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- ) aluminum-—layered double hydroxide (NiAl LDH). X-ray diffraction, thermogravimetric
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analysis, and Fourier transform infrared were used to characterize the pristine and
modified LDH (NiAl-BEHP), which together confirm the intercalation of BEHP in the

Ke)qurdsr mineral structure. Cyclic voltammetry using [Fe(CN)g]>~ as an anionic redox probe
Anionic surfactant e . . . .

o LDH demonstrated a significant decrease in the anion exchange capacity of NiAl upon
rgano-

modification. Used as electrode modifier for methyl parathion (MP) detection, a
remarkable increase in MP signal on NiAIBEHP—modified glassy carbon electrode (GCE/
NiAl-BEHP) was observed, because of the high hydrophobicity character of the
modified LDH. The signal assigned to the electroactivity of the nitro group being less
stable than that of the reduction of the nitroso group, the use of both functions was
explored for the calibration experiments. Sensitivities of 0.79 pA pM~! and
014 pA pM~' were obtained, with detection limits of 2.28 x 10°% and
12.4 x 10~ mol L' for nitro and nitroso groups, respectively. However, the linearity
range was more important for the nitroso group (0.5—12 pM) as compared to the nitro
group (0.5—3.5 uM). Moreover, the signal of the nitroso group showed poor interfer-
ence with some chemical species likely to be encountered in the presence of MP. The
GCE/NiAl-BEHP—modified electrode was particularly effective for the differentiation of
4-nitrophenol (4-NP) from MP. Interestingly, the decrease in the sensor sensitivity was
negligible (0.13 pA pM~') when the calibration curve of MP was plotted in the presence
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of 1 uM of 4-NP. The poor efficiency of the sensor to quantify 4-NP was probably
because of the high organophilic character of the electrode material. The developed
method was successfully applied to quantify MP in spring water.

© 2018 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

RESUME

Mots-clés:
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Electroanalyse

Un matériau composite inorgano—organique a été préparé par insertion d'hydro-
génophosphate de bis(éthylhexyl) (BEHP) dans l'espace intercouche d'un hydroxyde
double lamellaire (HDL) nickel—aluminum (NiAl). La diffraction de rayons X, I'analyse
thermique et la spectroscopie infrarouge ont été utilisées pour caractériser 'HDL de départ
et celui issue de l'intercalation (NiAl-BEHP), techniques qui toutes ont confirmé le pro-
cessus d'insertion de la molécule organique dans la structure minérale. La voltammétrie
cyclique utilisant la sonde électrochimique anionique [Fe(CN)g]®>~ a montré une diminu-
tion significative de la capacité d'échange anionique de I'HDL lors de la modification.
Utilisé comme modifiant d'électrode pour la détection du méthyl parathion (MP), une
augmentation remarquable du signal MP sur I'électrode de carbone vitreux (CV) modifiée
par NiAl-BEHP (CV/NiAl-BEHP) a été observée en raison du caractére hautement
hydrophobe dudit matériau. Le signal attribué a I'électroactivité du groupe nitro étant
moins stable que celui de la réduction du groupe nitroso, 'utilisation des deux fonctions a
été explorée pour les expériences de calibration. Des sensibilités de 0,79 pA pM~! et
0,14 pA pM~' ont été obtenues, avec des limites de détection de 2,28 x 1078 et
12,4 x 10~8 mol L™, respectivement pour les groupements nitro et nitroso. Cependant, la
gamme de linéarité la plus importante a été celle présentée par le groupement nitroso
(0,5 uM a 12 uM) par rapport au groupe nitro (0,5 uM a 3,5 uM). De plus, le signal du
groupe nitroso a montré une faible interférence avec certaines especes chimiques sus-
ceptibles d'interférer avec le MP. L'électrode modifiée CV/NiAI-BEHP a été particuliere-
ment sélective vis-a-vis des deux analytes étudiés. Ce qui est plus intéressant, la
diminution de la sensibilité du capteur a été négligeable (0,13 pA pM ') lorsque la courbe
d'étalonnage du MP a été tracée en présence de 1 uM de 4-NP. Cette observation peut étre
attribuée au caractere organophile élevé du matériau NiAl-BEHP déposé sur I'électrode de
carbone vitreux. La méthode développée a été appliquée avec succes pour quantifier le MP
dans une eau de source.

