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Abstract

The preparation of gold nanoparticles-reduced graphene oxide-based sensor materials for the determination of zinc(II)
dimethyldithiocarbamate (ziram) is described in this paper. The graphene oxide (GO) was synthesized using a modified
Hummer’s method. A composite sensor consisting of gold nanoparticles (AuNPs) and reduced graphene oxide (RGO)
was electrochemically fabricated on a glassy carbon electrode. The nanocomposite was evaluated utilizing scanning elec-
tron microscopy (SEM). Cyclic voltammetry was used to illuminate the modified sensor’s electrochemical properties at
each stage of the modification. The suggested sensor was demonstrated good analytical performance to determine ziram
pesticide in water and peach juice, including a very low detection limit, a large linear range, and a low RSD.
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1. Introduction

Materials having sizes or properties ranging from 1
to 100 nm in one or more dimensions are called nanoma-
terials. Superior thermal, mechanical, electrical, and bio-
logical properties not available in conventional materials
are the important characteristics of these materials.!

The combination of these distinctive properties with
their remarkable recognition abilities has resulted in im-
proved performance. Apart from their high mechanical
strength and low weight, nanomaterials’ surface features,
including area, roughness, energetics, and electron distri-
butions, are primarily the result of their unique proper-
ties. It is obvious that nanomaterials, which has applica-
tions such as providing clean drinking water, improving
air quality, developing new energy sources and at the same
time removing dangerous and toxic substances from our
environment, will help create a sustainable environment.?

Graphene is one of the most important nanomate-
rials, with a wide range of applications that are expand-
ing.>* 1t is made up of sp? bonded carbon atoms with a
single atom thickness, as is well known. As a result of these

characteristics, it exhibits remarkable electron transport
capability and catalytic behavior for particular chemicals.
Opverall, due to its high spesific surface area, low cost, ease
of processing and safety, and superior electrical conductiv-
ity, it can play a vital role in increasing the performance of
sensors.>® With its potential application areas, it is one of
the most investigated materials nowadays.” Graphene, on
the other hand, is hydrophobic and does not form stable
dispersions in polar solvents.? This severely limits its use in
sensor development. An effective method for overcoming
this problem is in situ chemical or electrochemical reduc-
tion of highly hydrophilic graphene oxide (GO) to pro-
duce graphene.’ The electrochemical reduction method is
commonly used because it is a green process that does not
require a strong chemical reducing agent.!?

Metal nanoparticles (NP) have qualities that are de-
termined by their size and form. Chemical and biosensors,
catalyst synthesis, electronic device component prepa-
ration, imaging systems, medical and environmental ap-
plications all use a variety of metal NPs in various sizes,
forms, and morphologies.!"'? Among them gold nanopar-
ticles (AuNPs) have been received great interests as sensor

Aslan et al.: Electroanalytical Determination of Ziram by Differential



Acta Chim. Slov. 2022, 69, 638-646

devices due to its high selectivity, sensitivity, biocompabil-
ity and excellent chemical stability. Especially, the intro-
duction of AuNPs into modified electrodes has obvious
advantages in improving the sensor performances.!>!* It
has been stated in the literature that sensors made with
reduced graphen oxide (RGO)-metal nanocomposites su-
perior qualities such as sensitivity, lower detection limits,
and faster electron transfer kinetics.!>'® RGO has hydroxyl
(-OH) and carboxylate (-COOH) groups in its structure,
which allows it to interact with metal nanoparticles to cre-
ate a metal nanoparticle-graphene based electrochemical
sensor.!”!8 Therefore, AuNPs/RGO have recently been
used in electrochemical sensors for pesticide and other or-
ganic and inorganic pollutant detection.!®-2*

Pesticides are widely employed as agrochemicals to
enhance agricultural production by controlling or killing
insects, pests, and fungi. Uncontrolled pesticide use, on
the other hand, could endanger public health.?>2¢ Ziram
is a dithiocarbamate (DTC) fungicide that is commonly
used to control moulds, black spot, rot, and blight, as well
as to maintain the quality of fruits and vegetables through-
out transit and storage. Ziram residues, on the other hand,
can cause major health problems, such as headaches and
nausea, as well as cancer. It’s also linked to skin allergies,
asthma, Parkinson’s disease risk, and inflammation of the
eyes and respiratory tract.?’~32

