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a facile room-temperature approach using the colloidal coagulation effect. Afterwards, 
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CHAPTER I 
INTRODUCTION 

1.1  Introduction 

 Electrochemical technique has been widely used in various sensor applications, 
such as medical diagnosis [1], food inspection [2] and environmental monitoring [3, 4] 
because of its simplicity, low operating cost and high sensitivity. The conventional 
electrochemical cell consists of three electrodes including reference electrode, 
counter electrode and working electrode. Later, the electrode was designed to be a 
portable size for field based site analysis, which is called screen-printed carbon 
electrode or SPCE [5]. Moreover, one of the most important advantages of SPCE 
compared with conventional electrode is small amount of sample requirement. 
However, the surface area of working electrode is automatically limited by its size, 
leading to low sensitivity. Therefore, the modification of working electrode surface is 
greatly required in order to improve both sensitivity and analytical performances. To 
increase the surface area of working electrode, the working electrode surface is usually 
modified by various nanoparticles such as conductive polymer [1, 5], metallic 
nanoparticles [6], metal oxide nanoparticles [7] and carbon-based nanomaterials [8]. 
In the recent years, graphene (G), a single layer of graphite, is one of the promising 
materials because of its unique properties, such as high specific surface area, high 
electron transfer and high conductivity [9]. According to these properties, G has been 
applied in several applications including, energy storage [10], drug delivery [11] as well 
as electrochemical sensor [12, 13]. However, the self-agglomeration of G is a crucial 
problem decreasing its important properties [14]. To solve this problem, other 
nanomaterials such as metal oxides were used to form nanocomposite with G [7]. 
Among metal oxide based materials, ZnO has received much attentions in the 
electrochemical applications due to its outstanding properties, such as high electron 
mobility, high stability, high electrocatalytic activity biocompatibility and high specific 
surface [15-17]. Moreover, the morphology of ZnO is varied depending on the synthesis 
method and raw material, such as, nanorods [18], nanowires [19], nanobelts [20], 
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nanotubes [21] and nanosheets [22]. From the previous work, it has been reported 
that, among various shapes of ZnO nanostructure, ZnO nanorods can form three 
dimensional (3D) structure after blending with G to obtain large surface area [23]. 
Therefore, the ZnO/G nanocomposite has been widely used in various applications, 
such as photocatalyst [24, 25] and electrochemical sensor [26]. Recently, there are 
some previous reports about using the ZnO/G nanocomposite to modify the working 
electrode surface in electrochemical sensor for detection of glucose [27] and 
simultaneous detection of ascorbic acid, dopamine and uric acid [28]. Moreover, this 
material has a high potential to use for the detection of other analytes. 

 Toxic heavy metals, such as cadmium (Cd2+) and lead (Pb2+), are the important 
analytes that can cause serious problem for environment and human health even at 
their low levels. These heavy metals are non-biodegradable and very difficult to be 
eliminated. Thus, the natural resources can be easily contaminated by these toxic 
heavy metals. Besides, the accumulation of heavy metals in human body can cause 
several diseases such as kidney, liver and bone [29, 30]. In general, there are several  
analytical methods have been used for heavy metal detection, such as atomic 
absorption spectroscopy (AAS) [31], inductively coupled plasma-mass spectrometry 
(ICP-MS) [32] and inductively couples plasma optical emission spectrometry (ICP-OES) 
[33]. Although these traditional methods provide the high sensitivity and selectivity, 
they require specialized operator, high operating cost and long analysis time [34]. 
Therefore, the electrochemistry has become an alternative choice due to its 
portability, simplicity, low cost and also rapid analysis [35]. So, in this study, we propose 
to develop a novel electrochemical sensor based on ZnO/G modified electrode for 
the determination of Cd2+and Pb2+. Finally, our system was applied for simultaneous 
detection of Cd2+ and Pb2+ in wastewater samples and the results are corresponded 
well with the results obtained from a standard ICP-OES method. 
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1.2  Objective 

 - To synthesize ZnO/G nanocomposite for electrode surface 
modification. 

 - To modify the electrochemical sensor by using synthesized ZnO/G and 
apply it for simultaneous determination of Cd2+ and Pb2+. 

 - To apply this system for the detection of Cd2+ and Pb2+ in wastewater 
samples. 

1.3  Scope of the thesis 

 In this study, the ZnO nanorods were prepared by using zinc acetate as a 
precursor via thermal decomposition method and used to synthesize the ZnO/G 
nanocomposite by facile room-temperature approach using a colloidal coagulation 
effect. Then, the synthesized ZnO/G was used to modify the working electrode surface 
and applied for the simultaneous determination of Cd2+ and Pb2+. Moreover, the 
important parameters affecting on electrochemical sensitivity of our system such as 
ZnO/G ratio, ZnO/G concentration, Bi3+ concentration and electrochemical parameters 
were investigated and optimized. Besides, the analytical performances of modified 
electrode such as, a linear range and limit of detection were evaluated. Eventually, 
under the optimum conditions, the ZnO/G modified electrochemical sensor was used 
to detect Cd2+ and Pb2+ in real wastewater samples and compared with a standard 
ICP-OES method.



 

 

CHAPTER II 
THEORY AND LITERATURE SURVEY 

 In this chapter, the theory and basic principles of electrochemical analysis are 
introduced. The preparation of screen-printed electrode is illustrated. The surface 
modification of screen-printed carbon electrode by using nanomaterials (e.g. graphene, 
zinc oxide, zinc oxide/graphene nanocomposite) are explained. Moreover, the 
detection of heavy metals by using electrochemical sensor is described. 

2.1 Electrochemistry and electrochemical analysis [36, 37] 

 Electrochemistry is defined as a branch of chemistry that investigates the 
phenomena resulting from combined chemical and electrical effect. The principle of 
electrochemistry has been extensively applied in several applications including 
corrosion study, fuel cell, energy storage as well as electrochemical sensor.  

 Electrochemical detection, one of analytical techniques can be used to study 
for both qualitative and quantitative analysis, has been widely used in various field 
such as medical diagnosis, food inspection and environment survey because this 
technique provides the simple process, high sensitivity and also low operating cost. In 
an electrochemical cell, there are three main components including three electrodes 
(working electrode, counter electrode and reference electrode), electrolyte and 
external power supply. The conventional three-electrode cell is shown in Figure 2.1. 
For electrochemical measurement, the electrochemical reaction is occur at the 
interface between the working electrode surface and electrolyte solution based on 
oxidation and reduction process of target analyte. 
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Figure 2.1 The conventional three-electrode cell. 

In general, the electrochemical measurements are classified into two types, 
including potentiometric and potentiostatic. Potentiometric technique is a static 
technique (zero current) that measures the potential of a solution between two 
electrodes (working electrode and reference electrode). Potentiostatic technique is a 
dynamic technique (no zero current) that measures the current response obtained 
from electron-transfer reaction when the working electrode is applied by controlled 
potential. There are several potentiostatic methods such as voltammetry, 
amperometry and coulometry, have been widely used for the development of 
electrochemical sensor. However, in this study, we only used the voltammetric 
methods including cyclic voltammetry and anodic stripping voltammetry to 
characterize the electrochemical properties of an electrochemical sensor prepared in 
this study. 
  2.1.1 Cyclic voltammetry 

 Cyclic voltammetry (CV) is a basic technique has been widely used in 
electrochemical analysis due to its simplicity. So this technique usually used for 
preliminary study the electrochemical reaction of the new system. In general, this 
technique will be applied potential in two steps versus time as waveform which is 
called “triangular waveform” as seen in Figure 2.1a. The first step, the potential scan 
in forward direction (anodically scan) and the next step is switching the direction of 

scan (at Eλ) to opposite direction (cathodically scan). The output resulting from CV is 
called cyclic voltammogram. The graph plot between applied potential versus the 
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current intensity as seen in Figure 2.1b. There are two important peak obtained from 
cyclic voltammogram consists of cathodic peak and anodic peak that came from 
oxidation and reduction reaction, respectively.  

