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THAI ABSTRACT 

นลทพล อัครชาญชัยนนท์ : ขั้วไฟฟ้าดัดแปรไมเซลลาร์แกรฟีนออกไซด์ที่ถูกรีดิวซ์ทาง
เคมีไฟฟ้าส าหรับการตรวจวัดคาร์ โบฟิวแรนและคาร์ เบนคาซิมในคราวเดียวกัน 
(ELECTROCHEMICALLY REDUCED MICELLAR GRAPHENE OXIDE MODIFIED 
ELECTRODE FOR SIMULTANEOUS DETECTION OF CARBOFURAN AND 
CARBENDAZIM) อ.ที่ปรึกษาวิทยานิพนธ์หลัก: ศ. ดร.อรวรรณ ชัยลภากุล, อ.ที่ปรึกษา
วิทยานิพนธ์ร่วม: ดร.นาฏนัดดา รอดทองค า{, 82 หน้า. 

แกรฟีนซึ่งเป็นสารที่มีโครงสร้างเป็นระนาบเดี่ยวของแกรไฟต์ จัดว่าเป็นหนึ่งในวัสดุนาโนที่มี
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Graphene, an isolated single layer of graphite, is one of the well-publicized 
carbon based nanomaterials used for electrode modification in electrochemical sensor 
due to its outstanding electrochemical properties. However, hydrophobicity of 
graphene makes it incompatible with aqueous solution, leading to impediment to 
electron transfer process. Here, we alter graphene property to be hydrophilicity by 
using electrochemically reduced micellar graphene oxide for electrode surface 
modification. Then, this system was applied for the simultaneous determination of 
carbofuran and carbendazim. Interestingly, the modified electrode offers an improved 
electrochemical sensitivity, verified by a drastic increase in current signal of carbofuran 
(4 times) and carbendazim (12 times) compared with unmodified electrode. Under the 
optimal conditions, low detection limits of carbofuran and carbendazim were found 
to be 10 µg L-1 and 5 µg L-1 with the wide linear ranges of 40-20,000 µg L-1and 25-5,000 
µg L-1, respectively. Ultimately, this approach was successfully applied for sensitive 
determination of carbofuran and carbendazim residues in real agricultural products. 
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CHAPTER I 
INTRODUCTION 

1.1 Introduction 

One of the current environmental problems which our world is confronting is 
the contamination of natural resources, particularly in an issue of residual pesticide 
contaminants. There is no gainsaying that some noxious pesticides have been widely 
used around the world. Carbofuran and carbendazim, commonly used as insecticide 
and fungicide, are considered as the most hazardous pesticides. Both of them have 
potential to wreak widespread destruction of natural environment. With inadvertent 
use of them, there will be inevitable contamination in air, food and water sources and 
adversely impact through living organism food chain [1]. Consequently, they not only 
devastate wildlife, but also severely harm human health. Carbofuran (CBF) is known 
as one of the most toxic carbamate insecticide due to its high insecticidal activity. It is 
used to control insects in crop fields. On the other hand, carbendazim (CBZ), a 
benzimidazole based fungicide, is extensively employed for wild range of plant disease 
control. It is considered as a highly toxic chemical because carbendazim possesses 
long degradation time due to its unbreakable chemical structure. Owing to the 
widespread use in agriculture, the pesticide residues potentially contaminate in various 
agricultural products. A large amount of intake tends to accumulate in human body 
and could be fatal. Furthermore, it has been reported that carbofuran and 
carbendazim are the carcinogenic substances causing chronic and acute disease [2-4].  
Therefore, sensitive and accurate method for the detection of these pesticides is 
important to control as well as protect the environmental contamination. 

There are several conventional analytical methods commonly used for CBF 
and CBZ determination, such as ultraviolet spectroscopy [5], spectrophotometry [6], 
gas chromatography [7], high-performance liquid chromatography [8, 9] and capillary 
electrophoresis [10] etc. Unfortunately, these techniques still have some drawbacks, 
for example, high operating cost, non-portability, long analysis time, requirement of 
skilled technicians, complicated sample pretreatment and use of toxic organic solvent. 
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Thus, electrochemical technique has become an interesting and alternative option due 
to its inexpensiveness, fast analysis and portability; however, the performance of 
conventional electrodes has still not sufficed to accomplish the sensitive analyses. To 
unravel this problem, modification of electrode surface is a crucial step. In the recent 
years, electrochemical biosensors were used for CBF and CBZ detection using 
electrochemical detection based on specific enzyme activities; however, these systems 
have a lot of disadvantages, such as high cost, relatively poor stability and 
reproducibility and requirement of pretreatment step. Thereby, considerable 
attentions have been focused on non-enzymatic based electrochemical system as an 
alternative approach. 

The advent of nanoscience and nanotechnology has brought exceedingly 
beneficial applications in the fields of science. The nanoscopic-scale materials have 
been widely used in many research areas, including analytical chemistry. Various types 
of nanomaterials, such as metallic nanoparticles [11, 12], carbon based nanomaterials 
(i.e. fullerenes [13], carbon nanofibers [14], carbon nanotubes [15], carbon nanodots 
[16], graphene) have been used for electrode surface modification. Among all, 
graphene (G) [17, 18], one of the carbon based nanomaterials, has become 
contemporarily promising material in several applications. G is an allotrope of carbon 
which made up from entire sp2-carbon lattice structure arranged in 2-dimensional 
single-layer sheet. Due to its attractive properties, such as large surface area, high 
electron transfer and excellent electrical conductivity, it is a notable material which is 
suitable for electrode modification.  

However, G has an unfavorable difficulty due to strong Van der Waals 
interactions among the neighboring sheets. Thus, G usually suffers from a severe 
tendency of self-agglomeration and re-stacking, being a cause of loss in effective 
surface area and conductivity. Therefore, it is necessary to prevent self- agglomeration 
of G. Alternatively, graphene oxide (GO) has similar structure to G, but the difference 
is the decoration of oxygen functional groups on the plane of carbon atoms. An 
important property of GO is well dispersibility in water due to its high polarity of oxygen 
functionalities. On the contrary, in terms of electrical property, GO is often classified 
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as an electrical insulator because of the disruption from the oxygen functional groups 
on its structure. Therefore, GO is used as a precursor and reduced into pristine G by 
removal of oxygen-containing groups on GO with reduction reaction. GO which is 
reduced in to G is called reduced graphene oxide (RGO). There are several methods 
[19-22] to achieve reduction reaction based on chemical reduction, thermal reduction 
or electrochemical reduction. From the previous literatures [23], although RGO using 
chemical reduction is a large scale method, but this method has caused contamination 
of reducing agents in RGO solution as a result of poor-quality yields. Likewise, for 
thermal reduction at high temperature, this method can produce very high surface 
area RGO, but the heating process can damage the structure of RGO sheets [24]. 
Nonetheless, GO which is reduced by electrochemical method, denoted as 
electrochemically reduced graphene oxide (ERGO) [25, 26], can be created as the best 
quality compared to others. Unfortunately, as soon as GO was reduced to G, the 
decorated oxygen functionalities will be removed instantaneously. The planar 
structure of G remains merely entire carbon structure, so it is classified as a 
hydrophobic material. Inevitably, G surface repels aqueous solution. In this work, we 
aim to adjust a property of graphene surface to be hydrophilic by simply using of 
common surfactant for improving its interfacial property. 

Surfactants are the surface-active compounds consisting of hydrophilic heads 
on one side and long chain hydrophobic tails on the others. Generally, the surfactant 
molecules possess an important property of reducing the interfacial tension. From the 
previous literatures, surfactants were used to prevent self-agglomeration of G by 
intercalation between G sheets [27-29]. Moreover, it was reported that surfactant can 
improve the interface property between electrode and electrolyte solution [30]. Also, 
it was well known that micelles are formed spontaneously in an aqueous solution at 
a sufficiently high concentration of surfactant. There are several applications that use 
micelles for electrode modification to improve the electrode surface properties [31, 
32]. Accordingly, surfactant becomes a material of interest for developing of a new 
electrode platform for electrochemical sensor. Here, cetyl trimethylammonium 
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bromide (CTAB), a positively charged surfactant with quaternary ammonium group, is 
used together with G for electrode surface modification 

In this study, the modified electrode was fabricated by electrochemical 
reduction of micellar GO on working electrode. This system based on 
electrochemically reduce micellar graphene oxide (ERMGO) modified electrode was 
applied for the simultaneous determination of CBF and CBZ in real agricultural 
products. The modified electrode preparation and optimization were systematically 
studied. In addition, this research also presents a comparison among our proposed 
electrode platform and the similar electrode systems (e.g. ERGO modified electrode) 
to show a superior performance. Overall, this modified electrode offers several 
advantages, such as fast and easy fabrication, high analytical performance, excellent 
electrochemical sensitivity and extremely low cost of materials. Indeed, this electrode 
platform will become an alternative approach for further development of 
electrochemical sensors in various applications. 

1.2 Objectives 

- To improve a hydrophobic property of graphene for suitable and efficient 
utilization for electrochemical detection in aqueous solution  

- To develop electrochemical sensor based on electrochemically reduced 
micellar graphene oxide modified screen-printed carbon electrode 

- To use modified electrode for applications of sensitive detection of 
carbofuran and carbendazim in agricultural products 

1.3 Scope of the research 

In this study, the electrochemical sensor based on electrochemically reduced 
micellar graphene oxide modified screen-printed carbon electrode was fabricated for 
the simultaneous determination of carbofuran and carbendazim. The applicable 
parameters concerning electrochemical sensitivity towards the analytes were 
investigated and optimized. Thence, modified electrode surface morphologies and 
properties were characterized by scanning electron microscopy, electrochemical 
impedance spectroscopy and contact angle measurement. Furthermore, the analytical 
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performances of modified electrode, including linear range, detection limit, were 
evaluated. Ultimately, under the optimal conditions, this proposed electrode system 
was applied for pesticide detection in real agriculture products. 



 

 

CHAPTER II 
THEORY 

In this chapter, the basic principles and theory of electrochemical analysis are 
described. In the second part of this chapter, it focuses on carbon-based 
nanomaterials, especially graphene, graphene oxide and surfactant, used for electrode 
surface modification. Finally, the importance of the target analytes (carbofuran and 
carbendazim) are explained. 

2.1 Electrochemical analysis 

2.1.1 Fundamentals of electrochemistry [33] 

Electrochemistry is a study about a relation between electrical energy and 
chemical reaction, and that reaction is called electrochemical reaction. The 
electrochemical reactions involve an electron transportation process of molecule or 
ion with changing its oxidation state.  In fact, the principle of electrochemistry has been 
used for various applications, for example corrosion study, battery, fuel cell and 
electroanalytical sensor etc.  

Electrochemical method, a class of techniques in electrochemical analysis, 
must be operated in an electrochemical cell with applying electrical signal towards 
the target analytes of interest, and measuring other electrical parameters, for example, 
current (amperes) or potential (volts). The electrochemical method can be divided 
into several categories depending on the measured parameters. For instance: 

- Potentiometry; this technique is operated under static condition without 
current flowing, so the composition in electrochemical system is in 
equilibrium, and then potential is measured. 

- Voltammetry; this technique is performed by varying applied potentials 
range, whereas a current signal is measured. 

- Coulometry; this technique is operated by applying current or potential and 
measuring  the amount of consumed or produced electricity (in coulomb) 



 

 

7 

In this work, we focused on a voltammetry technique. This technique has been 
generally used for electrochemical analysis application because of its powerful 
efficiency in analytical sensitivity and analytical performance. 

