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Abstract

In this work, an electrochemical sensor was developed for the determination of naphthalene (NaP) in well water samples,
based on a glass carbon electrode (GCE) modified as a nanocomposite of manganese oxides (MnO, ) and COOH-functional-
ized multi-walled carbon nanotubes (MWCNT). The synthesis of MnO, nanoparticles was performed by the sol-gel method.
The nanocomposite was obtained by mixing MnO, and MWCNT with the aid of ultrasound, followed by stirring for 24 h.
Surface modification facilitated the electron transfer process through the MnO,/MWCNT/GCE composite, which was used as
an electrochemical sensor. The sensor and its material were characterized by cyclic voltammetry (CV), transmission electron
microscopy (TEM), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction
(XRD) and Fourier transform infrared spectroscopy (FTIR). Important parameters influencing electrochemical sensor per-
formance (pH, composite ratios) were investigated and optimized. The MnO,/MWCNT/GCE sensor showed a wide linear
range of 2.0-16.0 pM, a detection limit of 0.5 pM and a quantification limit of 1.8 pM, in addition to satisfactory repeatability
(RSD of 7.8%) and stability (900 s) in the determination of NaP. The determination of NaP in a sample of water from a gas
station well using the proposed sensor showed results with recovery between 98.1 and 103.3%. The results obtained suggest
that the MnO,/MWCNT/GCE electrode has great potential for application in the detection of NaP in well water.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are formed by the
incomplete combustion of carbon and hydrogen-containing
substances such as crude oil, coal and wood tar [1]. Some
PAHs fall into a group considered for human health hazard-
ous [2-4], because they are potentially carcinogenic com-
pounds and can cause intoxication when ingested, inhaled
or in dermal contact with very high doses [5, 6].
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Consequently, PAHs are monitored worldwide in various
environmental matrices [7]. They can be found in different
ecosystems, such as air, soil or water, caused mainly due to
industrialization, urbanization, incomplete combustion of
fossil fuels (coal, diesel and oil), and other organic materi-
als [8].

These facts have aroused the interest of researchers in
developing methodologies for their determination in the
environment. Thus, groundwater is considered an interest-
ing matrix for the determination of PAHs.

The Brazilian legislation in CONAMA resolution no.
460/2013 [9] establishes the value of 140 pg L™! in ground-
water. The United States Environmental Protection Agency
(EPA) has established, among the different known PAHs, 16
of them as priority hazards. NaP (molecular formula C,yHg,
chemical structure shown in Fig. 1) is among these 16 PAHs,
since 2000, after being considered one of the great problems
in an environmental and occupational sense, due to its sig-
nificant carcinogenic effects [10]. NaP is a constituent of
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Fig. 1 Naphthalene molecule

diesel and jet fuel, and soil contamination from these fuels
is considered a serious environmental problem [11-13].

Due to the environmental and health problems such as the
caused by the NaP [5], there is a great need for the develop-
ment of efficient and reliable analytical methods for their
identification and quantification in groundwater [4].

EPA considers the maximum level allowed for these
contaminants in drinking water to be 0.2 ug L™! [14]. On
the other hand, the value considered as the maximum level
of NaP by the EU in inland surface waters is 2.0 pg L™},
according to directive 2013/39/EU [15].

Chromatography, spectrometry and immunoassays are the
usual methods for determining PAHs [16]. Other analytical
methods have been developed for the determination of these
compounds in groundwater. Electrochemical methods using
different electrode materials have been applied to determine
PAHs, including NaP.

Carbon is a flexible robust substrate and is widely used
in the electroanalytical field as electrode material such as
glassy carbon, carbon paste, carbon fiber and carbon nano-
tubes, increasing the charge transfer kinetics of electrodes
and electrolytic interfaces [17]. Among these substrates,
glassy carbon offers attractive electrochemical reactivity,
negligible porosity and good mechanical stiffness, which
provides a reproductive surface structure [18, 19]. Multi-
wall carbon nanotubes (MWCNTs) have received increasing
attention due to their high electrical conductivity, excellent
mechanical strength and other extraordinary properties [20].
Furthermore, the literature reports that metal oxides com-
bined with carbon nanotubes have superior properties when
compared to their basic counterparts, thus overcoming pos-
sible electrochemical limitations due to their high electron
transfer rate, long-term chemical stability, larger surface area
and high robust mechanical resources [21-23].

Metal oxide nanoparticles (MO,NP) are dynamic materi-
als with different applications in the scientific field. Interest-
ingly, one-dimensional oxide provides distinctive features
such as chemical and thermal stability, controlled size/mor-
phology, low cost and fast electron communication [24].
Nanoparticles of Fe;O,, SnO,, TiO,, MnO, ZrO,, WO; and
ZnO have been reported as materials for determining PAHs
[25, 26].

