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A sequential injection, an automated flow-based system, coupled with 
voltammetric method has been developed for the simultaneous determination of 
heavy metals using antimony-graphene oxide modified electrode (SbF-GO-
SPCE).  Graphene oxide was synthesized via Hummer’s method and was characterized 
by ATR-FTIR and UV-vis spectrometry.  Antimony film was obtained by on-line in situ 
electrodepositing at constant potential.  The determination was done with square 
wave anodic stripping voltammetry (SWASV) because of high sensitivity and low-cost 
technique.  Optimal conditions to determine four heavy metals; which are Cd(II), Pb(II), 
Cu(II), and Hg(II) ions by sequential injection-SWASV, has been investigated.  Using 
sequential injection-SWASV, the relationship between peak height and concentration 
of all heavy metal ions was linear in the range of 0.1-1.5 µM.  Calculated limits of 

detection (LOD = 3.3σ/s) were 0.054, 0.026, 0.060, and 0.066 µM for Cd(II), Pb(II), Cu(II) 
and Hg(II), respectively.   The individual determination of all metal ions could be 
performed under the optimal conditions with a great sensitivity and 
reproducibility.  The interfering species in real water sample were studied.  In addition, 
practical water samples were analyzed using standard addition method and calibration 
method.  This technique could be used for determination of heavy metal ions in real 
samples with a 94.3 – 113% recovery. 
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CHAPTER I 
INTRODUCTION 

1.1 Introduction 

Human have been widely used heavy metals for a long time ago, for example, 
metal plating plant, batteries, lead based paint, oil rig and sewage from steel mill.  
Although several adverse health effects of heavy metals have been known for a long 
time, exposure to heavy metals continues.  Some of the heavy metal ions cause 
important environmental problems. The major threats to human health from heavy 
metals, such as lead, copper, cadmium, and mercury, are connected with exposure to 
them and accumulated in human body.  Especially, a large amount of these toxic 
compounds are present in some surface and tap water due to the misuse of industrial 
wastes.  World Health Organization (WHO) also concerned about this problems and 
studied their effects to human recently.  Thus, it is important to look for a rapid, 
selective, sensitive, low-cost and simple technique for detection and monitoring all of 
these polluted substances in water. 

There are various conventional techniques to analyze heavy metal 
contaminated in water, for instance, atomic absorption spectroscopy [1-3], inductively 
coupled plasma optical emission spectrometry [4-6], and inductively coupled plasma 
mass spectrometry [7, 8].  However, these spectrometric instruments still have some 
drawbacks which are bulky, expensive, low sensitive and not suitable for on-site 
analysis [9, 10].  To overcome these disadvantages, the electrochemical techniques 
became an alternative technique to detect heavy metal ions due to high sensitivity, 
short analysis time, relatively low cost, and portability [11].  Square Wave Anodic 
Stripping Voltammetry (SWASV) is one of the highest potential electrochemical 
methods for detection of trace heavy metal ions in nature.  To improve sensitivity of 
the detection, chemical modified working electrode is chosen in this work. 

Conventional working electrodes, such as glassy carbon electrode, have some 
drawbacks.  A screen-printed electrode was introduced to solve former problems.  The 



 

 

2 

benefits of a Screen-Printed Electrode (SPE) are relatively low cost, feasible in-house 
fabrication, and small compared to original solid electrode.  The platform of electrode 
can be designed in various shape and size according to purpose.  Its simple fabrication 
and modification, SPE is selected as a chemical modified electrode which can use 
many kinds of materials, such as multi-walled carbon nanotube [12], antimony film 
[13], and bismuth [14-16] for heavy metals determination. 

Recently, graphene and its family gained more attention since the discovery of 
these new 2D material.  Graphene is a relatively new material discovered in 2004.  It 
is actually a monolayer of carbon atoms which are covalently linked and arranged into 
a two dimensional honeycomb-like lattice [17].  Graphene has many excellent 
characteristics such as high optical transparency, electrical conductivity, and catalytic 
activity making it a very interesting material [18, 19].  Graphene can be obtained from 
the reduction of graphene oxide (GO) which is a sheet of graphene that is partially 
oxidized, containing of both sp2- and sp3- hybridized carbon atoms, hydroxyl functional 
groups on each side of the carbon sheet, and decorated by carboxyl groups [20, 21].  
Graphene oxide has functional groups such as hydroxyl and carbonyl, which are 
advantageous for adsorbing heavy metal ions.  Therefore, graphene oxide can 
preconcentrate target analytes at surface of electrode. 

In the past, conventional working electrode for metal ions detection was made 
of mercury owing to its excellent electroanalytical performance.  However, mercury is 
a very toxic substance thus avoid using mercury would be better for environment.  
Therefore, searching for new material to replace mercury with remain great properties 
of mercury was done in many research.  Alternative materials which have the same 
capability to mercury were bismuth and antimony due to intermetallic compounds of 
analytes and these materials.  Deposited bismuth film onto the screen-printed CNT 
electrode for simultaneous determination of lead, cadmium and zinc was performed 
by SWASV.  The deposited Bi film could improve the sensitivity; however, bismuth 
exhibited a large oxidation peak at around -0.1 V in stripping step [22].  Thus, bismuth 
film was not suitable for the detection of copper and mercury because these two 
metal ions showed the peaks at -0.2 V and +0.1 V, respectively.  Because the bismuth 
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film modified electrode was unsuitable for determination of copper(II) and mercury(II) 
ions, antimony film modified electrode [23] became an attractive material for 
detection of cadmium(II), lead(II), copper(II), and mercury(II), simultaneously.  In acid 
solution, there is no peak of antimony exist in the range of working potential window.  
Antimony film was proved to be potential for detection of heavy metal ions in the 
same way as mercury did with lower toxicity.  In addition, it can form intermetallic 
compounds which can decrease the deposition potential. 

To make automatic system, Sequential Injection Analysis (SIA) coupled with 
electrochemical detection was introduced in present work.  SIA is an automated 
approach to sample handling that allows automating in situ antimony modification of 
electrode and SWASV procedures in a rapid, precise, and efficient manner.  Small 
sample usage and accuracy were achieved by this automated procedure.  Moreover, 
the advantages of SIA system are reducing health problem to researchers, minimizing 
human’s errors and increasing sample throughput (samples/hour).  Under this system, 
we can control sample volume in syringe pump, flow rate, and number of solutions in 
one detection system which is easier to operate by unskilled users. 

Intentions of this work are fabrication of new working electrode platform by 
the combination of antimony film and graphene oxide and using SIA to operate 
electrode modification and heavy metal ion determination system.  Moreover, this 
novel electrode platform will be an alternative material for detection of all these 
mixed target ions which has less studies on their amount present in water.  The 
developed method will decrease analysis time both individual and simultaneous 
detections of Cd(II), Pb(II), Cu(II) and Hg(II) in real water samples.    Many experimental 
parameters were optimized.  After that, the analytical performance of developed 
technique was evaluated.  Interferences study of cations and anions was obtained 
under optimized conditions.  Finally, this method was applied to real water sample 
such as sewage, fertilizer waste and sea water successfully.  