2.1.2 Electrochemical cell 

Basically, voltammetry must be operated with an electrochemical cell 
consisting of at least three main components: three electrodes, namely working 
electrode, reference electrode and counter (or auxiliary) electrode, electrolyte 
solution and external power supply. The working electrode is an electrode on which 
the electrochemical reaction of the analytes occurs. The reference electrode is used 
for measurement of the potential of working electrode without flowing any current 
through. Ultimately, counter electrode allows to pass current from working electrode 
to complete an electrical circuit. All the three electrodes are immersed into electrolyte 
solution containing target analytes. Meanwhile, the variation of potential between a 
pair of working-counter electrodes is controlled by external power supplied, known as 
potentiostat, and another function of potentiostat is to measure a current signal which 
gets along with potential change. 

Figure 2.1 shows a conventional voltammetric cell. Three solid rods of 
electrode are immersed in an electrolyte solution; thus, this electrode system requires 
a large sample volume. Moreover, because of large instrumental components, this 
system is still non-portable. For the sake of convenience, the conventional electrode 
system is miniaturized into a smaller electrode system by using screen-printed 
electrode. Conductive ink, such as carbon ink or silver ink, are printed onto a substrate. 
Figure 2.2 shows a typical screen-printed carbon electrode on which working electrode 
and counter electrode are printed by carbon ink, and reference electrode is printed 
by silver ink. Instead of immersion of electrodes, the electrolyte solution containing 
analytes is readily dropped onto the electrode surface, covering three printed 
electrodes. The several advantages which this electrode offers over the conventional 
one are portable size, simple and rapid analysis and small sample requirement. 



 

 

8 

 

Figure 2.1 A conventional voltammetric electrochemical cell. 

 

Figure 2.2 A screen-printed carbon electrode. 

2.2.3 Electrode potential and Nernst equation 

 As long as potential is applied to the working electrode, a redox reaction 
of target analytes take place on the electrode surface. In the condition of very fast 
electron transfer and reversible process of the system, the current response is related 
to the concentration of the target analytes by Nernst equation as below: 

𝑬 = 𝑬𝟎 +
𝟐. 𝟑𝑹𝑻

𝒏𝑭
𝒍𝒐𝒈

𝑪𝒐

𝑪𝑹
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Where E0 = stand potential for the redox reaction, CO = concentration of 
electroactive species in reduced form, CR = concentration of electroactive species in 
oxidized form, R = the universal gas constant (K-1 mol-1), T = Kelvin temperature, n = 
number of electrons transfer in the reaction, and F = the Faraday constant. 

In an electrochemical cell, the current flowing in the system, which is caused 
by electrochemical reaction, can be divided into 2 types, faradaic current and non-
faradaic current. The faradaic current can be generated by the oxidation or reduction 
reaction of the analytes on the electrode surface. On the other hand, non-faradaic 
current arises from a charge associated with movement of ion species or 
adsorption/desorption on the electrode-electrolyte solution interface, and non-
faradaic current can also be called charging current. For the quantitative analysis, only 
faradaic current is considered because this current can indicate amount of redox 
reaction of the analytes on the electrode surface. The redox reaction of analytes is 
occurred by the excursion of analytes from bulk solution to electrode surface region 
with mass transfer process.  

2.2.4 Mass transfer in electrolyte solution 

Mass transfer is the movement of particles from one location in solution to 
another. Both analytes and electrolytes can be moved from the bulk solution to 
electrode surface under a condition of difference chemical or electrical potential at 
the two locations or from movement of a volume element in the solution. Mass 
transfer process can be divided into three types: 

- Diffusion mass transfer; a movement of species under the influence of a 
gradient of chemical potential (e.g. concentration gradient) 

- Migration mass transfer; a movement of charged substances under the 
inducement of an electrical field.  

- Convection mass transfer; a movement from stirring or hydrodynamic 
transportation. 

When three modes of mass transfer concur during analysis, the electrochemical 
system is much more complicated; therefore the system might frequently be designed 
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to avoid the contribution of one or more forms of mass transfer. For example, in the 
system of migration mass transfer, negatively charged and positively charged 
substances are enticed and repelled by same or opposite charge of applied potential 
surface; hence this system is unpredictable consequences of the migration current. 
Therefore, the effect of migration transfer might be reduced by addition of an inert 
electrolyte (a supporting electrolyte) at a much higher concentration than analyte 
species. Ultimately, the convection mass transfer can be avoided by the prevention of 
stirring or vibration of the solution in an electrochemical cell. Thus, mass transfer can 
be restricted to only diffusion mass transfer, called diffusion control, so the system is 
relatively much simpler to predict the phenomenon of diffusion pattern and the 
mathematical models. 

2.2.5 Electrochemical methods 

  2.2.5.1 Potential step method under diffusion control 

Figure 2.3a shows a diagram of the waveform applied in the basic potential 
step method. This kind of experiment can also be called chronoamperometry. A 
constant potential is stepped constantly from the point potential which redox reaction 
does not occur (none of faradaic process) (E1) to the point potential which redox 
reaction occurs (E2) monitored as a function of time. Figure 2.3b shows a curve i-t 
profile. At the beginning of potential stepping, both faradaic current and charging 
currents are generated because the potential is pulsed immediately. Later, the current 
in i-t profile decay exponentially with a progression of time. An effect of charging 
current decreases because there is no any movement of particles at the fixed 
potential. The system remains only diffusion mass transfer of electroactive species. 
Under the condition of diffusion control, faradaic current (id), which is due to electron 
transfer of the species and is only current component of interest, can be calculated 
by Cottrell equation:  

𝑖𝑑(𝑡) =
𝑛𝐹𝐴𝐷𝑜

1
2𝐶𝑜

𝜋
1
2𝑡

1
2

 

Where id(t) = the diffusion-limited current as a function of time (ampere), n = 
number of electrons involved in an electrode reaction, F = Faraday constant, A = area 
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of electrode surface (cm2), Do = diffusion coefficient (cm2/s), Co = bulk concentration 
of electroactive species (mol/cm3), and t = time (s) 

    

Figure 2.3 Applied potential waveform (a) Current flow vs. time (b). 

  2.2.5.2 Cyclic voltammetry (CV) 

Cyclic voltammetry is a technique of the reversal experiment in linear scan 
voltammetry. The potential is swept linearly versus time in forward direction and 

switched direction of the scan to the opposite direction at a certain potential (Eλ) as 
shown in Figure 2.4a. The output from cyclic voltammetry experiment can be called 
cyclic voltammogram as shown in Figure 2.4b. The peaks of cyclic voltammogram 
indicate the electrochemical reaction occurring on the working electrode surface. The 
typical cyclic voltammogram displays two peaks belonging to oxidation and reduction 
reaction of electroactive species, and the peak can be called cathodic peak and anodic 
peak, respectively. Besides, the resulting currents are called peak current (ip) which are 
obtained from the height of the peaks, and the corresponding peak potential (Ep) can 
be taken from the points of potential in which the peak currents are located. To sum 
up, the information in the voltammogram would exhibit four values of cathodic peak 
current (ipc), anodic peak current (ipa), cathodic peak potential (Epc) and anodic peak 
potential (Epa). 

This technique has been widely used for obtaining qualitative information 
about electrochemical processes of target analytes, for example, a presence of 
intermediate in oxidation-reduction reactions and the reversibility of a reaction. CV can 
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also be used to determine the electron stoichiometry of a system, the diffusion 
coefficient of the analytes and the formal reduction potential etc. 

  

Figure 2.4 Applied potential waveform of cyclic voltammetry (a) cyclic voltammogram 
(b). 

Considering about the redox reaction, the reversibility of a reaction can be 
distinguished with an experiment of cyclic voltammetry, and it can be separated into 
3 types of systems. 

1) Reversible system (or Nernstian system) 

On the condition that the rate of electron transfer process is very rapid at the 
electrode surface so that it can maintain the concentration of the species at the 
electrode surface which is required by Nernst equation. The forward and reverse 
direction of redox reaction can totally occurs; therefore, the cyclic voltammogram 
displays two peaks of cathodic and anodic peak with symmetrical shapes. There are 
three defined characteristics for the reversible electrochemical reaction which we can 
consider whether the electrochemical behavior is reversible or not by interpretation 
of the information obtained from cyclic voltammogram. 

- The difference between Epa and Epc (ΔEp) is always close to 2.3RT/nF (or 

59/n mV at 25 ̊ C). 

- The ratio of the peak current, ipa/ipc is approximately equals to 1. 

- The positions of peak potential are independent from a function of scan 
rate. 
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Interestingly, there is an equation showing relation between peak current as a 
function of several parameters, and the peak current can be calculated by this 
equation, called Randle-Sevcik equation as shown below: 

𝑖𝑝 = 0.4463 (
𝐹3

𝑅𝑇
)

1
2

𝑛
3
2𝐴𝐷𝑜

1
2𝐶𝑜𝜐

1
2 

𝑖𝑝 = (2.69 × 105)𝑛
3

2𝐴𝐷𝑜

1

2𝐶𝑜𝜐
1

2    (at 25̊ C) 
Where ip = peak current (ampere), n = number of electrons involved in an 

electrode reaction, F = Faradaic constant, A = electrode surface area (cm2), Do = 
diffusion coefficient (cm2/s), Co = bulk concentration of electroactive species 

(mol/cm3), and ν = scan rate (v/s).  

 2). Quasi-reversible and irreversible systems 

Reversibility of the electroactive species depends on the relative values of 
electron transfer rate constant (k0). Both irreversible and quasi-reversible behavior of 
the electroactive species shows that the electron transfer kinetics is limited. Providing 
the ratio of electron transfer rate constant and scan rate is sufficiently small that 
Nernstian concentration cannot be maintained, this system is called quasi-reversible. 
We can observe that a voltammogram of quasi-reversible system will display unequal 
peak heights of cathodic and anodic peak current, or the peak shape will distort with 
increasing scan rate as shown in Figure 2.5a and 2.5b, respectively. On the other hand, 
irreversible system can be caused by electron transfer rate constant is extremely small 
so that the redox reaction of the species occurs very slowly to be measured the current 
signal. For irreversible system, it can be verified by that the voltammogram exhibits 
either cathodic peak or anodic peak as shown in Figure 2.5c. 
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Figure 2.5 Cyclic voltammogram representing quasi-reversible system with unequal 
peak height of cathodic and anodic peaks [34] (a) quasi-reversible system with peak 
shape distortion with various scan rate [35] (b) irreversible with only anodic peak 
current [34] (c). 

 2.2.5.3 Square-wave voltammetry (SWV) 

Square-wave voltammetry is one of pulse voltammetry techniques invented 
by Ramalet and Krause. SWV has been developed by a combination of the aspect from 
several pulse voltammetric methods. For example, the background subtraction and 
excellent sensitivity of differential pulse voltammetry (DPV), the demonstrative value 
of normal pulse voltammetry (NP) and the ability to directly study product of reverse 
pulse voltammetry (RP). Thus, this method has been widely used for trace quantitative 
analysis in a field of electrochemical sensor. 
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For SWV experiments, the potential waveform in SWV (Figure 2.6), displays that 
the potential is linearly swept along a progression of time at a working electrode 
surface. The additional functions were applied by bipolar square wave consisting of 
forward potential pulse and reverse potential pulse, deemed to be a cycle, and two 
current samples are taken twice per a cycle at the end of each pulse’s lifetime (tp). 
The forward current sample (if) represents in the same direction of staircase. On the 
contrary, the reverse current sample (ir) is the opposite direction. Moreover, the 

differential current, which is always used as a diagnostic value, (Δi) can be calculated 
from subtraction of if and ir. Thereby, in the single run of SWV, outputs will exhibit 
three information of current signals at the time, showing forward, reverse and 
differential current versus the applied potential, called square-wave voltammogram.  

 

Figure 2.6 Waveform and sampling scheme of square-wave voltammetry in a plot of 
applied potential versus time. 