Medina-Castillo [27] developed a Fe;O,-MIPs sensor for
pyrene determination. Li and Qu [28] studied the determina-
tion of anthracene through the structure CA[n]@SiO,@CdTe.
The author Toledo [29] determined NaP by means of the modi-
fication of PANI/SiO, in the porous electrode. The interest in

@ Springer

MO, NP is justified by their non-toxicity, high stability, high
electrocatalytic activity and large surface area [26, 30].

Nanocomposites based on MWCNTs-MnO, have been
applied in many fields, and its application as adsorbent for
PAHs has been also studied [31]. Therefore, this composite
could also be combined and set as an electrochemical sen-
sor for PAHs. In this work, a MnO,/MWCNT nanocomposite
modified glassy carbon electrode was developed as a novel
electrochemical sensor for NaP.

Experimental section
Reagent and solutions

All chemicals used in this work were of analytical degree,
and all aqueous solutions were prepared with deionized water
(resistivity: > 18.2 MQ cm), purified by a Milli-Q system
(Millipore Inc., USA). Manganese (II) chloride tetrahydrate,
acetonitrile, ethylene glycol, boric acid, sodium perchlorate
monohydrate, sodium hydroxide, anthracene, benzene and
dimethylformamide were obtained from Merck (Merck, Ger-
many). NaP, toluene and xylene were obtained from the com-
panies Supelco (Supelco, USA), Synth (Synth, Brazil) and
Neon (Neon, Brazil), respectively. Multi-walled carbon nano-
tube functionalized with groups (-COOH) was supplied by
DropSend (DropSend, S.L, Spain). Sulfuric acid, acetic acid,
phosphoric acid and nafion® were purchased from Sigma-
Aldrich (Sigma-Aldrich, USA). A Britton-Robinson (BR)
buffer solution was prepared by mixing solutions of phos-
phoric acid, acetic acid, boric acid and sodium perchlorate at
a concentration of 0.1 M. The pH was adjusted by the addition
of sodium hydroxide solution (2.0 M). The NaP stock solution
was prepared in 1:1 (v/v) water/acetonitrile.

Equipment and materials

The infrared spectra (FTIR) of the synthesized materials
(MnO,/MWCNT) were recorded by the Shimadzu IR Pres-
tige-21 spectrometer in the region of the wavelength range
from 400 to 4000 cm™!, deactivated and prepared on KBr pal-
lets (1.0%). X-ray diffraction (XRD) analyses were performed
using a Bruker D8 Advance diffractometer using Cu Ka radia-
tion in the 26 angle range (10°-80°). The mean size (d) of the
nanoparticles was evaluated by applying the Scherrer equation
below [32]:

d= 0.944 |
pcos@ @)

where “2” is the wavelength of the X-rays (0.154 nm), “p”
is the width at half the height of the analyzed peak, and 8 is
the Bragg angle.
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Transmission electron microscopy (TEM) images were
recorded using a Philips CM200. Scanning electron micros-
copy (SEM) and energy-dispersive X-ray spectroscopy
(EDS) were performed on a Hitachi TM 3030 instrument.

The electrochemical experiments were performed at
atmospheric pressure and room temperature in a con-
ventional three-electrode cell using a potentiostat model
PGSTAT 302 from Metrohm Autolab connected to a com-
puter with the NOVA 2.1 software. A GCE (geometric
area=0.07 cm?), AglAgClIKCl, and platinum wire were
used as the working, reference and auxiliary electrodes,
respectively.

MnO, nanoparticles synthesis and preparation
of the MnO,/MWCNT nanocomposite

The synthesis of MnO, nanoparticles was performed by
the sol-gel method. 3 g of MnCl,.4H,0 was dissolved in
ethylene glycol (50 mL) into the solution at 50 °C, and the
solution was heated until reach 80 °C to form the gel, after
this solution was then stirred at room temperature for 2 h and
dried in an oven at 150 °C. Then, it was ground in a mortar
and placed in a muffle furnace at 600 °C for 3 h (heating
rate of 5 °C min~") [33]. The MnO,/MWCNT nanocompos-
ite was prepared according to the procedure reported in the
literature [34]. First, the manganese oxide was dispersed in
dimethylformamide and sonicated for 30 min. Afterward,
MWCNT was added and more 30 min of sonication was
performed. Then, the resulting suspension was placed under
agitation for 24 h. After this period, the material was cen-
trifuged for 30 min at 2400 rpm. The supernatant was dis-
carded, and the precipitate was washed with distilled water
successive times to remove possible impurities and oven-
dried at 50 °C for 1 h.