 

 

4 

1.2 Objectives of the research 

The objectives of this research are three main goals as follows: 

1. To use the combination of graphene oxide and deposited antimony film 
for fabrication of an electroanalytical platform 

2. To determine the amount of cadmium(II), lead(II), copper(II), and mercury(II) 
ions simultaneously by sequential injection analysis (SIA) coupled with 
square wave anodic stripping voltammetry 

3. To apply the purposed method for detection of all target metal ions in real 
samples 

 



 
 

 

CHAPTER II 
THEORY AND LITERATURE SURVEY 

2.1 Electrochemical technique 

The electrochemical techniques provide information on the processes taking 
place when an electric potential is applied to the system under study.  
Electrochemistry can be used to studies the loss of electrons (oxidation) or gain of 
electrons (reduction) that a material undergoes during the electrical stimulation.  These 
reduction and oxidation reactions are commonly known as redox reactions and can 
give information about the concentration, kinetics, reaction mechanisms, chemical 
status and other behavior of a species in solution.  Generally, there are two kinds of 
electrochemical cells which are galvanic cell and electrolytic cell.  Galvanic cell 
produces an electric current from energy released by a spontaneous redox reaction.  
On the other hand, electrolytic cell requires an external source of electrical energy to 
induce a chemical reaction.  Electrolytic method have many advantages, for instance, 
high sensitivity with a wide linear dynamic range of concentration for both inorganic 
and organic species, simplicity, rapid analysis time and simultaneous detection of 
various target analytes.  The selection of the electrochemical techniques depends on 
the nature of ions or compounds of interest and its interferences in surrounding 
environment.  The following details in this section will focus on the electrochemical 
techniques that were used in this work. 

 

2.2.1 Voltammetry technique 

 Voltammetry is an electrochemical technique which is based on the 
application of a potential to an electrode surrounded with an electrolyte containing 
electro-active species and measuring the signal as a current flowing through that 
electrode.  Voltammetric electrochemical cell consists of three electrodes which are 
working electrode (WE), counter electrode (CE) and reference electrode (RE).  Each 
electrode have their specific characteristics.  Working electrode is the most important 
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electrode of electrochemical cell because the interested reaction will occur at the 
surface of this electrode.  Next, counter electrode or auxiliary electrode is an electrode 
used in a three electrode electrochemical cell for voltammetric analysis or other 
reactions in which an electric current is expected to flow.  This electrode will make 
the potential of reference electrode remain constant since no electron flow through.  
Lastly, reference electrode is an electrode which has a constant and well-known 
electrode potential.  The high stability of the electrode potential is usually achieved 
by using a redox system with constant (buffered or saturated) concentrations of each 
species of the redox reaction.  Occasionally, the potential that applied in the system 
changed as a function of time was controlled. 

 In this work, voltammetric methods consisted of Cyclic Voltammetry 
(CV), Square Wave Voltammetry (SWV), and Stripping Voltammetry (SV) were utilized 
for the detection of Cd(II), Pb(II), Cu(II) and Hg(II) individually and simultaneously.  All 
of these methods will be explained more in the following section. 

 

2.2.1.1 Cyclic Voltammetry 

  Cyclic Voltammetry (CV) is the most commonly known 
technique for studying qualitative information of substances, for instance, redox 
processes, reaction intermediates, and stability of reaction products.  Thus, cyclic 
voltammetry is the first step to perform when electrochemical technique is applied.  
This technique is based on changing the applied potential of the working electrode in 
both forward and backward direction (opposite direction) at constant scan rate while 
monitoring the signal current.  Electrochemical behavior of the system can be obtained 
from this simple technique that requires relatively small experimental attempt.  
Unfortunately, it is difficult to get quantitative information from this technique.  Cyclic 
voltammetry experiment comprises of linear scan potential of a working electrode in 
an equilibrium unstirred solution by a triangular potential waveform shown in Figure 
2.1.  The potential waveform illustrates the forward scan and then backward scan.  The 
measured current at working electrode is plotted versus the applied potential called 
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cyclic voltammograms.  Normally, a voltammogram of reversible redox couple during 
one cycle shows cathodic current (ipc) in the forward scan (from positive potential to 
negative potential) and anodic current (ipa) in the reverse scan (from negative potential 
to positive potential) at the applied potential approached to the standard potential E0 
for that redox process.  The corresponding peak potential occurring at ipc and ipa named 
cathodic peak potential (Epc) and anodic peak potential (Epa), respectively. 

 

 
Figure 2.1 Cyclic voltammetric excitation signal (left) and cyclic voltammogram 
of a reversible reaction (right). 

 

2.2.1.2 Square Wave Voltammetry 

  Square Wave Voltammetry (SWV) is one of the most powerful 
voltammetric methods because of high sensitivity and short analysis time.  The 
excitation signal is a symmetrical square-wave form of a large-amplitude differential 
technique.  The working electrode is applied with this potential waveform and 
measured the current twice during each square wave cycle once at the end of forward 
pulse and once at the end of the backward pulse.  Because the square-wave 
modulation amplitude is very large, the reverse pulses cause the reverse reaction of 
the product of the forward pulse.  The difference between the forward and backward 
currents achieved the net current (inet), is plotted versus the applied potential.             
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The peak height is directly proportional to the concentration of the electroactive 
species.  The great sensitivity increases because the final current is larger than either 
the forward or backward compositions.  The advantages of SWV is its speed.  This rapid 
analysis, coupled with computer control and signal averaging, allows experiments to 
be operates repetitively and increases the signal-to-noise ratio.  The sensitivity of this 
technique can be enhanced by increasing the amplitude of the frequency of the 
square wave.  The kinetic aspects of the redox processes would be the limitation of 
current enhancing.  Figure 2.2 shows the potential waveform and the voltammogram 
of square wave voltammetry 

 

 
Figure 2.2 Square wave voltammetric excitation signal (left) and square wave 
voltammogram of Hg(II) at different concentration (right). 

 

2.2.1.3 Stripping Voltammetry 

  The stripping technique is a highly sensitive electroanalytical 
technique which have the lowest limits of detection of the widely known for metal 
analysis.  Stripping voltammetry consists of two steps as follow. 

  1) Deposition step 

  The deposition step involves the electrolytic deposition of a 
small part of the target metal ions in the solution on the working electrode for the 
preconcentration of analytes.  Anodic stripping voltammetry is commonly known for 
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the stripping analysis.  In this case, preconcentration step is performed by cathodic 
deposition as a controlled time and applied potential.  The deposition potential is 
more negative than standard potential (E0) to completely and easily reduce the metal 
ion in solution.  The metal ions reach the working electrode by diffusion and 
convection. 

  Before starting the stripping step, a quiet period or equilibration 
time is set between the deposition and stripping step to cease the forced convection, 
maintain a uniform concentration distribution, and confirm that the solution is in 
quiescent solution before the stripping step. 

  2) Stripping step 

  Next step is stripping step or measurement step which related 
to the dissolution or stripping of the deposit.  Any number of potential waveforms can 
be used for the stripping step.  The most widely used of the potential waveforms are 
the differential pulse and the square wave owing to the discrimination against charging 
current.  The stripping step is beginning with the scan potential in the anodic direction.  
In the meantime, the electrodeposited metals are reoxidized when the potential 
reaches the standard potential of each metal and stripped out of the electrode 
surface.  The peak potential position are arranged in order of each metal standard 
potential.  In addition, the stripping peak current is directly proportional to the 
concentration of the metal.  Hence, the method is capable for simultaneous detection 
of several metal ions.  Figure 2.3 illustrates the summary of both deposition or 
preconcentration and stripping step in anodic voltammetry. 

 



 

 

10 

 
Figure 2.3 Stripping voltammetry for the determination of metals: the potential-
time waveform (top) and voltammogram (bottom). 

 

2.2.2 Electrodes 

 The electrochemical cell, where the voltammetric experiment is 
performed comprised of a working electrode, a reference electrode and a counter 
electrode.  Usually, the electrode provides the interface between solid phase and 
electrolyte which charge can be transferred.  At the suitable applied potential, the 
reduction or oxidation of analytes occur at the surface of electrode and the current is 
generated.  
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2.2.2.1 Screen-printed electrodes 

  New technology for fabrication of disposable electrochemical 
platform is screen-printed method.  A screen-printed electrode is a flat device based 
on appropriate layers of a graphite powder based ink printed on polyvinyl chloride 
substrate.  The benefits of the screen-printed electrode are ease of fabrication, 
simplicity, portability, low-cost, small size and mass production capabilities.  Hence, 
this thesis selected screen-printed method for fabrication of electrode for 
simultaneous detection of heavy metal ions, which are Cd(II), Pb(II), Cu(II), and Hg(II). 