According to SWV waveform, Figure 2.6 illustrates the important concerning 
parameters. Firstly, the square wave is characterized by a potential pulse height or 

pulse amplitude (ΔEp) with holding pulse potential or pulse width (tp), treading the 
staircase. In the meantime, the square wave is applied with the celerity of square wave 

frequency (f). The staircase shifts towards by ΔEs at the beginning of each cycles, called 
a step potential. Ultimately, the scan begins at an initial potential (E i) which can be 
applied to the system as desired. 
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The Figure 2.7 shows a dimensionless representation of the square-wave 
voltammogram that could be derived from an experiment like above explanation. As 
seen, the three information would be obtained from an experiment consisting of 

forward current (ψf), reverse current (ψr) and differential current (Δψ) in the form of 
dimensionless current responses. Also, the forward and reverse currents have 
diagnostic value and resemblance of curve as same as cyclic voltammogram. On the 
other hand, the differential currents could be obtained from an absolute difference 
between forward and reverse currents, resembling differential pulse voltammogram.  

 

Figure 2.7 Square wave voltammograms showing forward currents (if), reverse currents 

(ir) and differential currents (Δi) versus applied potentials. 
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Figure 2.8 A cycle of square wave pulse (a) current response from a cycle of square 
wave pulse (b). 

Considering a cycle of square wave as shown Figure 2.8a, the applied potential 
of forward pulse is raised up from E1 to E2 and held for the time of the pulse width 
(tp). Thereupon, the applied potential is switched to reverse direction and also held at 
E3 for tp. On the other word, in one cycle of the square wave appears to be a 
combination of two waveforms of chronoamperometry adjoining together. Thus, the 
output can be obtained as the construction between to current responses with the 
contrast direction of current signals. As seen in Figure 2.8b, the current samplings are 
based on i-e curves of chronoamperometry, so the current signal can be calculated 

by Cottrell equation model with the term of dimensionless parameters (Δψp) as an 
equation below: 

∆𝑖𝑝 =
𝑛𝐹𝐴𝐷𝑜

1
2𝐶𝑜

𝜋
1
2𝑡𝑝

1
2

∆𝜓𝑝 

Where Δip = the actual peak current, n = number of electrons involved in an 
electrode reaction, F = the Faradaic constant, A = area of electrode surface (cm2), Do 
= diffusion coefficient (cm2/s), Co = bulk concentration of electroactive species 

(mol/cm3), t = time (s) and Δψp is the dimensionless parameter which depends on n, 

ΔEp and ΔEs. 
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  2.2.5.4 Electrochemical impedance spectroscopy (EIS) [36] 

Electrochemical impedance spectroscopy (EIS) is an important electroanalytical 
techniques based on the measurement of the response in terms of the resultant ac 
voltage of circuit element to the applied currents. As long as a voltage signal of any 
frequency is applied, the impedance is a function of the frequency, and an impedance 
spectrum is a representative of the impedance of a circuit element as a function of 
frequency. Therefore, impedance can be used to measure the ability of a circuit 
resisting the flow of alternating electrical current. 

The chart output obtained from EIS experiment is called Nyquist plot which 
consists of semicircular region on the axis followed by a straight line as shown in Figure 
2.9. The semicircular portion can be created at higher frequencies, and the straight line 
can be observed at lower frequencies. The Nyquist plot informs an important 
information about electrified surface and electron transfer reaction. The semicircular 
portion involves to the electron-transfer-limited process (charge transfer). On the other 
hand, the straight line is characteristic of mass transfer process (diffusion limited 
process). Therefore, impedance spectrum can be used to study the kinetic of electron 
transfer process and diffusion-limited process. The diameter of the semicircular from 
Nyquist plot directly corresponds to the electron transfer resistance (Rct), and it can be 
calculated by an equation below: 

𝑅𝑐𝑡 =  
𝑅𝑇

𝐹𝑖0
 

Where Rct = electron transfer resistance, R = gas constant, T= temperature, F = 
Faraday constant and i0 = the exchange current. Because we have known the relation 
between the exchange current (i0) and rate constant (k0) which is  

𝑖0 = 𝐹𝐴𝑘0𝐶 
Therefore, we will obtain the relation between the electron transfer resistance 

and rate constant, which, in this case, refers to rate of electron transfer process as an 
equation below: 

𝑘0 =  
𝑅𝑇

𝑅𝑐𝑡𝐹𝐴𝐶
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According to this equation, the electron transfer rate is inversely proportional 
to the resistance of electron transfer. If the kinetic of electron transfer process is very 
fast, the resistance of electron transfer remains infinitesimal; thus, the impedance will 
be only linear part. On the contrary, if the kinetic of electron transfer process is slow, 
the semicircular portion will be existed. 

  

Figure 2.9 A typical electrochemical impedance spectrum in term of Nyquist plot. 

2.2 Nanomaterials 

2.2.1 Introduction 

Nanomaterials are materials described as a single unit particle which is one or 
more external dimensions is sized in nanoscopic scale ranging from 1 to 100 nm. 
Because of their small scale particles, nanoparticles would be materials which possess 
a property of large surface area. Therefore, nanoparticles are suitable to be used in 
the applications which is required the high surface area. Furthermore, on the condition 
that reduces a size of particles into a nanoscale, their properties could be outright 
changed, such as magnetic, optical and electronic properties.  

2.2.2 Carbon-based nanomaterials 

In this study, carbon-based nanomaterials are focused because they have 
received the intense attention in the scientific researches. Moreover, carbon-based 
nanomaterials also possess several unique combination of chemical and physical 
properties [37] (e.g. high specific surface area, thermal and electrical conductivity, 
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mechanical strength and optical properties). Therefore, they are promising to be used 
for electrode surface modification.  

The first discovery of carbon-based material is fullerene in 1985. Fullerene is 
one of the carbon family which is allotropic carbon structure in the form of a hollow 
sphere or tube. A type of allotrope which is made up from carbon atoms joined in the 
pattern of ball is generally called Buckminster fullerene. The molecules of Buckminster 
fullerene are spherical and are also known as buckyballs, and there are several 
formula, such as c28, c36, c50, C60 and C70 etc. as shown in Figure 2.10. Due to its property 
of large surface area and fairly good electrical conductivity, fullerenes have attracted 
the considerable attention for electrochemical analysis field [13]. 

 

Figure 2.10 Structures of Buckminster fullerene molecules with various formula. 

Carbon nanotubes (CNTs), an allotrope of carbon with cylindrical 
nanostructure, were discovered in 1991. Carbon nanotube are also a member of 
fullerene carbon family constructed from hexagonal carbon structures. There 
cylindrical carbon molecules have many unique properties, such as mechanical, 
electrical and electrochemical properties. Therefore, they were attracted more 
research interest than fullerenes for being used for electrode modification because 
CNTs offer several advantages, such as high electrical conductivity, large surface area, 

an ability of establish π-π interaction and excellent thermal, chemical and mechanical 
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stability. Moreover, CNTs can be used for covalent and non-covalent functionalization 
on their surface; therefore, CNTs were popularly used to be electrode modification for 
enzyme-immobilizing biosensor. 

Besides, CNTs, as shown in Figure 2.11, can occur as multiple concentric 
cylinders of carbon atoms coupled together with Van Der Waals interaction, called 
multi-walled carbon nanotubes (MWCNTs). Since MWCNTs was discovery in 2003, 
MWCNTs became a promising material. Owing to their advantages over single-walled 
CNTs, they have attracted more research interest, and the applications of MWCNTs in 
electrochemical analysis research have highly increased in recent years.  

 

Figure 2.11 Structures of single-walled and multi-walled carbon nanotubes. 

Graphene is a new allotrope of carbon family which is, basically, in a form of 
single atomic layer sheet of graphite packed together with tightly bonded sp2-carbon 
hexagonal lattice structure as shown in Figure 2.12. Since the first observation and 
characterization of mechanical exfoliation of graphene in 2004 [38], G has become 
considerably growth of research in scientific and engineering communities because 
graphene structure has shown several extraordinary properties (e.g. excellent 
electronic, optical and mechanical properties, large surface area, excellent electrical 
and thermal conductivity etc.). Due to its excellent properties, graphene has inspired 
many applications in a variety of fields, including clean energy devices, electronics, 
catalysis, biomedicine and sensors. 
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Figure 2.12 Structure of graphene. 

Lately, some researches has reported that the use of pristine or modified 
graphene as electrode modification material provides higher efficiency than other 
allotropes of carbon-based nanomaterials. Moreover, due to their similar chemical 
structures [18], graphene is considered as a parent form of graphite, fullerene and CNT. 
For example, graphene is simply an isolated layer of graphite, or single-walled CNTs 
are made up from a graphene sheet rolling in a shape of a cylinder, or Buckminster 
fullerene can be considered as a graphene sheet in a form of sphere, so the advantages 
of fullerene and CNT undoubtedly belong to graphene as well. Nowadays, in analytical 
analysis, graphene has become more interesting material than other carbon allotropes 
for the reasons: 

- Due to a unique nanosheet morphology, graphene has a very large specific 
surface area which a value of surface area is theoretically evaluated to be 
2,630 m2/g [39], suggesting that graphene has an immense surface area for 
a high adsorption capacity. For fullerene and CNT, the inner walls are 
probably unavailable for the absorption on the surface because of steric 
hindrance. 

- Graphene can be synthesized from a very common and cheap material by 
simple chemical methods without any special device [40]. In other words, 
graphene can be readily obtained by using simple chemical laboratories, so 
it can be applied for extensive application and large scale synthesis. 
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- A synthesis procedure of CNTs must be proceeded along with metal 
catalysts, so there is unavoidably contain residual metallic impurities which 
is difficult to purify or remove [41]. However, graphene can be synthesized 
from graphite without using metal catalysts, so it is easier for purification to 
obtain a clean product. 

- Graphene sheet are relatively flexible and soft, so it can be functionalized 
on the surface more easily than CNTs fullerenes concerning steric hindrance 
effect [42]. 

From the above reasons, graphene has adequately good properties to replace 
CNT and fullerene for using as an electrode modification material. In this work, we 
focus on using graphene along with other material for fabrication of a novel graphene-
based nanocomposite in order to improve electrode surface properties in 
electrochemical sensor. 

2.2.3 Synthesis and characterization of graphene 

The first successful approach to produce single-layer or few-layer graphene was 
obtained from mechanical exfoliation of graphite by using Scotch tape [38]. This 
method can produce high-quality product, but the yield is extremely low, and the 
producing process is uncontrollable.  

Afterwards, scientists attempted to develop the methods for synthesizing a 
large quantity of graphene by following methods: chemical-vapor deposition (CVD), 
epitaxial growth, arc discharge and substrate gas-phase synthesis [43, 44]. However, 
these methods still have some drawbacks as follows: 

- The process requires high-quality substrate, high temperature and precise 
temperature control, thus it is unsuitable for large-scale production. 

- In the process of graphene synthesis, a large amount of metal catalyst was 
used, so it may left some impurities in graphene product. The purity of the 
graphene may affect to the subsequent applications. 
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- Due to the very strong hydrophobic property of as-prepared graphene, 
graphene tend to re-stack or agglomerate into graphite. Many unique 
properties of graphene are concerned only with individual sheet. Thus, 
providing graphene aggregates in the solution, it causes decreased specific 
area and electrical conductivity of graphene. 

As above mention, chemical synthesis of graphene has been subsequently 
developed, and it shows to be one of the most efficient methods because of its 
advantages, such as low cost, large-scale production [40]. As the chemical synthesis of 
graphene, graphite is used for a starting material, and oxidation reaction of graphite is 
occurred to be graphene oxide as an intermediate. Afterwards, exfoliation of individual 
graphene single sheets can be carried out by ultrasonication. Finally, the graphene 
oxide can be converted to graphene by a reduction reaction, called chemically-
converted graphene (CCG) as shown in Figure 2.13. 

 

Figure 2.13 The chemical synthesis route to graphene from graphite as starting 
material[37]. 

