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Abstract
A facile and novel nonenzymatic electrochemical sensor for the detection of methyl parathion (MP) was developed using 
a glassy carbon electrode modified by copper oxide nanoparticle-deposited waste coffee grounds activated carbon (CuO-
NPs/AC/GCE). Activated carbon from waste coffee grounds was prepared using chemical activation method by potassium 
hydroxide (KOH) and thermal activation with high power microwave-assisted hydrothermal technique from in-house micro-
wave furnace. This method carried out at a lower temperature than which of physical process, providing a high surface area, 
porosity, and good conductivity. The CuO-NPs on CuO-NPs/AC/GCE can easily bind MP, owing to the high affinity between 
the Cu on electrode and the thionate sulfur (P=S) or oxon (P=O) groups of MP, resulting in an inhibited redox reaction of 
Cu and a decrease in the redox peak current of Cu. The nonenzymatic electrochemical sensor, CuO-NPs/AC/GCE, showed 
excellent electrochemical catalytic activity for the determination of MP compared to that of AC/GCE, CuO-NPs/GCE, and 
bare GCE by differential pulse voltammetry (DPV). The anodic (Epa) and cathodic peak potentials (Epc) of CuO-NPs on the 
modified electrode were 0.25 V and − 0.45 V, respectively. The linear ranges were 50–1500 µg L−1, with a low detection 
limit of 2.42 µg L−1. In addition to being environmentally friendly, the CuO-NPs/AC/GCE sensor demonstrated high selec-
tivity and sensitivity, good stability, and low cost. Further, the proposed nonenzymatic electrochemical sensor has potential 
applicability for MP detection in soil samples and gave recoveries in the range of 80.18–105.48%.
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1  Introduction

Pesticides are widely used in agriculture to eliminate or con-
trol a variety of agricultural pests that can damage crops and 
livestock and reduce farm productivity. Although pesticides 
are directly applied to plants and soil, only 1% of pesticides 
are released into the target product [1]. Residual pesticides 
have been found in soil, water, and agricultural products, 
thus can affect human health [2]. Organophosphorous pesti-
cides (OPPs) are a unique class of pesticides that act against 
a range of pests before and after harvest [3, 4]. OPPs con-
sist of a central phosphorus atom with either double-bonded 
oxygen (P=O) or sulfur atoms (P=S) [5] and have a severe 
impact on the environment, health and food safety of people 
and other living beings [2]. The toxicity of OPPs causes 
dysfunctioning of the neurotransmitter enzyme acetylcho-
linesterase (AChE) [6, 7]. Methyl parathion (MP) has the 
highest toxicity with a maximum residue limit (MRL) of 
0.01–0.2 mg kg−1 in agricultural products and the largest 
amount of residues in soil [8]. Therefore, it is essential to 
monitor residual MP pesticides in food and environment.

Several analytical methods have been used to determine 
MP, such as gas chromatography (GC) and high-perfor-
mance liquid chromatography (HPLC) coupled with mass 
spectrometry and flame photometry [9–11]. However, these 
methods require expensive and sophisticated instruments, 
high operating costs, complicated sample preparation pro-
cesses (e.g., digestion or clean-up steps), and are time-con-
suming [12–14]. Thus, these are not suitable for routine and 
on-site analyses.

Electroanalytical techniques have proven to be a promis-
ing alternative for both qualitative and quantitative analyses 
to replace conventional methods. Electrochemical sensing 
systems offer the advantages of simple instrumentation, high 
sensitivity, ease of use, miniaturization, minimal sample pre-
treatment, short analysis time, and portability. The electro-
analytical methods for the determination of MP have been 
modified. Several biosensors based on immobilized enzymes 
have been developed for the detection of OPPs through the 
inhibition mechanism of cholinesterase enzyme (AChE) [15, 
16]. The limitations of enzyme-based biosensor applications 
are instability, the short lifetimes of enzymes, and easy con-
tamination that causes surface fouling, leading to a lack of 
selectivity [17, 18]. Thus, a nonenzymatic electrochemical 
sensor is recommended.