Electrode preparation

Initially, the GCE was polished using an alumina suspension
(0.05 um) on a felt, and electrochemically polished by suc-
cessive scans in a potential range between 1.0 and — 1.5V
in 0.5 M H,SO,, at 50 mV s~! until obtaining the cyclic
voltammogram with characteristics of a clean GCE. The
modified GCE was prepared using a suspension contain-
ing 5.0 mg mL~" of nanocomposite (MnO, nanoparticles
and MWCNT) in deionized water with 0.5% nafion®. The
mixture was homogenized in an ultrasonic bath for 30 min
at room temperature. Subsequently, a 10 uLL aliquot of the
resulting suspension was dripped onto the GCE surface,
which was then dried at room temperature to allow the sol-
vent to evaporate and obtain the MnO,/MWCNT/GCE.

To characterize the properties of the MnO,/MWCNT/
GCE, voltammograms were registered in BR buffer pH
1.8, using the scan rate (v) of 50 mV s7'in the 0.0-1.6 V

potential range. The optimization of the composite of MnO,
and MWCNT was performed in different proportions (1:1,
2:1, 3:1 and 1:2 m/m) in order to ensure high selectivity,
robustness, and allow to determine low concentrations of
NaP.

Electrochemically active surface area

The electrochemically active surface area (ECSA) can be
estimated through the electrical double-layer capacitance
(Cpy) and the specific capacitance (C,) according to Eq. 2.
This approach is often used to determine the surface area of
different materials [35]. Cp;, measurements occurred at dif-
ferent scan rates, in a small potential range, where no occur
faradaic processes [36].

C
ECSA = —BL
C

s

@

C, is defined as the specific capacitance of the sample or
the capacitance of an ideal flat surface of the material. The
actors Barton and Infield [37] describe procedures to find
standardized values of C, in acidic or basic media. How-
ever, measuring C; values is not practical for different sys-
tems. McCrory [38] reported different C; values taking into
account different materials in acidic solutions, typical val-
ues range reported for C,, from 0.015 to 0.11 mF cm™ in
H,S0, and from 0.022 to 0.130 mF cm~2 in NaOH and KOH
solutions. According to these studies, C values may vary
for different materials [38, 39]. In this work, the value of
C,=0.035 mF cm~2 was adopted according to the literature
[36, 38].

The Cp; was determined in an H,SO, 1.0 M solution,
measuring the non-faradaic capacitive current associated
with a given potential at different scan rates (from 10 to
80 mV s7!) in the range of 0.65-0.75 V vs. Ag/AgCl [36].

Real sample preparation

The groundwater sample was collected from a well of a
gas station located in the city of Sao Luis, Maranhdo State,
Brazil. The sample was collected in an amber glass bottle
previously cleaned with Extran® solution and oven-dried
at 100 °C for 24 h. During the collection, the amber glass
bottle containing the sample was kept in an ice bath and then
taken to the laboratory and stored at a controlled temperature
(~4.0 °C) for a maximum period of 20 days. The sample
was diluted with BR buffer solution, pH 1.8, in the propor-
tion of 1:1 (v/v) in order to perform the electrochemical
measurements by differential pulse voltammetry (DPV). The
concentrations of NaP in the sample were determined by the
standard addition method. In order to carry out the recovery
analysis, known amounts of NaP were added to the original
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sample, using the methodology proposed by Burns, Danzer,
and Townshend [40].

Analytical procedure

Ten mL of 0.1 M BR solution (pH 1.8) containing NaP from
standard solution (analytical curve) or from the sample was
added to the electrochemical cell. Electrochemical measure-
ments performed by CV were recorded in the potential range
of 0.0-1.6 V at a scan rate of 0.05 V s!. All solutions ana-
lyzed by DPV were realized using the parameters indicated
in item “Optimization of DPV parameters for NaP analysis.”

Results and discussion
Physical-chemical characterization

The FTIR spectra in the region from 400 cm™! to 4000 cm™",
obtained for MnO,, MWCNT and MnO,/MWCNT, are
shown in Fig. 2a. For the MWCNT functionalized with
COOH- groups, the bands at 3440 em™!, 1630 cm™! and
1033 cm™! are assigned to the stretching vibrations of
(O-H), (C=0) and (C=0), respectively [34, 41]. The spectra
obtained for MnO, provided intense bands at 522, 580 and
682 cm™! generated as Mn—O stretching vibrations [42]. The
formation of the nanocomposite MnO,/MWCNT was veri-
fied due to the presence of all characteristic bands of MnO,
and MWCNT in the spectrum of the nanocomposite MnO,/
MWCNT, confirming the incorporation of the nanoparticles.