 
Figure 2.2 (a) Applied potential of CV (triangular waveform) and (b) cyclic 
voltammogram. 

 Moreover, there are also four values that used for electrochemical 
characterization including cathodic peak current (ipc), anodic peak current (ipa), cathodic 
peak potential (Epc) and anodic peak potential (Epa). The cathodic and anodic peak 
current response can be described by the highest peak current of reduction and 
oxidation peak, respectively. In the same way, the cathodic and anodic peak potential 
can be described by the location of peak appearance of reduction and oxidation peak, 
respectively. The calculation of peak current response for a reversible redox couple at 
25°C is given by Randles-Sevcik equation: 

ip = (2.69 x 105) n3/2ACDo 1/2ν1/2 

 where n = number of transferred electrons 

  A = area of electrode surface (cm2) 

  C = concentration of electroactive species (mol/cm3)  

  Do = diffusion coefficient (cm2/s) 

  ν = scan rate (V/s) 

  



  

 

7 

  2.1.2 Anodic stripping voltammetry 

 Anodic stripping voltammetry (ASV), one of electroanalytical techniques, is the 
most widely used for heavy metal determination in trace level, because this technique 
can be accumulated the metal ions on electrode surface during the deposition step 
(or accumulation step). Briefly, for mercury electrode, there are two steps for ASV 
measurement.  

 Firstly, the accumulation step, the deposition potential (Ed) is applied more 
negative than E0 of target metals in a controlled time (deposition time; Td). Then, all 
of target metal ions are reduced and accumulated as amalgams (M/Hg) on working 
electrode surface. 

M+n + ne- + Hg → M(Hg) 

 Secondly, the stripping step, the applied potential is linearly scanned in forward 
direction. The amalgamated metals are reoxidized and stripped out of working 
electrode surface. The current response is obtained. 

M(Hg) → M+n + ne- + Hg 

 Finally, the results obtained from ASV, anodic stripping voltammogram, is 
shown in Figure 2.3 
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Figure 2.3 The relation of applied potential with controlled time and the output 
obtained from anodic stripping voltammetry (Anodic stripping voltammogram). 

2.2 Screen-printed technique 

 Nowadays, the conventional three electrode cell has been developed and 
designed to be a small size which is called screen-printed electrode. The advantages 
of screen printed electrode are simple equipment, low preparation cost and also use 
small amount of sample. Moreover, the most advantage of screen printed electrode 
is portability. Because of this property, the screen printed electrode can be applied for 
field based sensor application such as medical diagnosis and environmental survey.  
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Figure 2.4 Schematic diagram of the screen printing basic process for electrodes 
manufacturing [38]. 

 The fabrication of screen printed electrode can be produced by using a woven 
mesh supported an ink-blocking-stencil, a conductive ink, a substrate and a squeegee. 
The process of screen printed electrode are shown in Figure 2.4. The configuration of 
screen printed electrode is flexible designed depending on type of target analyte. The 
plastic based or paper based materials can be used as substrate. The most advantage 
of substrate prepared by plastic-based over the paper-based is reusability. Thus, in this 
study, we focused on the screen-printed carbon electrode (SPCE) using Poly (vinyl 
chloride) (PVC) as substrate. The SPCE configurations are shown in Figure 2.5. 
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Figure 2.5 Screen-printed carbon electrode (SPCE) prepared in this study [1, 4, 5]. 

 However, the conductive ink for screen printed electrode consists of some 
mineral binders or insulating polymer for increase the adhesive property with the 
substrate. These insulating component can inhibit the electrical conductivity of screen 
printed electrode cause decrease in electron transfer rate leading to low 
electrochemical sensitivity. Moreover, the surface area of working electrode is limited 
by its portable size leading to low electrochemical sensitivity. To solve these problem, 
the electrode surface modification is required to improve the electrochemical 
properties before using in the electrochemical sensor application.  

2.3 Electrode surface modification 

 In general, the conventional sensor used in electrochemical application 
consists of three electrode including working electrode, counter electrode and 
reference electrode. Among all, the working electrode is the most important electrode 
because the electrochemical reaction is occurred on the surface of working electrode. 
So, the modification of working electrode surface area is greatly necessary. In order to 
increase the specific surface area of working electrode, the nanomaterials, such as 
carbon-based nanomaterials, metal oxides, metals and conducting polymers are 
extensively used for electrode surface modification. Moreover, the high specific surface 
area cause increase in electrochemical reactivity area leading to high electrochemical 
sensitivity. 
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Figure 2.6 Model of surface modification by using nanomaterial and composite 
nanomaterial. 

2.4 Nano sized materials 

 2.4.1 Carbon-based nanomaterials 

 Carbon-based nanomaterials such as single-wall carbon nanotubes, multi-wall 
carbon nanotubes, fullerene and graphene have been widely used to modify the 
working electrode surface in various electrochemical sensor due to their outstanding 
properties such as high conductivity, high electron mobility and high specific surface 
area [1, 3, 5, 39] leading to high electrochemical sensitivity and also high electron 
mobility of modified electrode. However, carbon nanotubes can be contaminated by 
metal nanoparticles during preparation step even after multi-step carbon nanotubes 
purification. The presence of contaminated metal nanoparticles in carbon nanotubes 
modified electrode can interfere the electrochemical sensitivity of target analyte 
leading to low accuracy and electrochemical sensitivity. In order to avoid this problem, 
graphene was suggested as a promising material for electrode surface modification 
without impurity instead of carbon nanotubes. 
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Figure 2.7 Carbon-based nanomaterials [40]. 

 Graphene, defined as a single layer of graphite, is an allotrope of carbon in 
form of a two-dimensional (2D) honey-comb lattice. Graphene has become an 
interesting material used for electrode surface modification due to its extraordinary 
properties, including excellent conductivity, high electrocatalytic activity and 
extremely large surface area (2600 m2·g-1) [9-10]. Therefore, there are many reports 
have been used graphene for modified surface of electrochemical sensor.  

 Wonsawat et al. [41] developed an electrochemical sensor based on graphene 
modified carbon paste electrode for simultaneous detection of Cd2+ and Pb2+. The 
obtained results confirmed that, the high conductivity and high surface area of 
graphene can enhance the electrochemical sensitivity of carbon paste electrode for 
the simultaneous 4 detection of Cd2+ and Pb2+. Moreover, this developed electrode 
showed extremely low detection limits for both Cd2+ and Pb2+ when comparing with 
carbon nanotubes based modified carbon paste electrode in the previous work.  

 However, the self-agglomeration of graphene is a crucial problem decreasing 
its important properties. To solve this problem, other nanomaterials such as metal 
oxides were used to form nanocomposite with graphene. 

 2.4.2 Metal oxide 

The various types of metal oxide such as tin dioxide (SnO2), titanium dioxide (TiO2), 
iron oxide (Fe2O3) and zinc oxide (ZnO) have been used to improve the 
electrochemical sensitivity in electrochemical sensor application [42-45]. Among metal 
oxide based nanomaterials, ZnO, is a wide band-gap semi-conductor with wurtzite 
structure, has received much attentions in the electrochemical application due to its 
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unique properties, such as high electron mobility, high electro catalytic activity, high 
stability, good biocompatibility and high specific surface area [15, 19]. Moreover, the 
uniqueness of ZnO is the variety of ZnO nanostructures. The nanostructure of ZnO is 
varied depending on the synthesis method and the raw materials such as, nanotubes, 
nanowires, nanoparticles, nanosheets, nanoflowers and nanorods etc. 

      

   

     

Figure 2.8 Various nanostructure of ZnO including nanobelts (A), nanotubes (B), 
nanorods (C), nanosheets (D) and nanoflowers (E). 
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 There are many previous researchs using ZnO for electrode surface 
modification in electrochemical sensor applications. It has been reported that, the ZnO 
can enhance both electrochemical conductivity and electrocatalytic activity of 
modified electrode. 