Carbon-based nanomaterials [19–21] have been widely 
utilized to achieve the desired enhancements in sensitivity 
and selectivity. Various carbon nanomaterials, such as car-
bon nanotubes (CNTs) and graphene oxide (GO), have been 
extensively applied to modify the surface of electrodes. Car-
bon nanomaterials have good properties for electroanalysis, 
including high conductivity, large surface-to-volume ratio, 

and high electron mobility at room temperature. Prepar-
ing activated carbon (AC) from bio-waste is simple, eco-
friendly, and cost-effective. AC has been recognized as an 
efficient carbon material for various applications. It has been 
widely used in supercapacitor applications because of its 
excellent electrical conductivity, high surface area, and ther-
mal stability [22, 23].

Recently, metal nanoparticles have attracted extensive 
research attention owing to their unique electronic, cata-
lytic, and sensory properties [24–26]. These unique proper-
ties of metal nanoparticles can be ascribed to their excellent 
electron transfer abilities inherent to their bulk counterparts, 
as well as the ultra-high surface area derived from their 
nanoscale size [27, 28]. Among the various kinds of metal 
nanoparticles, copper oxide nanoparticle (CuO-NP)-based 
materials have attracted significant attention because of their 
electrocatalytic properties [29, 30]. CuO-NPs are the most 
widely studied materials owing to their easy synthesis, low 
cost, nontoxicity, and high electrical conductivity, which 
enhance the electron transfer of electrochemical reactions 
between the target analytes and electrode surfaces [31]. 
However, the fabrication of electrochemical sensors based 
on CuO-NPs and AC (synthesized from waste materials) to 
detect MP has not yet been reported. Our previous research 
has been firstly developed a novel electrochemical sensor for 
ciprofloxacin (CIP) based on gold nanoparticles deposited 
with waste coffee ground activated carbon on glassy carbon 
electrode (AuNPs/AC/GCE) and combined with supramo-
lecular solvent (SUPRAS). The fabricated electrochemical 
sensor has excellent electrocatalytic activity toward the CIP 
and applied in milk and pharmaceutical formulation samples 
[32].

Herein, a simple and nonenzymatic electrochemical sen-
sor, based on CuO-NPs deposited on a new activated car-
bon from waste coffee grounds (CuO-NPs/AC), was first 
fabricated for MP detection. The modification of GCE with 
AC and CuO-NPs provided high electrochemical sensitivity, 
selectivity, and stability for the determination of MP. The 
proposed electrochemical sensor (CuO-NPs/AC/GCE) was 
successfully applied to determine the MP in soil samples 
and exhibited good effectiveness which makes this sensor 
suitable for on-site detection.

2 � Experimental

2.1 � Chemicals and reagents

All chemicals were of analytical reagent grade. Methyl 
parathion, chlorpyrifos, azinphos methyl, diazinon, 
fenitrothion, carbaryl, and deltamethrin were obtained 
from Dr. Ehrenstorfer GmbH (Germany). N,N-dimeth-
ylformamide (DMF) and chitosan were acquired from 
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Sigma-Aldrich (Japan). Methanol and glacial acetic acid 
were obtained from the RCI Lab scan (Thailand). Diso-
dium hydrogen phosphate dihydrate and sodium dihydro-
gen phosphate dihydrate were obtained from QRëc (New 
Zealand). Copper (II) oxide was obtained from Acros 
Organics (Belgium). Potassium hexacyanoferrate (III) 
(K3Fe(CN)6) was obtained from Sigma-Aldrich (USA and 
Spain).

