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CHAPTER I 

 

INTRODUCTION 
 

 

1.1 Cost-Effective Instrumentation  

 
 Cost-effectiveness should always be taken into consideration when performing an 

analysis. Apart from analytical characteristics such as accuracy, precision, selectivity and 

sensitivity, the cost of an instrument including the cost of system maintenance should 

also be taken into account when only a limited budget is available. Since the cost of some 

commercial instruments are very expensive. The use of the homemade version of these 

instruments would be an ideal alternative choice, especially for those with economical 

problems. 

 Electrochemical approach is also considered a relatively low-cost instrumentation. 

Electrochemistry is an ideal analytical tool for the determination of analyte both 

qualitatively and quantitatively.  It can be used to study some electrochemical properties 

of an analyte such as conductivity and the rate of the electrochemical reactions. The word 

‘Electroanalysis’ means the use of electrochemistry in an analytical context. Basically, 

the two electroanalytical observables are the potential (also called the voltage) and the 

current (or its integral with respect to time, defined as charge).  

 Another interesting technique is flow injection analysis (FIA), which is first 

introduced by Ruzicka and Hansen in 1975. This technique offered the cost-effectiveness 

along with high efficiency for various routine analysis and automation system. FIA is 

based on the injection of a sample solution into a stream of suitable liquid. The injected 

sample forms a zone, then moves toward a detector that is continuously recording. The 

signal response could be an absorbance, electrode potential, electrical current or other 

physical parameters as it continuously changes due to the passage of the sample through 

the flow cell.  
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 In a typical research group, which has many researchers and students working in 

the same laboratory. The use of individual flow cell would be the best way to prevent a 

cross – contamination problem. Unfortunately, the commercial flow cell available in the 

market is very expensive despite the design is quite simple. Many research groups are 

unable to afford such cost. Making of some cost – effective flow cell would be a logical 

choice for this situation.  

 Flow cell can be used for many purposes. One of the most popular objectives is to 

use the flow cell as a detector especially in flow-based electrochemical technique. This 

detector comprises a flow cell and a couple of electrodes. An analyte flows into this part 

then the electrochemical reaction takes place. The flow cell equipped with some excellent 

performance electrode, e.g. boron-doped diamond thin-film (BDD) electrode, can be used 

as an amperometric detector for a determination of some toxic residues in food additive 

or pharmaceutical industry. 

 Malachite green (MG) is one of the most extremely effective against protozoal 

and fungal infections in the aquaculture industry. It’s also used as a food coloring agent, 

food additive, a medical disinfectant as well as a dye in silk, wool, leather, cotton and 

paper. It has been reported to cause carcinogenesis and respiratory toxicity. Many 

countries concern about the residues of malachite green and its reduced form, which is 

leucomalachite green (LMG). The use of malachite green has been banned in many 

countries and not approved by US Food and Drug Administration. Therefore, many 

methods including electrochemistry techniques have been developed for the detection of 

MG and LMG at low levels. However, an electroanalysis of these compounds at boron-

doped diamond thin-film electrode has never been reported before. The used of flow cell 

equipped with BDD electrode as an amperometric detector for determination of MG and 

LMG is first reported in this research.  

In some particular cases, the flow cell can be used as an interface for some 

hyphenated techniques, such as those seen in an electrochemical – surface plasmon 

resonance (EC-SPR) instrument. A stand-alone SPR instrument is a powerful surface-

sensitive instrument capable to investigate a very thin film that deposit on metal surface. 

An analyte could be an oxide film, spin-coated organic polymer or a very thin film, 

which is produced by self-assembled monolayer (SAM) technique. 
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 A combination of SPR with electrochemical technique offers more information of 

analyte. Both electrochemical and optical signals can be simultaneously observed in real 

time. Many EC-SPR instruments have been developed but mostly based on Kretschmann 

configuration. The investigation of decanethiol-SAM on gold surface using waveguide-

based EC-SPR instrument is reported in this research. 

 

1.2 Objective of the Research 

 
 Due to an expensive cost of the commercial flow cells available in the market. 

