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The simple modification of a screen printed single walled carbon nanotubes with ionic liquid 1-butyl-
3-metilimidazolium tetrafluorborate allowed the development of a fast and selective methodology to
determine imidacloprid (IMI). The morphological and conductive characteristics of the modified
surface were analyzed with scanning electron microscopy and electrochemical impedance
spectroscopy. The modified surface showed great activity towards the reduction of IMI to -1.2 V. The
analytical variables were optimized using linear sweep voltammetry at 0.1 V for 60s, obtaining a limit
of detection of 0.21 mg L™(0.82 umol L™?). Relative standard deviation with six different electrodes
was of 2.6 % (n = 5). Finally, the potential interferers were studied and the sensor was applied in the
determination of IMI using samples of commercial honey with recovery between 88.0 and 105.0 % for
IMI.
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1. INTRODUCTION

Properties present in ionic liquids (ILs) such as; high ionic conductivity, low volatility, large
electrochemical window and good electrochemical stability [1], makes them one of the first options in
the development of electrochemical sensors. In addition, ILs have been used for the detection of
pharmaceutical drugs as promazine [2] and Acetaminophen [3], inorganic substances as sulphites [4],
DNA hybridization sensing [5] and metals ions iones such as lead and cadmium [6]. On the other hand,
ILs combined with CNTs has been used for the detection of pharmaceutical drugs as carbamazepine
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[7], diphenhydramine [8], paracetamol [7], inorganic substances as hidracina [9] and fungicides as
pyrimethanil [10]. Zhang et al., have reported the combination of ILs and CNTs are produced by n-nt
interactions leading to an improvement in the formation of finer networks with other composites, such
as oxides of metals, that produces more uniform membranes [5].

Dopamine has been one of the most analyzed substances by electroanalytical techniques using
electrodes modified with ILs and CNTSs in different types of samples, such as; human serum, human
urine and pharmaceutical dosage on a large variety of substrates such as; glassy carbon, carbon paste
and screen-printed carbon electrodes [10-17] where the most used cation was imidazolium and the
most used anion was hexafluoro phosphate. These works report the benefit of using ILs, such as; large
surface area, stability, conductivity, decrease of AE for dopamine, making the process faster, extraction
effect and good anti-fouling ability.

Imidacloprid named by the IUPAC as (1-(6-chloro-3-pyridylmethyl)-N-nitroimidazolidin-2-
ylideneamine) was classified as a neonicotinoid pesticides. Widely used in agricultural production due
to its great insecticidal activity [18]. It mainly affects the central nervous system of insects [19]. On the
other hand, superficial properties of the soil can prevent the adsorption of the residues of IMI [20],
contaminated the groundwater causing problems to people’s health. Hence, the development of a
selective and sensitive methodologies for the determination of IMI is important. Electrotroanalytic
techniques have been used in the last two decades to detect IMI with a variety of modified electrodes
(Table 1). These works have proven to be sensitive, selective and easy to produce. Some ILs such as;
1-Allyl-3-methylimidazolium tetraflouroborate on carbon-ceramic electrode have been used for the
detection of IMI by electroanalytical techniques with a detection limit of 0.031 pumol L. Authors
attributed to the large capacitive current resulting from the ionic nature of the ionic liquid and the
increasing surface area of the modified electrode [21], by UV-Vis spectroscopy was used 1-
propylamino-3-methylimidazolium tetrafluoroborate with a detection limit of 0.08 pMol L™, but the
authors do not explain the effect of ILs on the reduction of IMI [22]. There are few reports to detect
IMI using ILs with CNTs. Recently, Zhao et al., Have reported the combined use of ILs with CNTs on
molecularly imprinted polymers for IMI with a detection limit of 0.08 uMol L™, but the authors do not
explain the effect of ILs on the reduction of IMI [23].

The aim of this work is the development of a sensor for detection of IMI using ILs, supported
on a single walled-screen printed carbon nanotubes electrode (SWCNT/SPC) and it evaluates their
performance in the detection of IMI in honey samples. Results allowed the detection of IMI with
SWCNT/SPC and IL allowed a detection limit (less than 1.0 mg L™) using simple electroanalytical
techniques, as linear sweep voltammetry. Therefore, it allows the use of cheaper devices since it is not
necessary to use pulse voltammetry.