2.2 � Apparatus

All the electrochemical measurements were carried out using 
an electrochemical workstation (AutoLab, PGSTAT302N, 
Switzerland) containing 5 mL of solution in a conventional 
three-electrode system at room temperature, consisting of 
a glassy carbon electrode modified by the nanocomposite 
of CuO-NPs and AC as the working electrode (CuO-NPs/
AC/GCE), a Ag/AgCl (3 mol L−1 NaCl) as the reference 
electrode (Hebei, China), and a platinum wire as the coun-
ter electrode (Hebei, China). The surface morphology and 
composition of the modified electrodes were examined using 
field emission scanning electron microscopy (FESEM) 
and energy-dispersive X-ray spectroscopy (EDS) analysis 
(Helios NanoLab G3 CX, FEI, USA). X-ray photoelectron 
spectroscopy (XPS; AXIS Ultra DLD, UK) was employed 
to analyze the elemental composition of CuO-NPs and AC.

2.3 � Fabrication of the modified electrode

AC was synthesized from waste coffee grounds using proto-
cols from a previous research study with some modifications 
[33]. Waste coffee grounds were prepared from coffee beans 
and placed in a coffee machine. The waste coffee powder 
was cleaned with 0.5 mol L−1 KOH to remove the interfer-
ing substances and dried in an oven for 2 h at 80 °C. The 
waste coffee grounds precursor was placed in a hydrother-
mal autoclave with 60 mL of 1 mol L−1 KOH to prepare the 
porous carbon. The autoclave was heated at 150 °C using an 
in-house high-power microwave furnace (800 W) for 30 min 
to obtain a homogeneous AC product.

AC (5 mg) was dissolved in DMF (1 mL) and a homog-
enous suspension was obtained after sonication for 30 min. 
The AC dispersion (5 µL) was dropped on the GCE, which 
was dried at room temperature to obtain AC/GCE.

The CuO-NPs were synthesized according to a previous 
study [34] using 1 mg of CuO powder in 0.05% w/v chi-
tosan (100 µL) and DI water (100 µL). Subsequently, it was 
sonicated for 2.5 h and kept at 75 °C to obtain the CuO-NPs 
suspension. The CuO-NPs suspension (5 µL) was dropped 
on top of the AC/GCE surface, which was dried at room 
temperature to obtain CuO-NPs/AC/GCE. Before each 

measurement, a potential ranging from − 1.0 V to + 1.0 V 
with a scan rate of 100 mV s−1 was applied on the modified 
electrode in phosphate buffer (pH 7.0) and repeated for 20 
cycles to clean the electrode surface.

2.4 � Soil samples

Soil samples were collected from different locations in Khon 
Kaen Province, Thailand. The fresh soil samples were air-
dried at room temperature, ground, and passed through 
a 250 µm sieve. The soil sample was accurately weighed 
(1 g) and placed in a 15 mL centrifuge tube, and methanol 
(10 mL) was added [34]. The sample was mixed by vortex-
ing for 30 s and centrifuged at 5000 rpm for 10 min. The 
supernatant was filtered through a 0.45 µm membrane before 
analysis using the proposed electrochemical sensor.

3 � Results and discussion

3.1 � Characterization of modified electrode

The surface morphology and composition of AC/GCE and 
CuO-NPs/AC/GCE were characterized using SEM and EDS, 
respectively. Figure 1A illustrates the surface morphology 
of the AC, which shows irregular shapes [35] with a diam-
eter of ~ 4 μm. After the deposition of CuO-NPs, a spheri-
cal morphology was observed in Fig. 1C, indicated that the 
CuO-NPs were deposited on AC. Moreover, EDS of the 
synthesized AC from waste coffee grounds (inset-Fig. 1A 
and B) consisted of only C atoms at approximately 98.0%, 
while the EDS of CuO-NPs/AC/GCE revealed C (49.5%), 
Cu (41.6%), and O atoms (8.9%) (inset-Fig. 1C and D), con-
firmed the successful fabrication of the proposed electrode.