© 2018 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

[10,16—18]. Increased pollution by pesticides requires
improved development of remediation and quantification

Layered double hydroxides (LDHs) form a class of
synthetic-layered metal-hydroxide minerals. Their syn-
thesis in laboratory is nowadays well mastered and is
relatively easy. Moreover, it is possible to easily monitor the
synthetic pathways to yield a material with desired prop-
erties. One single layer of an LDH contains divalent cations
octahedrally coordinated to hydroxide anions [1]. Some
isomorphic substitutions of these divalent cations by
trivalent cations result in permanent positive charge of the
layer [1,2]. During the stacking along the c-axis, the layers'
positive charge is balanced by hydrated anions [2—7]. These
anions are in general easily exchangeable with more or less
important variations in the interlayer distance depending
on the size and the spatial arrangement of the guest anion.
This therefore offers many possibilities in terms of LDH
modification by intercalation of simple or complex anions.
Literature reports the intercalation within LDHs of dyes,
complexes, enzymes, and anionic surfactants [5,8—11].
These modifications facilitate and extend the application of
LDHs in various fields including polymer fillers, flame re-
tardants, and electrode materials [12—15]. One of the most
important applications of LDHs is their use as adsorbent in
pollution control for organic compounds such as pesticides

methods. This last aspect useful in environmental science
requires both sensitive and accurate tools for fast and
quantitative analyses of pesticides. Following these lines,
electrochemical methods are increasingly promising
because they offer a wide variety of possibilities to build
efficient sensors specific to a target compound or pollutant
[15,19-21].

Methyl parathion (MP) is an organophosphate insecti-
cide widely used in agriculture. It is considered as an
extremely hazardous compound with harmful effects after
inappropriate exposure of humans and for the environ-
ment [21—23]. Although there are precise limitations of the
concentration of MP in the environment, this compound is
frequently found in wastewater and crops [19,21]. There-
fore the development of reliable, fast, and inexpensive
quantification methods for MP remains a daily and
important preoccupation for researchers in the fields of
environmental science and analytical chemistry. In addi-
tion, MP decomposes rapidly and can generate highly toxic
compounds such as 4-nitrophenol (4-NP), which is one of
its most abundant hazardous metabolites [24]. Thus, the
presence of MP in the environment is almost an indication
of that of 4-NP [25,26]. Unfortunately, because these two
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compounds have the same electroactive site (the nitro
group (-NOy)), this renders their differentiation difficult by
means of electrochemistry. The development of electro-
chemical analytical tools capable of differentiating while
separately quantifying these two species in a medium is of
critical importance [25,26]. In electrochemistry, a strategy
used to achieve such differentiation is to modify the
working electrode with a material or a substance capable of
promoting a preferential adsorption of one of these two
compounds. By this mean, the signal of the species having
the best affinity is greatly improved as compared with the
less adsorbed [25—27].

In this work, a nickel-aluminum—based LDH (NiAl LDH)
was synthesized and modified with a highly organophilic
compound, bis(ethylhexyl)hydrogen phosphate (BEHP;
Fig. 1a). The composite material obtained was expected to
take advantage of its hydrophobicity to preferentially
accumulate MP solubilized in aqueous solution. The syn-
thesized materials were first characterized by X-ray
diffraction (XRD), thermogravimetric analysis (TGA), and
Fourier transform infrared (FTIR) and subsequently used as
modifiers of a glassy carbon electrode (GCE). The modified
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electrodes were thus applied to the electrochemical
quantification of MP in aqueous solution. An important part
of this analytical application also includes the detection of
MP in the presence of 4-NP at this modified electrode.

2. Experimental section
2.1. Chemicals and reagents

All chemicals and reagents used in the electrochemical
section were of analytical grade, and used as received. MP
98.7% and 4-NP 99.7% were purchased from Sigma-
—Aldrich. A stock solution of MP (10~2 mol L~!) was pre-
pared in ethanol (95%). KsFe(CN)g (>99%) and BEHP (99%)
both from Prolabo, used, respectively, as redox probe and
NiAl modifier were reagent grade. A phosphate buffer so-
lution (PBS) was used as a supporting electrolyte and was
prepared by mixing molar solutions of potassium mono-
hydrogen phosphate and potassium dihydrogen phosphate
(Riedel—de—Haén), A12(504)3, CaClz, MgSO4, Ni(NOg)z,
Al(NO3)3, and NaOH were of analytical grade. All of the
aqueous solutions were prepared using deionized water.
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Fig. 1. (a) Chemical structure of BEHP; (b) powdered XRD patterns of (curve a) NiAl and (curve b) NiAl-BEHP. (The sign " indicates the peak of residual NiAl
present in NiAl-BEHP); (c) TGA and DTG traces of (curves a and a’') NiAl and (curves b and b’) NiAI-BEHP; and (d) FTIR spectra of NiAl (curve a) and NiAlI-BEHP

(curve b).
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2.2. Preparation of LDH and modified LDH

The NiAl LDH was prepared by coprecipitation method
using boiling water, under inert atmosphere to avoid CO3~
in the interlayer space [28]. In practice, solutions of nickel
nitrate and aluminum nitrate in the molar ratio 3/1 were
prepared by dissolving, respectively, 0.045 and 0.015 mol
of the corresponding compounds in 50 mL of deionized
water previously boiled, under nitrogen atmosphere. The
mixture was titrated with 25 mL of a sodium hydroxide
solution (2 M) under inert atmosphere. During the syn-
thesis, the temperature was maintained at 25 °C and the
pH was kept constant (10.1 + 0.5). The resulting suspen-
sion was then stirred for 16 h, filtered, and the solid ob-
tained was collected, washed, and dried in an oven at 70 °C
for 24 h.