This research aims to design and construct the cost – effective flow cells for the 

hydrodynamic system. Moreover, the fabricated flow cell can be applied with some other 

techniques. This dissertation described two main applications: 

(i) Development of an amperometric detector for the determination of 

malachite and leucomalachite green in FIA system using boron-doped 

diamond thin-film electrode. 

(ii) Electrochemical – Surface Plasmon Resonance sensing of thiol containing 

compounds on gold electrode. 

 



CHAPTER II 

 

THEORY 
 

2.1 Electrochemical Method1, 2 
 

2.1.1 Measurement of potential 

Electrochemist usually measures potentials with a voltmeter, or any device 

capable of replicating the behavior of an accurate voltmeter. Normally, the potential is 

measured under equilibrium conditions (the measurement is performed at zero current). 

The high-impedance voltmeter is used in order to minimize the error caused by the 

resistance of the solution (which is called the IR drop). 

 

2.1.2 Measurement of current 

The current can be measured by using an ampmeter, or any device capable of 

acting as an ammeter. In oxidation reaction, electrons are given away by the electroactive 

species: 

                                 R            O + ne-                                                                           (2.1) 

The electron as a product of this equation will be collected by an electrode. The other 

type of redox reaction that can occur is the reverse of oxidation, in which electroactive 

specie receives an electron in a reduction reaction. 

 Redox changes will always accompany current passage because each electron is 

used to perform an electrochemical reaction. The number of electron passed is a direct 

proportion to the amount of analyte. A large number of electrons consumed or given 

imply that a large amount of an analyte has been electrochemically modified during the 

current passage. In summary, the passage of current indicates the changes in composition 

inside an electrochemical cell. Based on the explanation above, the potential measured at 

zero current imply that no compositional changes inside the electrochemical cell. 
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 In the electrochemist point of view, a measurement that accompanies 

compositional changes is dynamic, while a measurement that is performed without 

compositional changes occurring is static or at equilibrium.  

  

2.1.3 Potentiometry  

Techniques that measure the potentials of electrochemical cells are called 

potentiometry. These measurements are performed with a little or no current. 

Potentiometric methods require a working electrode, a reference electrode and a device 

for measuring the potentials. Potentiometry is the most widely used in analytical 

technique because of its simplicity, versatility and low cost. It is used to detect analyte in 

titration, biological fluids, etc. However, the potentiometric methods play a minor role in 

electrochemical detection for HPLC system.  

 

2.1.4 Voltammetry 

Voltammetry is one of the electroanalytical techniques that measures the current 

as a function of potential. Voltammetry is typically comprised of three electrodes: 

working electrode (WE), reference electrode (RE) and counter electrode (CE). The 

potential is applied to the working electrode as a function of time, and then the signal in 

the form of current as a function of potential obtained is called voltammogram. The most 

common waveforms used in voltammetry are shown in Figure 2.1. 

 

 

Figure 2.1 Potential-time waveforms are used in various electroanalytical techniques. 

Waveforms based on (a) square, (b) linear, and (c) triangular potential-time patterns are 

used in square wave, linear sweep, and cyclic voltammetry, respectively.  
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2.1.5 Cyclic voltammetry 

Cyclic voltammetry (CV) is a powerful electroanalytical technique for the study 

of electroactive species. The current at the working electrode is monitored, while the 

potential is applied in a triangular waveform to the electrode. The resulting 

voltammogram can be analyzed for fundamental information regarding the redox 

reaction. The potential at the working electrode is controlled relatively to that of a 

reference electrode. The controlling potential applied across the working electrode and 

the counter electrode is the excitation signal. Then the potential is scanned in reverse, 

causing a negative scan back to the original potential to complete the cycle. Single or 

multiple cycles can be used on the same surface. A cyclic voltammogram is the plot of 

the response current at the working electrode vs. applied excitation potential. When the 

potential is applied, electroactive species will approach the electrode surface. This 

movement, known as mass transport, occurs via three separate mechanisms, namely 

migration, convection and diffusion. Basically, if a solution is quiescent and contains 

supporting electrolyte, then electroactive species will approach the electrode surface by 

diffusion mode only 

 

Figure 2.2 The current-potential (i-E) plot is called a cyclic voltammogram. 
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           The current-potential (i-E) plot is called a cyclic voltammogram (Fig. 2.2). The 

significant parameters in cyclic voltammogram are the cathodic peak potential (Epc), the 

anodic peak potential (Epa), the cathodic peak current (ipc), and anodic peak current (ipa).  

