
0.1 M BRB, and SWV was employed for the simultaneous
detection of BPA and BPS. The detection of two analytes
was carried out by the simultaneous increase of their con-
centrations. It can be monitored in Fig. 6 that the responses
of two analytes increased when the concentrations simulta-
neously increased within the linear range of 1.0 —30 uM.
The findings indicated that the developed sensor can be
properly used for the simultaneous sensing of two EDCs
without interference with each other. In Fig. 6A, the linear
correlation between their SWV responses and concentration
can be described as follows: I(uA)=1.9543 C (uM) + 1.8539
(R*=0.9974) for BPA and I(uA) =1.0709 C (uM) +3.7099
(R*>=0.9925) for BPS. Additionally, the LODs of BPA and
BPS were 0.35 pM and 0.56 pM, respectively. The LOD was
calculated based on LOD =3SD/m (Miller and Miller 1993).
In this equation, SD is the standard deviation of a concen-
tration of 1.0 pM (binary solution, each 1.0 pM) measured
with five replicates and m is the slope of the calibration plot.
Electrochemical findings exhibit that the TETA-MWCNTs
textures with a perfectly active surface area is a promising
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Fig.6 A SWYV for various BPA
and BPS concentrations in a
binary mixture in the range
1.0-30 uM in 0.1 M BRB at
TETA-MWCNTs/GCE. B SWV
on the TETA-MWCNTs/GCE in
0.1 M BRB (pH 5.0) contain-
ing 20 uM BPS and different
concentrations of BPA (0.0, 1.0,
2.0, 4.0, 8.0, 12, 16, 20, 30, and
40 pM). C SWV on the TETA-
MWCNTs/GCE in 0.1 M BRB
(pH 5.0) containing 20 pM BPA

BPS
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scaffold for the detection of a binary mixture of BPA and
BPS with limits of detection in the pM range (0.35 pM and
0.56 puM, respectively). These pM LODs are interrelated to
the sensitivity and differentiation behavior of the synthesized
TETA-MWCNTSs/GCE for these coexisting practiced two
analytes even at small concentrations.

Individual sensing of both analytes was shown in Fig. 6(B
and C). Thereby, the quantitative assessment of BPA and
BPS at the TETA-MWCNTSs/GCE, SWV was performed
with a contrariwise binary mixture in BRB pH 5 under
optimized experimental conditions. To measure the current
response of one analyte, the other target analyte was fixed
in a specific concentration. For individual sensing BPA,
BPA concentration was increased gradually from 1.0 to
40 uM, in the presence of BPS (BPS was fixed at 20 uM).
The responses of BPA increased linearly with the increas-
ing concentrations, while the BPS peak current was nearly
stable. In the range from 1.0 to 40 pM, BPA concentration
reveals a good linear relationship with the oxidation peak
currents. Figure 6B shows the increase in the peak currents
of BPA. Similarly, for sensing BPS, BPS concentration was
changed gradually from 1.0 to 120 pM, in the presence of
BPA (BPA was fixed at 20 pM). As a result, BPS concentra-
tion with the range from 1.0 to 120 pM and the current value
also display a good linear relationship. Figure 6C shows
the increase in the peak currents of BPS. These reached
results allow concluding that the change of concentration
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of one analyte did not have an important effect on the SWV
response of the other one, showing that their peak cur-
rents are independent. As a function of concentration (from
Fig. 6B and C), the linear equation was: Ipa (LA)=1.3893 C
(UM) +4.3109 (R?>=0.9964) for BPA and I, (UA)=0.7445
C (uM)+4.8107 (R*>=0.9953) for BPS. The LODs were cal-
culated as 0.26 pM for BPA and 0.72 pM for BPS based on
the LOD =3SD/m.