 

2.2.2.2 Working electrode 

  The working electrode is the electrode at which the interesting 
reaction of target analytes occur.  The reaction that occurred at the working electrode 
can be referred to as either anodic or cathodic.  The applied potential of working 
electrode was varied in a specific value with the variations in the concentration of 
target analyte.  In voltammetric technique, the small surface area of the working 
electrode is applied to increase polarization and to reduce the diminution of the 
analyte.  The electrode performance seriously depends on the material of the 
electrode.  The ideal working electrode should give a high signal-to-noise ratio of the 
interesting analytes, a reproducible electrode surface, a wide potential window, high 
electrical conductivity, low cost, low toxicity and availability. 

 

2.2.2.3 Reference electrode 

  Reference electrode is an electrode having known electrode 
potential that remain constant at specific temperature and is independent of the 
concentration or composition of the analyte solution.  This electrode acts as reference 
point along the potential axis by which the oxidizing or reducing power of the working 
electrode is evaluated.  Moreover, the ideal reference electrode should be simple to 
fabricate and to use practically.  The commonly used reference electrode is 
silver/silver chloride reference electrode because of simplicity, inexpensiveness, 
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stability, and low toxicity.  As a result, silver/silver chloride reference electrode was 
selected as a reference electrode for the simultaneous detection of heavy metal ions. 

 

2.2.2.4 Counter electrode 

  Counter electrode normally used to minimize errors from the 
cell resistance while controlling the potential of working electrode.  This kind of 
electrode is generally made of a chemically inert conducting material with immense 
electrode surface area.  Platinum wire or graphite rods are the most widely counter 
electrode in the stripping analysis. 

 

 
Figure 2.4 Electrochemical cell consisted of working electrode: graphene oxide 
modified screen printed electrode, reference electrode: silver/silver chloride 
electrode, and counter electrode: stainless steel outlet tube. 

 

2.2.2.5 Graphene oxide 

  Graphene is a relatively new material discovered in 2004. It is 
actually a monolayer of carbon atoms which are covalently linked and arranged into 
a two dimensional honeycomb-like lattice.  Graphene is a basic building block of other 
graphitic materials depending on how it is manipulated (Fig. 2.5).  The study of 
graphene has been made for many years even before its physical discovery.  In fact,  
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other carbon graphitic allotropes such as ‘0D fullerene’, ‘1D carbon nanotube’ and 
‘3D graphite’ are theoretically modeled as a wrapped, rolled, and stacked graphene, 
respectively [17]. 

 

 
Figure 2.5 Graphene as a building block for other carbon materials [17]. 

 

  Graphene has many excellent characteristics such as high 
optical transparency, electrical conductivity, and catalytic activity making it a very 
interesting material [18, 19].  The incredible electrical natures of graphene have been 
widely studied and used in electrical devices, composites, and sensors [24].  Graphene 
can be obtained from the reduction of graphene oxide (GO) which is a sheet of 
graphene that is partially oxidized, containing of both sp2- and sp3- hybridized carbon 
atoms, hydroxyl functional groups on each side of the carbon sheet, and decorated 
by carboxyl groups [20, 21].  Graphene oxide has functional groups such as hydroxyl 
and carbonyl, which are advantageous for adsorbing heavy metal ions.  Moreover, it is 
stable under both acidic and basic conditions and heat cannot destroy its structure.  
The decorated oxygen groups allowed GO to produce stable dispersion in various non 
polar and polar solvents such as water which is commonly used as solvents for 
supporting electrolyte [21].  Interestingly, very few reports on the graphene oxide 
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decorated with metal film or metal oxides nanoparticles could be found in 
electrochemical detecting of heavy metal ions. 

 

 
Figure 2.6 Structure of graphene oxide (GO) [25]. 

 

2.2.2.6 Antimony 

  The traditional material that is very popularly used for 
determination of heavy metal ions was mercury because of superior electroanalytical 
performance.  Unfortunately, mercury is very toxic.  Therefore it is hard to handling, 
storage, and disposal.  Alternative materials which have the same capability to mercury 
were bismuth and antimony due to intermetallic compounds of analytes and these 
materials [22].  Because the bismuth film modified electrode was unsuitable for 
determination of copper(II) and mercury(II) ions, antimony film modified electrode [23] 
became an attractive material for detection of cadmium(II), lead(II), copper(II), and 
mercury(II), simultaneously.  The comparison of different modified electrodes showed 
that the antimony film modified electrode has a lower baseline and the better peak 
shape.  Moreover, the lower current at very negative potential illustrated that the 
hydrogen evolution would be low as well.  This modified electrode revealed a great 
stripping current responses of Cd(II) and Pb(II) ions using SWASV.  The SbF-CPE could 
be practically applied to a real water sample analysis.  Antimony film was proved to 
be potential for detection of heavy metal ions in the same way as mercury did with 
lower toxicity [13, 26, 27].  In addition, it can form intermetallic compounds which can 
decrease the deposition potential.  
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2.2 Sequential injection analysis (SIA) 

To make the system more automatic, sequential injection analysis (SIA) is used 
as an automated approach to sample handling that allows automating in situ antimony 
film modification of electrode and SWASV procedures in a rapid, precise, and efficient 
manner.  SIA is an important analytical tool in the area of discontinuous flow methods.  
The system is controlled by computer software.  Small solution zones are manipulated 
under controlled dispersion conditions in narrow bore tubing.  This system will reduce 
human’s error, glassware and risk of health problems of the operator on direct contact 
with toxic metal ions.  A diagram of basic SIA instrument composed of a bi-directional 
syringe pump used to aspirate or dispense small samples and reagent solutions, a 
multi-position selection valve used to choose solutions, reaction or holding coil, pump 
tubes, and a detector flow cell.  In figure 3.1, the sample reservoir is connected to the 
ports of the multi-position selection valve.  Sample and reagent solutions are 
consecutively aspirated into holding coil connected to the common port of the multi-
position selection valve by monitoring the pump in the reverse direction.  The 
advantages of SIA are small volume of solutions (μL level), accuracy of solution 
handling, simplicity, durability, short time analysis, reduction of user’s health problem, 
and great performance of simultaneous detection. 

 

2.3 Literature survey 

In 2008, Hwang et al. [22] reported the use of bismuth-modified carbon 
nanotube electrode (Bi-CNT electrode) for the determination of lead, cadmium and 
zinc.  Bismuth film was deposited onto the screen-printed CNT electrode.  The 
simultaneous determination of lead, cadmium and zinc was performed by SWASV.  The 
deposited Bi film could improve the sensitivity; however, bismuth exhibited a large 
oxidation peak at around -0.1 V in stripping step.  Thus, bismuth film was not suitable 
for the detection of copper and mercury because these two metal ions showed the 
peaks at -0.2 V and +0.1 V, respectively. 
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In 2009, Tesarova et al. [28] reported the in situ antimony film carbon paste 
electrode (SbF-CPE) as an electrochemical sensor.  The comparison of different 
modified electrodes showed that one of antimony film modified electrode has a lower 
baseline and the better peak shape.  Moreover, the lower current at very negative 
potential illustrated that the hydrogen evolution would be low as well.  This modified 
electrode revealed a great stripping current responses of Cd(II) and Pb(II) ions using 
SWASV.  The SbF-CPE could be practically applied to a real water sample analysis.  
Antimony film proved to be potential for detection of heavy metal ions in the same 
way as mercury did with lower toxicity.  In addition, it can form intermetallic 
compounds which can decrease the deposition potential. 

In 2010, Guzsvány et al. [29] reported the alternative applying of antimony-film 
modified glassy carbon electrode in SIA for determination of Pb(II) and Cd(II) by ASV.  
The antimony film was electrodeposited from an antimony(III) solution onto the 
electrode surface after that analyte metals were deposited from a sample solution.  
Square wave voltammetry was chosen as a stripping technique to observe the heavy 
metal ions.  This modified electrode performed a great reproducibility.  The developed 
SIA-ASV process was practically used in a tap water sample. 