 Arabali et al. [46] developed a highly sensitive determination of promazine by 
using ZnO nanoparticle modified ionic liquid carbon paste electrode. The results 
showed that, the presence of ZnO nanoparticle on electrode surface can increase the 
electrochemical sensivitiy 4 times higher than the unmodified surface of carbone paste 
electrode in the determination of promazine. It was found that, the ZnO nanoparticles 
can enhance the electrochemical sensitivity in the detection of promazine.  

 Liu et al. [42] developed an electrochemical sensor based on ZnO nanofiber 
modified glassy carbon electrode for determination of trace Cd2+. From the results, the 
ZnO nanofiber/ Nafion modified GCE exhibited a large specific surface area leading to 
rich active sites. Moreover, the current response obtained from ZnO nanofiber/Nafion 
modified glassy carbon electrode on determination of Cd2+ was 3-folds higher than the 
current response obtaind from Nafion modified glassy carbon electrode indicating that, 
the presence of ZnO can enhance the electrochemical sensitivity for determination of 
Cd2+. 

 Recently, there are previous reports using hybrid structure of ZnO and graphene 
for working electrode surface modification. The results showed that, the presence of 
both ZnO and graphene can increase the specific surface area and also enhance the 
electrochemical sensitivity by their synergistic effect. 

 Zhang et al. [28] developed an electrochemical sensor based on reduced 
graphene oxide (RGO)/ZnO composite modified glassy carbon electrode for 
simultaneous detection of ascorbic acid, dopamine and uric acid. The hybrid structure 
of ZnO and RGO could largely enhance the electroactive surface area leading to high 
electrochemical sensitivity for simultaneous determination of ascorbic acid, dopamine 
and uric acid. Moreover, this prepared electrode displayed a good reproducibility and 
stability and successfully used as an electrochemical biosensor. 
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Figure 2.9 Schematic illustration of fabrication process the RGO/ZnO modified glassy 
carbon electrode as an electrochemical biosensor. 

 Lu et al. [47] developed an electrochemical sensor based on ZnO nanotubes 
and graphene composite modified electrode for detection of trace Pb2+. From the 
results, this electrode showed high specific surface area due to its high porosity leading 
to high specific surface area. Moreover, the ZnO/G based electrode prepared in this 
study showed highly sensitive for the detection of Pb2+ 

 Moreover, among many shapes of ZnO nanostructures, the ZnO nanorods can 
form three dimensional (3D) structure after combining with graphene to obtain 
extremely large surface area [23]. Thus, in this study we focused on using ZnO/G 
nanocomposite for electrode surface modification to improve the electrochemical 
sensitivity in an electrochemical sensor application. 

2.5 Toxic heavy metals 

 Toxic heavy metals, such as cadmium (Cd2+) and lead (Pb2+), are metallic 
element with high density that produced from several industrial factories such as 
weaving, pigment and battery. These heavy metals can cause serious problem for 
environment and human health even at trace level. Moreover, these heavy metals are 
non-biodegradable and very difficult to be eliminated. Thus, the natural resources can 
be easily contaminated by these toxic heavy metals. Besides, the accumulation of 
these heavy metals in human body can cause diseases to several organs such as liver, 
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kidney, bone and skin. There are many several methods used for heavy metal 
detection such as inductively coupled plasma-mass spectrometry (ICP-MS), atomic 
absorption spectroscopy (AAS), inductively coupled plasma optical emission 
spectroscopy (ICP-OES) and etc. These techniques provide the high sensitivity and 
selectivity. However, these techniques require specialized operator, high operating cost 
and long analysis time. Thus, the electrochemical detection has become an alternative 
device for heavy metal detection due to its simplicity, high sensitivity, rapid analysis 
and also inexpensive process cost. There are previous works using mercury electrode 
for heavy metals detection in electrochemical analysis. This technique provides the 
high sensitivity and high selectivity for simultaneous detection of heavy metals. 
However, this mercury electrode are also dangerous because mercury is one of the 
most toxicity heavy metals leading to high risk operation [48]. Later, bismuth is used 
for electrode modification instead of using mercury electrode due to its non-toxicity, 
environmental friendly and also high analytical performance of heavy metal detection 
[49]. There are two ways in previous reports using bismuth in the detection of target 
heavy metal including in-situ and ex-situ bismuth modified electrode [50]. In the first 
way, in situ bismuth modified electrode, the bismuth is directly mixed with target heavy 
metals solution to form amalgamated film on electrode surface during 
preconcentration step in anodic stripping voltammetry measurement.  

 
Figure 2.10 The in situ bismuth modified electrode. 
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 In the second way, ex situ bismuth modified electrode, bismuth is deposited 
on electrode surface as thin film by electro-deposition method. After that, bismuth 
modified electrode is used for the detection of target heavy metals. 

 
Figure 2.11 The ex situ bismuth modified electrode.



 

 

CHAPTER III 
EXPERIMENTAL 

 
 In this chapter, the detail of the experiments including, reagents, raw materials, 
instruments, equipment and preparation process were provided. 

3.1 Reagents and materials 

 - Graphene (G) nanopowder (SkySpring Nanomaterials Inc, Houston, Tx, 
  USA) 

 - Zinc acetate (Zn(CH3COO)2) (Ajax Finechem Pty Ltd., Auckland, New 
  Zealand) 

 - Zinc chloride (ZnCl2) (Carlo Erba reagent, Milano, Italy) 

 - Acetic acid (CH3COOH) (Carlo Erba reagent, Milano, Italy) 

 - Sodium acetate (CH3COONa) (Carlo Erba reagent, Milano, Italy) 

 - Cadmium (Cd2+) 1000 mgL-1 standard solution (VWR International Ltd., 
  Poole, England) 

 - Lead (Pb2+) 1000 mgL-1 standard solution (VWR International Ltd., Poole, 
  England) 

 - Bismuth (Bi3+) 1000 mgL-1 standard solution (VWR International Ltd., 
  Poole, England) 

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

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

 - Filter paper Whatman grade 5 (GE healthcare Bio-Sciences, Pittsburgh, 
  PA) 

 - Potassium chloride (KCl) (PFCL Ltd., New Deli, India) 
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 - Potassium ferricyanide (K3[Fe(CN)6]) (Sigma-Aldrich, St. Louis, Mo, USA) 

 - Potassium ferrocyanide (K4[Fe(CN)6]) (Sigma-Aldrich, St. Louis, Mo, USA) 

 - Sodium dodecyl sulfate (SDS) (Sigma-Aldrich, St. Louis, Mo, USA) 

 - Hydrochloric acid (HCl) (Carlo Erba reagent, Milano, Italy) 

3.2 Instruments and equipment 

 - Scanning electron microscopy (SEM) with Energy dispersive X-ray 
spectroscopy (EDX) JSM-6400 (Japan Electron Optics Laboratory Co., Ltd., Japan) 

 - Transmission electron microscopy (TEM), JEM-2100 (Japan Electron 
Optics Laboratory Co., Ltd., Japan) 

 - X-ray diffractrometry (XRD) (STREC, Chulalongkorn University) 

 - 910 PSTAT mini (Metrohm Siam Company Ltd.) 

 - Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

3.3 Preparation of solution 

 All of aqueous solutions were prepared by using Milli-Q water (12.8 MΩ cm). 

 3.3.1 Preparation of ZnCl2 solution (0.001 M) 

 0.136 g of ZnCl2 was dissolved in 1000 mL of water with stirring for 30 min. 

 3.3.2 Preparation of ZnO solution (0.5 mg/ml) 

 50 mg of ZnO nanorods were dispersed in 100 mL of 0.001M ZnCl2 solution 
with stirring and ultrasonincation for 2 hrs. 

 3.3.3 Preparation of G solution (0.5 mg/ml) 

 50 mg of SDS and 50 mg of G nanopowders were added in to 100 mL of water 
and stirring for 30 min. After that, the G solution was ultrasonicated for 24 hrs.  

 3.3.4 Preparation of 2 M acetic acid solution 

 2.29 mL of 17.5 M acetic acid solution was added to 17.71 mL of water to 
prepare 20 mL of 2 M acetic acid solution. 



  

 

20 

 3.3.5 Preparation of 2 M sodium acetate solution 

 3.28 g of sodium acetate was dissolved in 20 mL of water to prepare 20 mL of 
2 M sodium acetate solution. 