2. EXPERIMENTAL PART

2.1 Reagents and instruments.

Water was obtained from Purifier System Wasselab ASTM D1193. Imidacloprid standard
solutions 78.22 umol L™ and 5.0 pmol L™ were prepared once only, for the entire study from pure
reagent (Sigma-Aldrich). The buffer solutions were prepared from H3PO4, NaH,PO, and NaHPO,
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(Merck), adjusting the pH required with NaOH and HNO3 0.5 mol L. KCI, K4;FeCNg and 1-butyl-3-
methylimidazolium tetraflouroborate were obtained from Sigma-Aldrich. Cyclic and linear sweep
voltammograms were obtained using a potentiostat DropSens uStat 400. A Versa STAT 3
Potentiostat/galvanostat from Princeton-Applied Research was used to develop the Electrochemical
Impedance Spectroscopy (EIS) measurements. The surface of the electrodes was characterized by
Scanning Electron Microscopy (SEM) using JEOL JSM 6490 LV equipment. The electrochemical cell
was constituted by a system of three incorporated screen-printed electrode (DRP C110, DRP-110
SWCNT DropSens, Oviedo, Spain) with a working electrode of carbon (4 mm), Ag pseudo reference
electrode and carbon as counter electrode.

2.2 Measurement procedure.

2.2.1 Scanning Electron Microscopy

The surface of the electrodes was characterized by Scanning Electron Microscopy (SEM) using
a JEOL JSM 6490 LV equipment.

2.2.2 Voltammetry and electrochemical impedance spectroscopy analysis.

Cyclic voltammetry analysis was developed with K4Fe(CN)s 10.0 mmol L™ in KCI 10.0 mmol
L. Cyclic voltammograms were recorded, while the potential was scanned from -0.3 to 1.0 V with
scan rate of 100.0 mV s™. For IMI, in the electrochemical cell was added 9.5 mL of type A water with
0.5 mL PBS and 0.250 mL IMI (50.0 pmol L™). Cyclic voltammograms were recorded, while the
potential was scanned from -0.80 to -1.6 \V with scan rate of 50.0 mV s™*. Each cyclic voltammograms
were repeated for three times. Linear sweep voltammograms were developed by direct addition of 20
uL of PBS and 10 pL of IMI (5.0 pmol L™) on the modified electrode surface. It was possible to add
almost ten IMI additions on modified electrode. Subsequently, IMI was scanned between 1.0 and 80.0
umol L™ at 0.1 V by 60 s.

Electrochemical Impedance Spectroscopy (EIS) measurements were performed to study the
electrochemical response of the modified electrodes with K4Fe(CN)g as electrolyte. EIS measurements
were carried out at the open circuit potential using perturbation amplitude of 10 mV and a frequency
range between 10.0 kHz and 0.10 Hz. The working electrodes were: screen-printed carbon (SPC), SPC
with single-walled carbon nanotubes (SWCNT/SPC) and SWCNTSPC with BMIMBF,; (IL-
SWCNT/SPC) electrodes.

2.2.3 Treatment of samples

The honey for experiment was obtained from five hives exposed during four months to honey
syrup (sugar + water and honey) with a residual formulation of imidacloprid, the bees were fed twice a
week. The honey produced by the bees exposed to insecticides was collected in plastic recipients and
stored to — 4°C for further analysis. 300 ml of the honey were treated with a mixture of water and 100
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ml of acetonitrile to extract the organic fraction. This fraction was concentrated under reduced pressure
in a vacuubrand system.

2.3 Modified electrode Preparation (chitosan-SWCNT-IL/SPCE)

Before each modification, the SPC and SWCNT/SPC were washed with buffer solution pH 7.0
and was dried using hot air stream. 10uL of IL (pure) was deposited by drop casting on the electrodes
surfaces. Immediately, it was left at 60°C for one hour, and then washed to remove excess solvent. The
newly prepared electrode was treated with 10 cycles with CV between 0.0 and 1.0 V at 100.0 mV s™ to
obtain a more homogeneous surface.