In 2011, Wei et al. [9] reported the detailed study of the SnO2/reduced 
graphene oxide nanocomposite modified glassy carbon, which could be used for the 
simultaneous and sensitive electrochemical detection of ultratrace Cd(II), Pb(II), Cu(II), 
and Hg(II) in drinking water.  This modified electrode showed a very great sensitivity 
and selectivity upon heavy metal ions using SWASV.  Graphene oxide has functional 
groups such as hydroxyl and carbonyl, which are advantageous for adsorbing heavy 
metal ions. 

In 2012, Gao et al. [10] reported the preparation, characterization, and 
electrochemical behavior toward heavy metal ions of the AlOOH-reduced graphene 
oxide nanocomposites.  This new material was synthesized through a green one-pot 
hydrothermal method.  Due to the strong affinity of AlOOH to heavy metal ions and 
the fast electrontransfer kinetics of graphene, the combination of solid-phase 
extraction and stripping voltammetric analysis allowed fast and sensitive determination 
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of Cd(II) and Pb(II) in drinking water, making these new nanocomposites promising 
candidates for practical applications in the fields of detecting heavy metal ions. Most 
importantly, these new nanocomposites may possess many unknown properties 
waiting to be explored. 

In 2012, Wonsawat et al. [30] reported an environment friendly electrode for 
determining Cd2+ and Pb2+ levels in an automated flow system.  Cyclic voltammetry 
and square wave anodic stripping voltammetry (SWASV) coupled with sequential 
injection analysis (SIA) were employed to study the electrochemical behavior of the 
electrode.  The in situ bismuth-modified graphene-carbon paste electrode (Bi-GCPE) 
exhibited excellent electrooxidation of Cd2+ and Pb2+ in the automated flow system 
with a significantly higher peak current for both metal ions compared with the 
unmodified CPE. 

In 2013, Punrat et al. [31] reported an automated method for determining the 
concentration of inorganic arsenic by sequential injection/anodic stripping voltammetry 
with a long-lasting gold-modified screen-printed carbon electrode.  The long-lasting 
gold film was electrochemically deposited onto a screen-printed carbon electrode at 
a potential of -0.5 V vs. Ag/AgCl in a supporting electrolyte solution of 1 M hydrochloric 
acid.  Under optimal conditions and applied potentials, the electrode demonstrated 
that it can be used for a long time without a renewal process.  This method was used 
to determine the concentration of arsenic(III) in water samples with satisfactory results.  
The proposed method is an automated system that offers a less expensive alternative 
for determining trace amounts of inorganic arsenic. 

Even though some of the publications had reported the highly sensitive 
methods for the detection of heavy metal ions, these methods still have 
disadvantages, for example, time consuming, complication of modifier synthesis.  In 
addition, these heavy metal ions could be found together at significant amount which 
were difficult to detection in real samples.  Therefore, the fast and ease methods for 
the simultaneous detection of heavy metal ions in real water sample is developed. 

 



 
 

 

CHAPTER III 
EXPERIMENT 

 

In this chapter, the information of the chemicals, instruments, modification of 
the electrode, electrochemical measurements and sample preparations in this work 
are described. 

 

3.1 Instruments and apparatus 

The instruments and apparatus used in this research were listed in Table 3.1. 

 

Table 3.1 List of instruments and apparatus. 

Instruments and apparatus Suppliers 

PGSTAT 100 instrument Eco Chemie, The Netherlands 

Ag/AgCl reference electrode BAS, Japan 

Stainless steel tube counter electrode Home made 

Screen-printed blocks Chaiyaboon, Thailand 

Analytical balance, Mettler Toledo Mettler, Switzerland 

Hot air oven Memmert, USA 

Sequential analysis system (2.5 mL syringe pump) MGC, Japan 

PTFE tubing Upchurch 

Milli-Q water system (18 MΩ cm-1) Millipore, Bedford, USA 

Scanning electron microscope (SEM) JEOL, Japan 

FTIR spectrometer Nicolet iS10 Thermo Fisher Scientific, USA 

UV-Vis spectrofluorometer Agilent Technologies, USA 
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Instruments and apparatus Suppliers 

Centrifuge (Universal 320R) Hettich, Germany 

 

3.2 Chemicals and Reagents 

The chemicals and reagents used in this research were analytical grade and 
were used as purchased without any further purification.  The chemicals and reagents 
are listed in Table 3.2. 

 

Table 3.2 List of chemicals and reagents. 

Chemicals Suppliers 

Antimony (Sb(III)) standard solution, 1,000 mg L-1 BHD, England 

Cadmium (Cd(II)) standard solution, 1,000 mg L-1 BHD, England 

Lead (Pb(II)) standard solution, 1,000 mg L-1 BHD, England 

Copper (Cu(II)) standard solution, 1,000 mg L-1 BHD, England 

Mercury (Hg(II)) standard solution, 1,000 mg L-1 BHD, England 

Hydrochloric acid (HCl), 37 %w/w Merck, Germany 

Sulfuric acid (H2SO4) Merck, Germany 

Sodium nitrate (NaNO3) Sigma-aldrich, USA 

Potassium permanganate (KMnO4) Sigma-aldrich, USA 

Hydrogen peroxide (H2O2) Sigma-aldrich, USA 

Carbon ink  Electrodag PF-407C, Acheson, 
USA 

Graphite Sigma-Aldrich, Switzerland 
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3.3 Chemicals and reagents preparation 

 

3.3.1 Preparation of 100 µM of Cd(II), Pb(II), Cu(II), and Hg(II) in 0.50 M 
HCl 

 The stock solutions of Cd(II), Pb(II), Cu(II), and Hg(II) were prepared by 
diluting 1000 mg L-1 of standard solution of Cd(II) , Pb(II), Cu(II), and Hg(II) with 0.50 M 
HCl. 

 

3.3.2 Preparation of 500 µg L-1 of Sb(II) in 0.50 M HCl 

 The stock solution of Sb(III) were prepared by diluting 1000 mg L-1 of 
standard solution of Sb(III) with 0.50 M HCl.  These solutions can be stored for at least 
one month. 

 

3.3.3 Working standard solutions of Cd(II), Pb(II), Cu(II), and Hg(II) 

 The working standard solutions of Cd(II), Pb(II), Cu(II), and Hg(II) were 
prepared daily by appropriate diluting the stock solutions in 0.50 M HCl. 

 

3.3.4 Supporting electrolyte: 0.50 M HCl 

 A HCl solution was prepared daily by diluting 20.83 mL of 37% w/w HCl 
to 500 mL with Milli-Q water to appropriate concentration. 

 

3.3.5 Synthesis of graphene oxide 

 According to Hummers’ method [32], concentrated H2SO4 (34.5 mL) was 
added to a mixture of graphite flakes (1.5 g, 1 equivalent weight) and NaNO3 (0.75 g, 
0.5 equivalent weight), and the mixture was cooled to 0ºC, then KMnO4 (4.5 g, 3 
equivalent weight) was added slowly in portions to keep the reaction temperature 
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below 20ºC.  Next, the reaction was adjusted to 35ºC and the mixture was stirred for 
30 mins, after that water (69 mL) was added slowly, producing a large amount of heat 
that ramped the temperature up to 98ºC.  External heating was supplied in order to 
maintain the reaction temperature at 98ºC for 15 mins, then the reaction mixture was 
cooled down using a water bath for 10 mins.  Additional water (210 mL) and 30% H2O2 
(1.5 mL) were added, producing another heat up.  The suspension was dispersed again 
in Milli-Q water and the mixture was centrifuged (4000 rpm for 1 h), then the liquid 
above solid particles was poured off.  The remaining solid material was then washed 
with 60 mL of water, 60 mL of 30% HCl; for each wash, the mixture was filtered.  The 
suspension was centrifuged (4000 rpm for 1 h) and the liquid above solid was poured 
off.  The solid obtained on the filter paper was dried at room temperature, and 0.6 g 
of solid remained.  Characterization of graphene oxide was carried out by ATR-FTIR and 
UV-vis spectroscopy. 