XPS was performed to further investigate the structure 
of the CuO-NP-modified AC. The XPS survey spectrum 
of the CuO-NPs/AC nanocomposite is shown in Fig. 2A, 
confirming the peaks corresponding to C, O, and Cu. The 
C 1s atom is the main element (Fig. 2B), showing binding 
energies at 285.0, 286.5, and 288.0 eV; these are ascribed 
to the carbon C=C, hydroxyl C–O, and carboxyl O–C=O 
bonded carbon atoms, respectively [36], indicating that 
the main structure of the prepared AC is composed of 
sp2 hybridized carbon atoms. Moreover, the C 1s peaks 
of AC (Fig. S1B) for C–O and O–C=O slightly shifted 
from 286.0 to 286.5 and 287.0 to 288.0 eV after CuO-NPs 
deposition, owing to the bonding of Cu(II) to the carbon 
functional groups of the AC surface [37]. The core-level 
spectrum of Cu 2p (Fig. 2C) shows two prominent peaks 
at ~ 935.0 eV and ~ 954.0 eV, corresponding to Cu 2p3/2 
and Cu 2p1/2, respectively, which were assigned to CuO 
[38, 39]. Moreover, the peaks at 933.0 and 952.5 eV were 
assigned to Cu 2p3/2 and Cu 2p1/2 of Cu2O, while the 
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peaks at 936.0 and 956.0 eV were attributed to Cu(OH)2 
compounds [40]. In the spectral deconvolution of the O 1s 
spectrum (Fig. 2D), the peaks at 530.5 and 531.5 eV were 
assigned to the lattice oxygen (O2−) in CuO, Cu(OH)2, or 
oxygen atoms in the hydroxyl groups of AC. The peaks 
at 533.0 and 534.5 eV correspond to the oxygen atoms in 
the carboxyl groups and adsorbed oxygen on the surface 
[41, 42]. Thus, the XPS results revealed that both CuO-
NPs and Cu(OH)2 were the dominant species deposited 
on the AC surface. 

3.2 � Electrochemical behavior of modified electrode

The electrochemical behavior of four electrodes, (a) bare 
GCE, (b) AC/GCE, (c) CuO-NPs/GCE, and (d) CuO-NPs/
AC/GCE, were investigated using cyclic voltammetry (CV) 
and electrochemical impedance spectroscopy (EIS). The 
measurements were carried out in a background solution 
of 5 mmol L−1 [Fe(CN)6]3−/4− in 0.1 mol L−1 KCl solution 
at a scan rate of 100 mV s−1. From the results displayed 
in Fig. 3A, the response of [Fe(CN)6]3−/4− at bare GCE 

showed the lowest value with the peak separation (∆E) of 
0.35 V obtained from the anodic peak at 0.40 V and cathodic 
peak at 0.05 V because of small surface area and low con-
ductivity. After modification with either CuO-NPs or AC 
(CuO-NPs/GCE and AC/GCE), the peak currents increased 
significantly, and the peak potentials shifted and provided 
∆E of 0.20 and 0.18 V for CuO-NPs/GCE and AC/GCE, 
respectively.

According to the Randles–Sevcik equation [43], the elec-
troactive surface area can also be calculated by

where Ip is the peak current (A), n is the number of elec-
trons transferred in the reaction, A is the active surface area 
(cm2), D is the diffusion coefficient (7.6 × 10−6 cm2 s−1), ν is 
the scan rate (V s−1), and Cp is the concentration of the redox 
species of [Fe(CN)6]3−/4− (5.0 mmol L−1). The electroac-
tive surface areas of bare GCE, CuO-NPs/GCE, AC/GCE, 
and CuO-NPs/AC/GCE were found to be 0.0419, 0.1109, 
0.2354, and 0.3400 cm2, respectively. The nanocomposite 