Several analytical instruments, such as high-per-
formance liquid chromatography followed by atomic
absorption spectrometry (HPLC-AAS>** liquid chro-
matography-mass spectrometry (LC-MS/MS),** and gas
chromatography-mass spectrometry (GC-MS),* gas
chromatography-electron capture detector (GC-ECD),*
inductively coupled plasma mass spectrometry®’ are wide-
ly used in monitoring environmental contaminants such
as ziram in agricultural products. Electrochemical detec-
tion®* and immunoassays** are some of the other rapid
methods for detecting trace compounds that have been
proposed. Because of their numerous advantages, such as
rapid response, a wide dynamic range, portability, ease of
modification, and low cost, electrochemical sensors are a
viable and rapid instrument for detecting pesticide resi-
dues in food and environmental samples.

The goal of this research was to explore if composites
of reduced graphene oxide and gold nanoparticles might
be employed as an electrochemical sensor material for
low-concentration voltammetry-based pesticide residue
monitoring. A glassy carbon electrode (GCE) modified
with RGO and AuNPs was used to create and measure a
new voltammetric sensor for the determination of ziram.
The results indicated that the AuNPs/RGO-modified glassy
carbon electrode could provide a quick and easy platform
for ziram detection with high sensitivity, fast response, and
wide detection range. So far, only a few electrochemical
methods for the detection of ziram using nanocomposite
sensors have been published, and real sample applications
in foods are extremely limited.*>#¢ As a result, it is critical

to develop new methods that will serve as an alternative to
existing analysis methods.

Using a scanning electron microscope, the surface
specimens of the produced RGO/AuNPs/GCE were ex-
amined. For AuNPs electrodeposition and ziram deter-
mination, cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) were utilized. Furthermore, limit of
detection, limit of quantification, linearity, repeatability,
reproducibility and pH of the sensor were investigated in
detail. The RGO/AuNPs/GCE has been successfully used
as electrochemical sensor to determining of ziram fungi-
cide in peach juice and tap water samples.

2. Experimental

2. 1. Reagents

Graphite (Alfa Aeser, <20 um), HAuCl,.H,O
99.995%, zinc(II) dimethylditiyocarbamate (99.9%),
K;[Fe(CN)s], K4[Fe(CN)¢], hydrogen peroxide, boric acid,
o-phosphoric acid and sulfuric acid were provided by
Sigma Aldrich; Merck supplied sodium nitrate (NaNO3),
potassium permanganate (KMnO,), sodium hydroxide,
sodium acetate, hydrochloric acid, sodium dihydrogen-
phosphate.2H,0, sodium monohydrogenphosphate.7H,0O
and potassium chloride. The Britton Robinson (BR) buffer
solution and all other solutions were made with ultrapure
water. All experiments were carried out at room tempera-
ture. All sensor applications were performed in BR buffer
with a pH of 8.0 and 100 mM KClI as a supporting elec-
trolyte.

2. 2.Instrumentation

The CH Instruments 660B model Ivium potentio-
stat/galvanostat Electrochemical Analyzer (Ivium Tech-
nologies, Netherlands) was used for all electrochemical
experiments. A triple electrode system was used in the
experiments, including an Ag/AgCl reference electrode,
a glassy carbon working electrode, and a Pt wire counter
electrode.

Carl Zeiss AG’s EVO® 50 Series was used to capture
scanning electron microscopic (SEM) pictures. An ORI-
ON Model 720A pH/ion meter and a combined glass elec-
trode were used to obtain the pH readings. The pH-meter
was calibrated with commercial pH 4.0; 7.0 and 10.0 buffer
solutions prior to the measurements. When not in use, the
glass electrode was immersed in deionized water.

2. 3. Graphene Oxide Synthesis

Graphene oxide is synthesized from graphite powder
using a modified Hummer process.?’ 5 g graphite powder,
2.5 g sodium nitrate (NaNO3), and 115 mL 96.4% sulfuric
acid (H,SO,) were mixed in the first step of the synthesis
process. In an ice bath, the entire mixture was agitated for
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1 hour and, 15 g potassium permanganate (KMnO,) was
gently added to the mixture. The temperature was kept
below 5 °C for the permanganate addition. The solution
was taken out of the ice bath and stired for 2 hours until it
turned dark green.