The crystal structures were evaluated by XRD (Fig. 2b).
Peaks indexed for MWCNT at 26 of 25.6° and 42.1° corre-
spond to the (002) and (100) reflection planes, characteristic
of carbon [34, 43]. The peaks in the diffractogram obtained
for MnO, were indexed as a spinel structure (JCPDS no.
041-1442). In this case characteristic peaks of Mn,O; (high-
lighted with * symbol) are displayed at 26 values of 23.1°,
32.9°,38.2°,45.1°,49.3°, 55.2°, 64.2°, 65.8° and 67.5° cor-
responding to the (211), (222), (400), (332), (431), (440),
(541), (622) and (631) planes, respectively [34, 44]. Further-
more, diffraction peaks at 20 of 18.0°, 28.9°, 32.4°, 36.2°,
58.6° and 59.9° (highlighted with # symbol) are assigned to
Mn;0, (JCPDS no. 24-0734), corresponding to its (101),
(112), (103), (211), (321) and (224) facets, respectively
[44]. The diffraction pattern of MnO,/MWCNT presents
peaks characteristic of MWCNT in addition to peaks simi-
lar to those observed for MnO,, confirming the presence of
MWCNT and MnO, in the composite. The average crystal
size was calculated using Eq. 1 [32] for the highest intensity
peaks from the diffractograms in Fig. 2b. The average crystal
size of the nanoparticles was 3.3 and 39.9 nm for MWCNT
and MnO,, respectively. For the composite MnO,/MWCNT,
the average size found was 29.6 nm. These results indicate
the efficiency of the method used to obtain nanoparticles.
The elemental analysis of the MnO,, MWCNT and MnO,/
MWCNT nanomaterials was performed by the EDS tech-
nique, and the morphology was evaluated using the TEM
and SEM technique. Figure 3 shows the TEM images of the
MnO,/MWCNT nanocomposite and MWCNT.

Figure 3a presents an overview of the nanocompos-
ite at the 200 nm scale. As can be observed the uniform
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Fig.3 TEM of a MnO,/
MWCNT (200 nm) b MWCNT
(50 nm) and ¢ MnO,/MWCNT
(50 nm) nanocomposite

distribution of MnO, nanoparticles in the MWCNT, form
a porous network structure, able to accommodate volume
changes, as well as offering many reactive sites, facilitating
rapid electron transport. Figure 3b shows the structure of
the MWCNT more clearly with a scale of 50 nm. Further-
more, Fig. 3¢ indicates the presence of manganese oxide in
MWCNTs, confirming the obtaining of the nanocomposite
(MnO,/MWCNT).

In Fig. Sla it is possible to clearly visualize the mor-
phology of MnO, nanoparticles, showing that the MnO, has
irregularity in relation to the sizes of MnO, clusters. In Fig.
S1b, it is possible to observe the insertion of MnO, on the
surface of the carbon nanotube, maintaining its morphologi-
cal characteristics. The EDS (Fig. S1c) confirms the pres-
ence of manganese and oxygen atoms in the composition
of MnO,, with a small amount of carbon due to calcina-
tion residue. The EDS of MnO,/MWCNT composite (Fig.
S1d) confirms the presence of MnO, regarding the pres-
ence of carbon, showing that the composite was successfully
obtained.

Electrochemical characterization of MnO,/MWCNT/
GCE

To determine the ECSA of MnO,/MWCNT/GCE, voltam-
mograms were recorded as described in the “Electrochemi-
cally active surface area” section. The results are shown in

Fig. 4a for the MnO,/MWCNT/GCE. The linear increase in
current density with scan rate increase clearly indicates the
charging and discharging of the Helmholtz double layer [35].
The double-layer charging current is equal to the prod-
uct of the scan rate, v, by the double-layer electrochemical
capacitance Cp; , and can be determined by Eq. 3 [38].

I.=0XCp, 3)

where /. is the current obtained at a given potential and v is
the scan rate. Thus, a plot of /. versus v produces a straight
line with slope equal to Cp; (Fig. 4b), on which the current
was plotted vs. v considering E=0.75 V. The slopes ,=1.1
mF and /,=-1.0 mF were obtained. The average value of
the slopes modules (1.1 mF) represents the value of Cp;
(Eq. 3). With this value in hand, it was possible to calculate
the ECSA value through Eq. 2, that is 30.7 cm?, a value close
to those obtained in the literature [45].

To study the electrochemical characteristics of the modi-
fied GCE, CV technique was used. Figure 5a shows the
voltammetric responses of GCE (curve a), MnO,/GCE
(curve b), MWCNT/GCE (curve c), and MnO,/MWCNT/
GCE (curve d), in BR buffer pH 1.8, using a scan rate of
50 mV s~!, recorded in the 0.0~1.6 V potential range.