In the step of an oxidation reaction of graphite, highly strong oxidizing agents 
(oxidizers), such as a mixture of sulfuric acid and potassium permanganate solution 
(H2SO4/KMnO4), were used for oxidizing because graphite is often considered as an inert 
compound. Oxidizer works by reacting with graphite and removing electron in the 
chemical reaction. Then, graphite which is oxidized would be converted to graphene 
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oxide, a non-conductive graphene derivative. Graphene oxide is a compound made up 
from graphene sheets with a lot of decorations of oxygen functional groups. As shown 
in Figure 2.14, the structure of graphene oxide and graphene are very similar, but the 
properties are totally different. Considering polarity of graphene oxide, it has a property 
of hydrophilicity. As this reason, graphene oxide could be dispersed very well in 
aqueous solution and it possessed only small interaction with themselves via hydrogen 
bond. However, oxygen functionalities on the graphene surface would disrupt the sp2 
bonding network, meaning that graphene oxide is often described as an electrical 
insulator. 

 

Figure 2.14 Structures of graphene and graphene oxide [45]. 

Thereupon, the process of turning graphene oxide to graphene can be 
approached by a reduction reaction. In the reduction process, oxygen functionalities 
would be eliminated, and then the structure remains a bare carbon structure of pristine 
graphene, also called reduced graphene oxide (RGO). In the previous researches [19], 
there are several ways of the reduction of graphene oxide. These methods have both 
advantages and disadvantages, and the selection of the method depends upon a 
preferable application. So far, scientists have invented the process to generate reduced 
graphene oxide from graphene by: 

- Graphene oxide can be reduced by strong reducing agents through 
chemical reaction. At the first discovery, hydrazine was frequently used as 
a reductant [46]. Nevertheless, other environmentally-friendly and low-
toxicity reducing agents have been used in place, for example, ascorbic acid 
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[47], NaBH4 [48] or iron powder [49] etc.). Moreover, reducing graphene 
oxide by chemical reaction are very scalable method, but this method 
would produce relatively poor-yield products because of impurities of 
reducing agent. 

- Graphene oxide can be converted to be graphene by thermal reduction 
which can be divided into 2 types: thermal annealing [50, 51] and 
microwave [52] and photo reduction [53]. In this method, very high 

temperature (≥500̊ C) is used for thermally reducing graphene oxide. This 
method can create reduced graphene oxide which has a very high surface 
area. Unfortunately, with very high temperature, the heating process can 
damage graphene structure during building up pressure and releasing of 
carbon dioxide from graphene oxide structure [24]. 

- Graphene oxide can also be reduced by electrochemical method, called 
electrochemically reduced graphene oxide (ERGO). The electrochemical 
reduction of graphene oxide is a method that has been shown to produce 
a very high quality and purity of products because ERGO can be obtained 
without hazardous chemicals [23]. In the recent researches, ERGO shows a 
very high carbon to oxygen ratio and electronic conductivity [54]. The only 
disadvantage is that this method can create a small yield of reduced 
graphene. 

In this research, we are interesting in ERGO due to its exceptional properties, 
such as possession of large surface area, very high electrical conductivity and being a 
good electrocatalytic activity. Therefore, ERGO would be used as one of the materials 
for electrode surface modification in electrochemical sensor. 

2.3 Surfactant 

Surfactants are the surface-active compounds. Generally, surfactant can act as 
detergent, wetting agent, emulsifier, foaming agent and dispersant. The surfactant 
molecules possess an important property of lowering the surface tension (or the 
interfacial tension) between two phases. Their structure are amphiphilic molecules 
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consisting of hydrophilic head on one side and long chain hydrophobic tail on the 
others (as shown in Figure 2.15a), so their molecules contain both water soluble and 
water insoluble (or oil soluble) parts. As long as surfactants are added into the water, 
their molecules will align along the air-water or oil-water interfaces which hydrophilic 
part is in water phase and hydrophobic part is in air or oil (as shown in Figure 2.15b). 
On the condition that surfactants are added continuously so that the concentration of 
surfactants is higher than a given point, called the critical micelle concentration (CMC), 
the surfactant molecules will form micelles where hydrophilic heads form self-
assembly structures to contact aqueous solution and hydrophobic tail sequesters 
inward the center (as shown in Figure 2.15c) 

.      

 

Figure 2.15 Structure of amphiphilic molecule (a) amphiphilic molecule on air-water 
interfaces (b) micelle (c). 

The critical micelle concentration (CMC) is defined as the concentration above 
which any added surfactant molecules appear as micelle aggregation. At the low 
concentration of surfactant, their molecules will arrange themselves on the surface. 
When more surfactant is added, the surface tension of the solution start to rapidly 
decrease because more surfactant molecule will be on the surface. With high enough 



 

 

28 

concentration of surfactants (the concentration of surfactants surpassing CMC), the 
surface become saturated. The addition of the surfactant molecules cause formation 
of micelles. A graph of surface tension versus logarithm of surfactant concentration is 
shown in Figure 2.16. Three different phases can be identified: 

- Phase 1: At very low concentration of surfactant, surface tension is slightly 
changed. 

- Phase 2: With the addition of surfactant, surface tension drastically 
decreases. 

- Phase 3: At CMC point, surfactant orientation at the surface becomes 
saturated, and the addition of more surfactant no longer affects to the 
surface tension. Besides, the excess amount of surfactant molecules 
spontaneously forms micelles. 

 

Figure 2.16 Surface tension between water and air interface against the surfactant 
concentration.  

Based on the types of hydrophilic heads, surfactants can be classified into 4 
groups: 
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- Anionic surfactant; this type of surfactants possesses negatively charged 
hydrophilic group. They are widely used this type for laundering, 
dishwashing liquid and shampoo.  They are particularly good at keeping the 
dirt, once dislodged, away from fabric. 

 

 

Figure 2.17 Examples of anionic surfactant. 

- Cationic surfactant; for structure of cationic surfactants, the hydrophilic 
head has positively charged. This type of surfactants is often used for a 
specific purpose. 

 

Figure 2.18 An example of cationic surfactant. 

- Non-ionic surfactant; this surfactant do not show any electrical charge. An 
important advantage of this type of surfactant is that they do not interact 
with calcium or magnesium ions in hard water. 

 

Figure 2.19 An example of non-ionic surfactant. 
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- Amphoteric surfactant; amphoteric (or zwitterionic) surfactant has 
hydrophilic head containing both a positive and negative charge. 
Amphoteric surfactants are very mild, they are often used in shampoo and 
other cosmetic because of their pH balanced property. 

 

Figure 2.20 An example of amphoteric surfactant. 

 
2.4 Target analytes 

2.4.1 Carbofuran  

Carbonfuran (CBF) is known as the most hazardous carbamate insecticide 
because of its high insecticidal activity. This type of insecticide is known under the 
trade names of Furadan. It is used to control pests in crop fields, such as potatoe, 
corn, soy bean. It is broad spectrum pesticide which has an ability of extermination of 
insects, mites and nematodes. Carbofuran can be toxic by inhalation and ingestion, 
and it can easily be taken through dermal absorption. Due to its dangerous property, 
carbofuran is banned in many countries, for example, Canada, the European Union 
and The United states of America [4]. 

In this research, there are some useful physical properties for the experiment 
as follows: 

- Appearance: Carbofuran is an odorless, white crystalline solid. 

- Chemical Name: 2,3-dihydro-2,2-dimethylbenzofuran-7-yl methyl 
carbamate 

- Molecular weight: 221.25 g mol-1 

- Water solubility: 320 mg L-1 
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- Solubility in other solvents: acetone, acetonitrile, benzene, cyclohexane 
and ethanol 

 

Figure 2.21 Chemical structure of carbofuran. 

Numerous conventional analytical methods, such as capillary electrophoresis 
[55], gas chromatography [56], high-performance liquid chromatography [57], mass 
spectroscopy [58] and a rapid magnetic particle-based ELISA [59] technique had been 
employed for carbofuran detection. However, these techniques requires long analysis 
time, expensive instrument and using toxic reagents. 

In the recent years, carbufuran has been developed to be detect by 
electrochemical analysis. Unfortunately, it has no property of electroactive species, so 
it cannot be detected by electrochemical method. Nevertheless, the development of 
electrochemical biosensor has been accomplished. Carbofuran can be effectively 
determined by biosensor [60] because it offers several advantages, such as high 
specificity and high sensitivity for real-time analysis in complex mixtures and simple 
operation without the need of sample pretreatment. Nonetheless, enzyme 
immobilized on sensor always need special care in case of temperature, pH, storage 
and enzyme activity, making these systems less robust and difficult to deal with. 
Therefore, considerable attention will focus on non-enzymatic system to avoid these 
drawbacks of the enzymatic system. 

Because of non-electroactive property of carbofuran (Equation 2.1), it cannot 
be directly detected by electrochemical method which is based on electrochemical 
stimulation. From the previous literatures [61], it was reported that carbamate 
pesticides can produce electroactive phenol derivatives through a process of alkaline 
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hydrolysis at high temperature. As it is, CBF can be hydrolyzed to be CBF phenol 
(equation 2.2) in the alkalescent aqueous solution. Interestingly, the factors influencing 
on the alkaline hydrolysis of CBF was investigated and reported that the optimal 

condition for CBF hydrolysis is a hydrolytic temperature of 75C and a heating time of 
3 minutes [62]. Thereby, CBF can be indirectly determined by electrochemical 
detection with CBF phenol (equation 2.3). 

 
Equation 2.1 Non-electroactive CBF. 

 

 
 
Equation 2.2 Hydrolysis of CBF. 

 
Equation 2.3 Oxidation reaction of CBF phenol. 

 
 

2.4.2 Carbendazim 

Carbendazim (CBZ), a benzimidazole based fungicide, is extensively used for 
wild range of plant disease control in cereals, fruits, including citrus, banana, 
strawberry, pineapple. It is considered as a highly toxic chemical because carbendazim 
possesses long degradation time due to its unbreakable chemical structure. Besides, 
some previous researches revealed that carbendazim is a carcinogenic substance 
causing chronic and acute disease. Carbendazim can access to human bodies by 
inhalation, ingestion and dermal absorption [2]. 
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In this research, there are some useful physical properties for the experiment 
as a table below: 

- Appearance: Carbendazim is light grey powder. 

- Chemical Name: Methyl-2-benzimidazole carbamate 

- Molecular weight: 191.19 g mol-1 

- Water solubility: 8 mg L-1 

- Solubility in other solvents: acetone, ethanol and chloroform 

 

Figure 2.22 Chemical structure of carbendazim. 

There are several conventional analytical methods commonly used for 
carbendazim detection, for example, high-performance liquid chromatography [9], 
mass spectroscopy [10], UV-vis and fluorescence spectroscopies [63]. Likewise, these 
techniques are not suitable for real-time detection, and they require complicated 
pretreatment, well-trained operator and time-consuming detection process. To 
overcome these disadvantages, electrochemical detection technique has been 
developed. 

Furthermore, carbendazim is an electroactive species, so it can be directly 
detected by electrochemical method as shown in Equation 2.4.  

 
Equation 2.4 Oxidation reaction of CBZ. 

 
2.4.3 Maximum Residue Limits (MRLs) 

Maximum residue limit (MRL) database shows the maximum acceptable levels 
of pesticide and veterinary drugs in food and agricultural products in the United States 
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and 70 other countries, Including the European Union and the Codex Alimentarius 
Commission. The pesticide levels should not be left over in the foods listed more than 
the MRL (in mg/kg) of the pesticide residues (defined in each individual case in the 
definition of residue) at (a) the point of entry into a country or (b) at the point of entry 
into trade channel within a country. 