The temperature of the mixture was kept between
35-40 °C during these procedures. 500 mL deionized
water was gently added to the mixture in the second step
of the synthesis process, and stirring was continued for 1
hour. To remove excess KMnOy,, 8.4 mL of hydrogen per-
oxide (H,0,, 35.7%) was gently dropped and stirred for 10
minutes. The exothermic process happened, and the tem-
perature was allowed to fall to room temperature.

Following a 10-minute centrifugation at 5000 rpm,
10 mL hydrochloric acid and 30 mL deionized water were
added. After that, the supernatant was decanted, and the
remaining residue was rewashed three times with an HCl/
deionized water mixture until pH 7 was achieved. As a re-
sult, the prepared GO was vacuum-dried overnight at 50
°C for 24 hours.

2. 4. Characterization of Graphene Oxide

Graphene oxide nanostructures were investigated
using a Zeiss Evo 60 EP model Scanning Electron Micro-
scope (SEM) with magnifications of 2500 X and accelerat-
ing voltages of 15 kV.

2. 5. RGO/AuNPs/GCE Nanocomposite
Sensor Fabrication

The non-modified GCE (nGCE) was polished man-
ually with Al,O; suspension (0.3 m, ATM GMBH, Germa-
ny), rinsed with deionized water, and sonicated in ethanol
and double-distilled water for 5 minutes, respectively.

GO was dispersed into sodium acetate buffer by stir-
ring at room temperature, and the resultant liquid was ul-
trasonicated for 4 hours, providing a homogeneous black
dispersion containing 1 mg mL! GO.

The buffer solution of sodium acetate serves as both
a buffer and an intercalant. The intercalation of sodium
ions inhibits restacking of the electrochemically reduced
graphene sheets, resulting in a larger electrochemically
active surface area for the RGO modified electrode. The
electrode was cleaned with deionized water after elec-
trochemical reduction and placed in a 50°C oven for 15
minutes to thoroughly evaporate the solvent and increase
RGO molecule adherence to the electrode surface.

The GO dispersion was then dropped 5 pL onto a
pre-cleaned GCE and let to dry at room temperature. The
GO/GCE was placed in an electrochemical cell containing
an acetate buffer solution (pH = 5) and 50 cyclic voltam-
metric scans between (+0.4) V and (-0.4) V were done at
a scan rate of 0.050 V/s. As a result, the GO treated GCE
was electrochemically reduced to RGO and dried in the
open air for 10 minutes. RGO/GCE was then immersed

in a 3 mmol L' HAuClO,.H,O solution prepared in 0.01
mol L' Na,SO, and 0.01 mol L' H,SO, solution in the
measurement cell. To electrodeposit Au nanoparticles
(AuNPs) on the RGO/GCE, 20 consecutive cycles in the
potential range of 0.2 to +1.0 V at a scan rate of 0.050 V
s~! were utilized. The modified sensor was labeled RGO/
GCE/AuNPs, dried, and used as an electrochemical sen-
sor. When it wasn’t in use, the sensor was kept at room
temperature.

2. 6. Electrochemical Measurements

Appropriate volumes of supporting electrolyte (KCI)
and pesticide standard solution were added to the electro-
chemical cell with a total volume of 5.0 mL in the cyclic
voltammetry and differential pulse voltammetry meth-
ods used in this study. To record the background signals,
voltammogram of the supporting electrolyte was obtained
before adding the pesticide solution to be examined. At a
scanning rate of 0.050 V s71, cyclic voltammetric measure-
ments were taken. According to the potential signaled by
the pesticides, the most appropriate potential range was
employed in both methods. Cyclic voltammograms of the
GCE and modified electrode were acquired by scanning
the potential between 0.80 V and +1.00 V vs. Ag/AgCl at
a scan rate of 0.050 V s71. All other voltammetric meas-
urements were performed in a BR buffer solution at room
temperature (25 + 1 °C) (0.04 mol L}, pH 8.0)

2. 7. Optimization of the Experimental
Conditions for Ziram

To create a highly sensitive method with a low detec-
tion limit, it’s crucial to identify the most effective experi-
mental conditions. On bare and modified GCE, the effect
of scan rate, pH, and supporting electrolyte on the voltam-
metric response of ziram was examined. The sensitivity of
the assay was shown by putting the constructed sensor to
the test with real samples.

2. 8. Real Sample Application of the Sensor

Tap water and peach juice samples were analyzed us-
ing the spiking approach to determine the applicability of
the RGO/AuNPs/GCE sensor.