NiAl-BEHP was prepared by mixing NiAl with 10%
(w/w) BEHP in alcoholic media following the method of
Coronado et al. [8]. Briefly, 0.025 g of BEHP was added to
0.25 g of NiAl in 10 mL ethanol, the dispersion was
stirred at 175 rpm for 48 h at room temperature. The
solution was filtered and the collected solid was washed
extensively with ethanol and dried in an oven at 70 °C
for 24 h.

2.3. Material characterization

Powder XRD patterns were recorded on a Bruker D5005
diffractometer operating with Cu Ko radiation (A =
1.54056 A), using a generator with a voltage of 45 kV and a
current of 40 mA.

TGA was performed using a TA instrument Q5000 under
nitrogen flow (25 mL min~!) at a heating rate of
10 °C min~'. Approximately 20 mg of the clay material
(NiAl or NiAl-BEHP) was placed on the thermobalance,
which was purged with helium gas. The measurements
were recorded between 50 and 700 °C with a temperature
ramp of 10 °C min~!, and data analysis was performed
using universal analysis 2000 software package. On each
plot, the results were presented by the thermal gravime-
tric(TG) weight loss curve, and the first derivate of deriva-
tive of the thermogravimetric curve (DTG).

FTIR spectra were obtained in attenuated total reflec-
tance (ATR) mode at room temperature in the spectral
range 4000—500 cm ™, with a resolution of 4 cm ™! using an
Alpha spectrometer from Bruker Optics.

2.4. Working electrode preparation, electrochemical
equipment, and procedures

Before modification, the GCE (3 mm in diameter) was
polished to obtain a mirror-like surface using alumina
slurry on microcloth pads, rinsed thoroughly with deion-
ized water, then sonicated in deionized water for 4 min in
an ultrasonic bath, and dried in air. For the preparation of
modified electrodes, a dispersion (3 g/L) of LDH or modified
LDH was first prepared with deionized water. A volume of
5 uL of the dispersion was carefully deposited on the GCE
surface using a micropipette and air-dried for 45 min. The
pristine LDH and organo-LDH—modified electrodes
referred to as GCE/NiAl and GCE/NiAl-BEHP, respectively,

were used as working electrodes for electrochemical
investigations.

Cyclic voltammetry and differential pulse voltamme-
try (DPV) measurements were conducted with a p-auto-
lab potentiostat equipped with the general purpose
electrochemical system (GPES) electrochemical analysis
system (Eco Chemie, Holland), and connected to a com-
puter. The voltammograms were recorded under quies-
cent conditions, immediately after the immersion of the
working electrode in a conventional single compartment
cell containing the electrolyte and the analyte. The curves
were recorded at room temperature, at a scan rate of
50 mV/s, unless otherwise stated. The electrochemical
procedure for MP analysis by stripping voltammetry
involved two successive steps: accumulation of MP at
open circuit condition followed by a voltammetric
detection in the same medium by DPV. Precisely, 25 mL of
the supporting electrolyte was introduced in the vol-
tammetric cell and the required volume of MP solution
was added by a micropipette to obtain a precise con-
centration of MP. Then the solution was deaerated with
nitrogen for 10 min. Preconcentration was achieved by
dipping the working electrode in a cell containing the
supporting electrolyte solution and MP. During this step,
the solution was kept under mild constant stirring. After
accumulation for a predetermined time, the DPV curves
were recorded.

3. Results and discussion
3.1. Characterization

3.1.1. Structural characterization by XRD

The powder XRD pattern of the pristine material
(Fig. 1b (curve a)) presents LDH characteristic peaks. The
peaks at 11.4° and 22.8° (20) are assigned to the 003 and
006 reflections, respectively [29]. The first peak corre-
sponds to a dgoz of 7.75 A. The presence of well-defined
reflections 012, 110, and 113 was also observed, which
are frequently used to confirm the good crystallinity of
LDH [8,30]. After the reaction of NiAl with BEHP, the 003
and 006 reflections shifted to lower angles (Fig. 1b (curve
b)). This usually reflects the increase in the interlayer
distance, following the intercalation of bulky compound
in the interlayer space of the material [8,30]. In this case,
the calculated dgg3 is 21.02 A, which corresponds to an
increase on the order of 13.27 A. This result confirms the
effective intercalation of BEHP between the NiAl layers. As
expected, the reflections 012, 110, and 113 remain un-
changed, which is a proof that the reaction of BEHP with
NiAl only promotes the swelling of the material [30]. On
NiAl-BEHP XRD pattern, one also notices the presence of
the 003 and 006 reflections of the unmodified NiAl (at
11.4° and 22.8°, 20 respectively), which implies that the
intercalation of BEHP was incomplete [8,30]. The inter-
calation performed for more than 16 h led instantly to a
deintercalation of BEHP as a result of a driving force for
the uptake process of the organic molecule from the
interlayer space of the NiAl material. The poor solubility of
BEHP in water could explain this result. Such a behavior
could probably be prevented by operating in an organic
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solvent in which BEHP compound is more soluble (e.g.,
ethanol). However, a pronounced organophilic character
of the obtained material could be a drawback of its use as
electrode modifier for electrochemical analyses per-
formed in aqueous solution. Also, the low resolution of the
NiAl-BEHP XRD pattern also shows that the intercalation
process reduces the crystallinity of LDH, probably by
partial delamination [31].