(1)Ip = 2.69 × 105n3∕2AD1∕2ν1∕2Cp

Fig. 1   A FESEM image of AC (inset; EDS spectrum of AC), B EDS mapping of AC, C FESEM image of CuO-NPs/AC (inset; EDS spectrum 
of CuO-NPs/AC), and D EDS mapping of CuO-NPs/AC
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Fig. 2   A XPS survey spectra of copper oxide nanoparticles deposited on activated carbon (CuO-NPs/AC) and B, C, D spectra of C 1s, Cu 2p, 
and O 1s from synthesized CuO-NPs/AC, respectively

Fig. 3   A Cyclic voltammograms of 5  mmol L−1 [Fe(CN)6]3−/4− in 
0.1 mol L−1 KCl at (a) bare GCE, (b) AC/GCE, (c) CuO-NPs/GCE, 
and (d) CuO-NPs/AC/GCE at scan rate of 100  mV  s−1. B Nyquist 
plots of (a) bare GCE, (b) AC/GCE, (c) CuO-NPs/GCE, and (d) 

CuO-NPs/AC/GCE, Inset: Nyquist plots at (b) AC/GCE and (d) CuO-
NPs/AC/GCE with the frequency ranging from 0.001 to 100 kHz and 
Randles circuit model
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of CuO-NPs and AC showed the highest electrochemical 
response when compared to other electrodes because (i) AC 
has a high surface area and sp2 hybridized carbon atoms as 
the main structure, leading to a much lower electron-trans-
fer resistance and high conductivity, and (ii) CuO-NPs have 
good stability and conductivity as well as excellent catalytic 
properties.

EIS was used to study the interfacial properties of sur-
face-modified electrodes. The modified Randle’s circuit was 
chosen to fit the impedance data [44]. The circuit parameters 
corresponding to the electron transfer resistance (Rct) and 
Warburg impedance (W) were both in parallel with the dou-
ble-layer capacitance (Cdl). Figure 3B shows the impedance 
spectra of (a) bare GCE, (b) AC/GCE, (c) CuO-NPs/GCE, 

and (d) CuO-NPs/AC/GCE. The Rct at the GCE was evalu-
ated to be 280 Ω, which decreased to 230 Ω at the CuO-NPs/
GCE and dropped to 40 Ω at the AC/GCE. The CuO-NPs/
AC/GCE exhibited the lowest Rct of 25 Ω. Therefore, the 
decrease in Rct demonstrates a significant acceleration of 
the electron transfer by CuO-NPs and AC. The impedance 
results supported the successful fabrication of CuO-NPs/AC/
GCE onto the bare GCE surface.

The electrochemical properties of MP on CuO-NPs/AC/
GCE were studied using CV. The redox peaks of Cu were 
obtained in the presence and absence of 200 µg L−1 MP, as 
shown in Fig. 4. The redox reaction of Cu at CuO-NPs/AC/
GCE in the absence of MP (Fig. 4a) offered anodic (Epa) 
and cathodic peak potentials (Epc) at 0.25 V and − 0.45 V, 
respectively. In the presence of MP, the Epa and Epc of Cu 
were slightly shift to 0.30 V and − 0.40 V, respectively. 
The electrochemical behavior of Cu resulted in a noticeable 

decrease in the redox currents (Fig. 4b) compared to that 
without MP (Fig. 4a) at approximately two-fold because the 
CuO-NPs surface can easily bind MP through thionate sulfur 
(P=S) or oxon (P=O) groups [45, 46]. A schematic model 
illustrating the possible interactions between MP and the 
CuO-NPs/AC/GCE sensor is shown in Fig. 5.