Tap water samples were taken from our laboratory
and spiked with a certain amount of standard ziram solu-
tion. To maintain a homogeneous mixture, it was agitated
for 3 hours in an ultrasonic bath. This solution was added
to electrochemical cells containing 100 mM KCl in Brit-
ton-Robinson (BR) buffer solution (0.04 mol L}, pH 8.0)
in quantities of 250 uL, 500 pL, and 1500 pL. The DPV
method was used to analyze the samples.

Peach juice was also tested to the method’s appli-
cation. Peaches were picked from a farmer’s garden that
practices organic farming and avoids using pesticides. The
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peach juice obtained by squeezing the fruit was filtered
through the filter paper and the pulp was removed. In 25
mL of peach juice, a known amount of 1.01 mM ziram
stock solution was added. To get a homogenous mixture, it
was sonicated for 2-3 hours in an ultrasonic bath. 25 mL
acetone was added to the mixture before it was transferred
to centrifuge tubes. The organic phase was filtered via a
Buchner funnel using Whatman filter paper (No.4) after
centrifugation at 4000 rpm for 10 minutes. To remove the
solvent, the filtrate was transferred to a 250 mL rotating
vacuum evaporator vessel. After the solvent had evaporat-
ed, the residue was dissolved in acetone to yield a total vol-
ume of 5.0 mL. The blank sample was made by following
the identical steps as the peach juice sample that did not
contain ziram.

3. Results and Discussion

3. 1. Characterization of Graphene Oxide

SEM image of the prepared GO is presented Figure
1. From the SEM image it is evident that GO has a multiple
lamellar layer structure and it is possible to distinguish the
edges of individual sheets. The layers are stacked one above
the other and also show wrinkled areas, which could be at-
tributed to intrinsic and extrinsic factors such as thermal
fluctuation, defects, and functionalization. The wrinkled
structure of the GO can increase the effective surface area
and thus provide a good platform for bonding the AuNPs.

Figure 1. SEM images of synthesized graphene oxide.

3. 2. Optimization of RGO/AuNPs Sensor
Fabrication
The electropolimerization cycles were investigated to

achieve the best responses for ziram determination. Effect
of GO concentration on sensor response was investigated

using 0.5 mg mL~%; 1.0 mg mL7%; 1.5 mg mL~!; and 2.0 mg
mLL. The highest current response was observed with the
electrode prepared with 1.0 mg mL™ GO and this value
was selected as the optimum GO concentration (Fig. 2).
GO concentration higher than 1.0 mg mL™! did not in-
crease the sensor response. The results could be attributed
to the thicker RGO layer, which restricted electrical con-
ductivity.

200

<
- 80 4
40 4
0 T T T
0.5 1.0 15 2.0

GO concentration, mg mL"

Figure 2. Effect of GO concentration on the response of the RGO/
GCE.

Fig. 3 shows the cyclic voltammogram of electro-
chemical reduction peak of graphene oxide at -1.14 V.
Electrons act as a reducing agent, causing RGO to occur
on the GCE surface. Wang et al. reported the electrochem-
ical reduction mechanism of graphene oxide with two
assumptions.*® The reduction of newly formed hydrogen
atoms produced near the electrode surface during the wa-
ter electrolysis process was one of the expectations. The
following reaction takes place during water electrolysis.

2H,0 + 2™ — Hy(g) + 20H"

200

Current, pA

1.5 1.0 0.5 0.0

Potential, V

Figure 3. CV of electrochemical reduction of 1.0 mg mL~! graphene
oxide on GCE surface in acetate buffer solution (pH = 5) at the scan
rate of 0.050 V s7! in the potential range of (-1.2) - (2.2) V.
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Hydrogen gas produced at the edges of graphene
oxide can also contribute to the reduction process of
graphene oxide.

During the electrochemical reduction process, a ca-
thodic peak was observed due to the formation of reduced
graphene oxide. The continuous deposition of conducting
reduced graphene oxide on the electrode surface was ev-
idenced by the linear increase in peak current with con-
secutive cycles. The current intensity stabilized after ap-
proximately 15-20 cycles and the electrochemically active
surface area reached its maximum value. Then, the RGO/
GCE was washed with ultrapure water. According to the
literature, gold nanoparticles were successfully deposited
on the RGO/GCE surface.*

Current, pA
3
1

Potential, V

Figure 4. Repetitive cyclic voltammogram of RGO/GCE in 0.01 mol
L' H,SO, solution containing 3 mmol L~! HAuClO, and 0.01 mol
L! Na,SO, at a scan rate of 0.050 V s7! in the potential range of
(=0.4) - (0.4) V.