 3.3.6 Preparation of 0.1 M acetate buffer solution pH 4.5 

 2.95 mL of 2 M acetic acid solution and 2.05 mL of 2 M sodium acetate solution 
were dissolved in 95 mL of water to obtain 0.1 M acetate buffer solution pH 4.5. This 
solution was used as a supporting electrolyte for simultaneous determination of Cd2+ 
and Pb2+. 

 3.3.7 Preparation of 0.5 M potassium chloride solution 

 9.32 g of KCl was dissolved in 250 mL of water to obtain 0.5 M of KCl solution. 
The 0.5 M of KCl was used as a supporting electrolyte of ferri/ferro cyanide for CV 
measurement. Moreover, this solution was diluted to 0.1 M KCl and used for study the 
effect of supporting electrolyte in simultaneous detection of Cd2+ and Pb2+. 

 3.3.8 Preparation of 5 mM of ferri/ferro cyanide redox couple 

 0.165 g of K3[Fe(CN)6] and 0.211 g of K4[Fe(CN)6] were dissolved in 100 mL of 
0.5 M KCl solution. Then, stock solution of 5 mM of ferri/ferro cyanide was obtained. 

 3.3.9 Preparation of 0.1 M phosphate buffer solution (PBS) pH 7.0 

 2.083 g of Na2HPO4 and 1.405 g of KH2PO4 were dissolved in 250 mL of water 
and adjusted to pH 7.0 by using 0.1 M HCl. Then, the 0.1 M PBS pH 7.0 was obtained. 

 3.3.10 Preparation of stock standard solution of cadmium and lead 

 1000 mg·L-1 of stock standard solution of Cd2+ and Pb2+ were diluted to 1 mg·L-

1 by using a supporting electrolyte (e.g. Acetate buffer solution, HCl). Then, 1 mg·L-1 of 
Cd2+ and Pb2+ were mixed to prepare mixed solution of Cd2+ and Pb2+. Finally, 0.5 
mg·L-1 of standard stock solution of Cd2+ and Pb2+ was obtained. 

 3.3.11 Preparation of stock standard solution of bismuth 

 1000 mg·L-1 of stock standard solution of Bi3+ was diluted to 1 mg·L-1 by 0.1 M 
acetate buffer solution pH 4.5. This solution was used for in-situ plating of Bi3+. 
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3.4 Synthesis of ZnO nanorods 

 ZnO nanorods were synthesized following by thermal decomposition method 
[51]. Initially, 5 g of zinc acetate dihydrate was grinded for 30 min to get fine white 
powder. Then, the white powder was calcined in furnace by heating rate of 5 ºC  
min-1 till 350 ºC and held for 3 hrs. After that, it was cooled to room temperature by 
air. Finally, the obtained powder was washed by absolute ethanol at least 3 times and 
dried at 80 ºC for 8 hrs. The gray powder of ZnO nanorod was obtained. 

3.5 Synthesis of ZnO/G nanocomposite 

 ZnO solution (0.5 mg/mL) was added in to G solution (0.5 mg/mL) along with 
stirring for 30 min. Then, stop stirring and waiting for the sediment settled down at the 
bottom of beaker. After that, the sediment was washed by absolute ethanol at least 
3 times and dried at 80 ºC for 8 hrs. The synthesized ZnO/G nanocomposites were 
obtained. Moreover, the ratio of ZnO and G was controlled by the volume of ZnO 
solution and G solution. For example, to prepare ZnO/G ratio at 70:30, 70 mL of ZnO 
solution was added in to 30 mL of G solution.  

3.6 Fabrication of screen-printed carbon electrode 

 The screen-printed carbon electrodes (SPCE) were fabricated by using an in-
house screen-printing technique as shown in Figure 3.1. The electrode formation was 
designed by Adobe Illustrator. Firstly, Ag/AgCl was screened on PVC substrate as 
reference electrode and conductive pad, then dried at 50°C. After that, carbon ink was 
screened over conductive pad as counter electrode and working electrode. Finally, 
they were dried at 50°C for 1 hrs. [5]. 
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Figure 3.1 Fabrication procedure of SPCE using in-house screen printing technique. 

3.7 Fabrication of ZnO/G modified electrode 

 ZnO/G nanocomposites were dispersed in 1 ml of absolute ethanol and 
ultrasonicated for at least 2 hrs. to obtain the dispersed ZnO/G solution. To prepare 
the ZnO/G modified electrode, 1 µL of dispersed ZnO/G solution was dropped-coating 
on working electrode surface and dried at room temperature. The ZnO/G modified 
electrode was obtained. Likewise, G modified electrode was prepared by similar 
method without mixing with ZnO. 

 
Figure 3.2 The procedure of electrode surface modification by using ZnO/G. 
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3.8 Optimization of modified electrode and electrochemical parameters 

 All of parameters affecting on electrochemical sensitivity of simultaneous 
detection of Cd2+ and Pb2+ was studied by using ASV measurement. 

 3.8.1 Effect of ZnO/G ratio 

 The ratio of ZnO and G was controlled by volume of ZnO solution and G 
solution during preparation step. The influence of different ratios at 90:10, 80:20, 70:30, 
60:40 and 50:50 on electrochemical sensitivity were studied and optimized.  

 3.8.2 Effect of ZnO/G concentration 

 The influence of different concentration of ZnO/G at 1, 2, 3 and 4 mg/mL on 
electrochemical sensitivity were studied. For example, to prepare ZnO/G at 1 mg/mL, 
1 mg of ZnO/G nanocomposite was dispersed in 1 mL of ethanol and ultrasonicated 
for 2 hrs. 

 3.8.3 Effect of supporting electrolyte 

 Various types of supporting electrolyte including hydrochloric acid, acetate 
buffer, potassium chloride and phosphate buffer saline affecting on electrochemical 
behavior both peak shape and sensitivity were studied and investigated. These 
electrolytes were used to dilute the target analyte on ASV measurement. 

 3.8.4 Effect of bismuth concentration 

 In this study, the Bi3+ was added into mixed solution of Cd2+ and Pb2+ to 
enhance the electrochemical sensitivity of Cd2+ and Pb2+. The effect of Bi3+ 
concentrations were studied and also investigated at 250, 500, 750, 1000 and  
1250 µg·L-1. 
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 3.8.5 Effect of electrochemical parameters 

 The electrochemical parameters affecting on electrochemical sensitivity for 
simultaneous detection of 50 µg·L-1 of Cd2+ and Pb2+ with 1000 µg·L-1 of Bi3+ were 
investigated by using ASV. The deposition potential in the range from -1.5 to -1.0 V, 
the deposition time in the range 60 to 300 s, the step potential in the range from 5 to 
20 mV, frequency in the range 10 to 90 Hz and the potential amplitude in the range 
20 to 80 mV were studied and optimized. 

3.9 Characterization of materials and modified electrode 

 3.9.1 Surface morphology characterization 

 The morphology of ZnO nanorods, ZnO/G nanocomposite, unmodified SPCE 
and ZnO/G modified SPCE were characterized by SEM and TEM. Moreover, the average 
size of ZnO nanorods were calculated by using SemAfore 5.21 software. 

 3.9.2 Electrochemical characterization 

 910 PSTAT mini was used to study all of electrochemical measurements using 
CV and ASV that controlled by 910 PSTAT software. Initially, CV was used to preliminary 
study the electrochemical response from unmodified SPCE and ZnO/G modified SPCE 
by using standard solution of 1.0 mM [Fe(CN)6]3-/4- in 0.5 M KCl (supporting electrolyte) 
over a potential range of -0.5 to +1 V and a scan rate of 100 mV·s-1. Moreover, the 
simultaneous detection of 50 µg·L-1 of Cd2+ and Pb2+ was studied by using ASV with 
optimum conditions. 