 

2.1.6 Amperometry  

Amperometry is an electrochemical technique in which a constant potential is 

applied at the working electrode. A simple potential-time waveform for amperometry is 

shown in Figure 2.3. At the potential applied, the analytes underwent an oxidation or 

reduction at the electrode. The current responses are directly proportion to the 

concentration of the analyte. The major drawback of amperometry is the lack of 

reproducibility because of some adsorption of detection products and/or impurities on the 

electrode surface. To obtain reproducible results, during analysis the electrode surface 

must often be cleaned by polishing or performing electrochemical process.  
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2.1.7 Hydrodynamic System 

Hydrodynamic voltammetry differs from a normal voltammetry in term of mass 

transport mode. A principal mode of mass transport in the typical voltammetry is 

diffusion. Mass transport by migration is minimized by adding an inert ionic salt to the 

sample solution and convection is totally eliminated by keeping the solution still 

(quiescent). In hydrodynamic system, the principal mode of mass transport is convection. 

Mass transport by migration can be eliminated by the same way as in the typical 

voltammetry. Mass transport by diffusion can never be totally eliminated if there are 

differences in concentration throughout the solution (e.g. as cause by current flow), but 

convection is such an effective form of mass transport when compared with either 

migration or diffusion. In hydrodynamic system, convection can arise from the 

movement of the electrode or flowing the solution past the electrode surface. Convection 

is only effective in order to bring electroactive species to the electrode surface faster 

where the concentration gradient already occurred. In electrochemistry, the concentration 

gradients always occur in the boundary layer close to the electrode surface. When 

convection is present in the system, current densities will be 3-100 times greater than the 

steady state diffusion limit 

 

2.2 Flow Injection Analysis 

 

The concept of flow injection analysis (FIA) was introduced by Ruzicka and 

Hansen in 19753. This technique is based on the injection of a liquid sample into a 

moving stream of a suitable carrier solution. The zone of injected sample is formed in a 

narrow tube and then transported toward a detector. In order to propel the carrier solution 

through a narrow tube, a pump is used as a propelling device. The analyte of interest is 

then detected and the detector response such as absorbance, electrode potential or current 

is recorded as it continuously changes due to the movement of the analyte sample through 

the flow cell. 

 

The schematic diagram in Fig. 2.4 groups the FIA process into three stages to help 

visualize how the FIA performs a method or analysis. 
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                  Figure 2.4 Schematic diagram of a generic description of FIA  

 

The first step is sampling where the sample is injected into the flowing carrier 

steam. This step is generally performed with a sample injection valve. The second stage 

is called sample processing. The purpose of this step is to transform the analyte into a 

species that can be measured by the detector and manipulate its concentration into a range 

that is compatible with the detector, using one or more of the indicated processes. The 

third stage is detection where the analyte, or its derivative, generates a signal, which is 

used for quantitative analysis. As indicated, a large variety of detectors can be used in 

FIA system. 

 

The FIA manifold can be designed in order to obtain the best analytical results. The 

simplest FIA manifold is the single-line FIA manifold. In this case, the sample solution is 

rigorously and precisely transported to the flow cell in undiluted form. The example of 

the single-line FIA manifold is shown in Fig 2.5.  
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                               Figure 2.5 Single-line FIA manifold 

 

The power of FIA as an analytical tool lies in its ability to combine these analytical 

functions in a wide variety of different ways to create a broad range of different 

methodologies, and perform these methodologies rapidly and automatically within a few 

minutes and with low amount of sample. 