3. 3. Electrochemical Characterization of
RGO/AuNPs/GCE

Nanocomposite

The cyclic voltammogram (CV) of the [Fe(CN)]3~/4-
redox probe is a useful method for investigating the char-
acteristics of surface-modified electrodes. For this, electro-
chemical characteristics of the modified and unmodified
sensors were investigated in 100 mM KCI containing 5.0
mM of [Fe(CN),]3#~ions. Figure 5 shows the CV's record-
ed for GCE, RGO/GCE, and AuNPs/RGO/GCE. In these
three voltammograms, reversible peaks of [Fe(CN)¢]34
were observed. Although all voltammograms showed a
pair of redox peaks corresponding to Fe**/Fe?*, the cur-
rent intensity varied.

Because of the RGO’s large surface area and great
conductivity, it was observed that peak currents increased
slightly once the GCE surface was modified with RGO.
When the surface was modified with gold nanoparticles,
the peak currents were significantly increased compared
to the currents obtained with GCE and RGO/GCE. These
changes can be interpreted as that AuNPs assisting elec-
tron transfer between the redox probe and the electrode.

This finding supports the idea that combining the two na-
nomaterials, RGO and AuNPs, increased the electrode’s
sensitivity by raising the current intensity or enhance the
current due to electro catalytical effect and large surface
area.”

200 RGO/GCE
E AUNPs/RGO/GCE \

o
1
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Current, pA

0
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Potential, V

Figure 5. Cyclic voltammograms of GCE, RGO/GCE and AuNPs/
RGO/GCE in 5.0 mM [Fe(CN)¢]>#" containing 100 mM KCL

3. 4. Electrochemical Performance of the
Sensors

In 0.04 mol L! BR buffer solution (pH 8.0), the CV
responses of the bare GCE, RGO/GCE, and AuNPs/RGO/
GCE sensors to 1.50 x 107> mol L~! ziram were individual-
ly examined. Figure 6 depicts a comparison of voltammo-
grams obtained using GCE, RGO/GCE, and AuNPs/RGO/
GCE sensors under the same experimental conditions. The
anodic peak current of ziram was investigated using the
CV results. Because of the distribution of AuNPs on the
electrode surface, the current measured at AuNPs modi-
fied RGO/GCE was significantly higher than the current
measured at RGO/GCE and bare GCE. As a result of their
distinctive properties, the simultaneous presence of RGO
and AuNPs improved the sensitivity of ziram detection. A
synergic effect of their combination was demonstrated as
aresult of a larger surface area and increased conductivity.

&0_]

p AuNPs/RGO/GCE
ol \

T ]
CIJ 20,
=
(3 4
o et
i N RGO/GCE GCE
-20_4
T T T
0.0 0.5 1.0

Potential, V

Figure 6. The cyclic voltammograms of 1.50 x 10~>mol L™! ziram in
BR buffer solution with pH 8.0 at scan rate 0.050 v s!, for the bare
GCE, RGO/GCE and AuNPs/RGO/GCE.
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3. 5. Optimization of Experimental
Conditions

The pH of the supporting solution has critical im-
portance in obtaining good analytical performance for a
developed sensor. Therefore, the effect of pH was investi-
gated for ziram in 0.04 mol L! BR buffer solutions. This
study was carried out at 1.52 x 107> mol L™! constant ziram
concentration over the pH range from 5.0 to 10.0. The var-
iation of peak currents and peak potentials of the voltam-
mograms recorded for the ziram oxidation were given in
Table 1. The current response of the AuNPs/RGO/GCE
sensor increased with the pH increasing from 5.0 to 8.0
and then gradually decreased from 8.0 to 10.0 (Fig. 7). As
seen from the Figure, at pH 5.0 AuNPs/RGO/GCE sensor
showed small anodic peak at around 0.72 V. But increase
of pH value causes increase of peak currents up to pH 8.0.
Only a fluctuation was observed for the peak potential at
pH 7.0. The voltammetric response was pH sensitive and
maximum peak current was appeared at pH 8.01. As a re-
sult, BR buffer solution at pH 8.01 was chosen for the fol-
lowing work. The ziram’s oxidation peak potential shifted
to less negative values ranging from 8.0 to 10.0, indicating
proton transfer participation in the electrode reaction.