 

Figure 3.3 The equipment of electrochemical system used in this study. 
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3.10 The analytical performance of ZnO/G modified SPCE 

 3.10.1 Calibration plot 

 Firstly, 500 µg·L-1 of stock standard solution of mixed solution (Cd2+ and Pb2+) 
was diluted to different concentrations (10-200 µg·L-1) and measured on ZnO/G 
modified SPCE under optimum conditions. Then, the graph is plotted between anodic 
current response and concentration of target heavy metal. Finally, the linear range of 
this system was obtained. 

 3.10.2 Limit of detection 

 The limit of detection (LOD) is calculated by using the formula of LOD = 
3S.D.b/M, where S.D.b is the standard deviation from the blank measurement (at least 
seven times) and M is a slope of calibration curve. 

 3.10.3 Repeatability 

 To study the repeatability, the same ZnO/G modified SPCE was used to detect 
the target analyte at least 10 times and reported as the percentage of relative standard 
deviation (%RSD) which is calculated by the formula %RSD = (standard deviation x 
mean-1) x 100 

 3.10.4 Interference study 

 Normally, there are many ions existing in real water sample such as Na+, K+, 
Ca2+, Mg2+, Ba2+,Cu2+, Co2+, Ni2+, Zn2+, Mn2+, Fe2+, Fe3+, Cl-, SO4

2-, NO3
- which might 

interfere the current response of target heavy metal in ASV. Therefore, the effect of 
other ions on the simultaneous detection of Cd2+ and Pb2+ were investigated and 
reported as tolerance ratio (±5% signal response change was acceptable). 
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3.11 Real sample analysis 

 3.11.1 Preparation of wastewater samples 

 The wastewater samples were acquired from different textile factories in 
Thailand. To purify the wastewater, the wastewater was filtered by filter paper (grade 
5) to remove ashes and residues. Then, the filtered wastewater was prepared in acetate 
buffer solution (pH 4.5). After that, known amounts of Cd2+ and Pb2+ (10, 50 and 100 
µg·L-1) were spiked into filtered wastewater samples and evaluated by using standard 
addition method [3]. To validate with standard technique, the results obtained from 
proposed method were compared with the results obtained from ICP-OES method. 

 3.11.2 Recovery 

 The percentage of recovery was used to verify the applicability of the purposed 
method in real sample analysis. The % recovery can be calculated by:  

% recovery= 
concentration amount of spiked sample-concentration amount of un-spiked sample

known amount of spike value
 x 100 

 

 



 

 

CHAPTER IV 
RESULTS AND DISCUSSION 

 In this chapter, the results including the morphology characterization of 
synthesized ZnO nanorods and ZnO/G nanocomposites, the optimization of SPCE 
modification procedures, the optimization of electrochemical parameters, the 
analytical performances of ZnO/G modified SPCE and application of ZnO/G modified 
SPCE for simultaneous determination of Cd2+ and Pb2+ in industrial wastewater 
samples, were discussed. 

4.1 Characterizations of synthesized ZnO nanorods 

 
Figure 4.1 XRD pattern of syntheized ZnO. 

 In this study, ZnO were synthesized by thermal decomposition method using 
zinc acetate as a precursor [23]. The synthesized ZnO nanorods were characterized by 
XRD as shown in Figure 4.1. The results obtained from XRD confirming that the as-
prepared powder was ZnO. An XRD diffraction pattern displays sharp reflection peaks 
and appeared at 2 theta = 31.7º, 34.4º, 36.2º, 47.6º, 56.7º, 62.9º, 66.4º, 68.1º, 69.2º, 
72.7º and 77.2º corresponded to the (100), (002), (101), (102), (110), (103), (200), (112), 
(201), (004) and (202) planes of ZnO wurtzite structure as described in the previous 
report [52]. 
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Figure 4.2 TEM (A), SEM (B) and SEM-EDX of ZnO nanorods (C). 

 Moreover, TEM and SEM were used to study the morphology of the synthesized 
ZnO nanorods as shown in Figure 4.2A and 4.2B, respectively. The results showed the 
nanorod structure of the synthesized ZnO with an average diameter size of 93±21 nm 
uniformly dispersed on the surface. Besides, the results obtained from SEM-EDX clearly 
showed the characteristic peaks of zinc (Zn) and oxygen (O), as seen in Figure 4.2C, 
which verify the ZnO structure. After that, ZnO nanorods prepared in this study were 
used to synthesize ZnO/G nanocomposites in the subsequent experiments. 
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4.2 Characterization of ZnO/G nanocomposites 

  

 

Figure 4.3 TEM (A), SEM (B) and SEM-EDX (C) of synthesized ZnO/G nanocomposites. 

 The synthesis of ZnO/G nanocomposites were accomplished by mixing ZnO 
solution with G solution through the colloidal coagulation effect [51]. The 
morphologies of synthesized ZnO/G nanocomposites were characterized by TEM and 
SEM as shown in Figure 4.3A and 4.3B, respectively. As seen in Figure 4.3A, the black 
and the gray rods were ZnO that anchored on G sheets and inserted between the G 
layers. From SEM image as seen in Figure 4.3B, the obtained results showed that ZnO 
nanorods uniformly dispersed on both sides of G nanosheets and thoroughly 
intercalated between G layers. Likewise, ZnO nanorods can act as the pillar to prevent 
self-agglomeration of G. Moreover, the presence of ZnO nanorods on the G sheets can 
construct the three dimensional of ZnO/G leading to increase the surface roughness 
and surface area compared with two dimensional structure of pure G sheet. In addition, 
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the result obtained from SEM-EDX as seen in Figure 4.3C, showed the characteristic 
peaks of Zn, O and C. These peaks can confirm the presence of ZnO/G nanocomposite 
on the surface. Subsequently, ZnO/G nanocomposites were further used for electrode 
surface modification to increase the analytical performance of this developed sensor. 

4.3 Electrochemical sensor based on ZnO/G nanocomposite modified SPCE 

 Firstly, CV was used to preliminary study the ZnO/G nanocomposite modified 
SPCE by using a standard solution of 0.1 mM [Fe(CN)6]3-/4- in 0.1 M KCl as a redox 
couple. The results obtained from CV showed the electrochemical responses of 
unmodified SPCE comparing with G modified SPCE and ZnO/G modified SPCE as shown 
in Figure 4.4. The results showed that, the anodic peak current response of G modified 
SPCE was higher than unmodified SPCE leading to increased electrochemical sensitivity. 
However, ZnO/G nanocompositemodified SPCE showed the highest peak current 
response indicating that, the electrochemical property of G can be further enhanced 
by ZnO. Thus, this novel electrode was applied for the detection of target analytes in 
the next step. 

 
Figure 4.4 Cyclic voltammograms of 1.0 mM [Fe(CN)6]3-/4- in 0.5 M KCl using unmodified 
SPCE, G modified SPCE and ZnO/G modified SPCE. 
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 4.3.1 Electrochemical determination of Cd2+ and Pb2+ 

 Herein, we focused on the simultaneous determination of Cd2+ and Pb2+ by 
using ZnO/G modified SPCE.  ASV, one of the electrochemical techniques, which has 
been widely used for heavy metals determination since the heavy metals can be 
accumulated on the working electrode surface during pre-concentration step causing 
the increase in electrochemical sensitivity of the sensor. Thus, this technique was 
chosen for the simultaneous determination of Cd2+ and Pb2+ in this study.  

 To obtain the highest sensitivity for simultaneous determination of Cd2+ and 
Pb2+, all parameters, including ZnO/G ratio, ZnO/G concentration, Bi3+ concentration, 
and other electrochemical parameters, affecting on electrochemical sensitivity of 
ZnO/G modified SPCE were investigated and optimized. 