To confirm the mechanism of MP binding on the elec-
trode surface, the effect of the scan rate (ν) on the peak 
current and potential at CuO-NPs/AC/GCE was studied 
using CV. The CVs of CuO-NPs/AC/GCE were obtained 
at different scan rates in the range of 10–100 mV s−1 in the 
presence of 200 µg L−1 MP (Fig. 6A). The peak current of 
Cu increased with increasing scan rate, while the potential 

Fig. 4   CV curve of CuO-NPs/AC/GCE in 0.1  mol L−1 phosphate 
buffer (pH 7.0) at scan rate of 100 mV  s−1 (a) without MP and (b) 
with 200 µg L−1 MP

Fig. 5   The schematic model illustrating the possible interaction between MP and CuO-NPs/AC/GCE sensor
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shifting to higher (anodic peak) and lower (cathodic peak) 
values with increasing scan rate, confirming the irrevers-
ibility of the electrode process [47].

In addition, a good linear relation was obtained between 
the potential and ln ν:

Epa = − 0.1164 + 0.0142ln v (R2 = 0.9922). According to 
the Butler–Volmer equation [48],

where n represents the number of electron transfers. Eo 
is the standard potential, and α is the electron transfer coef-
ficient. In Fig. 6B, the slope was RT/2αnF, and αn was cal-
culated to be 1. α is generally assumed to be 0.5 in an irre-
versible reaction process [49]. Therefore, n was estimated 
to be approximately 2. As the number of electrons in the 
MP reaction was equal to the number of protons, it can be 
inferred that the electro-oxidation reaction of MP at CuO-
NPs/AC/GCE involved two protons and two electrons.

3.3 � Performance of the CuO‑NPs/AC/GCE Sensor 
for MP Detection

In this work, the electrochemical behavior of MP on CuO-
NPs/AC/GCE was studied using CV and DPV techniques. 
The peak current of Cu decreased due to the adsorption of 
MP on the electrode surface through thionate sulfur (P=S) 
or oxon (P=O) groups [45, 46]. Therefore, the results 
were investigated based on the change in the Cu current 
(∆I) under conditions with and without MP. Although MP 
affected both the oxidation and reduction peaks of Cu, only 
the oxidation peak (anodic current) of Cu was employed 
because of its ease of interpretation.

(2)
Epa = E

o− (RT∕�nF)ln(RTks∕�nF) + (RT∕2�nF)ln �

The effects of concentration and amount of AC dispersion 
were studied in the range of 1–10 mg mL−1 and 2–10 µL, 
respectively. The results are shown in Fig. S2 (Supplemen-
tary Data). Fig. S2A shows the effect of AC concentration 
on the modified electrode (CuO-NPs/AC/GCE). It was found 
that the ∆I of Cu at CuO-NPs/AC/GCE increased slightly 
with an increase in the concentration of the AC suspension 
from 1 to 3 mg mL−1. Above this level (> 3 mg mL−1), ∆I 
of Cu decreased slightly. The AC volume was also exam-
ined at AC concentration of 3 mg/mL (Fig. S2B). The ∆I of 
Cu increased as the volume of the AC suspension increased 
from 2 to 5 µL, and the ∆I of Cu decreased after increas-
ing the AC suspension (> 5 µL). The decrease in ∆I of Cu 
with an increased concentration and volume of AC caused a 
thick layer of AC, thus block the electron transfer from Cu 
to the electrode surface. Therefore, the optimum concentra-
tion and amount of AC were selected as 3 mg mL−1 and 5 
µL, respectively.

The effect of the concentration and amount of CuO-NPs 
solution was studied in the range of 0.5–5 mg mL−1 and 
2–10 µL, respectively, as shown in Fig. S3 (Supplementary 
Data). The ∆I of Cu increased with the increase in CuO-NPs 
concentrations from 0.5 to 1 mg mL−1 (Fig. S3A). Higher 
concentration of CuO-NPs than 1 mg mL−1, ∆I of Cu was 
slightly decreased because the aggregation of CuO-NPs can 
block the electron transfer between Cu and the electrode 
surface. The volume of the CuO-NPs (1 mg  mL−1) was 
studied. The results are presented in Fig. S3B. The ∆I of 
Cu increased as the volume of CuO-NPs solution increased 
from 2 to 5 µL, and above 5 µL CuO-NPs solution, ∆I of Cu 
was slightly decreased after the volume of CuO-NPs was 
higher than 5 µL. Thus, 5 µL of 1 mg mL−1 CuO-NPs were 
chosen to modify the AC/GCE.