 

3.4 Electrode preparation 

 

3.4.1 Graphene oxide modified screen-printed carbon electrode 

 The graphene oxide modified screen-printed carbon electrodes (GO-
SPCEs) were fabricated in house by screen-printing carbon ink (Electrodag PF-407C, 
Acheson, USA) mixed with graphene oxide at appropriate amount on PVC substrate.  
After that, electrodes were kept in an oven at 55°C for 1 hour. 

 

3.4.1 In-situ antimony film modification of GO-SPCE  

 The Sb(III) solution were prepared to the optimized concentration by 
diluting the Sb(III) standard solution with the appropriate volume of supporting 
electrolytes.  After that, the Sb(III) solution dispensed directly and continuously 
through the flow cell following by the analytes ions solution.  Next, the Sb-film was 
electrodeposited on the electrode simultaneously with the analytes ions.  
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3.5 Sample preparation 

For real sample analysis, water samples were prepared by mixing 0.05 mL of 
sample solution and specific volume of metal standard solutions.  Then, the solutions 
were diluted with the supporting electrolyte which is 0.5 M HCl to the final volume of 
10 mL.  After that, the concentration of analytes were determined by standard addition 
method and the percent recovery from spiked sample solutions were determined by 
calibration method. 

 

3.6 Experimental Procedure for SbF-GO-SPCE 

The in-situ Sb film modification of the GO-SPCES and SWASV measurement 
steps are shown in Table 3.3.  The sample solution and the Sb(III) solution were 
sequentially aspirated into the holding coil (Step 1 and Step 2).  Next, the deposition 
potential was set at -1.4 V while solutions were flowed directly to the flow cell as 
electrodeposition of Sb film and the preconcentration of analytes (Step 3).  Then, 
solution was stop for 10 second as equilibration (Step 4).  Square wave voltammograms 
with a frequency of 50 Hz, a step potential of 6 mV, and an amplitude of 40 mV were 
recorded from -1.4 V to +0.4 V vs. Ag/AgCl (Step 5).  Lastly, the electrode was cleaned 
to remove any remaining analyte metals and antimony film in flowing supporting 
electrolyte at flow rate of 30 µL s-1 for 17 seconds without any applied potential (Step 
6 and Step 7).  One measurement cycle for 4 analytes including Cd(II), Pb(II), Cu(II), and 
Hg(II) is about 3 min.  The electrode was ready for a new measurement.  A 0.5 M HCl 
solution was used as a supporting electrolyte for all steps.  All experiments were 
performed without removing oxygen from the solution. 
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Table 3.3 Step sequence for the Sb film modification of the GO-SPCE and 
determination of heavy metal ions by SIA-SWASV. 

Step Description 
Valve 

position 
Flow rate 
(µL s-1) 

Duration
(s) 

Electrode 
potential 

(V) 

1 Aspirate sample solution 
into holding coil 

5 200 5 + 0.4 

2 Aspirate Sb(III) solution 
into holding coil 

6 200 2.5 +0.4 

3 Dispense Sb(III) solution 
and sample solution into 
flow cell 

8 10 150 -1.4 

4 Equilibration 8 0 10 -1.4 

5 Stripping and recording 
of voltammogram 

8 0 5 -1.0 to +0.4 

6 Aspirate 0.5 M HCl into 
holding coil 

4 200 2.5 - 

7 Dispense 0.5 M HCl  into 
flow cell for electrode 
cleaning 

8 30 17 - 
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Figure 3.1 Schematic diagram of sequential injection analysis (SIA) in this work 

 

3.7 Optimization of the parameters for SbF-GO-SPCE measurement 

 

3.7.1 Percentages of graphene oxide to carbon ink 

 In order to achieve the highest signal-to-noise ratio for heavy metal 
detection, the percentages of GO to carbon ink with 0%, 1%, 2%, 3%, and 4% (w/w) 
were investigated by SIA-SWASV.  Square wave anodic stripping voltammograms of    
100 µg L-1 Cd(II), Pb(II), Cu(II), and Hg(II) on SbF-GO-SPCEs at various percentages of GO 
were recorded. 

 

3.7.2 Effect of antimony(III) concentration 

 The current response was affected by the thickness of Sb-film on      
SbF-GO-SPCE.  The influence of Sb(III) concentration, which controlled the film 
thickness, was evaluated from 0 to 1000 µg L-1.  The optimized concentration was 
obtained from the plot of the peak current and the Sb(III) concentration.  
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3.7.3 Effect of concentration of supporting electrolyte 

 There has been widely reported that HCl is a good supporting 
electrolyte for heavy metal analysis.  The optimization of concentration of HCl as 
supporting electrolyte was carried out at different concentrations from 0.01 to 1.00 M.  
The anodic peak current behavior of heavy metal ions in various concentrations of HCl 
was achieved from the plotting of the peak current and the HCl concentration. 

 

3.8 Optimization of electrochemical parameters 

In order to obtain the best detection and good reproducibility, SWASV 
parameters were studied including deposition potential, SW frequency, amplitude and 
increment potential.  First of all, the influence of deposition potential or accumulation 
potential was performed in the range of 1.6 to -1.0 V.  The highest current response 
was gained from the plotting of the peak current with the accumulation potential.  
Secondly, the frequency affected to the scan rate of determination system and was 
evaluated from 10 to 90 Hz.  Thirdly, the effect of amplitude was studied from 20 to 
100 mV.  Finally, the influence of increment potential was investigated from 2 to 10 
mV.  All the SWASV parameters were investigated under previous optimized SbF-GO-
SPCE, 0.50 M HCl as supporting electrolyte and 100 µg L-1 of Cd(II), Pb(II), Cu(II), and 
Hg(II). 

 

3.9 Optimization of SIA operation parameters 

The factors that influence the sensitivity and analysis time of each SWASV 
detection in flow-based analysis are sample volume and flow rate of the solution in 
the electrodeposition step.  These parameters are related to deposition time, changing 
the sample volume and/or the flow rate will affect to the deposition time.  Hence, 
the sample volume was set at 1.0 mL.  The effect of flow rate was studied in the range 
of 5 to 40 µL s-1 and at different deposition times.  After finish each analysis, the Sb 
film and all deposited metals was cleaned by flowing 0.5 M HCl which was the 
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supporting electrolyte.  To reduce waste, the cleaning solution volume was 
investigated. 

 

3.10 Analytical performance 

Under the optimized analytical conditions, the calibration data of Cd(II), Pb(II), 
Cu(II), and Hg(II) peak current related with different concentrations  were evaluated.  
The analytical concentration ranges of analytes were 0.1 to 1.5 µM for all metal ions.  
The detection limits (LOD) were achieved from 3σ/S and 10σ/S, where σ is the standard 
deviation of the blank measurement (n=10) and S is the slope of calibration curve. 

 

3.11 Interference study 

To analyze the target heavy metal ions in real water sample, various ions in 
such water can be found.  Hence, the interference of many cations (Na+, K+, Mg2+, Ca2+ 
and Al3+) and some of anions (F-, Br-, NO3

-, HCO3
-, CO3

2- and SO4
2-) that might be found 

in sewage or sea water were investigated.  Their concentrations were 100-fold higher 
than analytes concentration. 

 

3.12 Analytical application 

To evaluate the proposed method, this system was applied under optimized 
conditions for the simultaneous quantification of all target ions in sewage, fertilizer 
waste and sea water.  All sample solutions were prepared by mixed 50 µL of each 
filtered water sample with 0.5 M HCl which was a supporting electrolyte to final 
volume of 10 mL.  Prepared samples were introduced to determination system without 
any further pretreatment. 