 4.3.2 Optimization of ZnO/G nanocomposite modified SPCE 

  4.3.2.1 Effect of ZnO/G ratio 

 From the previous step, ZnO/G nanocomposites were prepared by mixing of 
ZnO solution (0.5 mg/mL) and G solution (0.5 mg/mL) to obtain the ZnO/G ratio at 
50:50. However, the ratio of ZnO/G can be adjusted by the change of volume of ZnO 
and G solution. To study the effect of ZnO/G ratio on the electrochemical sensitivity 
of this sensor, ZnO/G nanocomposites were prepared at different ratio including 90:10, 
80:20, 70:30, 60:40 and 50:50. Then, these prepared nanocomposites were used to 
modify the working electrode surface by simply drop-coating. The electrode surface of 
unmodified SPCE and various ratio of ZnO/G modified SPCE were characterized by SEM 
as shown in Figure 4.5A and 4.5B-F, respectively. Afterwards, the suitable ratio between 
ZnO and G providing the highest electrochemical sensitivity was investigated and 
optimized using ASV. 
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Figure 4.5 SEM images of unmodified SPCE (A) and ZnO/G modified SPCE at different 
ratio including 90:10 (B), 80:20 (C), 70:30 (D), 60:40 (E) and 50:50 (F). 

  

B 

C D 

E F 

A 



  

 

33 

 Afterwards, ASV was used for the simultaneous determination of 50 µg·L-1 of 
Cd2+and Pb2+ in the presence of 500 µg·L-1 of Bi3+. The results obtained from ASV were 
shown in Figure 4.6 (left). The anodic peak potential of Cd2+ and Pb2+ were measured 
at -1.1 and -0.8 V, respectively. Moreover, the anodic peak current response obtained 
from ASV was plotted in the bar graph as seen in Figure 4.6 (right). The results showed 
that, the peak current response increases with increasing of G composition from 10 to 
20 %. It was found that, G can enhance the electrochemical sensitivity of this system 
due to its high conductivity. However, the current response decreases when G 
proportion is higher than 20 %, which is probably because the high percentage of G 
can increase the chance of self-agglomeration indicated by the high background 
current signal. Thus, the suitable ratio of ZnO/G modified SPCE was 80:20 and this ratio 
will be used in all further experiments. 

 

Figure 4.6 Effect of ZnO/G ratio on stripping peak of 50 µg·L-1 Cd2+ and Pb2+ with Bi3+ 
500 µg·L-1 in 0.1 M acetate buffer solution (pH 4.5). The error bars correspond to the 
standard deviation obtained from 3 measurement (n=3). 
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  4.3.1.2 Effect of ZnO/G concentration 

 An effect of ZnO/G concentration on the working electrode surface was studied 
by ASV for the simultaneous determination of 50 µg·L-1 of Cd2+ and Pb2+. The 
concentration of Bi3+ was fixed at 500 µg·L-1. In this study, 1 µL of dispersed ZnO/G 
solution was dropped coating on working electrode surface. The concentration of 
dispersed ZnO/G solution was varied in a range of 1, 2, 3 and 4 mg/mL as shown in 
Figure 4.7 (left) and the bar graphs of the anodic peak current response obtained from 
ASV were shown in Figure 4.7 (right). From the results, the peak current responses 
increase with increasing the concentration of ZnO/G from 1 to 2 mg/mL, indicating that 
adding ZnO/G on the working electrode surface can enhance the electrochemical 
sensitivity due to its high surface area and high conductivity. However, the peak 
currents decrease when the concentration of ZnO/G is more than 2 mg/mL. Because 
the high content of ZnO/G on electrode surface possibly increase in the thickness of 
electrode surface, leading to low electrochemical sensitivity. Thus, an optimum 
concentration of ZnO/ G was 2 mg/mL and this concentration will be used in all next 
experiments. 

 

Figure 4.7 Effect of ZnO/G concentration on stripping peak of 50 µg·L-1 of Cd2+ and 
Pb2+ with Bi3+ 500 µg·L-1 of in 0.1 M acetate buffer solution (pH 4.5). The error bars 
correspond to the standard deviation obtained from 3 measurement (n=3). 
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 4.3.3 Optimization of affecting parameters on electrochemical 
sensitivity 

 To obtain the highest electrochemical sensitivity of ZnO/G modified electrode 
for the simultaneous determination of Cd2+ and Pb2+, other electrochemical factors, 
including the type of supporting electrolyte, deposition potential, deposition time, 
frequency, potential amplitude, step potential and concentration of Bi3+ were also  
investigated. 

  4.3.3.1 Effect of supporting electrolyte 

 An effect of supporting electrolyte in the simultaneous determination of 50 
µg·L-1 of Cd2+ and Pb2+ on ZnO/G modified SPCE was investigated by using various 
types of supporting electrolyte including 0.1 M acetate buffer solution pH 4.5, 0.1 M 
HCl pH 1.0 and 0.1 M KCl pH 7.0 as shown in Figure 4.8 (left) while the concentration 
of Bi3+ was fixed at 1000 µg·L-1.The current response obtained from AVS were plotted 
as the bar graph as shown in Figure 4.8 (right). From the results, the well-defined peak 
obtained when 0.1 M Acetate buffer solution was used as a supporting electrolyte. 
Among the supporting electrolytes, acetate buffer showed highest peak current 
response. Thus, 0.1 M acetate buffer solution (pH 4.5) was selected as a supporting 
electrolyte for all ASV experiments. 
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Figure 4.8 Effect of various supporting electrolytes on stripping peak of 50 µg·L-1 of 
Cd2+ and Pb2+ with Bi3+ 1000 µg·L-1 in 0.1 M acetate buffer solution (note as ABS) pH 
4.5, 0.1 M HCl pH 1.0 and 0.1 M KCl pH 7.0. The error bars correspond to the standard 
deviation obtained from 3 measurement (n=3). 

  4.3.3.2 Effect of deposition potential 

 An effect of deposition potential on anodic stripping peak current was 
investigated by ASV for the simultaneous determination of 50 µg·L-1 Cd2+ and Pb2+ 
while the concentration of Bi3+ was fixed at 500 µg·L-1. The deposition potential was 
studied in a range from -1.0 to -1.6 V as shown in Figure 4.9 (left). The current response 
obtained from ASV was plotted as a line graph as shown in Figure 4.9 (right). From the 
results, the current response of Cd2+ and Pb2+ immediately increases when the applied 
potential change from -1.0 to -1.2 V and gradually decreases when the applied 
potential more negative than -1.2 V due to the hydrogen formation. The electrode 
surface was partially covered by hydrogen bubbles that can potentially interfere the 
system. Thus, -1.2 V of deposition potential was chosen as an optimal potential for all 
subsequent experiments. 
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Figure 4.9 Effect of deposition potential on stripping peak of 50 µg·L-1 of Cd2+ and Pb2+ 
with Bi3+ 500 µg·L-1 in 0.1 M acetate buffer solution (pH 4.5). The error bars correspond 
to the standard deviation obtained from 3 measurement (n=3). 

  4.3.3.3 Effect of deposition time 

 The influence of deposition time was investigated by ASV for the simultaneous 
determination of 50 µg·L-1 Cd2+ and Pb2+ while the concentration of Bi3+ was fixed at 
500 µg·L-1. The deposition time was studied in a range from 60 to 300 s. The obtained 
results from ASV was shown in Figure 4.10 (left). And the current response obtained 
from ASV was plotted in the line graph as seen in Figure 4.10 (right). The results showed 
the peak current response obtained from both Cd2+ and Pb2+ abruptly increase from 
60 to 180 s and then gradually increase from 180 s to 300 s because the long 
accumulation time can be collected almost all of target heavy metals in the system 
leading to high current response. However, to provide the high electrochemical 
sensitivity compromising with a relatively short analysis time, the deposition time at 
180 s was acceptable and selected as an optimal deposition time for all further 
experiments. 

3

5

7

9

11

13

15

17

-1.4 -1.2 -1 -0.8 -0.6

C
u

rr
e
n

t 
(µ

A
)

Potential (V)

 -1.0V  -1.2V

 -1.4V  -1.6V

0

1

2

3

4

5

6

7

8

9

-1.7 -1.5 -1.3 -1.1 -0.9

C
u

rr
e
n

t 
(µ

A
)

Potential (V)

Cadmium Lead



  

 

38 

 

Figure 4.10 Effect of deposition time on stripping peak of 50 µg·L-1 of Cd2+ and Pb2+ 
with Bi3+ 500 µg·L-1 in 0.1 M acetate buffer solution (pH 4.5). The error bars correspond 
to the standard deviation obtained from 3 measurement (n=3). 