From World Health Organization (WHO), the Codex Committee on Pesticide 
Residues stipulates regulation of MRLs for the maximum acceptable levels of 
carbofuran and carbendazim in agricultural products (soy bean, rice and tomatoe) as 
follows [64]: 

Products/Pesticide Carbofuran (mg/kg) Carbendazim (mg/kg) 
Soy beans 0.2 0.2 

Rice 0.2 2.0 
Tomatoes 0.1 0.5 



 

 

CHAPTER III 
EXPERIMENTAL 

This chapter provides the details of chemicals and materials, apparatus, 
solution preparation, electrochemical detection and sample preparation procedure. 

3.1 Chemicals and materials 

- Graphene oxide (GO) (XF Nano, Inc., Nanjing, China) 

- Cetyltrimethylammonium bromide (CTAB) (Sigma-Aldrich, St. Louis, MO, 
USA) 

- Potassium dihydrogen phosphate (KH2PO4) (Sigma-Aldrich, St. Louis, MO, 
USA) 

- Disodium hydrogen phosphate (Na2HPO4) (Sigma-Aldrich, St. Louis, MO, USA) 

- Carbon graphene ink (Gwent group, Torfaen, United Kingdom) 

- Silver/silver chloride ink (Gwent group, Torfaen, United Kingdom)  

3.2 Apparatus 

- The electrochemical measurements using square-wave voltammetry (SWV) 
and cyclic voltammetry (CV) were performed on a 910 PSTAT mini 
(Metrohm Siam Company Ltd.). SWV measurements of CBF and CBZ were 
carried out using an applied potential ranging from 0 to 1.0 V with the 
optimal parameters including a step potential of 10 mV, an amplitude of 
20 mV and a frequency of 10 Hz.  

- A three-electrode configuration of screen-printed carbon electrode with 4 
mm of working electrode diameter was fabricated and used in this work. 

- Electrochemical impedance spectroscopy (EIS) was performed on 
µAUTOLAB type III potentiostat (Metrohm Siam Company Ltd.) using a 
solution of 0.5 M KCl containing 1 mM [Fe(CN)6]3-/4- with a frequency range 
of 0.1-10-5 Hz and an amplitude of 0.01 V.A.  
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- JSM-6400 field emission scanning electron microscope (Japan Electron 
Optics Laboratory Co., Ltd., Japan) was used for electrode surface 
morphology characterization.  

- Contact angle measurement was performed on a 200-k1 goniometer 
(Rame-hart Instrument Co.). 

- Block screen (Chaiyaboon Co., Bangkok, Thailand) 

3.3 Fabrication of screen-printed carbon electrode 

 A three-electrode configuration of screen-printed carbon electrode 
pattern was designed by Adobe Illustrator. The electrodes were prepared by using an 
in-house screen-printing procedure as shown in Figure 3.1. At the beginning, silver/silver 
chloride was screened on PVC substrate as a reference electrode (RE) and a conducting 

pad, and then heated up at 55C until the ink was dried out. Afterwards, carbon 
graphene ink was screened over as a working electrode (WE) and a counter electrode 

(CE), and heated up at 55C till the ink was dried out. 
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Figure 3.1 A fabrication scheme of screen-printed carbon electrode and the 
configuration of three-electrode system. 

3.4 Preparation of solution 

All aqueous solutions were prepared in Milli-Q water (12.8 MΩ cm). 

3.4.1 Preparation of 0.1 M phosphate buffer solution pH 7.0 (PB 
solution) 

1.4051 g of potassium dihydrogen phosphate (KH2PO4) and 2.0833 g of disodium 
hydrogen phosphate were dissolved in 250 mL of Milli-Q water. 

3.4.2 Preparation of 1.6 mg mL-1 graphene oxide solution  

1.6 mg of graphene oxide (GO) was dispersed in 1 mL of water with an 
ultrasonicator for 2 hours. 

3.4.3 Preparation of 0.2 %w/v cetyltrimethylammonium bromide 
(CTAB) solution  

0.02 g of CTAB was dissolved in 10 mL of water. 

3.4.4 Preparation of graphene solution in phosphate buffer solution for 
electrode modification (GO solution) 

The dispersed 1.6 mg mL-1 GO solution (from 3.4.2) was mixed with 0.1 M PB 
solution pH 7 at the ratio of 1:1, denoted as a GO solution. 

3.4.5 Preparation of micellar graphene oxide solution in phosphate 
buffer solution for electrode modification (MGO solution) 

The dispersed 1.6 mg mL-1 GO solution (from 3.4.2) was mixed with 0.1 M 
phosphate buffer solution pH 7.0 and 0.2 %w/v CTAB solution (from 3.4.3) at a volume 
ratio of 10:9:1, denoted as MGO solution. 
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3.5 Fabrication of modified electrode  

3.5.1 Fabrication of electrochemically reduced graphene oxide 
modified electrode 

100 µL of GO solution was dropped onto a SPCE, covering over 3 electrodes. 
Cyclic voltammetry was performed from -0.5 to -1.7 V (vs Ag/AgCl) at a scan rate of 
100 mV s-1 for 10 cycles. Eventually, reduced graphene oxide was deposited on the 
working electrode surface. This modified electrode model is called ERGO modified 
electrode. 

3.5.2 Fabrication of electrochemically reduced micellar graphene oxide 
modified electrode 

100 µL of MGO solution was dropped onto a SPCE. Then, the reducing process 
was carried out by cyclic voltammetry in a potential range from -0.5 to -1.5 V (vs 
Ag/AgCl) at a scan rate of 100 mV s-1 for 10 cycles. Finally, reduced micellar graphene 
oxide are deposited onto the working electrode surface. This modified electrode 
model is denoted as ERMGO modified electrode. 

3.5.3 Optimization of electrode modification 

The important parameters influencing on the electrochemical response, 
including CTAB concentration, GO concentration, scan rate and number of scans, were 
optimized. The selected conditions were obtained by compromising between the 
highest peak current signal and the well-defined peak shape. 

  3.5.3.1 Effect of GO concentration 

Effect of GO concentration was investigated by dispersing 0.5, 0.6, 0.7, 0.8, 0.9 
and 1.0 mg mL-1 GO for preparation of MGO solution. Afterwards, Electrochemical 
reduction of MGO solution onto working electrode surface will be performed by cyclic 
voltammetry in a potential range from -0.5 to -1.5 V (vs Ag/AgCl) at a scan rate of 100 
mV s-1 for 10 cycles. 
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  3.5.3.2 Effect of CTAB concentration 

Effect of CTAB concentration was studied by preparing 0.0025, 0.005, 0.010, 
0.015, 0.020 %w/v and absence of CTAB in 0.8 mg mL-1 GO solution. Then, 
Electrochemical reduction of MGO solution onto working electrode surface was 
performed by cyclic voltammetry in a potential range from -0.5 to -1.5 V (vs Ag/AgCl) 
at a scan rate of 100 mV s-1 for 10 cycles. 

  3.5.3.3 Effect of scan rate 

Effect of scan rate was investigated by cyclic voltammetry with various scan 
rates of 50, 100, 150 and 200 mV s-1 for 10 cycles during electrochemical reduction of 
MGO solution. 

  3.5.3.4 Effect of number of scans 

Effect of number of scans was studied by using cyclic voltammetry with 
different numbers of scan of 5, 6, 7, 8, 9 and 10 cycles with scan rate of 100 mV s-1 
during electrochemical reduction of MGO solution. 

3.6 Characterization of modified electrode 

3.6.1 Surface morphology characterization 

The surface morphologies of unmodified electrode, ERGO modified electrode 
and ERMGO modified electrode were characterized by scanning electron microscopy 
(SEM) with the magnification of 1000x 

3.6.2 Contact angle measurement 

Hydrophobic and hydrophilic properties of unmodified electrode, ERGO 
modified electrode and ERMGO modified electrode were characterized by contact 
angle (CA) measurement. 

3.6.3 Electrochemical characterization 

For electrochemical characterization of modified electrode, unmodified 
electrode, ERGO modified electrode and ERMGO modified electrode were used by 
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using cyclic voltammetry in a presence of 1.0 mM of Fe(CN)63-/4- in 0.1M KCl solution 
in a range of -0.5 to 1.0 V (vs Ag/AgCl) at a scan rate of 100 mV s-1 for 2 cycles. 

In order to study interfacial property of electrode surface, electrochemical 
impedance spectroscopy (EIS) was employed on µAUTOLAB type III potentiostat using 
a solution of 1.0 mM of Fe(CN)63-/4- in 0.1M KCl solution with frequency ranging from 
0.1 to 10-5 Hz and amplitude of 0.01V 

3.7 Electrochemical detection  

3.7.1 Electrochemical determination of carbofuran and carbendazim 

Square-wave voltammetry was employed for simultaneous determination of 
20 mg mL-1 CBF and 5 mg mL-1 CBZ in 0.1 PB solution pH 7.0 under the condition of 
step potential of 10 mV, amplitude of 20 mV and frequency of 10 Hz, and The peak 
currents were measured by current integration of each peak obtained from square-
wave voltammograms. 

3.7.2 Optimization of parameters of square-wave voltammetric 
measurement  

Three important parameters of square-wave voltammetry, namely step 
potential, amplitude and frequency, were optimized by measuring the SWV responses 
of 20 mg mL-1 CBF and 5 mg mL-1 CBZ in 0.1 PB solution pH 7.0 with various conditions. 
Step potential of 4, 7, 10, 13 and 16 mV, amplitude of 10, 20, 30, 40 and 50 mV and 
frequency of 5, 10, 15, 20 and 25 Hz were studied. The selected conditions were 
obtained by that particular condition which provide the high electrochemical 
responses and well-defined peak shapes.  

3.7.3 Analytical performances of modified electrode 

  3.7.3.1 Calibration plot 

Different concentrations ranging of 40-10,000 µg L-1 for CBF and 25-5,000 µg L-

1 for CBZ were prepared in PB solution at pH 7.0. Square-wave voltammetry was 
performed to determine the mixture solution of CBF and CBZ. Afterwards, calibration 
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plots were obtained by plotting current response signal versus concentrations of CBF 
and CBZ. 

  3.7.3.2 Limit of detection (LOD) 

The limit of detection (LOD) was obtained by an evaluation of the level of 
concentration which provides the signal-to- noise ratio (S/N) of 3:1. 

3.8 Real sample analysis 

3.8.1 Real sample preparation 

Three agricultural products were selected as the real samples including 
soybean, rice and tomato. They were purchased as raw products from local markets. 
To prepare the real samples, agricultural product specimens were infused in 50 mL of 
chloroform and leaved them for a day. Next, 30 mL of chloroform was collected, and 
removed by a rotary evaporator. Then, 10 mL of ethanol was added instead and 
collected 5 mL of supernatants to avoid dregs and oil part. Then, CBF and CBZ 
standard solutions were spiked into the solution. Next, 2 mL of 0.01 M NaOH was mixed 

together with 5 mL of pesticide solution. The solution was heated up at 85C in a 
closed system for 20 minutes, and then cooled down at a room temperature. After 
that, 2 mL of 0.01 M HClO4 was added to neutralize NaOH. Finally, the pesticide 
solution was diluted with 41 mL of 0.01 M PB solution pH of 7.0 for a final volume of 
50 mL, which has the final concentration of 200, 1,000 and 4,000 µg L-1 for CBF and 
50, 500 and 2,000 µg L-1 for CBZ prior to analyses. 

3.8.2 Calculation of percent recovery 

For real sample analysis, the percentage of recovery was used for evaluation 
of method applicability on the purposed system by using external standard method. 
The percent recovery can be calculated by a following formula: 

Percent recovery =
Found concentration of spiked sample

Known concentration of spiked sample
× 100    



 

 

CHAPTER IV 
RESULTS AND DISCUSSION 

On this chapter, the results, including electrode surface property and 
characterization, electrode modification optimization, electrochemical determination 
and analytical performance of the developed system, were discussed.  