For data interpretation, the Pourbaix diagram for manga-
nese was used [46]. As expected, no oxidation or reduction
peaks were observed in the voltammograms for the GCE

Fig.4 a CVs curves of MnO,/ 200 120 o)
MWCNT/GCE at different scan
rates between 10 and 80 mV 1504 80
vs. Ag/AgClin 1.0 M H,SO,;
b the corresponding cathodic 1004 404
and anodic charging current
densities measured at 0.75 V vs. < 50+ <
Ag/AgCl plotted as a function f N % 01
of scan rate
401
50
-100 -801
-150 T T T T T T -120 T T T T T
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Fig.5 a CVs of GCE (curve a), MnO,/GCE (curve b), MWCNT/
GCE (curve c) and 1:1 MnO,/MWCNT/GCE (curve d) in BR buffer
pH 1.8, scan rate was of 50 mV s~!. Inset shows curves a and b in

(curve a) and MWCNT/GCE (curve ¢) in the aforemen-
tioned supporting electrolyte. However, for the MnO,/GCE
and MnO,/MWCNT/GCE, different voltammetric peaks are
observed, attributed to redox processes that occur during
the electrochemical formation of manganese oxides (Mn;0,,
Mn,05 and MnO,). The potential range between 0.3 and
0.6 V is associated with the formation of Mn,0O5 [47]. The
change in the voltammetric profile of the electrode contain-
ing MWCNT is probably due to the electrocatalytic response
of the MWCNT on the surface of the GCE, besides improv-
ing the current conductivity and increasing the active surface
area. The anodic peak near 1.2 V is formed by the oxidation
of Mn,0O; to produce MnO,, in accordance with the Pour-
baix diagram for manganese in acidic medium [46]. The
corresponding cathodic peak close to 0.95 V refers to the
reduction of the Mn** present in MnO.,, leaving the elevated
oxidation state to the Mn>* state [48—50].

The mass ratio of the MnO,/MWCNT composite (1:1,
2:1, 3:1 and 1:2 m/m) exerts a direct influence on the film
thickness, and its effect on the voltammetric behavior was
evaluated in BR buffer, pH 1.8 (Fig. S2). The evaluation of
the best conditions was analyzed in terms of anodic peak
current (/,;,) and potential (E,;) obtained for each composi-
tion studied. For the 1:1, 2:1, 3:1 and 1:2 mass ratios, the
Ip values were 0.43 mA, 0.28 mA, 0.30 mA and 0.32 mA,
respectively. The Ep values found were 1.15V, 1.15 V,
1.31 V and 1.11 V, respectively. Therefore, it was possi-
ble to infer that the mass ratio with the best voltammetric
performance was 1:1 MnO,/MWCNT, revealing that MnO,
increases the reaction sites and the surface area in relation
to the modified electrode only with MWCNT or MnO,.
These results show that the synergistic effect of the materi-
als improved the electrochemical activity of the electrode.
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magnification for better viewing. b CVs obtained for the different
electrodes in BR buffer (pH=1.8) and presence of 1.0 mM NaP at a
scan rate of 50 mV s.”!

It is also possible to notice an increase in double-layer
capacitance current for the 1:1 MnO,/MWCNT ratio, which
indicates that the material was deposited on the electrode
surface, forming an electronically conducting film [51]. Fur-
thermore, a shift in potential is observed for the mass ratio of
3:1, possibly due to excess MnO, on the surface of the GCE.

The electrochemical behavior of NaP using GCE,
MWCNT/GCE, MnO,/GCE and MnO,/MWCNT/GCE
was evaluated by the CV technique in BR buffer (pH=1.8)
containing 1.0 mM NaP (Fig. 5b). For the MnO,/MWCNT
nanocomposite, different compositions were evaluated (1:1,
2:1,3:1 and 1:2 m/m).

Considering that the oxidation potential for the MnO,/
MWCNT is at 1.15 V, it is possible to notice a second anodic
peak at 1.30 V, referring to the oxidation of NaP.

All electrodes tested showed an anodic peak attributed
to NaP oxidation; however, the 1:1 MnO,/MWCNT/GCE
exhibited the best response with a current of 732.0 pA and
a peak potential of 1.30 V associated with NaP oxidation
in the 1:1 MnO,/MWCNT/GCE molar ratio, which is 1.7
times higher when compared to the MWCNT/GCE (430.0
pA), 22.1 times higher when compared to the GCE (33.1
pA) and 6.4 times higher when compared to the MnO,/
GCE (114 pA). In the case of ratios of 2:1 and 3:1 for
MnO,/MWCNT/GCE, the observed decrease in the oxi-
dation current of NaP when compared to the ratio 1:1 of
MnO,/MWCNT/GCE is probably due to excess MnO, on
the surface of the electrodes, which impaired the transfer
of electrons from the analyte to the transducer. For the
ratio of 1:2 MnO,/MWCNT/GCE, the decrease in the peak
current may be associated with the inhibition of MnO,
nanoparticles, caused by the increase in the amount of
MWCNT in the nanocomposite. For the ratio of 3:1 of
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MnO,/MWCNT/GCE, in addition to a decrease in cur-
rent, a peak shift to higher potentials (1.5 V) was also
observed. For the different electrodes tested, the cathodic
peak observed around 0.08 V is related to the by-products
of NaP oxidation [52]. According to the literature [53],
the oxidation of NaP on the MnO,/MWCNT/GCE can
occur through the production of radical cations, which are
hydrated, leading to the formation of by-products, the most
stable of which being the species 1,4-naphthoquinones and
binaphthyl [53, 54].