For sewage and fertilizer waste from a metal-plating factory in Thailand, 
preliminary testing found that only Cu(II) was detected.  Thus, standard addition 
method was used to quantify concentration of copper solely.  To validate the 
proposed method, the results were compared with standard method obtained by AAS.  
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A t-test at the 95% confidence level with degrees of freedom of 4 was achieved on 
the data obtained. 

For sea water from Hadsangchan, Rayong Province, Thailand, the concentration 
of target ions was studied by calibration method without pretreatment.  No anodic 
peak current of heavy metal ions was obtained in the unspiked sea water sample.  The 
recovery of Cd(II), Pb(II), Cu(II), and Hg(II) were tested by addition of 0.30, 0.50, 1.00 µM 
standard stock solutions into the sea water.  The obtained results were done based 
on three repetitions (n=3) of all analytes. 

 



 
 

 

CHAPTER IV 
RESULTS AND DISCUSSION 

 

This chapter presents the results and discussion of the modification screen-
printed electrodes and comparison of the electrochemical response,  optimization of 
the SbF-GO-SPCE, square wave stripping voltammetric conditions, analytical 
parameters and analytical applications.  All of the results were obtained from SWASV 
techniques coupled with the SIA. 

 

4.1 Characterization of synthesized graphene oxide 

Graphene oxide was synthesized from graphite powder via Hummer’s method 
[32].  The attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra of 
graphite and graphene oxide are shown in Fig. 4.1.  It can be seen that a characteristic 
peaks of graphene oxide are O–H stretching vibration at 3208 cm-1, C=O stretching 
vibration at 1717 cm-1 and the remaining sp2 stretching vibration at 1617 cm-1 [20, 33-
35]. 

 
Figure 4.1 ATR FT–IR spectra of graphite (a) and graphene oxide (b). 
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UV-visible spectroscopy was also used to characterize graphene oxide.  Fig. 4.2 
shows ultraviolet-visible spectrum of graphene oxide.  The spectrum of graphene oxide 
has an absorption peak at 232 nm.  This peak is attributed to π → π* transition of 
aromatic C-C bond, and a shoulder at about 300 nm can be assigned to the π → π* 
transition of C=O bonds.  Also, this result, which is consistent with the result of ATR-
FTIR, confirms the existence of oxygen-containing functional groups in graphene oxide 
[36, 37]. 

 

 
Figure 4.2 UV-vis spectrum of GO in water. 

 

4.2 Square wave anodic stripping voltammetric detection using SbF-GO-SPCE 

In this research, the performance of working electrodes were enhanced by 
adding graphene oxide powder into the commercial carbon ink before fabricating      
GO-SPCE with by screen-printing process. 

The SWASV responses toward metals ion detection using various modified 
electrodes was compared including bare electrode (SPCE), GO-SPCE, SbF-SPCE, and 
SbF-GO-SPCE as shown in Fig. 4.3.  The results showed that, when using SbF-GO-SPCE, 



 

 

30 

the anodic current was raised by 5 to 7 times higher than SPCE.  We believed that the 
increase of electrochemical response is probably due to the combine influence of GO 
and SbF.  These electrode modifiers were an interesting combination because GO can 
increase active electrode surface of working electrode and SbF can improve SWASV 
performance due to the intermetallic formation between antimony and these metals 
of interest during accumulation step of SWASV.  Therefore, the proposed SbF-GO-SPCE 
was chosen as an electrochemical detector in sequential injection system for the 
further experiments. 

 

 
Figure 4.3 Comparison of SPCE (dot line), SbF-SPCE (dash line), GO-SPCE (dash 
dot line) and SbF-GO-SPCE (solid line) upon the stripping voltammetric responses at 
100 µg L-1 of Pb(II), Cd(II), Cu(II), and Hg(II).  
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To investigate the morphology of the electrode, scanning electron microscopy 
(SEM) was performed.  The SEM images illustrated that the electrodeposited antimony 
film was successfully covered the area of the electrode (Fig. 4.4b) compared to         
GO-SPCE (Fig. 4.4a).  Moreover, the SEM images of antimony film present the different 
shape from GO-SPCE.  The results indicate that the SbF and GO can be an alternative 
electrode modifier which can enhance the electrochemical performance of the 
detector in sequential injection system. 

 

 
Figure 4.4 SEM images of GO-SPCE (a) and SbF-GO-SPCE (b)  

(b) 

(a) 
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4.3 Optimization of the parameters for SbF-GO-SPCE measurement 

 

4.3.1 Percentages of graphene oxide to carbon ink 

 GO-SPCEs were fabricated from mixtures of graphene oxide and carbon 
ink.  Graphene oxide (GO) was chosen as an electrode modifier because of their high 
electrical conductivity and high surface area which provide greater potential for heavy 
metal analysis.  However, GO-SPCEs generate a higher background current than bare 
SPCEs.  In order to achieve the highest signal-to-noise ratio for heavy metal detection, 
the percentages of GO to carbon ink with 0%, 1%, 2%, 3%, and 4% (w/w) were 
investigated by SIA-SWASV.  Square wave anodic stripping voltammograms of              
100 µg L-1 Cd(II), Pb(II), Cu(II), and Hg(II) on SbF-GO-SPCEs at various percentages of GO 
are illustrated in Fig. 4.5.  It can be seen that peak current of all heavy metals 
decreased with increasing percentage of GO from 1% to 4%.  Owing to increase the 
electrode surface area of GO could be the result of the larger background current [17, 
38-40], as shown in Fig. 4.6.  Therefore, 1% (w/w) was selected as optimum amount of GO. 

 

 
Figure 4.5 Effect of the amount of GO in SbF-GO-SPCE upon the stripping 
voltammetric response at 100 µg L-1 of Pb(II), Cd(II), Cu(II), and Hg(II).  
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Figure 4.6 SIA-SWASV signals of the SbF/GO/SPCE for 100 µg L-1 Cd(II), Pb(II ), 
Cu(II) and Hg(II) on 0.5M HCl at different amount of graphene oxide (0 – 4%(w/w)) 
 

4.3.2 Effect of antimony(III) concentration 

 Antimony film was selected to modify on GO-SPCE by on-line in situ 
electrodepositing between each run.  Sb(III) solution was introduced into the flow 
system followed by aspiration of sample solution into the holding coil.  Then, all 
solutions were dispensed to detection zone in the flow cell in order that the Sb was 
electrodeposited first, followed by the heavy metals in the sample solution.  After 
finished each detection, the Sb film was cleaned by flowing the supporting electrolyte 
without applied any potential for 17 s.  The concentration of Sb(III) was optimized by 
varying concentration from 0 to 1000 µg L-1 while the volume of Sb(III) solution 
remained constant.  The peak current increased when increased Sb(III) concentration 
and then reached the highest value at 500 µg L-1 of Sb(III) solution with small standard 
deviation for all heavy metal ions.  After that, the signals remained rather constant as 
shown in Fig. 4.7.  Therefore, 500 µg L-1 of Sb(III) was selected as optimum 
concentration to minimize the amount of Sb(III).  
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Figure 4.7 Effect of the concentration of Sb(III) upon the stripping voltammetric 
response at 100 µg L-1 of Pb(II), Cd(II), Cu(II), and Hg(II) using SbF/GO/SPCE. 

 

 
Figure 4.8 SIA-SWASV signals of the SbF/GO/SPCE for 100 µg L-1 Cd(II), Pb(II ), 
Cu(II) and Hg(II) on 0.5M HCl at different concentration of Sb(III) (0 – 1000 µg L-1)  
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4.3.3 Effect of concentration of supporting electrolyte 

 There has been widely reported that HCl is a good supporting 
electrolyte for heavy metal analysis [29-31].  The optimization of concentration of HCl 
as supporting electrolyte was carried out at different concentration from 0.01 to 1.00 
M.  The results showed that signal of all analytes increased with increasing HCl 
concentration and slightly decreased after 0.50 M of HCl due to hydrogen evolution at 
highly negative potential (Fig. 4.9).  The standard deviations for all heavy metal ions at 
0.50 M HCl were small.  Moreover, at this concentration, there is enough amount of 
HCl to be a supporting electrolyte and the electrode can be cleaned, therefore 0.50 
M of HCl was selected as optimum concentration of supporting electrolyte solution. 