3. RESULTS AND DISCUSSION

3.1 SEM analysis of the SPC, SWCNT/SPC and IL-SWCNT/SPC electrodes

Figure 1. SEM images of a) SPC, b) SWCNT/SPC and c) IL-SWCNT/SPC electrodes.

Characterization of the surface for each electrode SPC, SWCNT/SPC and IL-SWCNT/SPC
electrodes were developed to demonstrate the presence of IL (BMIMBF,) on the surface of the
modified electrode. Results are presented in figure 1. The typical smooth and cracked layer in the form
of leaves is observed for the SPC electrode (fig 1a). While, for the SWCN /SPC electrode (Fig. 1b), a
series of globules is observed which is the common form of the nanotubes. A less aggravated surface is
observed. On the surface treated with IL (Fig. 1c), it is clearly observed that the nanotube globules
have been completely covered by IL. Furthermore, the cracks have been eliminated. Similar results
were reported using SEM images with five times more increase in dopamine detection using chitosan-
IL-SWCNT/SPC electrode [17].
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3.2. Voltammetry analysis of the SPC, SWCNT/SPC, and IL-SWCNT/SPC electrodes using K4Fe(CN)g
by cyclic voltammetry.

Electrochemistry property of SPC, SWCNT/SPC and IL-SWCNT/SPC were studied using
K4Fe(CN)g and KCI 10.0 mmol as electrolyte test. The voltammograms are shown in fig. 2A. The
value of AE for SPC was 400.0 mV. Anodic and cathodic peak currents were 97.76 and -68.06 PA,
respectively. The value of AE decreased to 320.0 V with SWCNT/SPC and the anodic and cathodic
peak currents were increased to 143.8 and -188.86 uA, respectively. The increase in currents was
almost 67% and the difference of anodic and cathodic peak currents was 13 pA. In addition, when
SWCNT-SPC was modified with IL, the AE decreased to 208.0 V with anodic and cathodic peak
currents of 197.92 and -188.33 pA. Anodic and cathodic peak currents showed an increase of almost
90.0% compared to the unmodified SPC electrode. On the other hand, the difference of anodic and
cathodic peak currents was 9.0 pA. These results indicate that the presence of IL on the surface of
SWCNT/SPC electrode improves charge transfer, making a quasi-reversible system that requires less
energy compared to electrodes without IL. Using other electrodes, such as glassy carbon and carbon
paste modified with carbon nanotubes and IL, a AE less than 100 mV was reported. It indicated that
the surface of glassy carbon and carbon paste are more active [12, 13]
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Figure 2. A) Cyclic voltammograms on SPC (---), SWCNT/SPC (:--) and IL-SWCNT/SPC (—)
electrodes. B) Nyquist diagrams on SPC (a), SWCNT/SPC (b) and IL-SWCNT/SPC (c) of
K4Fe(CN)s 10.0 mmol L™ in KCI 10.0 mmol L™,

3.3 Electrochemical Impedance analysis of the SPC, SWCNT/SPC and IL-SWCNT/SPC electrodes
using K4Fe(CN)s.

EIS is a useful technigque to investigate the properties on the surface of modified electrodes.
Results are normally reported in a plot called Nyquist, where real resistance (Z°) is plotted vs
imaginary resistance (Z") for an electrical circuit to high and low frequencies. The charge transfer
limitation process, and the charge transfer resistance (Rct) values can be measured directly as the
diameter of the semicircle observed at high frequencies in Nyquist diagrams [24]. Fig. 2B shows the
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Nyquist diagrams of the electrochemical impedance measurements performed in 10.0 mmol L™
K4Fe(CN)s in 10.0 mol L' KCI using SPC (a), SWCNT/SPC (b), and IL-SWCNT/SPC (c) electrodes.
SPC electrode exhibits Rct value of 8000 Ohm. Similar situation has been reported for bare GC
electrode in Fe(CN)s>’* containing 10.0 mmol L KCI [25]. Nyquist diagrams of the electrodes
SWCNT/SPC and IL-SWCNT/SPC the Rct values decreased considerably. Moreover, they presented a
semicircle of smaller diameter with a slope close to 45° at low frequencies, which is associated with
the semi-infinite diffusion type Warburg impedance. These results demonstrate the effectiveness of
SWCNT and IL combination to improve the conductive properties of SPC electrode. On the other
hand, these results were similar to those observed with CV (section 3.3).