4.1 Electrode characterization 

4.1.1 Visual characterization 

At the beginning, when CTAB was added into GO solution, and the 
concentration of CTAB is above a critical micelle concentration (CMC), the formation 
of micellar graphene oxide (MGO) was observed. Thereupon, the process of aggregation 
of micelles were spontaneously occurred with GO surrounded by CTAB molecules, 
called micellization. Hydrophilic heads form self-assembly structures, referred as a 
micelle, to contact aqueous solution, and on the other hand, hydrophobic tail 
sequesters inward the interior. As shown in Figure 4.1, it exhibits different features of 
0.8 mg mL-1 of GO solution with varied CTAB concentrations. Firstly, Figure 4.1A shows 
an appearance of GO solution in the absence of CTAB. An original feature of GO 
solution was observed as a cloudy and dark-brown solution. Secondly, GO solution 
appearance in the presence of 0.0025% CTAB remains unchanged as shown in Figure 
4.1B, indicating that CTAB micelles are still not formed at this concentration which is 
below CMC. Thirdly (Figure 4.1C), GO solution was prepared with 0.010% CTAB, and 
the appearance shows dark-brown micellar sediment of GO suspending in the solution, 
and micellization takes place by aggregation of CTAB and GO, verifying that the CTAB 
concentration reaches the CMC. Lastly, the appearance of GO solution at 0.020% CTAB 
was observed with an increased amount of suspended sediment of GO (Figure 4.1D); 
thereby, micelles of CTAB-GO are further aggregated with an increasing concentration 
of CTAB.  
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Figure 4.1 Appearances of 50 µL GO solution in an absence (A) and presence of 
different CTAB concentrations (B-D). 

4.1.2 Electrochemical reduction of GO and MGO 

To generate ERGO, the electrochemical reducing process was operated by 
applying highly negative potential to enforce the reduction of oxygen functional groups 
decorated on the surface of GO sheets. Initially, 0.8 mg mL-1 of GO solution was 
prepared in the absence and presence of 0.010% CTAB. After that, the reducing process 
was carried out by using cyclic voltammetry scanning in a potential range from -0.5 to 
-1.7 V (vs Ag/AgCl) with a scan rate of 100 mV s-1 for 10 cycles as shown in Figure 4.2. 
In this work, the cathodic peaks, obtained from cyclic voltammograms, represent 10 
cycles of reduction reactions of GO and MGO. The first cycle of cathodic peaks provides 
the highest current signal, showing that the reduction process of GO takes place almost 
completely. For the subsequent cycles, the cathodic peaks become lower and vanish 
because GO exhausts almost entirely. Eventually, reduced GO is cumulatively 
deposited on the electrode surface. Figure 4.2 shows the comparisons of cyclic 
voltammograms of reduction reaction between ERGO (blue line) and ERMGO (red line) 
modified electrode. The cyclic voltammograms of ERGO present that the reduction of 
GO begins at the potential of -1.0 V and reaches the maximum current at -1.4 V. On 
the other hand, cyclic voltammograms of ERMGO show that the onset potential of 
reducing process of MGO is at -0.6 V, and the cathodic peak appears at -1.0 V. 
Considering the first cycles, ERMGO provides positive shift compared with ERGO, 
suggesting that a rate of electron transfer is promoted during the process of reducing 



 

 

44 

MGO.  This phenomenon is probably described that the positively charged outer shells 
of MGO are mainly composed of hydrophilic heads of quaternary ammonium group. 
Then, the negative potential was applied to the electrode surface, so the positively 
charged micelles attract the applied negatively charged electrode surface by 
electrostatic interaction as the resulting of accelerated migration of MGO.  

 

Figure 4.2 Cyclic voltammograms of electrochemical reduction of GO (blue line) and 
MGO (red line) modified electrode. 

In order to prove the successful electrodeposition of RGO on the working 
electrode surfaces, the surface morphologies of unmodified electrode, ERGO and 
ERMGO modified electrode were characterized by scanning electron microscopy (SEM) 
with 1000x magnification  as shown in Figure 4.3A-C. According to Figure 4.3A, a SEM 
image shows a surface morphology of unmodified electrode, exhibiting the sheet-like 
architecture with plenty of graphite flakes on the electrode surface. Figure 4.3B exhibits 
a SEM image of ERGO modified electrode that demonstrates ERGO film covering over 
the sheet-like morphology and concealing all graphite flakes of unmodified electrode. 
Figure 4.3C displays the morphology of ERMGO modified electrode. Thin ERMGO film 
also covers over the entire sheet-like morphology. Moreover, ERMGO is a translucent 
film because it can be seen through the opposite site with vague visibility. Thereby, it 
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can be concluded that the ERMGO film is more transparent than ERGO film, indicating 
that ERMGO film is much thinner than ERGO film.  

 
 

        

Figure 4.3 SEM images of unmodified working electrode surface (A), ERGO modified 
working electrode surface (B) and ERMGO modified working electrode surface (C) with 
a magnification of 1000x. 

4.1.3 Contact angle measurement 

Contact angle (CA) measurement is one of the techniques used for investigation 
of the hydrophobic/hydrophilic property or wettability on a solid surface. Contact 
angle value would be obtained from measuring through the angle formed between 
the interfaces of dropped water and solid surface. In this work, CA values of an 
unmodified electrode, ERGO and ERMGO modified electrode surface were measured 
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using a static sessile drop method as shown in Table 4.1, and the water drop behaviors 
on the electrode surface were observed as shown in the Figure 4.4A-C. As seen in 
Figure 4.4A, the water drop behavior on an unmodified electrode surface is almost 

spherical, and a CA value is found to be 133.18. Since the CA value obtained from 

unmodified electrode is larger than 90, it is considered as a hydrophobic surface. This 
phenomenon can be described that screened carbon ink composition consists of 
carbon ink, graphite, graphene flakes, organic solvent and additives etc. All the 
components are hydrophobic, so the unmodified electrode surface repels the water 
droplet. Likewise, Figure 4.4B displays the water drop behavior on ERGO modified 
electrode surface. The shape of water drop is also spherical which is similar to the one 

on an unmodified electrode, and a CA value is found to be 127.52. Also, ERGO 
modified electrode surface is classified as hydrophobic surface. As that result, ERGO 
was generated from the removal of oxygen functionalities on GO sheets by reduction 
reaction. Consequently, ERGO remains merely entire carbon structure, so it is classified 
as a hydrophobic surface as well. In contrast, Figure 4.4C shows the water drop 
behavior on ERMGO modified electrode surface. The water drop pervasively spread 

over the surface, and a CA value is 68.86, which is smaller than 90, indicating that 
the surface is hydrophilic. This phenomenon can be described that CTAB has a 
property to reduce the surface tension between interfacial phases. In other words, 
CTAB has ability of improvement of miscibility between polar and non-polar phases. 
Thus, the adjustment of ERGO surface with micelle of CTAB takes an advantage of 
improving compatibility of ERMGO and water.  

Table 4.1 Comparison of contact angle values on the surface of different 
electrodes. 

Electrode Average contact angle values (± SD) 

Unmodified 133.18 ± 2.02 

ERGO 127.52 ± 3.51 

ERMGO 68.86 ± 3.90 
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Figure 4.4 Images of water droplet on an unmodified electrode surface (A), an ERGO 
modified electrode surface (B) and an ERMGO modified electrode surface (C) obtained 
from CA measurements. 

4.1.4 Electrochemical impedance spectroscopy 

Also, the interfacial properties of electrode surface were investigated by 
electrochemical impedance spectroscopy (EIS). The charge-transfer resistance (Rct) 
depends on dielectric and insulating features at the electrode-electrolyte interface. 
The Rct value derived from a diameter of semicircle portion of Nyquist plots is related 
to the charge transfer resistance and electronic resistance of the electrodes. The 
semicircular portion of Nyquist plots indicates the efficiency of electron transfer from 
aqueous electrolyte solution to electrode surface. As shown in Figure 4.5, Nyquist plots 
present the comparison among unmodified electrode (blue line), ERGO modified 
electrode (green line) and ERMGO modified electrode (red line) in the presence of 1.0 
mM of Fe(CN)63-/4- in 0.1 M KCl. The Nyquist curve of unmodified electrode shows the 
largest semicircular portion of all with an Rct value of 16329.4 Ω, indicating that the 
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unmodified electrode has the highest charge-transfer resistance, leading to poor 
electron transfer through the surface. For the curve of ERGO modified electrode, the 
semicircular portion is smaller than unmodified electrode, and an Rct value 
considerably decreases to 4984.2 Ω. The smaller diameter on the curve indicates that 
G has an ability to accelerate the electron transfer between electrolyte solution and 
electrode surface. After modifying the electrode with ERMGO, a semicircular domain 
does not exist apparently, and the relation is almost straight line; thus, Rct value is not 
available. This result suggests that the rate of electron transfer on ERMGO modified 
electrode is very fast. Theoretically, CTAB, surfactant, has no property of direct 
improvement of the electrical conductivity. For this reason, adding the CTAB might 
have impeded the electron transfer and obstructed the access of analytes from bulk 
solution. Thus, the Nyquist curve on ERMGO modified electrode should have 
possessed the largest semicircular portion. However, ERMGO provides the lowest 
charge-transfer resistance, implying that CTAB orientation on ERMGO surface facilitates 
the electron transfer process between ERMGO surface and electrolyte solution. 

 

Figure 4.5 EIS of an unmodified electrode (blue), an ERGO modified electrode (green) 
and an ERMGO modified electrode (red) in the presence of 1.0 mM of Fe(CN)63-/4- in 0.5 
M KCl. 
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4.1.5 Cyclic voltammetry 

Cyclic voltammetry is a technique used for investigating the electrode 
performances and characteristics. The electrochemical sensitivity of each electrode 
model was monitored by measuring a standard solution of 1.0 mM [Fe(CN)6]3-/4- in 0.1 
M KCl which is a standard redox couple commonly used for investigation of the 
electrocatalytic property of electrode prior to use for target analyte determination. 
According to Figure 4.6A, this figure shows the voltammograms of 1.0 mM [Fe(CN)6]3-/4- 

measured on an unmodified electrode, an ERGO modified electrode and an ERMGO 
modified electrode. Evidently, all the cyclic voltammograms show anodic and cathodic 
peaks, and the peak current ratio of both direction are approximately 1.0, defined as 
reversible redox system. In addition, the Figure 4.6B displays a histogram showing 
anodic peak currents obtained by current integration of peak from voltammograms. 
Considering the voltammogram measured on unmodified electrode (green line), it 
provides the lowest current (25.49 µA) responses and broad peak shapes, and the 
difference of peak potential value (∆Ep) is evaluated to be 0.37 V. For the 
voltammogram measured on ERGO modified electrode (blue line), both anodic and 
cathodic peak responses are higher and sharper than measured on unmodified 
electrode. The peak current and the peak potential difference were found to be 43.02 
µA and 0.21 V, respectively. This phenomenon can be explained that ERGO on the 
electrode surface possesses excellent properties; therefore, with higher current 
responses, it indicates that ERGO electrode surface has more surface area owing to G 
property. Moreover, the peak potential difference is narrower, suggesting that G on the 
electrode surface has an ability to promote the electrocatalytic activity. Ultimately, 
voltammogram measured on ERMGO modified electrode (red line) exhibits the highest 
and sharpest current response (54.27 µA). Furthermore, it also provides the smallest 
gap of peak potential (∆Ep=0.18 V). It is presupposed that CTAB orientation on G surface 
plays an important part for an increase of electrode surface area and an acceleration 
of electron transfer process. 
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Figure 4.6 Cyclic voltammograms of 1.0 mM [Fe(CN)6]3-/4- in 0.1 M KCl solution 
measured on an unmodified electrode (green line), an ERGO modified electrode (blue 
line) and an ERMGO modified electrode (red line) (A) and a histogram showing anodic 
peak currents measuring on different electrodes (B). 