3.1.2. Structural characterization by TGA

The thermal analysis of NiAl before and after modi-
fication is presented in Fig. 1c. NiAl shows a progressive
mass loss of 11.3% in the temperature range between 25
and 170 °C, attributed to the loss of water molecules
adsorbed on the external surface of the material or in the
interlayer surfaces. From 250 to 450 °C, there is a sig-
nificant mass loss (25%) in two stages, corresponding to
the dehydroxylation and the loss of nitrate ions [32,33].
The first event is fast and characterized by a well-defined
DTG with a peak at 325 °C, whereas the second is much
slower with a broad and poorly defined peak centered at
400 °C. After BEHP intercalation, important changes in
the thermal behavior of the material are observed. The
loss of water molecules at temperatures less than 170 °C
represents only 6% of the material. The mass loss of 10%
centered at 252 °C is attributed to the decomposition of
BEHP [30,34,35]. The dehydroxylation step occurs at a
much lower temperature (298 °C instead of 325 °C). The
significant decrease in the amount of water in
NiAl-BEHP is probably because of the partial removal of
hydrated nitrate anions from the interlayer space during
the intercalation of BEHP. The amount of residual water
is mainly attributed to hydrated nitrate anions coin-
tercalated with BEHP and the fraction of nonintercalated
LDH still present in the composite as shown in XRD re-
sults. The decrease in the dehydroxylation temperature
after intercalation is very common in the case of hy-
droxylated lamellar materials, including aluminosilicates
[36,37]. Indeed, the intercalated compound facilitates
heat diffusion between the layers, which can lead to a
remarkable lowering of the dehydroxylation tempera-
ture [38].

3.1.3. Characterization by FTIR

In Fig. 1d, the FTIR spectrum of NiAl shows a wide band
centered at 3415 cm ™! characteristic of the stretching vi-
bration of hydrogen-bonded physisorbed and intercalated
water molecules [3,37]. Similarly, the band at 1635 cm™! is
assigned to the bending deformations of these water mol-
ecules. The very intense band at 1345 cm™! is due to nitrate
ions present in the interlayer space [29,30,39]. The band
characteristic of metal—oxygen bond stretching appears at
655 cm~! and the sharp band at 555 cm™! is caused by
various lattice vibrations associated with metal hydroxide
sheets [30,39].

Upon intercalation of BEHP, new bands associated with
the presence of the organic modifier are observed. It is the
case of the intense aliphatic C—H stretching vibration bands
between 2850 and 2970 cm~ . The band at 1460 cm™!
corresponds to the bending vibration of these aliphatic

C—H bonds [30,40]. The less intense band at 1203 cm™! is
assigned to the P=0 bond. The bands between 1080 and
1030 cm™! are due to the P-O—C bond [30,41]. The sig-
nificant decrease in intensity of the bands corresponding to
nitrate and that of the bending vibration of water mole-
cules is also observed. This clearly shows that BEHP is
intercalated in the anionic form by replacing the hydrated
nitrate. This observation confirms the results of the thermal
analyses, which indicated a significant decrease in the
amount of water in the material after modification with
BEHP.

3.14. Structural characterization by electrochemistry

The reactivity of a material at a given modified elec-
trode strongly depends on the properties of that mate-
rial. Thus, to get precise information about the influence
of the functional groups of the organo-LDH, this material
was characterized by ion-exchange voltammetry, by the
means of film-modified electrodes. Yet, permselectivity
studies based on ion exchange properties constitute a
proper mean to characterize the ability of an electrode
material, especially when this later can enhance the local
concentration of an electrochemical probe because of
favorable interactions [42]. Cyclic voltammetry is a
convenient method for the monitoring of ion exchange
properties of electrode materials. Fig. 2a presents the
signal recorded on the bare GCE between —0.3 and 0.6 V,
formed by a stable, fast (AE = 100 mV), and reversible
(ipc/ipa = 1.08) electrochemical signal, which was
attributed to the electronic transformation involving
[Fe(CN)s]>/*~ redox system [19]. When the electrode
was modified by NiAl (Fig. 2b), during the first scan, a
poorly intense signal was observed, because of the bar-
rier effect caused by the nonconductive NiAl film.
Because this material is an excellent anionic exchanger, a
gradual increase in the intensities of the signals with the
number of scans was noticed. The saturation of the film
results in the superimposition of the signals after about
50 scans. This result is a proof that the LDH film accu-
mulates [Fe(CN)g]>~ ions by anion exchange mechanism
[43]. At equilibrium, the signal obtained is approxi-
mately 2-fold more intense than that recorded on the
bare GCE (Fig. 2d). The NiAl film locally increases the
concentration of [Fe(CN)g]>~ near the surface of the GCE
by accumulation through anion exchange.