Fig. 6   A Cyclic voltammograms of CuO-NPs/AC/GCE at different scan rates in the range of 10–100 mV s−1 in the presence of 200 µg L−1 MP, 
B The linear relationship between the anodic peak potential (Epa) and natural logarithm of scan rate (ln v)
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The effect of pH on the electrochemical response of the 
CuO-NPs/AC-modified GCE to 200 µg L−1 MP in 0.1 mol 
L−1 phosphate buffer was studied in the pH range of 5.5–7.5 
(Fig. 7). The ∆I of Cu increased with increasing solution 
pH until it reached pH 7.0. At pH > 7.0, ∆I decreased with 
increasing pH (Fig. 7A). In addition, all the anodic peak 
potentials for the oxidation of Cu shifted toward the negative 
direction with increasing pH, as shown in Fig. 7B. This is an 
effect of a deprotonation step of oxidation processes, which 
is facilitated at higher pH values [50]. Thus, 0.1 mol L−1 
phosphate buffer (pH 7.0) was used for further experiments.

Under optimum conditions, the derived calibration plot 
for the detection of MP is depicted in Fig. 8. The ∆I of Cu 

increased linearly with the increase of MP concentrations 
from 50 to 1500 µg L−1 at CuO-NPs/AC/GCE sensor, while 
the Epa was slightly shifted to positive direction due to the 
adsorption of MP on the electrode surface [45, 46]. The linear 
regression equation was fitted between log ∆I and log MP as 
Y = 0.4802X − 0.4801 with correlation coefficient of 0.9911. 
The relative standard deviation (n = 7) was 3.48%. The calcu-
lated LOD based on 3SD/slope (2.42 µg L−1) is comparable 
with other reports on MP detection using nonenzymatic sen-
sors based on the nanomaterials and metal oxides, as shown 
in Table 1. The proposed electrochemical sensor exhibited 
the lowest detection limit which is lower level than the maxi-
mum residue limit (MRL) set by the EPA [8].

Fig. 7   A Effect of pH on the CV curves for the determination of MP at the CuO-NPs/AC/GCE sensor, B Effect of pH on anodic peak current 
(Ipa) and anodic peak potential (Epa) on MP (200 µg L−1) in 0.1 mol L−1 phosphate buffer at scan rate of 100 mV s−1

Fig. 8   A Differential pulse voltammograms of CuO-NPs/AC/GCE at different concentration of MP from 50 to 1500 µg L−1 in 0.1 M phosphate 
buffer pH 7.0 and B linear relationship between the logarithm of MP concentration and ∆I 
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3.4 � Selectivity, reproducibility, repeatability, 
and stability

To evaluate the selectivity of the sensor toward MP, the 
DPV curves were measured in the presence of interfering 
substance. Three-fold concentrations of some interfering 
substances possibly existing in soil samples, including chlor-
pyrifos (CPS), azinphos methyl (AZM), diazinon (DZN), 
fenitrothion (FT), deltamethrin (DM), and carbaryl (CBR), 
were added to a solution containing 100 µg L−1 MP. The ∆I 
values did not change significantly when MP coexisted with 
other interfering substances. While AZM, DZN, and FT had 
small effect on the DPV signal (< 10%) as shown in Fig. 9A. 
However, MP gave the highest sensitivity and selectivity for 
the fabricated CuO-NPs/AC/GCE sensor due to MP exhibits 
special coordination between CuO and S=P.