 

 
Figure 4.9 Effect of the concentration of HCl (supporting electrolyte) upon the 
stripping voltammetric response at 100 µg L-1 of Pb(II), Cd(II), Cu(II), and Hg(II) using 
SbF/GO/SPCE. 
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Figure 4.10 SIA-SWASV signals of the SbF/GO/SPCE for 100 µg L-1 of Cd(II), Pb(II), 
Cu(II) and Hg(II) on 0.5M HCl at different type of supporting electrolyte. 

 

4.4 Optimization of electrochemical parameters 

In order to obtain the best detection and good reproducibility, SWASV 
parameters were studied including deposition potential, SW frequency, amplitude and 
increment potential.  Thus, all conditions were investigated under previous optimized 
SbF-GO-SPCE and 0.50 M HCl as supporting electrolyte.  To begin with, the effect of 
deposition potential was evaluated from -1.6 to -1.0 V with frequency of 50 Hz, 
amplitude of 40 mV and increment potential of 6 mV (Fig. 4.11).  For all of heavy metal 
ions determination, the maximum anodic peak current was achieved with a deposition 
potential of -1.4 V vs. Ag/AgCl.  For other deposition potential, the peak current were 
lower and poorer reproducibility (bigger standard deviation).  Thus, -1.4 V vs. Ag/AgCl 
was selected as optimum deposition potential.  
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Figure 4.11 Effect of the deposition potential upon the stripping voltammetric 
response at 100 µg L-1 of Pb(II), Cd(II), Cu(II), and Hg(II) using SbF/GO/SPCE. 

 

 
Figure 4.12 SIA-SWASV signals of the SbF/GO/SPCE for 100 µg L-1 Cd(II), Pb(II), Cu(II) 
and Hg(II) on 0.5M HCl at different deposition potential (-1.0 to -1.6 V) 
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The frequency affected to the scan rate of determination system and was 
evaluated from 10 to 90 Hz at -1.4 V vs. Ag/AgCl as deposition potential, amplitude of 
40 mV and increment potential of 4 mV (Fig. 4.13).  The results showed that at 50 Hz 
high peak current with small standard deviation, well-separated peak shape for all 
heavy metal ions and fast determination were achieved.  Therefore, optimum 
frequency of 50 Hz was selected. 

 

 
Figure 4.13 Effect of the SW frequency upon the stripping voltammetric response 
at 100 µg L-1 of Pb(II), Cd(II), Cu(II), and Hg(II) using SbF/GO/SPCE. 

 



 

 

39 

 
Figure 4.14 SIA-SWASV signals of the SbF/GO/SPCE for 100 µg L-1 Cd(II), Pb(II), Cu(II) 
and Hg(II) on 0.5M HCl at different frequency (10 – 90 Hz) 

 

Next, SW amplitude was studied from 20 to 100 mV, with -1.4 V vs. Ag/AgCl as 
deposition potential, frequency of 50 Hz and increment potential of 4 mV (Fig. 4.15).  
The signals of all heavy metals were steadily increased from 20 to 80 mV and after    
80 mV, signals were started to decrease.  Increasing of amplitude also increased all 
signals for both background and analytes therefore the shape of peaks should be 
considered.  For this reason, amplitude of 40 mV was selected. 
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Figure 4.15 Effect of the amplitude upon the stripping voltammetric response at 
100 µg L-1 of Pb(II), Cd(II), Cu(II), and Hg(II) using SbF/GO/SPCE. 

 

 
Figure 4.16 SIA-SWASV signals of the SbF/GO/SPCE for 100 µg L-1 Cd(II), Pb(II), Cu(II) 
and Hg(II) on 0.5M HCl at different amplitude (20 – 100 mV)  
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Finally, the influence of increment potential was investigated from 2 to 10 mV, 
with deposition potential of -1.4 V vs. Ag/AgCl, frequency of 50 Hz and amplitude of 
40 mV (Fig. 4.17).  The increasing of increment potential would lower the number of 
points of measurement graph (lower precision of determined peak current position).  
However, at high increment potential, the signal obtained was high thus the peak 
current and number of data point must be considered.  As a result, increment potential 
of 6 mV shown enough point for forming the graph and small standard deviation of 
peak for all heavy metal ions was selected. 

 

 
Figure 4.17 Effect of the increment potential upon the stripping voltammetric 
response at 100 µg L-1 of Pb(II), Cd(II), Cu(II), and Hg(II) using SbF/GO/SPCE. 
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Figure 4.18 SIA-SWASV signals of the SbF/GO/SPCE for 100 µg L-1 Cd(II), Pb(II), Cu(II) 
and Hg(II) on 0.5M HCl at different increment potential (2 – 10 mV) 

 

4.5 Optimization of SIA operation parameters 

The other factors that influence the sensitivity and analysis time of each SWASV 
detection in flow-based analysis are sample volume and flow rate of the solution in 
the electrodeposition step.  These parameters are related to deposition time, changing 
the sample volume and/or the flow rate will affect to the deposition time.  Hence, 
the sample volume was set at 1.0 mL.  The effect of flow rate was studied in the range 
of 5 to 40 µL s-1 and at different deposition times (Fig 4.19).  It can be seen that the 
peak current decreased when the flow rate was increased.  The highest signal was 
obtained at 5 µL s-1 however at that speed the analysis was time-consuming and had 
poor reproducibility.  Thus, the flow rate of 10 µL s-1 preformed high current, smaller 
standard deviation for all heavy metal ions and shorter analysis time was selected. 
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Figure 4.19 Effect of the flow rate during deposition upon the stripping 
voltammetric response at 100 µg L-1 of Pb(II), Cd(II), Cu(II), and Hg(II) using 
SbF/GO/SPCE. 

 

 
Figure 4.20 SIA-SWASV signals of the SbF/GO/SPCE for 100 µg L-1 Cd(II), Pb(II), Cu(II) 
and Hg(II) on 0.5M HCl at different flow rate during deposition (5 - 40 µL s-1)  
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After finish each analysis, the Sb film and all deposited metal was cleaned by 
flowing 0.5 M HCl which was the supporting electrolyte.  To reduce waste, cleaning 
solution volume was investigated.  The results showed that at 300 µL of 0.5 M HCl a 
small peak at around +0.05 V was still observed, whereas 500 µL of 0.5 M HCl can 
clean the electrode surface for all heavy metal ions (Fig. 4.21).  Therefore, 500 µL of 
0.5 M HCl was selected as optimum volume of cleaning solution. 

 

 
Figure 4.21 Effect of the 0.5 M HCl at 500 µL (dash dot line) and 300 µL (solid line) 
of cleaning solution upon the stripping voltammetric response at 100 µg L-1 of Pb(II), 
Cd(II), Cu(II), and Hg(II) using SbF/GO/SPCE. 

 

4.6 Analytical performance 

Under the optimized conditions, the calibration data for the simultaneous 
detection of the heavy metal ions was studied in the concentration range of 0.1 to 1.5 
µM (Fig. 4.22).  The peak currents were found to be directly proportional to the 
concentration of all analytes, with good linear regression correlation coefficients (R2) 
of 0.996.  The limit of detection (LOD) and limit of quantification (LOQ) were achieved 



 

 

45 

from 3σ/S and 10σ/S, where σ is the standard deviation of the blank measurement 
(n=10) and S is the slope of calibration curve.  Summary of analytical data are 
presented in Table 4.1. 