Comparison of the Proposed Method

The analytical characteristics of different voltammetric sen-
sors for the simultaneous sensing of two EDC compounds
are exhibited in Table 1. Compared to early published sen-
sors for the simultaneous detection and quantification of
two EDCs, our developed voltammetric sensor has a lower
LOD (the calculated LOD for BPA and BPS are 0.35 uM
and 0.56 pM, respectively). The LOD values are lower than
those previously reported in the kinds of literature (Zheng
et al. 2016; Wang et al. 2018). Also, the TETA-MWCNTs-
modified GCE displays a wide linear range than previously
used methods (Zheng et al. 2016; Wang et al. 2018). How-
ever, it should be pointed out that the fabrication of modi-
fied electrodes is often time-consuming involves various
complicated steps (except Wang et al. 2018) and sometimes
leads to nonreproducible results (Zheng et al. 2016; Ye
et al. 2019; Pang et al. 2020). In our experiments, usage
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Table 1 Examples from
the previously reported
strategies for simultaneous

electrochemical determination
of BPA and BPS

Sensor Linear range (uM) LOD (uM) Reference

BPA BPS BPA BPS
Pt/PDDA-DMP hybrid/GCE 5-30 10-60 0.6 2.0 Zheng et al. (2016)
MWCNTs/GCE 2-30 20-80 0.5 4.0 Wang et al. (2018)
CTpPa-2/GCE 0.1-50 0.5-50 0.02 0.09 Pang et al. (2020)
AuAgPt-PCD-GO/GCE 0.0064.0 0.008-8 0.002 0.00267 Ye et al. (2019)
TETA-MWCNTSs/GCE 1.0-30 1.0-30 0.35 0.56 This work

AuAgPt, AuAgPt ternary alloy nanocrystals; CTpPa-2, covalent organic framework (Tp:1,3,5-trifor-
mylphloroglucinol; CTp, chiral (p)-diacetyl-L-tartaric anhydride; Pa-2, 2,5-dimethyl-p-phenylenediamine);
DMP, diamond powder; GCE, glassy carbon electrode, GO, graphene oxide, MWCNTs, multi-walled car-
bon nanotubes; PCD, porous B-cyclodextrin polymer; PDDA, poly(diallyl dimethyl ammonium chloride);

Pt, platinum nanoparticles

of TETA-MWCNTs-modified GCE decreases the risk of
measurement errors (a small number of operations in the
analytical procedure) and reduces the expenses and opera-
tional skills of analysts.

Reproducibility, Repeatability, and Stability

Five independent TETA-MWCNTs/GCEs were used to meas-
ure the reproducibility of electrodes. The results showed that
five independent TETA-MWCNTs/GCEs had very similar
detection results for BPA and BPS (each 8 uM). The rela-
tive standard deviation (RSD) was found to be 4.2% for BPA
and 5.2% for BPS. In addition, the oxidation peak current
response of the prepared electrode for BPA and BPS (each 8
uM) was retained at about 94% and 93% of its initial current
after 4 weeks storage (in a refrigerator at 4 °C). As noticed in
the CV, the electrochemical oxidation of BPA and BPS is an
irreversible process, and its oxidation products are likely to
adsorb on the electrode surface, thereby reducing the electro-
chemically active area. Therefore, the TETA-MWCNTs/GCE
is not a repeatable electrochemical sensor. The above find-
ings indicated that the TETA-MWCNTs-modified GCE has
excellent coincidence so using it to estimate the concentra-
tion of EDCs simultaneously will have good reproducibility
and accuracy. Based on the well electrochemical property,
the TETA-MWCNTSs nanocomposites can be used as a new
class of electrode material for electrochemical applications,
so the tests of reproducibility and stability are very important.

Interference Studies

One crucial issue for the practicality of a sensor is its
proficiency to differentiate the target species from for-
eign species. Therefore, the voltammetric responses of
BPA and BPS (8 uM each) were carefully measured at
the TETA-MWCNTSs/GCE in the presence of different
foreign species. The reached findings indicate that the
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prevalent inorganic species such as Ca®*, Mg”*, Zn*™,
AIP*, Cu**, K*, Na*, CI” and SO,*™ in 100-fold excess
almost do not affect the current response of both analytes
at the TETA-MWCNTs/GCE (Fig. 7A). Furthermore, the
effects of some potential organic species (tenfold excess)
such as glucose, uric acid, and ascorbic acid on the SWV
response of both molecules were properly tested. The
experimental findings indicate that these two analytes
do not give rise to a definable change in peak currents
of BPA and BPS. To further verify the selectivity of the
TETA-MWCNTs/GCE to BPA and BPS, imipramine,
desipramine (antidepressant drugs), organophosphate,
organochloride (pesticides), and estradiol were selected as
the interferents. According to the experimental results, no
significant interferences were also observed in the tenfold
excess of commonly available molecules such as imipra-
mine, desipramine, organophosphates, organochlorides,
and estradiol (Fig. 7B). Consequently, the introduced
TETA-MWCNT-based voltammetric sensor has sufficient
selectivity and satisfactory anti-interference performance
for the accurate sensing of target EDCs.