3.4 electrochemical reduction of IMI on SPC, SWCNT/SPC and IL-SWCNT/SPC electrodes.
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Figure 3. Cyclic voltammograms for IMI 19.0 pmol L™ on (A) SPC (--), IL/SPC (—), (B)
SWCNT/SPC (---), IL-SWCNT/SPC (— ) and (C) IL/SPC (:--), IL-SWCNT/SPC (—)
electrodes. PBS 0.01 mmol L™, Scan rate 50.0 mV s™.

The electrochemical reduction reaction of IMI occurs through the reduction of the nitro-NO,
group of the chemical structure of IMI by producing hydroxylamine derivatives [24-26]. With the
objective to select the optimal electrode support that shows the highest activity on this reaction for
IMI, the reduction of IMI 19.0 pmol L™ on SPC, IL/SPC, SWCNT/SPC and IL-SWCNT/SPC
electrodes was studied. The voltammograms are shown in Fig. 4. Using SPC electrode, (curve 2A ---),
potential cathodic peak for IMI was observed at -1.05 V with cathodic peak current of -5.10 pA. This
potential value was similar to those reported using BiF [26], graphene oxide [24] and nafion/TiO; [27].
Using SWCNT/SPC electrode (curve 2B ---) no signal was observed for the reduction reaction. On the
other hand, when SPC and SWCNT/SPC electrodes were treated with IL (curves 2A-B—) the
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reduction signal for IMI increased to -10.97 and -18.63 A, respectively. In addition, the signal
changed to more positive potential values of 1.3 and 1.26 V, respectively. Figure 2C shows that
SWCNT/SPC electrode treated with IL showed greater activity towards IMI reduction reaction, where
cathodic peak current increased almost 27.0% and the potential was observed at less positive values.
Possibly, the interaction between IL and IMI is more stable, compared with other substrates such as;
polymers [23]. Therefore, it requires more energy for IMI reduction. It was evident that the presence of
IL in the carbon nanotube network improved the activity of the surface and allowed the reduction of
IMI more effective, compared to the SPC without CNTs. IL-SWCNT/SPC electrode was selected for
further studies.

3.5 pH study for IMI using IL-SWCNT/SPC electrode.

pH for reduction reaction of IMI was studied to find the highest cathodic peak currents with
19.0 pmol L™ using IL-SWCNT/SPC electrode with PBS electrolyte between 3.0 and 8.0 pH values.
Voltammograms for cathodic peak currents between pH 3.0 and 7.0 values and linear relationship
between pH and peak current are shown in the fig. 7. Clearly, it was seen that cathodic peak currents
increased from 5.0 at 7.0 pH values. At higher pH values, cathodic peak current decreased
considerably. With other modified electrodes, such as Copper (1) phthalocyanine on carbon ceramic
electrode [24], graphene oxide on glassy carbon electrode [24], and poly (carbazole)-reduced graphene
on glassy-carbon electrode [27] was chosen a pH value close to 7.0 as optimal. For this reason, a pH
7.0 solution is chosen for further studies.
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Figure 4. (A) Voltammograms of the Effect of pH on chatodic peak currents for IMI 19.0 umol L™
using IL-S\1NCNT/SPC (B) plot of reduction peak current vs pH. PBS 0.01 mmol L™. Scan rate
0.05mVs™.