According to Randles-Sevcik equation, the linear relation between applied 
square root of scan rates and peak currents can point out that the electrode system 
is under diffusion-controlled process. To investigate the mass-transfer process of 
ERMGO modified electrode, the experiments of cyclic voltammetry with different scan 
rates of 50, 75, 100, 125, 150, 175 and 200 mV s-1 were performed to investigate our 
proposed electrode system as shown in Figure 4.7A. For Figure 4.7B, the anodic and 
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cathodic peak currents are directly proportional to square root of scan rate. Thus, this 
electrode platform is in favor of diffusion controlled mass-transfer-process. 

 

 

Figure 4.7 Cyclic voltammograms of 1.0 mM [Fe(CN)6]3-/4- in 0.1 M KCl solution 
measured on ERMGO modified electrode at the different scan rates of 50, 75, 100, 125, 
150, 175 and 200 mV s-1 (A) and a relation between anodic and cathodic peak current 

of [Fe(CN)6]3-/4-  versus a function of square root of scan rate (ν1/2) (B) 

According to the characterization, although G possesses several exceptional 
properties, it is still not suitable for directly modifying on electrode surface which is 
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used to detect analytes in aqueous solution due to water repulsion of hydrophobic G. 
To bring out the maximum efficiency of G, ERMGO modified electrode was developed. 
The G surface property was altered by the orientation of micellar CTAB which improves 
the hydrophilicity of the surfaces. Then, ERMGO modified electrode can improve the 
compatibility between the analytes and G on the electrode surface, leading to 
enhanced electron transfer process as a result of high electrode performance. 

4.2 Electrochemical determination of CBF and CBZ  

In this work, voltammetry is an electrochemical technique which is used for 
CBF and CBZ detection. However, chemical compounds which are detected by 
voltammetry must be electroactive species. Unfortunately, only CBZ is an 
electroactive species (equation 4.1), while CBF has no electrochemical activity 
(equation 4.2). Therefore, there is a difficulty for direct detection of CBF by using 
electrochemical method. In previous literature [61], it was reported that carbamate 
pesticides can produce electroactive phenol derivatives through a process of alkaline 
hydrolysis at high temperature. As it is, CBF can be hydrolyzed to be CBF phenol 
(equation 4.3) in the alkalescent aqueous solution. Alternatively, CBF can be 
determined indirectly by electrochemical detection with CBF phenol (equation 4.4). 
According to the previous study [62], the factors influencing on the alkaline hydrolysis 
of CBF was investigated and reported that the optimal conditions for CBF hydrolysis is 

a hydrolytic temperature of 75C and a heating time of 3 minutes. In this study, the 
sample preparation is required and proceeded by heating of the sample solution prior 
to analyses. Nevertheless, for CBZ properties, CBZ is a high thermal stability compound 
[65], so it can maintain the original form at high temperature, whereas CBF is 
hydrolyzed. Ultimately, a prepared mixture solution composed of CBZ and CBF phenol 
was used for analyses. 

 
Equation 4.1 Oxidation reaction of CBZ 
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Equation 4.2 Non-electroactive CBF 

 

 
 
Equation 4.3 Hydrolysis of CBF 

 
Equation 4.4 Oxidation reaction of CBF phenol 
 
As for the electrochemical detection, square-wave voltammetry (SWV) is 

selected for the simultaneous determination of CBF and CBZ. Figure 4.8A shows the 
square-wave voltammograms of 20 mg L-1 of CBF and 5 mg L-1 of CBZ measured on 
unmodified electrode (red line), ERGO modified electrode (green line) and ERMGO 
modified electrode (blue line). The SWV was performed under the condition with a 
step potential of 10 mV, an amplitude of 20 mV and a frequency of 10 Hz. From the 
voltammograms, the results present well-separated anodic peaks of two compounds 
at the potential of 0.18 and 0.53 V belonging to CBF and CBZ, respectively. The peak 
currents were measured by integration of anodic current responses from each peak as 
shown in Figure 4.8B. For the voltammogram measured on an unmodified electrode, 
it shows two anodic peaks which are the lowest current response signal and broadening 
peak shape. For the current response measured on ERGO modified electrode, the peak 
currents of both CBF and CBZ are higher than measuring on unmodified electrode, 
approximately 1.5-fold for CBF and 4-fold for CBZ. The significant increase of current 
signal can be explained by the excellent properties of G, such as high electrical 
conductivity, high surface area and well electrocatalytic activity. Then, ERMGO 
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modified electrodes were used for simultaneous determination of CBF and CBZ. The 
obtained voltammogram presents the well-defined peaks and have the highest current 
responses compared to unmodified electrode and ERGO modified electrode. The peak 
current measured on ERMGO modified electrode is 4-fold higher than unmodified 
electrode for CBF and 12-fold higher for CBZ. Due to drastic enhancement of current 
signal, it verifies that ERMGO modified electrode has excellent efficiency for the 
simultaneous determination of CBF and CBZ. 

Besides, the voltammograms implicitly show the background current which is 
observed by raised curve in a potential range of 0.6 and 1.0 V. The background current 
obtained from ERMGO modified electrode provide the highest raised curve and 
followed by ERGO modified electrode and unmodified electrode, respectively. The 
height of background currents can indicate the double-layer response and capacitance 
ability. With the higher background current, it shows that the electrode surface has 
higher capacity.  
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Figure 4.8 Square-wave voltammograms (SWV) of 20 mg L-1 CBF and 5 mg L-1 CBZ 
measured on unmodified electrode (blue), ERGO modified electrode (green) and 
ERMGO modified electrode (red) (A) and a histogram showing peak currents obtained 
from SWV using unmodified electrode, ERGO modified electrode and ERMGO modified 
electrode (B). 

According to the characterization evidences, the important roles of CTAB 
orientation on graphene surface, influencing on the electrochemical behaviors, could 
be explained as follows: 

- Due to the hydrogen bonding among oxygen functional groups on GO 
sheets, GO tends to re-agglomeration. The addition of CTAB can restrain the 
re-stacking of G because CTAB molecules have a property of reducing 
surface tension of water and intercalating between dispersed GO sheets, so 
it has ability to improve GO solubility and dispersibility. Thus, the obtained 
reduced GO layers dispersed with CTAB are significantly thinner than 
reduced GO as the result of better electrical conductivity (Figure 4.9). 
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Figure 4.9 CTAB intercalated between graphene oxide sheets can inhibit aggregation 
during reduction. 

- During the electrodeposition of ERMGO on the electrode surface, CTAB on 
the G sheet will form by orientating the hydrophobic tails towards G and 
protrude the hydrophilic outwards to the aqueous solution, resulting in 
decreasing of surface tension of water. In some previous works [66-68], they 
were reported that the surface tension is related to diffusion coefficient by 
inverse variation. Consequently, with the decreasing surface tension, 
diffusion coefficient will contrastingly increase. According to the Randles-
Sevcik equation (equation below), the equation shows the relation of 
current (ip) and diffusion coefficient (D). The current is directly proportional 
to the diffusion coefficient. 

ip = (2.69 × 105)n
3

2ADo

1

2Coυ
1

2                          

Where n = number of electron transfer, A = electrode surface area 
(cm2), C = concentration of the electroactive species (mol cm-3), D = 

diffusion coefficient (cm2 s-1) and ν = scan rate (v s-1). 

From the following equation, it is inferred that decreasing surface 
tension causes of the increase of current. Thus, using ERMGO for CBF and 
CBZ detection can amplify the current signal, leading to an enhanced 
sensitivity (Figure 4.10). 
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Figure 4.10 CTAB might significantly change the diffusion coefficients. 

- From EIS characterization along with CA measurement, because of entire 
carbon atom of G, the property of ERGO is classified to be hydrophobic. 
Therefore, using ERGO modified electrode with aqueous solution will create 
the water resistance between ERGO sheets and water which impedes the 
electron transfer across the phases. On the contrary, on ERMGO modified 
electrode, CTAB orientation will diminish hydrophobic effect of G to be 
hydrophilic surface. Accordingly, the contact of water on ERMGO surface is 
even more compatible, so the analytes can easily access to the electrode 
surface. Thereby, it helps to facilitate the electron transfer from ERMGO 
surface to the electrolyte solution (Figure 4.11). 
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Figure 4.11 CTAB micelle orientation might increase hydrophilicity to the surface of 
graphene, leading high efficiency of electron transfer. 

According to Randles-Sevcik equation (equation 4.5), it is obvious that the 
electrode surface area is directly proportional to the peak current. For increasing of 
sensitivity, many developers enhanced electrochemical sensitivity by increasing 
surface area of electrode, for example, using high surface area materials (i.e. 
nanoparticles [11, 12, 69]) or modifying working electrode surface (i.e. electrospraying 
[70, 71] or electrospinning [72, 73]). Nonetheless, diffusion coefficient is also one of the 
factors providing a direct effect on current response signal, but the diffusion coefficient 
is supposed to be a characteristic of each compound. Thus, they are oblivious of 
improving of diffusion coefficient. However, ERMGO modified electrode platform is the 
system which improves both surface area and diffusion coefficient. 

4.3 Optimization of ERMGO modified electrode fabrication 

4.3.1 Effect of GO concentration 

To fabricate ERMGO modified electrode, the important parameters concerning 
in MGO solution, including CTAB concentration, GO concentration, scan rate and 
number of scan of cyclic voltammetry during reducing process, were optimized. The 
selected conditions were obtained from that particular condition which provides both 
highest peak current and well-defined peak shape. First of all, GO concentration in 
MGO solution was optimized. The GO concentration was investigate within 
concentrations of 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 mg mL-1 as shown in Figure 4.12A. The 
current responses continuously increase until the concentration reaches to 0.8 mg mL-

1, and then it plateaus; thus, 0.8 mg mL-1 of GO was selected as an optimum 
concentration.  

4.3.2 Effect of CTAB concentration 

CTAB concentration in MGO solution was varied within a concentration range 
of 0.0025, 0.005, 0.010, 0.015 and 0.020 %w/v compared with the absence of CTAB as 
shown in Figure 4.12B. As the result, at the condition without CTAB, peak currents of 
CBF and CBZ show the lowest signal. After adding CTAB, the current responses of both 
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analytes significantly increase. At the concentration of 0.0025 % CTAB, the current of 
CBF slightly increase as the current of CBZ dramatically increases. After varying the 
concentration of CTAB from 0.005 to 0.020 %, the current responses of CBF rapidly 
increase, while the current responses of CBZ slightly decrease. Obviously, CBF response 
to CTAB is higher than CBZ response. The level off and drop of peak current with 
increasing CTAB concentration can be explained by the predomination of raised 
background leads to the lower peak current integration than it should have been 
(Figure 4.13). According to these results, the compromising selection of this parameter 
is 0.010 % for preparation of MGO solution.  

4.3.3 Effect of scan rate 

Afterwards, in the process of reducing MGO, the parameter of scan rate was 
optimized as shown in Figure 4.12C. The different scan rates of 50, 100, 150 and 200 
mV s-1 were used for studying the effect of scan rate on electrochemical sensitivity. At 
the slowest scan rate of 50 mV s-1, it provides the highest current responses of CBF 
and CBZ. Then, with increasing scan rate to be 100, 150 and 200 mV s-1, the current 
signals slightly decrease. Therefore, at the scan rate of 100 mV s-1 was selected for an 
optimal scan rate by consideration of time consumption of reducing process and 
adequately high current signal. 

4.3.4 Effect of number of scans  

Lastly, the effect of different number of scan was investigated by an operation 
of cyclic voltammetry with the number of scan of 5, 6, 7, 8, 9 and 10 cycles. As shown 
in Figure 4.12D, the peak currents slightly increase when the number of scan increases. 
With greater number of scan of cyclic voltammetry, an accrual of G deposition is more 
accumulative, resulting in increase of anodic peak currents. The selected condition 
would be considered from the condition which is obtained from the suitability of 
compromise between the current response and operation time. Then, the optimal 
conditions of 10 cycles were chosen for further experiments.  
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Figure 4.12 Optimization of GO concentration (mg mL-1) using ERMGO modified 
electrode (A) of CTAB concentration (%w/v) using ERMGO modified electrode (B) of 
scan rate (mV s-1) (C) of number of scan (cycle) (D). 