Real Food Samples Analysis

To understand the potential implementation, the designed
sensor was applied to estimate BPA and BPS in drink-
ing water, milk, cola, and juice samples. Accuracy studies
were tested by determining the recovery of spiked two
analytes to the matrix of the samples. The specific con-
centrations of standard two analytes were appropriately
spiked into the abovementioned samples, and three rep-
licate experiments were performed to display the recov-
ery efficiency. The obtained findings were illustrated in
Table 2. It can be displayed that the recovery values of
BPA and BPS were from 94 to 98%. The experimental
findings demonstrated that TETA-MWCNT/GCE could
serve as a voltammetric sensor for simultaneous detection
of BPA and BPS in real food samples.
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Fig.7 Comparison of the cur-
rent response of TETA-MWC-
NTs/GCE with 8 uM BPA and
BPS in the absence or presence
of selected foreign species. A
100-fold. B tenfold. Error bars

represent standard deviations

(n=3)

Table 2 Simultaneous detection of BPA and BPS in food samples

using TETA-MWCNTSs/GCE (n=3)

—_—

Current (nA)

b
8,

M BrPA

G
Yoo,

4/ 7,

Sample Added (uM) Found Recovery
(M) £SD (%)
BPA BPS BPA  BPS

Water - <LOD <LOD - -

8 7.86+0.35 7.83+0.21 98.25 97.88

12 11.95+0.63 11.82+0.25 99.58 98.50

20 20.05+0.48 19.61+0.42 100.25 98.05
Milk - <LOD <LOD - -

8 757045 7.65+0.45 94.63 95.63

12 11.64+0.22 11.64+0.40 97.00 97.00

20 19.86+0.13 19.53+0.32  99.30 97.65
Cola - <LOD <LOD - -

8 7.86+0.32 7.72+0.36 98.25 96.50

12 11.72+£0.36  11.81+£0.24  97.67 98.42

20 19.84+0.17 19.58+0.45 99.20 97.90
Juice - <LOD <LOD - -

8 7.56+0.26 7.65+0.36 94.50 95.63

12 11.95+£0.23 11.54+0.51 99.58 96.17

20 20.05+0.12 18.88+0.72 100.25 94.40
Conclusion

In this current protocol, we have introduced the electro-
chemical behavior of BPA and BPS at TETA-MWCNTs/
GCE. MWCNT increased the surface area as well as
formed TETA-MWCNT adsorption sites for BPA-BPS,
which improved sensor sensitivity. The developed sensor
shows outstanding electrochemical efficiency for simul-
taneous sensing and quantification of both analytes with
a large anodic peak potential difference. Moreover, the

[vv)
_ m = = =
S N & O ©

Current (LA)

S N A N

proposed method has been successfully applied for the
detection of BPA and BPS in a variety of food samples
with satisfactory results. Furthermore, the fabrication of
TETA-MWCNTs not only encourages the development of
new porous textures but also ensures a new vision for the
design of electrochemical-based sensors. The sensor was
able to detect BPA-BPS in the presence of different inter-
fering nontarget species (e.g., CI~, Mg?* Ca*, and various
organic compounds), and was also able to detect BPA-BPS
in a pH-adjusted food matrix with convincing sensitivity.
The invented method will be useful for the detection of
BPA and BPS in food products and thus would be of great
help to food quality control and monitoring. Finally, the
invented electrochemical sensor can be used for monitor-
ing water pollution control.
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