The common mechanism of electrochemical transmis-
sion in arenes indicates a radical cation formation (Eq. 4),
where AH, is the aromatic hydrocarbon and (AH2)+° is
the radical cation. After the formation of the cation, they
can trigger different secondary reactions. One of the most
important reactions is the abstraction of the hydronium ion
to form the neutral radical (Eq. 5). The radical produced
can be re-oxidized (Eq. 6) to form the carbocation, which
subsequently reacts with the nucleophile to obtain the
hydroxylated compound (Eq. 7). The resulting hydroxy-
lated product can be re-oxidized again to form more stable
compounds such as the major product, 1,4-naphthoqui-
nones [53-55].

1500
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Electrochemical behavior and feasibility for NaP
electroanalysis

The effect of scan rate on the electrochemical behavior of
NaP in MnO,/MWCNT/GCE was analyzed by CV using
1.0 mM NaP in BR buffer, pH 1.8. The CVs were obtained at
different scan rates ranging from 10 to 100 mV s~! (Fig. 6a).
The linear relationship between /, vs. v (Fig. 6b) indicates
that the reaction of the analyte on the electrode surface
modified with MnO,/MWCNT/GCE is controlled by an
adsorptive process. The log 7, vs. log v plot (Fig. 6¢) shows
a good linear relationship with a slope of 0.8. This value is
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Fig.6 a CVs of MnO,/MWCNT/GCE in the presence of NaP (1 mM), in BR buffer pH (1.8) with different scan rate (10 mV s7'—100 mV s7h).

b Ratio of I, vs. v; clog I, vs. log v;d Evs. logvand e Evs. v
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close to the theoretical value of 1.0 [56], which is typical of
adsorption-driven redox processes. This result is in agree-
ment with previous studies for the determination of NaP [3].

Figure 6d shows the relationship of E vs. log v, and is
expressed by the Laviron equation (Eq. 8) [57].

E = E° + 2.303RT /anF [log (RTK,/anF) — log v (8)

where 'a' is the charge transfer coefficient for the molecule
oxidation, 'k, is the standard rate constant of the surface
reaction, 'v' is the scan rate (V s‘l), 'E” is the formal redox
potential (V), 'T" is the temperature (K), 'R' is the univer-
sal gas constant (8.314 J K™! mol™"), 'n' is the number of
electrons involved in the rate-determining step, and 'F" is
Faraday's constant (96,485 C mol™!). According to experi-
ments performed, the relationship between the oxidation
peak potentials of NaP and log v (0.01-0.1 V s7!) is given
by equation £=0.1 log v+ 1.2 (Fig. 6d). Thereby, one can
calculate ‘an’ according to the slope of the equation. The
value found was 0.4, and as reported by Bard and Faulkner
[58], the theoretical value of « for an irreversible process is
0.5, so the value for ‘n’ is approximately 1. The result found
for ‘n’ indicates that one electron has been involved in the
oxidation of NaP.

The k, value was also calculated to inform about the
speed of the electron transfer process of NaP oxidation on
the electrode surface. For this, Eq. 8 was used. The value of
E? was obtained using the graph E° vs. v (Fig. 6e), in which
the intercept of the linear regression equation is the value of
E®, in this case 1.3 V vs. Ag/AgCl. Hence, it was possible to
obtain k, in the value of 24.5 s™" at 298 K. The surface con-
centration of NaP at MnO,/MWCNT/GCE was calculated
using the following equation [59].

2152
I, =n"F°Al'v/4RT )

In Eq. 9, ‘A’ is the active surface area of the sensor in
cm?, ‘v’ is scan rate, ‘n’ is the number of electrons, ‘Ip’ is
the respective peak current, and ‘I"’ is the surface concentra-
tion in mol cm~2. The I” of NaP for bare GCE and MnO,/
MWCNT/GCE was found to be 1.4x 10™® mol cm™ and
2.2x 107 mol cm™2, respectively.