 

The thin-layer cell design is commonly used as an amperometric detector for liquid 

chromatography. An electrochemically active substance passes over an electrode held at a 

potential sufficiently great (positive or negative) for an electron transfer (either oxidation 

or reduction) to occur. An amperometric current is produced that is proportional to 

concentration of analyte entering the thin-layer cell. 
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2.3 Flow Cell Configurations4  

  

2.3.1 Channel Electrodes (Thin-layer) 

 Channel electrodes configuration relies on the thin-layer of the solution that flows 

parallel over the planar electrode surface (Fig. 2.6). In theory, the electrode material is 

embedded in the insulator. It is solid and absolutely immobile. Since the electrode surface 

is flush with the surrounding insulator, the incidence of turbulent flow is inhibited. In 

addition, the electrode is polished to prevent turbulence.  

 The relationship between limiting current, flow rate and cell geometry is given by 

this equation: 

                                 Ilim = 0.925nFD2/3 [Vf /h2d]1/3 wX2/3 Canalyte                               (2.2) 

 

Where  

Ilim = limiting current, n = number of electron,  

F = Faraday constant, D = diffusion coefficient,  

Vf = volume flow rate, h = internal height of the channel,  

X = length of the electrode, d = internal width of the channel, 

w = width of the electrode, Canalyte = concentration of analyte 

  

Figure 2.6 Schematic Diagram of Channel Electrode. The arrows indicate the    

            flow direction. 
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2.3.2 Wall-jet Electrodes 

 In the wall-jet configuration (Fig. 2.7), the solution stream from the nozzle flows 

perpendicularly onto the electrode surface (“the wall”) then spreads out radially over the 

surface. Basically, the working electrode used in this configuration is circular (disc 

electrode) and flat. The current response is measured while the fine jet or spray of analyte 

solution is squirted under relatively high pressure towards the center of the working 

electrode. In order to prevent splash back, the nozzle diameter should be narrow (not 

larger than 10% of the working electrode). The distance between the nozzle and the 

electrode surface is critical, i.e. it must not be either too short or too long.  

  The limiting current at the wall jet electrode is given by the following 

equation: 

                              Ilim = 1.59knFD2/3u-5/12 a-1/2 r3/4 Vf 3/4 Canalyte                    (2.3) 

where 

Ilim = limiting current, n = number of electron, 

F = Faraday constant, D = diffusion coefficient, 

Vf = volume flow rate, k = a combination of constant, 

u= kinematic viscosity of solution, a = diameter of the jet, 

r = radius of the electrode, Canalyte = concentration of analyte 

 

Figure 2.7 Schematic Diagram of wall-jetl Electrode. The arrows indicate the    

            flow direction. 

 



 13

2.4 Surface Plasmon Resonance5, 6 

  

 2.4.1 Evanescent Wave 

 When total internal reflection occurs at the interface, there is interference between 

the incident and reflected rays of light. This results in a standing wave as shown in  

Fig. 2.8. There would be one of these standing waves at each point of internal reflection. 

These sanding waves are associated with a very important quality that is basis for many 

sensing applications. Vector analysis of the waves at the points of reflection show that an 

intensity component extends beyond the edge boundary. This extension of light intensity 

is referred to as the evanescent wave. 

 

Figure 2.8 Schematic Diagram of evanescent wave. The energy field extends  

            beyond the point of internal reflection 

 

 2.4.2 Surface Plasmons 

 Metals have often been described as seas of electrons. That concept is useful 

when describing surface plasmons. One can envision a surface wave created by an 

oscillating electrical charge on the surface of the metal. This oscillating charge density is 

called plasmon. The surface plasmons can be excited by light or by electron beams. The 

most useful are plasmons excited by evanescent waves.  

The usual Kretschmann configuration is shown in Fig. 2.9. Light undergoes total 

internal reflection so that the evanescent wave interacts with thin metal film on the 

surface of the prism. Silver and gold have the highest optical constant for this purpose. 