 

Figure 4.13 SWV of CBF and CBZ measured on ERMGO modified electrode with 
0.0025% CTAB (blue line) and 0.010% CTAB (red line).  

Three important parameters of SWV, step potential, amplitude and frequency, 
were optimized in order to observe the proper condition which contributes to the 
most excellent sensitivity of simultaneous determination of CBF and CBZ. The 
selection of optimal conditions were based on the particular condition providing the 
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compromise among well-separated and sharp peaks and high current signals with low 
background current. For the optimization of these parameters, including step potential 
of 4-16 mV, amplitude of 10-50 mV and frequency of 5-25 Hz were varied with 20 mg 
mL-1 CBF and 5 mg mL-1 CBZ in 0.1 M PB solution (pH 7.0). As shown in the Figure 
4.14A, the operation of SWV with 10 mV provides high and well-separated peak shapes, 
so 10 mV of step potential was selected. For the optimization of amplitude (Figure 
4.14B), the current responses at 20 mV provides the suitably high peak current and 
narrow peak with low background current. Therefore, 20 mV of amplitude was chosen. 
Finally, for the optimization of frequency (Figure 4.14C), the current responses at 10 
Hz of frequency are the sharpest, and the background current is the lowest, so 10 Hz 
of frequency was selected. Thereby, the optimal condition of SWV for CBF and CBZ 
determination was the step potential of 10 mV, the amplitude of 20 mV and the 
frequency of 10 mV and this condition will be used for further experiments. 
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Figure 4.14 Histograms showing anodic current responses obtained from optimizations 
of SWV parameters: step potential (A) amplitude (B) and frequency (C) measured on 
ERMGO modified electrode with 20 mg mL-1 CBF and 5 mg mL-1 CBZ in 0.1M PB solution 
(pH 7.0). 

4.4 Analytical performances of ERMGO modified electrode 

The analytical performances of ERMGO modified electrode for the 
simultaneous determination of CBF and CBZ were evaluated. To investigate the 
detection capability, different concentrations of analytes were determined for five 
replicates (n=5) at a concentration range of 40, 100, 200, 400, 1000, 2000, 4,000, 10,000 
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and 20,000 µg L-1 for CBF and 25, 50, 100, 250, 500, 1,000, 2,500 and 5,000 µg L-1 for 
CBZ (Figure 4.15A). The calibration curves of CBF and CBZ were plotted, and the current 
responses increase linearly with the increase of analyte concentrations. As for CBF 
detection, a calibration plot (Figure 4.15B) is linear over a range of 40-20,000 µg L-1 with 
a correlation coefficient (R2) of 0.997. On the other hand, a calibration curve of CBZ 
(Figure 4.15C) was obtained over a range of 25-5,000 µg L-1 with a correlation coefficient 
(R2) of 0.994. The experimental limit of detection (LOD) was evaluated based on signal-
to-noise ratio of three (S/N=3), and LODs were found to be 10 and 5 µg L-1 for CBF and 
CBZ, respectively. According to maximum acceptable amounts of CBF and CBZ from 
Maximum Residue Limits (MRLs), there are 50-2,000 µg L-1 for CBF and 50-15,000 µg L-

1 for CBZ. Apparently, LODs obtained from ERMGO modified electrode are below the 
regulation; thus, this system is sufficiently sensitive for the simultaneous determination 
of CBF and CBZ in real agricultural products. 
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Figure 4.15 Square-wave voltammograms of CBF and CBZ in a concentration range of  
40-10,000 µg L-1 and 25-5,000 µg L-1 , respectively, in PB solution at a pH 7.0 (A), a 
calibration plot of CBF concentrations versus current signal (B) and a calibration plot 
of CBZ concentrations versus current signal (C). 
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The comparison of the analytical performances of this proposed system with 
the previously reported system are shown in Table 4.2 and 4.3. Comparing with the 
previous works, our system provides the competent analytical performances for 
simultaneous determination of CBF and CBZ. Interestingly, by comparing with the 
similar platforms, our system provides lower LOD and wider linear range. Moreover, 
the most important purpose of modifying screen-printed carbon electrode is using for 
disposable sensors. Therefore, it will be somewhat futile if the electrodes were 
modified with noble metal nanoparticles (gold nanoparticles, cobalt phthalocyanine 
etc.) or high-cost materials (diamond electrode etc.) or complicated preparation 
(molecular imprinting etc.) or double/triple modification steps. As seen, the materials 
used for electrode modification in our system are much simpler and cheaper than 
others. In addition, the preparation procedure is a one-step operation of 
electrodeposition, so several advantages of our system are appraised to be a simple 
and rapid preparation.  

Table 4.2 Comparison of the purposed electrode with other modified 
electrodes in the determination of CBF. 

Modified 
electrode 

Method 
Supporting 
electrolyte 

Linear range 
(µg L-1) 

Detection 
limit  

(µg L-1) 

Other 
analytes 

 
References 

Co-RGO/ 
GCE 

DPV 
0.1M B-R 

(pH4): 
acetonitrile 

95.5-13,370 3.82 
Carbaryl 

(simultaneous) 
[74] 

MIP-RGO@ 
Au/GCE 

DPV 0.1 M KCl 9.55-3,820 3.82 - [75] 

Heated –SPCE DPV 
Borate buffer 

(pH 10) 
76.4-76,400 9.55 - [62] 

Micellar CTAB-
RGO/SPCE 

SWV 
PB solution  

(pH 7.0) 
40-20,000 10 

Carbendazim 
(simultaneous) 

This work 
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Table 4.3 Comparison of the purposed electrode with other modified 
electrodes in the determination of CBZ. 

Modified 
electrode 

Method 
 

Supporting 
electrolyte 

Linear range 
(µg L-1) 

Detection 
limit  

(µg L-1) 

Other 
analytes  

 
References 

SiO2 
MWNTs/GCE 

SWV 
0.1M PB 

Solution (pH 
8) 

38.2-764 11 - [76] 

MWNTs-
PMRE/GCE 

LSV 0.6M H2SO4 38.2-1,910 1.7 - [77] 

GO-MWNTs/GCE DPV 
B-R solution 

(pH 1.8) 
1.91-764 1.0 - [78] 

Diamond 
electrode 

SWV 
0.1M Na2HPO4 

(pH 2) 
95.5-2,865 22 - [79] 

TCP/SPCE 
Stripping 

-DPV 
B-R solution 

(pH 4.0) 
95.5-1,910 57.3 - [80] 

G/SPCE 
Stripping

-SWV 
1.0M HClO4 500-10,000 110 

Isoproturon 
(simultaneous) 

[81] 

Micellar CTAB-
RGO/SPCE 

SWV 
PB  Solution 

(pH 7.0) 
25-5,000 5 

Carbofuran 
(simultaneous) 

This work 

 
4.5 Interference study 

Sample preparation is a crucial step to eliminate interferences, especially for 
real sample analyses. In this study, the crop specimens were initially infused in 
chloroform for extraction of pesticides. This step was carried out to avoid ions and 
polar compounds (e.g. ascorbic acid) which can potentially interfere the analyte 
detection. After extraction by chloroform, the infusions were resolvated by ethanol, 
and then collected a clear part from ethanol solution for elimination of dregs and 
other non-polar compounds (e.g. pigment oils). It can be presumed that prepared 
samples do not have any interference, proved by ascertaining that the current signal 
of CBF and CBZ in standard solution and real samples, which had been already 
prepared, are perfectly matched at every concentration level (Figure 4.16). Thus, a real 
sample analysis can be determined by using an external standard method. 
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Figure 4.16 Matchings of peak currents among CBF (A) and CBZ (B) in standard solution 
and real sample solutions (soy beans, rice and tomatoes) at every concentration level 
measured on ERMGO modified electrode. 

4.6 Real sample analyses 

To validate applicability of our developed system, ERMGO modified electrodes 
were applied for the simultaneous detection of CBF and CBZ in real samples. Three 
types of agricultural products which have possibility of being contaminated by both 
pesticides were selected as real samples, namely soy beans, rice and tomatoes. For 
our analytical method, three levels of pesticide concentration were spiked into the 
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real samples. For CBF, there are concentrations of 200, 1,000 and 4,000 µg L-1 added 
into the real samples. Likewise, 50, 500 and 2,000 µg L-1 of CBZ were spiked. Afterwards, 
the amounts of these pesticides in the real samples were determined by external 
standard method. Each sample was detected thrice (n=3), and the average values are 
shown in table 4.4 and 4.5. The percent recoveries were found in the ranges of 95-
102% and 97-103% for CBF and CBZ, respectively. The percent RSD is significantly 
acceptable in every single range of concentration according to a standard AOAC 
guideline [82], indicating that this developed system can be successfully applied for 
simultaneous determination of CBF and CBZ in the actual agricultural samples with 
high accuracy and precision. 

Table 4.4 Determination of CBF in three agricultural crop samples using ERMGO 
modified electrode (n=3). 

Samples 
Concentration (µg L-1) Recovery 

(%) 
RSD (%) 

Added Found 

Soy bean 
4,000 4,023.50±227.98 100.59 5.66 
1,000 997.67±46.67 99.77 4.68 
200 191.42±7.68 95.71 3.99 

Rice 
4,000 4,033.20±239.36 100.83 5.93 
1,000 994.33±65.66 99.43 6.60 
200 207.88±12.14 102.79 5.84 

Tomato 
4,000 3917.70±63.86 97.74 1.63 
1,000 974.33±58.41 97.43 5.99 
200 199.75±15.61 99.87 7.81 

 
Table 4.5 Determination of CBZ in three agricultural crop samples using ERMGO 

modified electrode (n=3). 

Samples 
Concentration (µg L-1) Recovery 

(%) 
RSD (%) 

Added Found 

Soy bean 
2,000 2,072.30±41.66 103.61 2.01 
500 527.63±10.95 105.53 2.08 
50 97.00±6.61 97.00 6.82 

Rice 2,000 2,065.10±104.18 103.26 5.04 
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500 517.42±15.44 103.48 2.98 
50 101.17±4.02 97.78 3.97 

Tomato 
2,000 2,046.80±74.10 102.33 3.62 
500 502.00±15.44 100.40 0.99 
50 99.08±9.36 99.08 9.45 

 



 

 

CHAPTER V 
CONCLUSION 

5.1 Conclusion 

ERMGO modified SPCE was developed as a novel platform of high performance 
electrochemical sensor for sensitive and simultaneous determination of CBF and CBZ. 
The use of G along with CTAB improved both electrode surface area and diffusion 
coefficient, leading to substantially increased electrochemical sensitivity of the system. 
By using ERMGO modified electrode along with SWV, linear ranges of 40-20,000 µg L-1 
and 25-5,000 µg L-1 were obtained for CBF and CBZ, respectively. The detection limits 
(LODs) were found to be 10 µg L-1 for CBF and 5 µg L-1 for CBZ. Ultimately, this system 
was successfully applied for the determination of pesticide residues in real agricultural 
crops with high accuracy and precision. Besides, this system can be created with fast 
and simple fabrication process with low cost. Thus, it might be an interesting prototype 
for electrode modification using ERMGO with other materials for other application 
fields. 

5.2 Suggestion for future work 

This conception of using micelle of nanoparticles can be applied for other 
applications; for example, it can be used with other carbon-based nanoparticles 
because others also have the same property of hydrophobicity, or ERMGO can be used 
along with other material for multiple modification electrode to further increase 
electrochemical sensitivity. 
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