8
]

6

= . .

iﬂ- .
2 .
0 T T T
3 5 7 9 11

pH

Figure 7. Effect of pH of ziram solutions on the current intensity of
AuNPs/RGO/GCE

Table 1. Variation of peak potential and peak current of 1.52 x 10~
mol L! ziram solution at a scan rate of 0.050 V s™! and different pH
in 0.04 mol L™! BR buffer solutions.

pH Peak current (pA) Peak potential (V)
5.01 2.027 0.722
6.04 5.256 0.744
7.00 5.445 0.676
8.01 6.605 0.710
9.08 5.430 0.652
10.03 3.815 0.648

The scan rate is an important parameter to evaluate
the electrochemical behaviour, adsorption and diffusion
properties of ziram on the electrode surface. Therefore,

the effect of scan rate on the oxidation peak current of 1.0
x 107 mol L ! ziram was studied. The variation of the peak
current of ziram versus the square root of the scan rate was
plotted (Figure 8). It has been observed that with the scan
rate increasing, the anodic peak current increased. In the
0.050-0.300 V s7! range, there was good linearity between
the square root of scan rate and peak current. The linear
regression equation was (pA) =0.2783 (nA s) 0.0785 (nA)
with correlation coefficient 0.9919. The correlation coeffi-
cient is very close to 1.0, indicating that the oxidation pro-
cess is controlled by diffusion.>!>?

In addition, it was observed that logarithm of peak
current changed linearly with the logarithm of scan rate
and slope value for this linear line is 0.6346. For ideal dif-
fusion-controlled the slope is between 0.5 and 1.0.%

2:4 y = 0,2783x-0,0785
R?=0,9919

3 6 9 12 15
vi2

Figure 8. Variation of anodic peak current (,,)versus the square
root of scan rate (v'/2)

3. 6. Analytical Performance Parameters of
the Sensor

The correlation between ziram concentrations and
anodic peak currents was examined utilizing the DPV
method in BR buffer solution (pH 8.0) with the AuNPs/
RGO/GCE composite sensor under optimized experimen-
tal conditions. The calibration graph was shown in Fig. 9.
Over the range of 1.50 x 10~> mol L™! to 1.63 x 1077 mol
L, the peak current increases linearly with the increas-
ing ziram concentration. The linearity between the anodic
peak current and the ziram concentration is shown in the
following equation;

Ipa(HA) = 2x107. Ciram (UM) + 5.5336

(1)
(R? = 0.9996)

The linear range of the calibration curve is 1.50 x
10> mol L™! to 1.63 x 107 mol L~! with the LOD values of
1.19 x 1077 mol L™! for ziram. The formulas (3 x s/m) and
(10 x s/m) were used to calculate the method’s limit of de-
tection (LOD) and limit of quantification (LOQ).>* Where
s denotes the measurement’s standard deviation and m de-
notes the calibration curve’s slope (or the sensitivity).
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150x10°% a

470x10°° b
s00| 3:18%10°6¢
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Current, pA
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Figure 9. The calibration voltammograms at different concentra-
tions of ziram in BR buffer (pH 8) at AuNPs/RGO/GCE by DPV
(a)1.50 x107%; (b) 4.70 x 107%; (c) 3.18 x 107%; (d) 1.63 x 107; (e) 6.44
% 107; (£)1.63 x 107 mol L.

LOD value satisfies the MRLs established by the The
Codex Alimentarius Commision (CAC), for stone fruits
(7.0 mg kg™!).% Particular pesticide limit levels have also
been set at 0.1 pg L! by the European Union. This value
was decided as the LOD for all pesticides found in drink-
ing water. That means the method is sensitive enough and
the developed sensor can be used with high reliability in
detecting the maximum allowable residue level of ziram
in fresh fruits and water. All validation and regression pa-
rameters are tabulated in Table 2.

Table 2. Analytical performance of the RGO/AuNPs/GCE sensor
for ziram.