By covering the GCE by a film of NiAl-BEHP (Fig. 2c), a
behavior similar to that obtained on NiAl film was
observed. However, lower current intensities and faster
film saturation were obtained. The lower currents can be
explained by the decrease in the anion exchange capacity of
the modified material. This shows that BEHP intercalates in
the anionic form and when compared with nitrate ions (in
NiAl) displays poor exchange ability. The observed accu-
mulation is probably because of the unmodified LDH frac-
tion present in the composite as shown by XRD and FTIR
results. Overlaying the signals at equilibrium (Fig. 2d)
showed that the electrode modified with NiAl-BEHP has a
signal of intensity comparable to that of the bare electrode
and thus approximately 2-fold less than that recorded on
the NiAl film electrode.
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Fig. 2. Multicyclic voltammograms of 10~4 M [Fe(CN)s]>~ recorded in 0.1 M NaCl on (a) bare GCE, (b) GCE/NiAl, and (c) GCE/NiAl-BEHP. (d) Superimposition of
voltammograms at equilibrium recorded on (curve a) bare GCE, (curve b) GCE/NiAl, and (curve c) GCE/NiAl-BEHP. Potential scan rate: 100 mV/s. SCE, saturated

calomel electrode.

3.2. Application of NiAl-BEHP as electrode material for the
determination of MP

3.2.1. MP behavior on bare and modified GCEs

Multisweep cyclic voltammograms of a solution of MP
were recorded on GCE and on both modified electrodes
(Fig. 3). The three electrodes exhibit the typical reported
electrochemical signal of MP [19,44]. During the first
reduction scan, only the irreversible reduction of the nitro
group to the hydroxylamine group (-NHOH) according to

reaction (1) was observed. During the reverse oxidation
scan, the oxidation of this hydroxylamine group to yield the
nitroso group (-NO) according to reaction (2) was noticed.
During the second scan, the nitroso group was converted to
the parent hydroxylamine group. There was also a fast
decrease in the signal intensities assigned to the reduction
of the nitro group. This reduction has been widely reported
in the literature and is associated with the reduction of the
active surface of the electrode, caused by the adsorption of
MP reduction products [19,22,44,45].

S
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Fig. 3. Multisweep cyclic voltammograms of 5 x 10~> M MP recorded in 0.1 M PBS (pH 7) on (a) bare GCE, (b) GCE/NiAl, and (c) GCE/NiAl-BEHP. (d) Super-
imposition of the first scans recorded on (curve a) GCE, (curve b) GCE/NiAl, and (curve c) GCE/NiAl-BEHP. Potential scan rate: 100 mV/s.

However, there are some remarkable differences in the
electrochemical behavior of MP at different electrodes. As
compared with GCE/NiAl-BEHP, the signals recorded on
bare GCE and GCE/NiAl are less intense. Indeed, the current
associated with the reduction of the nitro group on GCE/
NiAl-BEHP was 2-fold more intense. Further observations
of Fig. 3d show that the peak potential has shifted to less
cathodic values (—690 mV for GCE and —666 mV for GCE/
NiAl-BEHP). This potential displacement combined with
the important gain in current intensities suggests a bene-
ficial effect of the presence of the film on the signal of MP.
This advantageous effect is explained by the presence of
NiAl-BEHP, which improves the organophilic nature of the
working electrode. Because MP is a highly organophilic
compound (its solubility in water is only 24 mg/L), there
will be a strong attraction (through van der Waals in-
teractions) between this compound and the NiAl-BEHP
film [19], inducing an accumulation of the pesticide at the
vicinity of the active surface of the electrode. It was also
noticed that the reversible system is better defined and

more intense on GCE/NiAl-BEHP. Moreover, on this elec-
trode, this system is very stable (only small variation in
current intensities was observed after several cycles). Such
stability could be judiciously exploited for the quantifica-
tion of MP in aqueous solution.

On GCE/NiAI-BEHP, by varying the scan rate in the
range of 10—200 mV/s, excellent linearity was obtained
when plotting the peak currents associated with nitro
group reduction and those associated with oxidation of the
hydroxylamine group as a function of the square root of the
scanning rate (Fig. SI 1). According to Randles Sevcik's
equation, this is a proof that both processes are controlled
by mass transfer through the modified film.