The pH is one of the main factors affecting the perfor-
mance of electrochemical sensors. Due to this, the effect of
pH on the oxidation of 1.0 mM NaP in MnO,/MWCNT/GCE
was studied by the CV technique using BR buffer in the pH
range of 1.0-6.0. The study in pH 1.0 was carried out using
H;PO, 0.1 M. Figure S3 shows /, vs. pH plot (E,=1.4 V),
where pH 1.8 was the most suitable to be used in the analy-
sis of NaP in MnO,/MWCNT/GCE. As this pH yielded the
highest current intensity, with good peak definition for NaP
oxidation, so it was selected for the subsequent experiments.

The interference of the MnO,/MWCNT/GCE sensor
was evaluated in the presence of the following possible
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foreign compounds in water: ions (sodium, potassium and
calcium), benzene, toluene, xylene, anthracene and pyrene.
Using the concentration of NaP as being 6.0 pM, in BR
buffer (pH 1.8), the ratios of 1:1 and 1:10 (analyte: pos-
sible interferent) were evaluated, respectively. The results
obtained in the presence of these compounds showed rela-
tive standard deviation values ranging from -2.4% to 3.1%,
as can be observed in Table S1. Based on these results, one
can conclude that the proposed method using DPV did not
present significative interference for NaP detection in the
presence of these possible interferents.

Optimization of DPV parameters for NaP analysis

To determine NaP by DPV using MnO,/MWCNT/GCE,
firstly the basic parameters of this technique (pulse ampli-
tude, scan rate and pulse time) were optimized. All these
measurements were realized in buffer BR (pH=1.8) in
the presence of NaP (50 pM). Pulse amplitude was tested
in the range of 10-100 mV scan rate in the range of
10-100 mV s~!, pulse time was optimized in the range of
100 ms to 250 ms. Based on these experiments (data not
shown), the following parameters were chosen and used
for all further measurements: amplitude =90 mV, scan
rate=60 mV s~! and pulse time = 100 ms. The optimal vol-
tametric parameters were chosen not only due to the high-
est /, but also considering the resolution (good definition)
of the NaP peak wave.

Analytical curve for NaP

After optimization of the parameters, the calibration curves
were constructed using the MnO,/MWCNT/GCE sen-
sor. DPV has been selected for NaP analysis, using MnO,/
MWCNT/GCE, since it is one of the most sensitive voltam-
metric techniques.

Figure 7 shows the voltammograms and corresponding
analytical curve for NaP. The increase in the NaP oxidation
peak at 1.3 V, due to the increase in its concentration in the
medium, results in a decrease in the peak close to 1.08 V,
which is attributed to the Mn>*/Mn** redox pair (Fig. 7a).
This indicates clearly that there is an interaction between
the analyte and the composite as result of the redox process.

The constructed analytical curve shows good linearity in
the concentration range between 2.0 uM and 16 pM of NaP,
as shown in Fig. 7b. The linear regression presented an R? of
0.99, where Ip= 1.1 NaP (uM) -1.8 x 107 is the mathemati-
cal equation that defines the analytical curve for NaP.

The values referring to standard deviation (SD) and
the slope of the calibration curve (S) were used to deter-
mine limit of detection (LOD) and limit of quantification
(LOQ), through the classical statistical approach based
on the IUPAC definitions and ACS [60] that shows that
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these limits =k X (SD/S) with factor k=3 and 10, respec-
tively. The relative standard deviation (RSD) values
obtained for the slope and the intercept were 3.6% and

2.9%, respectively. LOD and LOQ values were 0.5 pM and
1.8 pM, respectively, for n=3.

Comparison of the proposed electrochemical sensor
with others in the literature

Table 1 shows a comparison of the sensor of the pre-
sent study with sensors reported in the literature for the
determination of NaP in different matrices. The MnO,/
MWCNT/GCE has a sensitivity close to that obtained by
other authors. It is worth mentioning that depending on
the structure of the material, the electrode may present
a more sensitive response, especially when the minia-
turization of the system under study occurs, for example,
works involving microelectrodes printed, the literature
reports good performance with low detection limits [3,
61]. Among the works presented, the MnO,/MWCNT
electrode presents practicality in the preparation of the
modification, compared to other works reported, which
require greater complexity in the methodology, requir-
ing a longer preparation time, which increases the cost of
obtaining the material, and of the electrochemical sensor.
Thus, the sensor MnO,/MWCNT has a low LOD, despite
not being the most sensitive, when compared to others in
the literature. It is important to note that the GCE modi-
fied with the MnO,/MWCNT composite provided a simple
electrochemical sensor for NaP determination. In addition,
no studies were found in the literature using this electrode.

Although some have greater sensitivity, the sensor pro-
posed in this work is comparable to at least two of the
works in Table 1 and has some advantages and peculiari-
ties (simplicity and preparation time), which may justify
its importance and application.