  4.3.3.4 Effect of Frequency 

 The influence of frequency on the simultaneous determination of 50 µg·L-1 
Cd2+ and Pb2+ was investigated and optimized in a range from 10 to 90 Hz by using 
ASV while the concentration of Bi3+ was fixed at 500 µg·L-1. The ASV results was shown 
in Figure 4.11 (left). The current response obtained from ASV measurement was plotted 
in the line graph as seen in Figure 4.11 (right). The results showed the electrochemical 
current responses increase with the increase of frequency for both Cd2+ and Pb2+. 
However, the frequency of this equipment was limited. Therefore, 90 Hz was used as 
an optimum frequency for all further experiments. 
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Figure 4.11 Effect of frequency on stripping peak of 50 µg·L-1 Cd2+ and Pb2+ with Bi3+ 
500 µg·L-1 in 0.1 M acetate buffer solution (pH 4.5). The error bars correspond to the 
standard deviation obtained from 3 measurement (n=3). 

  4.3.3.5 Effect of Bi3+ concentration 

 Another important parameter was the concentration of Bi3+. The presence of 
Bi3+ in system can improve the detection performance of Cd2+ and Pb2+ because the 
Bi3+ can form the fused alloy with heavy metal such as Cd2+ and Pb2+ on working 
electrode surface during pre-concentration step in ASV [3, 53]. In this study, the 
concentration of Bi3+ was varied from 250 to 1250 µg·L-1. The results obtained from 
ASV were shown in Figure 4.12 (left). The current response from ASV was plotted in 
the line graph as shown in Figure 4.12 (right). From the results, the anodic current 
response obtained from both Cd2+ and Pb2+ substantially increase from 250 to 1000 
µg·L-1. However, at the concentration of Bi3+ higher than 1000 µg·L-1, the current 
response of both Cd2+ and Pb2+ gradually decrease possibly due to the excess amount 
of Bi3+. Therefore, a concentration of Bi3+ at 1000 µg·L-1 was chosen for all subsequent 
experiments. 
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Figure 4.12 Effect of Bi3+ concentration on stripping peak of 50 µg·L-1 Cd2+ and Pb2+ 
with different concentration of Bi3+ in 0.1 M acetate buffer solution (pH 4.5). The error 
bars correspond to the standard deviation obtained from 3 measurement (n=3). 

  4.3.3.6 Effect of potential amplitude 

 The different potential amplitudes of 20, 40, 60 and 80 mV were used for 
studying an effect of potential amplitude on the electrochemical sensitivity of the 
system for the simultaneous determination of 50 µg·L-1 of Cd2+ and Pb2+ in the presence 
of 1000 µg·L-1 of Bi3+ while the results of ASV were shown in Figure 4.13 (left). The 
anodic current response obtained from ASV was plotted in the line graph as shown in 
Figure 4.13 (right). The results showed that, at the highest potential amplitude, it 
provides the highest current response for both Cd2+ and Pb2+. However, the maximum 
value of potential amplitude was limited at 80 mV. Thus, a maximum potential 
amplitude of 80 mV was used as an optimum value for further experiments. 
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Figure 4.13 Effect of amplitude on stripping peak of 50 µg·L-1 of Cd2+ and Pb2+ in 0.1 
M acetate buffer solution (pH 4.5). The error bars correspond to the standard deviation 
obtained from 3 measurement (n=3). 

  4.3.3.7 Effect of step potential 

 An influence of step potential was investigated for the simultaneous 
determination of 50 µg·L-1 of Cd2+ and Pb2+ with Bi3+ 1000 µg·L-1. The different step 
potentials of 5, 10, 15 and 20 mV were studied. The results obtained from ASV were 
shown in Figure 4.14 (left) and the line graph was plotted in Figure 4.14 (right). The 
results showed that the current response of both Cd2+ and Pb2+ increase with increasing 
of the step potential. However, at the highest step potential, it provides the broad 
peak. So, the peak of Cd2+ was overlapped by the peak of Pb2+ leading to low 
electrochemical sensitivity. To solve this problem, a step potential of 15 mV was 
chosen and used as an optimum value for all further experiments. 
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Figure 4.14 Effect of step potential on stripping peak of 50 µg·L-1 of Cd2+ and Pb2+ in 
0.1 M acetate buffer solution (pH 4.5). The error bars correspond to the standard 
deviation obtained from 3 measurement (n=3). 
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 4.3.3 The analytical sensitivity of electrode 

 

Figure 4.15 Anodic stripping voltammograms of ZnO/G modified electrode (red line), 
G modified electrode (blue line) and unmodified electrode (black line) on 
simultaneous detection of Cd2+ and Pb2+ at 50 µg·L-1 in 0.1 M acetate buffer pH 4.5 (A). 
The bar graph showing peak current obtained from ASV using ZnO/G modified 
electrode, G modified electrode and unmodified electrode. The error bars correspond 
to the standard deviation obtained from 3 measurement (n=3). 

 The analytical sensitivity of three electrodes including unmodified electrode, G 
modified electrode and ZnO/G modified electrode were studied by using ASV and 
measured the current response signal. The anodic stripping voltammograms of 
simultaneous determination of Cd2+ and Pb2+ measured on the ZnO/G modified 
electrode (red line), G modified electrode (blue line) and unmodified electrode (black 
line) with optimized conditions were shown in Figure 4.15 (left). The anodic peak 
potentials of Cd2+ and Pb2+ were measured at -1.1 and -0.8V, respectively. From the 
results, the anodic peak current response of ZnO/G modified electrode was 
approximately 1.5 and 4 folds higher than the current response obtained on G modified 
electrode and unmodified electrode for both Cd2+ and Pb2+ indicating that there is 
synergistic effect between ZnO and G, which can enhance the electrochemical 
sensitivity for the simultaneous determination of Cd2+ and Pb2+. 
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 4.3.4 Analytical performance of ZnO/G modified electrode 

 

 

Figure 4.16 Anodic stripping voltammograms of Cd2+and Pb2+ in various concentration 
range of 10-200 µg·L-1 (A), the calibration plot of Cd2+ concentration versus the current 
response (B) and the calibration plot of Pb2+ versus the current response (C). The error 
bars correspond to the standard deviation obtained from 3 measurement (n=3). 

 Under the optimized conditions, the analytical performances of ZnO/G 
nanocomposite modified electrode for the simultaneous determination of Cd2+ and 
Pb2+ were evaluated (Figure 4.16). The peaks obtained from ASV with different 
concentration of Cd2+ and Pb2+ were shown in Figure 4.16A, the linear ranges for both 
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various concentrations of Cd2+ and Pb2+ versus the anodic current responses were 
shown in Figure 4.16B and 4.16C, respectively. The correlation coefficient values (R2) 
were found to be 0.9968 and 0.9986 for Cd2+ and Pb2+, respectively. The limits of 
detection (LOD) of Cd2+ and Pb2+ were calculated by LOD = 3S.D.b/M (where S.D.b is 
the standard deviation from the blank measurement, and M is a slope from the 
calibration curve of the standard). The LODs were found to be 0.6 µg·L-1 for Cd2+ and 
0.8 µg·L-1 for Pb2+, respectively. Moreover, the analytical performances of proposed 
electrode were compared with other electrodes for the simultaneous determination 
of Cd2+ and Pb2+ as seen in Table 4.1. It was indicated that, our developed system 
provides comparable limit of detection and linear range for simultaneous 
determination of Cd2+ and Pb2+. Moreover, this system is easy to produce and also 
inexpensive. Therefore, this proposed system might be an alternative device for the 
simultaneous determination of Cd2+ and Pb2+. 

Table 4.1 Comparison of proposed electrode and other electrode in the 
determination of Cd2+ and Pb2+. 