As concluding remarks, one can notice that NiAlI-BEHP
can be used as electrode modifier to build an electro-
chemical sensor for MP detection. DPV is one of the most
advanced and efficient techniques usually used for the
detection at low concentrations of inorganic and organic
compounds [46]. This technique was hereafter exploited for
the sensing of MP.
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3.2.2. Quantitative analysis of MP

The improvement in the electrochemical signal of MP
when the NiAl-BEHP film was coated at the surface of
GCE motivated its use for the quantitative electroanalysis
of this pesticide. We were first interested in both the
reversible signal (-NO/-NHOH system) and that corre-
sponding to the reduction of the nitro group, although the
latter is very unstable. However, good reproducibility of
this signal was obtained when the electrochemical cell
was slightly agitated after the recording of a signal. Only
2.8% variation of the signal was obtained for a series of 10
consecutive measurements. This is a proof that the
chemical species that reduces the activity of the electrode
are weakly adsorbed. Because the reduction signal of the
reversible system was more intense than the oxidation
one (as shown by cyclic voltammetry results), it was
therefore used for the quantitative analyses experiments.
However, this signal was not observed when performing a
direct potential scan in the suitable potential range (be-
tween 0.25 and —0.40 V), because the nitroso group that
produces this signal was not initially present in the elec-
trolytic solution. To solve this problem, a procedure con-
sisting of an electrolysis step at —0.8 V immediately
followed by scanning step in the potential range 0.25 to
—0.4 V was used. During the electrolysis step, there is the
reduction of the nitro group to yield the hydroxylamine
group at the vicinity of the electrode surface according to
reaction (1) (see Section 3.2.1.). During the scanning step,
hydroxylamine group is first oxidized to nitroso group
followed by its reduction to hydroxylamine (reaction (2)).
Preliminary results on the reproducibility of this signal
were performed to justify its potential use as a quantita-
tive tool for MP detection. A series of 10 consecutive
signals were recorded in a 0.1 M PBS (pH 6.67) containing
5 uM MP (Fig. SI 2). The current intensities show a vari-
ation of less than 0.7%. This confirms the exceptional
stability of the signal of nitroso reduction on GCE/
NiAI-BEHP.

Some experimental parameters have been investigated
to optimize MP detection. They include the pH of the
electrolytic solution, the electrolysis potential, and the
electrolysis time.

3.2.2.1. Effect of the pH on MP signal. The pH range inves-
tigated was between 4 and 11. The results obtained are
shown in Fig. 4: a variation in the pH has shown a notable
effect on the reduction and peak currents of both the nitro
and the nitroso groups. In contrast to the nitroso group,
the peaks are intense in acidic media in the case of the
reduction of the nitro group (Fig. 4a and b). The observed
effect is a displacement of the peak potentials toward
more cathodic values (Fig. 4a and b). This effect on the
potential was expected with respect to the electro-
chemical reactions that involve the consumption of pro-
tons to achieve the reduction reactions. Under these
conditions, proton-rich media is expected to favor elec-
tron transfer at the electrode surface (which results in less
cathodic reduction potentials in acidic media). In the
particular case of the reduction of the nitroso group, the
plot of the peak potential as a function of the pH of the

electrolytic solution is a straight line whose slope is
—0.048 V/pH unit. This value is close to the standard value
of —0.059 V/pH, indicating that equal numbers of elec-
trons and protons are involved in the electrochemical
reaction. In the case of the nitro group, however, a poor
linearity (R?> = 0.94) is observed in the pH range 4—11,
with a slope of 0.015 V/pH. This result is not in agreement
with the proposed electrochemical reaction (2) [47,48],
which predicts an equivalent number of electrons and
protons exchanged during the process. This can be due to
some variation in the reaction mechanism depending on
the pH of the electrochemical solution. Also, the poor
variation in the peak potential at pH values greater than 8
(as compared with lower pH values) could explain such a
result.

There is also a pH effect on the measured current in-
tensities. For the nitroso group, the general trend is a slight
increase in the reduction current with an increase of pH.
For the nitro group, current intensities are higher in acidic
media and drop sharply when pH becomes basic. The best
compromise for the pH of the electrolytic solution corre-
sponds to the values close to 7. For this reason, for the
further experiments, the PBS was used at pH value close to
7 (6.67).

3.2.2.2. Effect of the electrolysis potential and electrolysis time
on the reduction signal of the nitroso group. Signal recording
of the nitroso group reduction needs a crucial electrolysis
step to quantitatively generate the hydroxylamine group.
Thus, the effects of the electrolysis potential and the
electrolysis time have been scrutinized. The results ob-
tained are shown in Fig. 5: one can realize that a potential
lower than —0.6 V is required to obtained a quantitative
electrolysis of MP. However, for more cathodic potentials,
a gradual decrease in signal intensity is observed, prob-
ably because of competitive reactions (such as water hy-
drolysis with hydrogen evolution) that favor the fast
diffusion of the reduced MP from the electrode surface to
the bulk solution (Fig. 5a). A potential of —0.8 V was
selected as the optimal to investigate other parameters.
This value is in agreement with the peak potential of the
MP obtained with cyclic voltammetry studies (—0.67 V). It
is also noted that the peak current increases rapidly with
the electrolysis time in the first 5 s (Fig. 5b). Surprisingly,
at the time greater than 20 s there is a slow and gradual
decrease in the reduction current. Although one can
expect that a long electrolysis time ensures the quanti-
tative conversion of the MP, very high electrolysis time
can promote the diffusion of the electrolyzed species from
the surface of the electrode to the bulk solution. For this
purpose, 10 s was selected as the optimal electrolysis
time.