Parameters Value

Linear working range, mol L!  1.50 x 107> - 1.63 x 10~/

LOD (mol L) 1.19x1077

LOQ (mol L) 7.80x1077

Calibration equation Lo (A)=2x 10 7 Criram (KM +
5.5336

Regression coefficient (R?) 0.9996

Selectivity (pA/pM) 2 x 107

Intercept 5.5336

Reproducibility (RSD, %) 2.35

Repeatability (RSD, %) 4.12

3. 7. Reproducibility and Repeatability

To demonstrate the reproducibility of the RGO/
AuNPs/GCE sensor, 3 modified electrodes were prepared
under the same composition. Under optimized experi-
mental conditions, repeated DPV measurements (n = 5)
from a solution that contains 5.0 x 10~ mol L™! ziram
were used to identify the peak current for each electrode.
The anodic peak currents for ziram had a relative standard
deviation (RSD) of 2.35% (Table 2). This implies that the
electrode has a high level of repeatability. Multiple DPV

measurements (n = 5) were used to assess the sensor’s re-
peatability, giving RSD value of 4.12% (Table 2).

3. 8. Real Sample Analysis

The analytical applicability of the prepared sensor
was performed with tap water and peach juice. The recov-
ery of the method was evaluated by spiking tap water and
peach juice samples with ziram at low, middle and high
concentration levels of the calibration graph. Calculated
recovery values and added ziram concentrations are given
in Table 3 and Table 4.

The obtained recovery values were between 96.4
and 107.6%. These results show that the developed elec-
trochemical sensor can effectively be applied with high
sensitivity and selectivity for ziram determination in two
different matrices.

Table 3. Recovery results obtained by standard addition method in
tap water sample using RGO/AuNPs/GCE sensor.

No Added Found Recovery, RSD, Relative
ziram, ziram, % %  error, %
(mgL') (mgL)

1 0.56 0.54 (+0.02)  96.4 (+2.73) 2.83 -3.6
1.68 1.64 (+£0.02)  97.6 (£1.19) 1.22 -24
3 2.50 2.69 (+0.04) 107.6 (+1.67) 1.55 7.6

* The average of three measurements is used for each value.
RSD, Relative Standard Deviation

Table 4. Recovery values obtained by standard addition method in
peach juice using RGO/AuNPs/GCE sensor.

No Added Found Recovery, RSD, Relative
ziram, ziram, % % error,
(mgL') (mgL) %
1 0.62  0.65(%0.03) 104.8 (+4.3) 4.07 4.84
2 1.86  1.83(+0.03) 98.8 (%1.6) 1.64 -1.61
3 248  2.37(+0.04) 95.3(x1.6) 1.71 -4.70

* The average of three measurements is used for each value.
RSD, Relative Standard Deviation

4. Conclusion

A sensitive electrochemical sensor for the rapid de-
tection of ziram was successfully constructed by modifying
AuNPs improved RGO on GCE. Using cyclic voltammetry
and differential pulse voltammetry, the electrochemical
behaviour and real sample applicability of RGO/AuNPs/
GCE were examined. The proposed electrochemical meth-
od was validated and the constructed sensor was proven
to have good sensitivity and selectivity, as well as a low
detection limit. Furthermore, the method has been used
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to accurately determine the ziram in spiked tap water and
peach juice. The created RGO/AuNPs/GCE sensor is effec-
tive and promising due to its relatively simple modification
method and disposable feature, as well as its potential to
be used for direct measurements in water and peach juice.
The findings of this study add to the analytical methodolo-
gies for ziram determination that have been used thus far.
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V tem prispevku je opisana priprava senzorskih materialov na osnovi reduciranega grafenovega oksida z nanodelci zla-
ta za dolocanje cinkovega(II)dimetilditiokarbamata (zirama). Grafenov oksid (GO) je bil sintetiziran po modificirani
Hummerjevi metodi. Kompozitni senzor, sestavljen iz nanodelcev zlata (AuNP) in reduciranega grafenovega oksida
(RGO), je bil elektrokemi¢no izdelan na elektrodi iz steklenega ogljika. Nanokompozit je bil ovrednoten z uporabo
vrsti¢ne elektronske mikroskopije (SEM). Cikli¢na voltametrija je bila uporabljena za prikaz elektrokemi¢nih lastnosti
modificiranega senzorja na vsaki stopnji modifikacije. Predlagani senzor je pokazal dobro analiticno zmogljivost za
dolocanje pesticida ziram v vodi in breskovem soku, vklju¢no z zelo nizko mejo zaznave, velikim linearnim razponom

in nizkim RSD.
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