The reproducibility and repeatability of CuO-NPs/AC/
GCE for the analysis of 200 µg L−1 MP were evaluated 
by measuring the current signal and reported in terms of 
RSD (%) calculation. The modified electrode exhibited 
good repeatability with an RSD value of 3.48% for seven 
replicate analyses using the same CuO-NPs/AC/GCE. The 
five independent CuO-NPs/AC/GCE composites were also 
studied with an RSD of 8.40%, providing good reproduc-
ibility of the electrochemical sensor. Moreover, the long-
term stability of CuO-NPs/AC/GCE was evaluated over a 
4-week period, as shown in Fig. 9B. The electrochemical 
signal decreased slightly, but still retained over 95% of the 
initial signal, confirming the high stability of CuO-NPs/
AC/GCE.

3.5 � Sample analysis

The applicability of the electrochemical sensor (CuO-
NPs/AC/GCE) was demonstrated for the determination 
of MP in soil samples. The influence of the matrix was 

investigated by comparing the slopes of the calibration 
curve from the standard aqueous solution and matrix 
match calibration. The slopes of the calibration curve 
and the matrix match curve were not significantly differ-
ent (p = 0.05), suggesting that the studied samples had no 
matrix effects. MP was not detected in any of the stud-
ied samples. The accuracy of the method was also evalu-
ated by measuring the average recoveries of MP at three 
concentrations (50, 100, and 200 µg L−1). The results 
(Table 2) show that recoveries were between 80.18 and 
105.48%, indicating that the method has great potential 
for use as a reliable method for monitoring MP in soil 
samples.

4 � Conclusion

A simple nonenzymatic electrochemical sensor based 
on a glassy carbon electrode modified with copper oxide 
nanoparticle-deposited waste coffee grounds activated 
carbon (CuO-NPs/AC/GCE), was used to determine 
MP with high sensitivity. The use of AC and CuO-NPs 
nanocomposite offers an effective electron transfer pro-
cess and increases the electroactive surface area of the 
CuO-NPs/AC/GCE sensor. The high sensitivity for MP 
detection could be explained by the good conductivity of 
the CuO-NPs/AC composite and the high affinity between 
the Cu on electrode and the thionate sulfur (P=S) groups 
of MP. The electrochemical sensor exhibited an excellent 
response toward MP LOD of 2.42 µg L−1 lower than the 
maximum residue limit (MRL) set by the EPA. Moreover, 
the CuO-NPs/AC/GCE sensor was successfully applied 
to the analysis of MP in soil samples with satisfactory 
recovery (80.18–105.48%), and could be utilized for envi-
ronmental quality monitoring. In addition, the proposed 
electrochemical sensor is simple, easy to prepare, reusable, 
cost-effective, and eco-friendly.

Table 1   Comparison of the proposed method with the literature methods for the electrochemical determination of MP

CuO-NPs copper oxide nanoparticles, AC activated carbon, GCE glassy carbon electrode, Hal-MWCNTs halloysite nanotubes-multi-walled car-
bon nanotubes, AuNPs gold nanoparticles, CNTs carbon nanotubes, MIP molecularly imprinted polymer, NPG Nanoporous gold, VXC-72R car-
bon black, ZrO2 zirconia, h-CNT-uPs honeycomb-carbon nanotube-microparticles

Method Technique used Sample Linear range (µg L−1) Detection limit 
(µg L−1)

References

CuO-NPs/AC/GCE DPV Soil 50–1500 2.42 Present work
Hal-MWCNTs/GCE DPV Romaine and kiwifruit 14–2900 8.95 [51]
AuNPs/Nafion/GCE SWV River water 130–31,000 26.32 [52]
CNTs/MIP /GCE DPV Pear and cucumber 53–2600 17.64 [46]
NPG/GCE DPV Wastewater, Seawater 131–39,500 5.26 [53]
VXC-72R/ZrO2/ GCE DPV River water and tap water 263–26,000 14.00 [54]
h-CNT-μPs/Nafion/GCE LSV Tomato and cabbage 79–5200

5200–39,000
24.21 [55]
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