 

 
Figure 4.22 SIA-SWASV signals on the SbF/GO/SPCE of different concentrations of 
Cd(II), Pb(II), Cu(II) and Hg(II) in 0.5 M HCl, simultaneously.  Inset are the calibration 
plots of signal and the heavy metal concentration.  
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Table 4.1 The analytical performance of simultaneous determination of heavy 
metal ions by SIA-SWASV using SbF-GO-SPCE under optimized conditions. 

Metal ion Linear dynamic range (µM) R2 LOD (µM) LOQ (µM) 

Cd(II) 0.3-1.5 0.9974 0.054 0.178 
Pb(II) 0.1-1.3 0.9971 0.026 0.087 
Cu(II) 0.3-1.5 0.9969 0.060 0.202 
Hg(II) 0.1-1.3 0.9983 0.066 0.222 

 

Moreover, under the same optimal conditions, each of heavy metal was 
analyzed separately.  The relationship of anodic peak currents and the concentration 
was obtained (Fig. 4.23).  Analytical characteristics for individual determination of heavy 
metal ions are summarized in Table 4.2.  Under the same condition, it can be seen 
that LOD of Cd(II), Pb(II) and Cu(II) for individual detection were better when compared 
to simultaneous detection, however, the LOD of Hg(II) under simultaneous detection  
was better than that of individual detection.  This phenomena could be explained by 
the intermetallic compounds [41-45] formed among the four target heavy metal ions 
and the competition for the limited area of active site on the modified electrode, 
although, the exactly reason for how these ions influence on each other is remain 
vague at present.  Moreover, the activity of each metal is different from each other, 
thus single determination of Hg(II) was poorer performance because mercury can 
formed intermetallic compound with the other heavy metal ions and commonly used 
to improve the sensitivity in heavy metal ions detection.  Absent of other metal ions 
caused the lower sensitivity of Hg(II) as well.  Nevertheless, the separation between 
the anodic stripping peaks is big enough, hence the simultaneous or selective detection 
using SbF-GO-SPCE is practicable. 
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Figure 4.23 SIA-SWASV signals on the SbF/GO/SPCE of different concentrations of 
Cd(II), Pb(II), Cu(II) and Hg(II) in 0.5 M HCl, individually.  Inset is the calibration plot of 
signal and the heavy metal concentration. 

 

Table 4.2 The analytical performance of individual determination of heavy 
metal ions by SIA-SWASV using SbF-GO-SPCE under optimized conditions. 

Metal ion Linear dynamic range (µM) R2 LOD (µM) LOQ (µM) 

Cd(II) 0.5-5.0 0.9967 0.044 0.146 
Pb(II) 0.1-1.2 0.9975 0.003 0.012 
Cu(II) 0.1-1.2 0.9986 0.029 0.097 
Hg(II) 1.5-3.5 0.9992 0.952 3.174 

 

Even though the sensitivity of this modified electrode was not the best when 
compared with some work reported before, SbF-GO-SPCE can be easily fabricated and 
provided simultaneous analysis of four analytes.  Besides, SbF-GO-SPCE could use 
repeatedly with renewable of electrode surface between successive detection and can 
also be used for a long total experimental time.  
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4.7 Interference study 

To analyze the target heavy metal ions in real water sample, various ions in 
such water can be found.  Hence, the interference of many cations (Na+, K+, Mg2+, Ca2+ 
and Al3+) and some of anions (F-, Br-, NO3

-, HCO3
-, CO3

2- and SO4
2-) that might be found 

in sewage and sea water were investigated.  Their concentrations were 100-fold higher 
than analyte concentrations.  The recovery of all target metal ions was in the range of 
95.0 – 105.0% which was acceptable according to Guidelines for Standard Method 
Performance Requirements, AOAC official methods of analysis [46].  The results 
showed that none of the selected ions were considered interfered with the 
voltammograms of the solution of all heavy metal ions. 

 

4.8 Analytical application 

To evaluate the proposed method, this system was applied under optimized 
conditions for the simultaneous quantification of all target ions in sewage, fertilizer 
waste and sea water.  All sample solutions were prepared by mixed 50 µL of each 
filtered water sample with 0.5 M HCl which was a supporting electrolyte to final 
volume of 10 mL.  Prepared samples were introduced to determination system without 
any further pretreatment. 

For sewage and fertilizer waste from a metal-plating factory in Thailand, 
preliminary testing found that only Cu(II) was detected.  Thus, standard addition 
method was used to quantify concentration of copper solely.  The average 
concentration of Cu(II) in sewage and fertilizer were found to be 38.02 µM and 68.70 
µM, respectively (Fig. 4.24).  In addition, the calculated standard deviations were 
relatively small, which suggested an acceptable level of reproducibility.  To validate 
the proposed method, the results were compared with standard method obtained by 
AAS.  A paired t-test with degrees of freedom of 4 was achieved on the data obtained.  
The calculated t-values between the two pairs of methods were 0.8369 for sewage 
and 0.2466 for fertilizer waste.  Statistical analysis shown that the t-value for 4 degree 
of freedom at 95% confidence interval (2.7764) was greatly larger than the above-
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mentioned experimental t-values.  The results indicated that there were no significant 
difference between two methodologies for the heavy metals determination.  It can be 
concluded that the purposed method is successful and suggesting that these results 
are reliable and acceptable. 

 

 
Figure 4.24 SIA-SWASV signals on the SbF/GO/SPCE at different concentrations of 
Cu(II)  standard added sewage sample (a) and fertilizer waste sample (b) in 0.5 M HCl.  
Inset is the standard addition calibration plot of signal and the heavy metal 
concentration. 

 

For sea water, the concentration of target ions was studied by calibration 
method without pretreatment.  No anodic peak current of heavy metal ions was 
obtained in the unspiked sea water sample.  The average concentrations of analytes 
in spiked samples were detected to be slightly higher than expected amount, with a 
94.3 – 113 % recovery when spiked at 0.30, 0.50, 1.00 µM (Fig. 4.25).  However, the 
reproducibility represented by standard deviations was reliable, which suggested by 
relatively low standard deviation.  
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Figure 4.25 SIA-SWASV signals on the SbF/GO/SPCE of spiked sea water samples at 
0.30 µM (solid line), 0.50 µM (dot line), 1.00 µM (dash line) of Cd(II), Pb(II), Cu(II) and 
Hg(II) in 0.5 M HCl. 

 



 
 

 

CHAPTER V 
CONCLUSIONS AND FUTURE WORK 

 

5.1 Conclusions 

In this study, we successfully developed a new electrochemical platform using 
in-situ antimony film and graphene oxide modified screen-printed electrode coupled 
with automated SIA-SWASV.  The purposed system provides relatively low-cost, rapid, 
selective, and sensitive quantification method for Cd(II), Pb(II), Cu(II) and Hg(II) 
individually and simultaneously.  This method can analyze 18 samples h-1 with high 
precision and small sample consumption over batch analysis system.  Finally, it could 
be shown that applications of real water samples monitoring for heavy metal ion 
detection was achieved. 

 

5.2 Future works 

The SIA-SWASV system used in this research is highly interesting for on-site 
analysis since it is a compact size sensor platform comprising of both a sample 
preconcentration part and three electrode system for electrochemical detection in 
one set.  Moreover, the screen-printed electrode also provided feasibility to fabricate 
in a mass production with relatively low cost and simplicity.  From the advantages 
mentioned above, the electrochemical flow cell should be designed for highly 
sensitive detection of heavy metal ions by SWASV couple with an automated flow-
based system.  Sensitivity and selectivity of the SbF-GO-SPCE is another interesting 
issue.  The further study about intermetallic compound should be done to confirm 
the effect of metallic bond to each other.  Finally, all of the platform should be 
designed to generate as a device for on-site analysis.  For example, combining SIA and 
electrochemical platform to each other and setting in a same place will increase 
portability performance for unskilled user. 
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Table A1 Two-tailed Student t-values 
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