Table 1 Comparison of different electrochemical sensors for the determination of NaP

Electrode Method Lir}ear range, NaP (pmol LOD, NaP (pmol LY References
L™)

Mn/MWCNT/GCE DPV 2.0-16.0 0.5 This work
PBCSO;Na/Graphene/GCE?* DPV 0.01-0.1 1.4%x1073 [2]
PANI/SiO,/MPS® IES 0.2-7.4 0.2 [29]

Ti;C, -MXene/BP/LIPG® LSV 0.0240.0 1.6x107° [62]
E-rGO/SPE! DPV 0.05-1.2 1.5%1072 (3]
Thiolated Calix[4]arene/CdSe/QDs/HMDE?® SWV 1.5-25.0 0.8 [63]

*Water-soluble conjugated polyelectrolyte controlled self-assembly with graphene by the LBL assembly technique (PBCSO;Na/Graphene/GCE)

®Polyaniline oxide growth macroporous silicon layer passivated (PANI/SiO,/MPS)

“Phosphorene nanohybrid with graphene-like titanium carbide mXene on the flexible substrate surface of laser-induced porous graphene

(Ti;C,-mXene/BP/LIPG)

4Electrochemical reduction of graphene oxide screen-printed electrode (E-rGO/SPE)

“Thiolated Calix [4] arene, cadmium selenide quantum dots hanging mercury drop electrode (Thiolated Calix [4] arene/CdSe/QDs/HMDE)
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Repeatability and stability of MnO,/MWCNT/GCE

The electrode repeatability was evaluated by six succes-
sive NaP measurements (6.0 pM) using the DPV tech-
nique, with MnO,/MWCNT/GCE. Through the average
value of peak currents (2.5 pA), it was possible to calcu-
late the RSD (7.8%), which indicates that the electrode
has good precision. The performance of MnO,/MWCNT/
GCE was also evaluated in terms of stability using the
chronoamperometry technique in the presence of NaP at a
concentration of 1.0 mM. The study was carried out with
a constant potential of 1.3 V for a period of 1000 s. As
shown in Fig. S4, the process reaches stability after a few
seconds (~ 100 s) maintaining the current around 0.09 mA
throughout the remaining time (900 s), which confirms its
stability. In addition, the MnO,/MWCNT/GCE was stor-
age at room temperature (25 °C) for 20 days and after this
period the electrode still showed approximately 90% of the
initial current, proving to have good stability.

Application of the method in real sample

To verify the performance and applicability of the pro-
cedure, the electrochemical sensor was applied in the
determination of NaP concentration in well water samples
from a gas station, using the standard addition method.
DPV signals were recorded (data not shown) under opti-
mized conditions as described in Fig. 7. Table 2 presents
a summary of the analytical parameters referring to the
determination of NaP in a real sample. Based on the lin-
ear regression obtained, it was possible to determine the
NaP concentration as being ~ 8.75+ 1.6 pM, considering
the dilution process described in the section ‘“Real sample
preparation”.

The results referring to the recovery study are summa-
rized in Table 3. The results show a variation from 98.1 to
103.3%, which indicates that the method has a relatively
good degree of accuracy, and the proposed sensor can be
successfully applied in the determination of NaP in well
water samples.

Table2 Analytical parameters in the determination of NaP in real
samples—Conditions as Fig. 7

Parameter NaP

Linear range 2.0-12 yM

Linear equation I,=0.64 NaP
(M) +2.8x107°

Correlation coefficient 0.998

@ Springer

Table 3 Determination of NaP levels in groundwater samples (n=3)
by the DPV method

Sample Add (uM) Found (uM) Recovery (%) RSD (%)
Gas station well — 2.9+0.1 -
water 2.0 4.9+0.1 101.6 2.2

4.0 6.8+0.2 98.1 2.9

6.0 9.0+0.3 101.8 2.1

8.0 11.1+0.4 102.5 1.1

10.0 13.3+0.3 103.3 4.1

12.0 147+0.2 98.3 1.1
Conclusion

In this work, an electrochemical sensor based on GCE
modified with the nanocomposite MnO,/MWCNT was
developed for the detection of NaP. The combination of
MWCNT with the MnO, nanoparticles was of fundamental
importance in the obtained performance for the electrode,
presenting good sensitivity for the sensor, which can be
related to the increase of the surface area. Through studies,
using the DPV technique was possible to obtain a detection
limit of 0.5 pM, a quantification limit of 1.8 pM, besides
good results of repeatability. The sensor showed satisfac-
tory recovery in the range of 98.1-103.3%, indicating that
the method has good accuracy. The MnO,/MWCNT/GCE
presented satisfactory behavior in the presence of similar
molecules, with no significant interference, showing that
the sensor proposed here can be an alternative in the deter-
mination of NaP in well water samples.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s44211-023-00374-w.
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