3.6 Effect of scan rate for IMI using IL-SWCNT/SPC electrode.

Scan rate was investigated by cyclic voltammetry with scan rate between 70.0-160.0 mV s to
determine which process is involved in the transport of mass in the reduction- reaction of IMI 19.0
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umol L using IL-SWCNT/SPC. Fig 5 showed that cathodic peak currents increased proportionally as
the increase of the scan rate from 70 to 160 mV s™. Regression equation for cathodic peak currents was
loe= -1.308 + 0.08535v (correlation coefficient R?=0.990). This result indicates that the process is
controlled by adsorption. Possibly, ILs acts as an extractor agent. Similar results were reported for IMI
using reduced graphene on glassy carbon electrode without ILs [27]. Moreover, using ILs with carbon-
ceramic electrode, a process controlled by diffusion for IMI was reported [3]. Therefore, the properties
of the ILs will depend, to a large extent, on the substrate where the ILs is deposited.
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Figure 5. Plot for peak current (-pA) vs scan rate v (70.0-160 mVs™) for IMI 19.0 pmol L™ using IL-
SWCNT/SPC. Conditions: pH: 7.0. PBS (0.01mmol L)

3.7 Study in function of adsorption time for ILs, reproducibility and stability for SWCNT/SPC
electrode.
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Figure 6. (A) Plot of peak current versus number of days for IL treatment (B) Plot of peak current
versus number of days of six different electrodes for IM1 19. pmol L™ in 7.0 pH PBS using IL-
SWCNT/SPC. Linear sweep voltammetry at 0.10 V by 60.0 s.

Performed studies showed that cathodic peak current for IMI changed as a function of the time
of deposition of ILs on SWCNT/SPC electrode. Figure 6A shows the cathodic peak currents for IMI as
a function of the ILs deposit time. Results showed that the current was more stable after three days of
ILs deposition at 60°C. At higher days, cathodic peak current decreases exponentially. Possibly, the
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surface of SWCNT/SPC is saturated and forms a surface that blocks the transfer of charge. Two-days
deposit of ILs at 60°C was chosen as optimal. Fig. 6B shows the plot of cathodic peak currents versus
the number of days for 19.0 umol L™ of IMI in 7.0 pH PBS solution using six IL-SWCNT/SPC
electrodes. Results showed a good reproducibility of 2.6% calculated as the relative standard deviation.
The stability of the modified electrode was studied with the same modified electrode used for IMI
reduction for six days. Results showed that the same electrode cannot be used for more than two
measurements without suffering a considerable loss of activity.

3.8 Detection limit for IMI using IL-SWCNT/SPC electrode.

Detection limit was calculated for IMI from calibration curves prepared with several additions
of 10 pL of IMI on IL-SWCNT/SPC surface electrode with 20.0 pL of BPS pH 7. Fig. 7A-B shows the
linear sweep voltammograms and calibration curve for IMI. Experimental conditions: pH 7.0 at 0.10 V
by 60.0 s. Equation curve Ip = -9.422 + 2.11Cy, (correlation R’= 0.989) with Detection limits (30/b)
where o is the random error in x and y, and b is the slope [28] was 0.21mg L™ (0.84 umol L™) for IMI.
In table 1, different methodologies for IMI with detection limits between 0.020 and 2.93 pmol L™
using electrodes modified with greater rigor were reported. These results indicate that IL-SWCNT/SPC
electrode present an acceptable detection limit.
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Figure 7. (A) Linear sweep voltammograms and (B) calibration curve for IMI 2.80 to 14.70. mg L™
usling IL-SWCNT/SPC electrode. Conditions: pH: 7.0 at 0.10 V by 60.0 s. Scan rate 100.0 mV
S,

3.9 Interference study

The possible effect of some metal ions on the reduction reaction of IMI was analyzed using
ICP multi-element standard solution IX (Merck) containing As, Be, Cd, Cr (V1), Hg, Ni, Pb, Se and Tl
100 mg L™. The effect of some organic substances such as thimerosal (TIM), endosulfan (END), rutin
(RT), morin (MO), tartrazine (TZ) and amaranth (AM) was also evaluated. Results are shown in

Figure 8. It was clearly observed that these substances do not cause any kind of interference with
reduction reaction for IMI.
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Figure 8. (A) Plot of peak current versus number of IMI 19.0 pmol L™ in presence of metals ions,
TIM, END, RT, MO, TZ, AM 0.34 mmol L™ using IL-SWCNT/SPC. Conditions as fig 6.

Table 1. Some modified electrodes used in the detection of IMI.