3.2.2.3. Calibration curves and interference study. The cali-
bration curves plotted for nitro and nitroso group
reduction in the concentration range of 0.5—12 uM are
reported in Fig. 6. For low MP concentrations
(0.5—3.5 uM), the method was more sensitive when the
nitro group is used (Fig. SI 3). The sensitivity recorded
was 0.79 pA pM~!, a value 5.6-fold higher than that
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obtained when the reduction of the nitroso group was
used (0.14 pA pM~1). This sensitivity decreases at high MP
concentration (3.5—7 pM) only when the nitro group was
considered (Fig. SI 3). The resulting sensitivity drops
down to a value of 0.48 pA pM~" This value is still 3.4-
fold greater than the sensitivity obtained for nitroso
group reduction. Although the sensitivity obtained with
the nitroso group is smaller, the range of linearity of the
sensor is much greater (0.5—12 uM). This is an undeniable
advantage because for applications in real environmental
systems, such a signal will be less sensitive to interfering
species and moreover, will be effective even for high MP
concentrated solutions without the need for a prior
dilution step. The reduction of this function was exclu-
sively used for further experiments. The detection limit
(DL) of the investigated analyte, defined as the MP con-
centration yielding an analytical peak equal to the mini-
mum detectable one, can be calculated as DL = 3Sb/m
[49] where Sb (pA) is the standard deviation of the
blank and m (pA pM~1) is the slope of the linear regres-
sion equation. In this work, the estimated DL was
2.28 x 1078 and 12.4 x 1078 mol L~! for nitro and nitroso

groups, respectively. A comparison of the performance of
GCE/NiAl-BEHP including the limit of detection and the
linear range with those reported in the literature is
shown in Table 1. These results indicate that the proposed
sensor exhibited DLs lower than those reported by some
previous works with the same aims.

The performance of the proposed sensor for the quan-
tification of MP in the presence of some potential inter-
fering chemical compounds including Aly(SO4)3, MgSQOy,
and CaCl; that could be found with MP in real samples has
been studied. MP concentration was set at 50 uM, and the
concentration of each interfering compound was progres-
sively set at 50, 500, and 5000 pM (i.e., factors of the MP
initial concentration of 1, 10, and 100). The experiments
were carried out using only the reduction of the nitroso
function. The results obtained show that these chemical
species do not interfere when their concentration is equal
or 10 times greater than the MP concentration. For much
higher concentration (100 times), a decrease in the ex-
pected current was observed. Indeed, there was a current
drop of about 12% for Aly(SO4)3, 8% for CaCly, and 24% for
MgSO04.
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Using the best experimental conditions, the voltam-
metric method was applied to the determination of MP in a
river water sample (collected downtown Yaounde,
Cameroon) using the standard addition method. A volume
of 25 mL of the river water sample was first analyzed on the
basis of the optimized parameters established herein, and
MP was not detected. By spiking the collected sample with
3 uM of MP and then submitting it to direct analysis by DPV,

3.2.2.4. Detection of MP in the presence of 4-NP. 4-NP is the
most important degradation compound of MP. It results
from MP hydrolysis in basic media as shown in reaction (3).
Therefore, MP solution after a long storage time is likely to
contain significant amounts of 4-NP as degradation
byproduct. Given the chemical similarity between these
two compounds, an analytical tool capable of distinguish-
ing MP from 4-NP is of key importance.

S S
1}
H3CO—?—OON02+ H,O —— HO ONOQ + H3CO—I%—OH 3

OCH;

a signal related to MP was clearly detected. The exploitation
of the calibration graph allowed us to recover 98% of the
spiked value, which is 2.94 uM. The relative standard de-
viation on five assayed samples was 1.18. This indicated that
the proposed method could serve for the analytical deter-
mination of MP in the sample.
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During preliminary experiments, we found that in a
solution containing an equimolar mixture of the two
compounds, the signal of the nitro group gives two sig-
nals with closed peak potentials (AE = 120 mV). On the
other hand, by applying the strategy using the nitroso
group reduction (electrolysis step followed by the
recording of the nitroso group signal), two distinct sig-
nals well separated with AE = 174 mV were obtained
(Fig. 7). The less intense signal of 4-NP was attributed to
its hydrophilic character that limits its accumulation on
the surface of the electrode modified by a hydrophobic
material.