Electrode 
LOD (µg·L-1)  Linear range (µg·L-1) 

Ref. 
Cd2+ Pb2+  Cd2+ Pb2+ 

G-MWCNTs/GCE 0.1 0.2  0.5-30 0.5-30 [54] 

Bi2O3/PSS/CnP/SPCE 0.1 0.3  5-40 5-40 [55] 

NH2-MCM-41-nafion/GCE 1.0 0.2  50-450 0.5-250 [56] 

TiO2/ZrO2/CPE 0.77 0.48  1-200 1-200 [57] 

ERGNO film/SPCE 0.50 0.80  1-60 1-60 [58] 

Bi-CNT/SPCE 1.3 0.7  2-100 2-100 [59] 

G/PANI/PS nanoporous 
fiber/SPCE 

4.43 3.30  10-500 10-500 [3] 

ZnO-nanorods/G/SPCE 0.6 0.8  10-200 10-200 
This 
work 
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 4.3.5 Interference study 

 In general, there are many ions presenting in water sample, including Na+, K+, 
Ca2+, Mg2+, Ba2+, Cu2+, Co2+, Ni2+, Zn2+, Mn2+, Fe3+, Cl-, SO4

2- and NO3
- which might 

interfere the current response of target heavy metals in ASV. Thus, an effect of other 
ions on the simultaneous determination of Cd2+ and Pb2+ was investigated and 
reported as a tolerance ratio (±5% signal response change was acceptable). From the 
results, a 1000-fold mass ratio of Na+, K+, Ca2+, Mg2+, Ba2+, Cl-, SO4

2-, a 300-fold mass 
ratio of Co2+, Fe3+ and NO3

-, a 200-fold mass ratio of Mn2+, a 10-fold mass ratio of Zn2+ 
and Ni2+ and a 5-fold mass ratio of Cu2+ do not interfere in the simultaneous 
determination of Cd2+ and Pb2+ at 50 µg·L-1. However, in case of high level of Zn2+, 
Cu2+ and Ni2+, these ions can potentially interfere the target analytes leading to low 
current response signal of this system. 

 4.3.6 Real sample analyses 

 Under the optimum conditions, ZnO/G modified electrode was applied for the 
simultaneous detection of Cd2+ and Pb2+ in industrial wastewater samples. To validate 
the results obtained from our system, a standard method (ICP-OES) was used and the 
data were shown in Table 4.2. The results obtained from our method corresponded 
very well with the results obtained from ICP-OES method. The percentage recoveries 
were found in a range from 98.04 to 109.00 for Cd2+ and 94.3 to 104.11 for Pb2+, 
indicating that this ZnO/G modified electrode might be useful as an alternative tool 
for the simultaneous detection of Cd2+ and Pb2+ in wastewater samples.  
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Table 4.2 Determination of Cd2+ and Pb2+ in wastewater samples using proposed 
method compared with standard method (ICP-OES). 

Sample 

Add  
(µg·L-1) 

 Cadmium  Recovery (%) 

Cd2+  Found ± SD 
 (µg·L-1) 

ICP-OES ± SD  
(µg·L-1) 

 Cd2+ 

Wastewater-1 0  2.07 ± 0.20 1.20 ± 0.04  - 

10  12.77 ± 1.00 11.13 ± 0.06  106.97 ± 8.02 

50  55.41 ± 2.85 54.04 ± 0.12  106.68 ± 5.31 

100  110.29 ± 2.79 105.80 ± 0.35  108.22 ± 2.94 

 
 

Sample 

Add  
(µg·L-1) 

 Lead  Recovery (%) 

Pb2+  Found ± SD 
 (µg·L-1) 

ICP-OES ± SD  
(µg·L-1) 

 Pb2+ 

Wastewater-1 0  13.27 ± 1.60 14.2 ± 0.23  - 

10  22.7 ± 1.11 24.5 ± 0.22  94.3 ± 5.65 

50  65.32 ± 2.63 64.8 ± 0.59  104.11 ± 7.00 

100  112.69 ± 2.93 109.4 ± 1.23  100.25 ± 3.39 
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Sample 

Add  
(µg·L-1) 

 Cadmium  Recovery (%) 

Cd2+  Found ± SD 
 (µg·L-1) 

ICP-OES ± SD  
(µg·L-1) 

 Cd2+ 

Wastewater-2 0  1.67 ± 0.38 2.12 ± 0.07  - 

10  11.67 ± 0.66 9.76 ± 0.05  99.67 ± 8.25 

50  50.72 ± 3.04 51.31 ± 0.12  98.04 ± 6.41 

100  101.62 ± 2.10 102.72 ± 0.33  99.92 ± 2.07 

 
 

Sample 

Add  
(µg·L-1) 

 Lead  Recovery (%) 

Pb2+  Found ± SD 
 (µg·L-1) 

ICP-OES ± SD  
(µg·L-1) 

 Pb2+ 

Wastewater-2 0  24.81 ± 0.76 17.20 ± 0.08  - 

10  34.40 ± 0.74 36.84 ± 0.05  95.93 ± 8.41 

50  73.09 ± 2.43 72.01 ± 0.13  96.55 ± 4.38 

100  122.25 ± 2.06 125.10 ± 1.11  97.44 ± 2.81 
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Sample 

Add  
(µg·L-1) 

 Cadmium  Recovery (%) 

Cd2+  Found ± SD 
 (µg·L-1) 

ICP-OES ± SD  
(µg·L-1) 

 Cd2+ 

Wastewater-3 0  1.29 ± 0.26 0.77 ± 0.08  - 

10  12.19 ± 0.39 11.65 ± 0.12  109.00 ± 5.77 

50  52.22 ± 1.38 52.01 ± 0.26  101.86 ± 2.25 

100  107.87 ± 3.89 107.04 ± 0.32  106.58 ± 3.68 

 
 

Sample 

Add  
(µg·L-1) 

 Lead  Recovery (%) 

Pb2+  Found ± SD 
 (µg·L-1) 

ICP-OES ± SD  
(µg·L-1) 

 Pb2+ 

Wastewater-3 0  39.92 ± 1.46 42.76 ± 0.12  - 

10  49.51 ± 2.11 48.53 ± 0.04  103.4 ± 7.81  

50  90.17 ± 2.34 81.29 ± 0.12  101.98 ± 2.30 

100  141.44 ± 3.45 142.87 ± 1.15  102.26 ± 2.87 

 



 

 

CHAPTER V 
CONCLUSIONS 

5.1 Conclusions 

 In this study, the ZnO nanorods were prepared by zinc acetate via thermal 
decomposition method. Then, the as prapared ZnO nanorods were used to synthesize 
ZnO/G nanocomposites through a colloidal coagulation effect. The obtained ZnO/G 
nanocomposites were originally applied to modify the working electrode surface for 
the simultaneous determination of Cd2+ and Pb2+ by using ASV. Under the optimum 
conditions, the anodic current responses of Cd2+ and Pb2+ obtained from ZnO/G 
modified SPCE were approximately 4 folds higher than the anodic current response 
obtained from an unmodified SPCE, verifying the improved electrochemical sensitivity 
in the determination of Cd2+ and Pb2+. The linear ranges were found to be  
10-200 µg·L-1 for both Cd2+ and Pb2+. The detection limits of Cd2+ and Pb2+ were  
0.6 and 0.8 µg·L-1, respectively. Furthermore, our system was successfully applied for 
the simultaneous determination of Cd2+ and Pb2+ in wastewater samples. The results 
were corresponded well with the ICP-OES results with the percentage recoveries in the 
ranges of 98-109% and 94-104% for Cd2+ and Pb2+, respectively. 

5.2 Suggestion for future work 

 A novel electrode system based on ZnO/G modified SPCE developed in this 
work might be used as an alternative sensing tool for various applications, such as 
medical diagnosis, food inspection and environment monitoring.  

 In a concept of this work, ZnO nanorods were intercalated between G sheets 
for an improvement of G properties by their synergistic effects. Moreover, the re-
stacking of G sheets can be prevented by insertion of ZnO nanorods. However, ZnO is 
a semi-conductor, the conductivity performance is not sufficient. To increase the 
conductivity, using G with other highly conductive nanomaterials, such as gold 
nanorods and platinum nanorods might be an alternative way to further improve the 
sensor sensitivity.
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