Electrode Materials DL’s Application Ref.
umol L™
GCE BiF 2.93 [29]
CPE
GCE B-CDP/rGO 0.02 [24]
CCE CuPc 0.28 Commercial [26]
formulation, Tomato
samples
GCE AgnN/TiO;nN 0.93 Commercial [30]
formulation
GCE PCz/CRGO 0.22 [27]
CCE AMIM-BF, 0.031 Agricultural products [3]
Rice samples
CPE MIP 0.10 [31]
GCE MIP 0.40 Fruit samples [32]
GCE MIP 0.08 Fruit samples [23]
CPE Tricresyl 0.52 Commercial [33]
phosphate, formulation
SWCNT- IL 0.84 Honey [This work]
SPC

DL’s: detection limits; GCE: glassy carbon electrode; CCE: carbon-ceramic electrode; CPE: carbon
paste electrode; BIF: Bismuth film; SWCNT-SPC: Screen printed single walled carbon nanotube
electrode; B-CDP/rGO: Reduced-graphene oxide modified with B-cyclodextrin polymer; CuPc:
copper(ll) phthalocyanine;  AgnN/TiO,nN:  nanosilver-Nafion/nanoTiO,-Nafion; PCz/CRGO:
Polycarbazole reduced graphene oxide; MIP: molecularly-imprinted polymers, AMIM-BF,: 1-Allyl-3-
methylimidazolium .

3.9 Validation study

The sensor accuracy was checked in the determination of IMI in commercial honey samples
spiked with known amounts of IMI. Results are summarized in table 1 and the voltammograms and
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calibration curve of sample 1 are shown in figure 9. Results showed a relative error of less than 10.0%.
These results indicate that the sensor has appropriate accuracy at high and low concentrations of 1IMI.
On the other hand, the reduction potential for IMI was observed at more positive potential values,
possibly due to an effect of the matrix in the sample.

Table 2. Results for commercial honey samples spiked with known amounts of IMI.
Sample | Added Found % Relative

(mgL?) | (mgL?) error

*1 1.21 1.15 -4.95

2 60.0 65.78 9.63

*Voltamperograms and calibration curve in figure 9

-60

-80)

Current (pA)

-100

1.20 1.23 1.29

1.26 1
IMI(mg L™")
-1 -1.0

1207 93

-1.2
Potential (V)

Figure 9. Linear sweep voltammograms and calibration curve (insert) for sample 1, table 2. Using IL-
SWCNT/SPC electrode. Conditions as fig 6.

3.10 Analytical applications
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Figure 10. Linear sweep voltammograms and calibration curve (insert) for IMI in honey sample 1
(table 3) using IL-SWCNT/SPC electrode. Conditions as fig. 9.

The utility of the sensor was proven in the detection of IMI in samples of honey produced by
bees without IMI and treated with known quantities of IMI. Results are summarized in Table 3. The
results indicate that the amount of IMI adsorbed by the bees transfers to the honey produced [34]. On
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the other hand, the values are below of the no-observed-adverse-effect level (NOAEL) by Food and
Agriculture Organization of the United Nations (FAO) [35]. In addition, honey samples 3 and 4
without IMI treatment was not detected. The samples were analyzed by HPLC detecting IMI < 10.0
mg L™

Table 3. Results for honey samples with IMI treatment and without IMI treatment.

Sample Added Found Recovery (%)
(mgL?h) | (mgL?

*Honey treated with IMI - 4.71+0.3 -
Honey treated with IMI - 3.53+0.1 -
Honey treated with IMI - 4.82+0.9 -

Honey without IMI 3.30 2.90+0.8 88.0
Honey without IMI 3.30 3.5+0.5 105.0

*Voltammograms and calibration curve showed in the figure 10

4. CONCLUSIONS

The reduction reaction of IMI on a single walled screen-printed carbon nanotubes electrode
coated with IL allowed the development of a simple methodology to detect IMI in honey samples. The
presence of IL increased the cathodic peak current almost a 27.0% compared with SPC electrode
without IL. This new methodology proved to be almost sensitive compared with commonly used
methodologies. It showed to be cheaper and easy to produce.
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