When the concentration of 4-NP was set at 1 uM, the MP
current increases linearly with concentration in the range
of 0.5—10 uM (Fig. 8a). The sensitivity and the DL obtained
for MP were 0.13 pA pM~" and 14 x 1078 M, respectively.
However, when MP concentration was set at 1 pM and 4-NP
concentration varied in the range of 0.5—10 puM, a poor
correlation (R*> = 0.95) was obtained for the plot of the
intensity of current as a function of the concentration of 4-
NP (result not shown). When the concentration of the two
chemical species was varied simultaneously (Fig. 8b), MP
showed an excellent linear increase in the current as a
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Fig. 6. Calibration curves obtained under optimized conditions in 0.1 M PBS
(pH 6.7) for (curve A) nitro groups [MP] = 0.5—7 uM) and (curve B) nitroso
groups ([MP] = 0.5—12 uM).
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Table 1
Comparison of the efficiency of some modified electrodes in the electro-
chemical determination of MP.

Electrode configuration Linear Detection Reference
range limit
(umol/L) (umol/L)
Smectite-gemini 0.1-8.5 0.07 [19]
surfactant/GCE
ZrO, NPs/CPE? 0.019-1.14  0.0076 [22]
1,2-Tetradecanediol/ 2—-14 0.09 [44]
kaolinite/GCE
Hydroxyapatite 1-300 0.6 [48]
nanopowder/GCE
Mercury dropping 0-114 153 [50]
electrode
Unmodified CPE 1-60 0.05 [51]
Cis-modified CPE 0-0.046 0.030 [52]
Heteropolyacid- 0.076—2.66 0.076 [53]
montmorillonite clay
—modified/GCE
GCE/GRGO/[Co(bpy)s]° 0.05—1700 0.0029 [54]
AChE-SF/MWNTSs‘/GCE 3.5—-2000 0.5 [55]
Nafion-coated/GCE 0-15 0.05 [56]
LDHs-GNs“/GCE 0.0114-0.19  0.0023 [57]
Organobentonite modified/  0—200 1 [58]
GCE
SiNPs/MWNTs/AuNPs®/Au 0.0038—19 0.0011 [59]
ZrO, nanoparticles 0.02—0.38 0.011 [60]
modified/Au
GCE/NiAl-BEHP 0.5-3.5 0.023 This work

@ ZrO, NPs/CPE: ZrO, nanoparticles—modified carbon paste electrode.

b GRGO/[Co(bpy)s]: reduced graphene oxide/cobalt 2,2'-bipyridine.

¢ AChE-SF/MWNTSs: acetylcholinesterase—silk fibroin/multiwall carbon
nanotubes.

4 GNs: graphene nanosheets.

€ SiNPs/MWNTs/AuNPs: silica nanoparticles/multiwall carbon nano-
tubes/gold nanoparticles.

function of the concentration (R?> = 0.99) as compared with
4-NP (R? = 0.94).

The resulted sensitivities and DLs were —0.12 pA pM~!
and 15 x 1078 mol L~! for MP and —0.03 pA pM~! and
59 x 1078 mol L' for 4-NP. This result clearly shows that
the hydrophobic nature of the electrode material favors the
electrochemical detection of hydrophobic compounds as
compared to the hydrophilic ones.
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Fig. 8. (a) DPV curves recorded under optimized conditions for the detec-
tion of MP in the presence of 4-NP at a constant concentration of 4-NP
(1 uM) and (b) simultaneous variation in the two species concentration
between 0.5 and 10 uM. The inset in (b) shows the calibration curve of 4-NP
(blue) and MP (black).

4. Conclusions

Harmful effects of pesticide upon exposure explain the
development of reliable and efficient sensors for their
identification and quantification in natural environments.
In this context, the intercalation of BEHP in the interlayer
space of a NiAl LDH yields an organic—inorganic hybrid
material used to build an electrochemical sensor effective
for the analysis of MP in water at a trace level. By exclu-
sively using the reduction of the nitroso function, by far
more stable as a quantification tool, it was found that

e when the concentration of some interfering species
likely to be found in the same natural environments as
MP was equal or 50 times greater than MP concentra-
tion, the sensor was poorly affected;

e it was possible to differentiate MP from 4-NP, one of its
most abundant degradation products, which presents
similar electroactive sites;

e the presence of 4-NP caused only a minor decrease in
the performance of the sensor for MP quantification (the
sensitivity decreases from 0.14 to 0.13 pA uM~1); and

o the quantification of 4-NP was not accurate (R = 0.94)
due to the hydrophobicity of the electrode material,
which prevented the accumulation of the highly hy-
drophilic 4-NP.
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These results showed that a judicious choice of the
intercalated compound in the NiAl material can allow a
good separation of the electrochemical signals of chemi-
cally similar species. Such an approach could find an
excellent application in the elaboration of solid stationary
phases in liquid chromatography.
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