The incidence angle of coherent, TM polarized light is varied. At some particular angle 
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the electric vector of the incident light induces a resonance with the surface plasmons. 

This is known as surface plasmon resonance. 

 

   

Figure 2.9 Schematic diagram of the Kretschmann configuration: n1, n2 and n3   

            are the reflective indices of glass prism, metal layer and sample layer, respectively 

  

If a thin film of differing dielectric is immobilized on the opposite metal surface, 

the evanescent wave of the surface plasmon couple to that layer. Chemical changes in 

that film then modulate the reflected light from the prism. The reflected light is 

monitored and the resonance condition is indicated by decreasing intensity of the 

reflected light as a function of incident angle (Fig. 2.10). The angle at which the 

minimum occurs is referred to as SPR angle. For example, a resonance valley would 

occur at one angle of incident for the bare gold surface, whereas the SPR angle would 

shift when an organic film adsorbed on the gold. 
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Figure 2.10 The shift resulting from the effect of the layer on the signal.  

The reflected light is monitored and the resonance condition is indicated  

by decreasing intensity of the reflected light as a function of incident angle. 

 

 

 

2.4.3 Waveguide-Based Configuration 

 There are many designs of instrument in the general area of SPR, but the principle 

of total internal reflection still applies for many of these configurations since the 

involvement of the evanescent wave. One of those configurations based on an optical 

waveguide (as shown in Fig. 2.11). The measurement is operated at a fixed angle. The 

chemical changed on the top of the gold surface will cause the change in the reflected 

intensity. This waveguide-based configuration can be applied with other techniques 

especially the electrochemistry as described in this research. The evaporated gold film on 

the waveguide itself can be used as working electrode.  
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Figure 2.11 Schematic diagram of the waveguide-based configuration: n1, n2, n3  

            and n4 are the reflective indices of glass substrate, optical channel, metal layer and  

sample layer, respectively. 
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2.5 Self-Assembled Monolayer (SAM): Reviews 

  

Self-assembled monolayer (SAM) technique provides a powerful tool to generate 

monomolecular films of organics or biological molecules on a variety of substrates. The 

formation of such monolayer systems is extremely versatile and can provide a method for 

the development of bio-surfaces, which are able to mimic naturally occurring molecular 

recognition processes. SAMs also provide a reliable control of the packing density at a 

substrate surface. 

 

 

Figure 2.12  Schematic Diagram of Self-Assembled Monolayer on Gold Surface. 

 

 SAMs can be prepared using different types of molecules and different 

substrates. Most of the works in analytical applications have concentrated on SAMs of 

functionalized alkanethiols on gold surfaces (Fig. 2.12). The principle is simple. A 

molecule, which is essentially a normal alkane chain, typically with 10-20 methylene 

units, is given a head group with a strong preferential adsorption to the substrate used. 

Thiol (S-H) head groups and gold substrates have been shown to work excellently. The 

thiol molecules adsorbed from diluted solution onto the gold, create a dense monolayer 

with the tail group pointing outwards from the surface. By using thiol molecules with 
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different tail groups, the resulting chemical surface properties can be varied within wide 

range.  

The adsorption and organization of molecular SAMs on substrate surfaces has 

been the subject of extensive research. This technique plays an important role in many 

fields of chemistry, especially in analytical applications7. SAMs technology also provides 

a powerful tool to generate monomolecular films of biological molecules on a variety of 

substrates8, 9. The formation of such monolayer systems is extremely versatile and can 

provide a method for the development of biosurfaces or biosensor, which are able to 

mimic naturally occurring molecular recognition processes. Redox enzymes assembled in 

a monolayer on a solid surface by a potential-assisted self-assembly method as well as a 

thiol-gold self-assembly method have been reported. These enzymes communicate 

electronically with the solid substrate through a molecular interface conducting polymer 

and a covalently bound mediator10. Covalently immobilized of phospholipids and 

enzymes, such as cytochrome c, cytochrome c oxidase and horseradish peroxidase 

(HRP), to SAMs of 3-mercaptopropionic acid on gold electrode has also been reported11. 

The covalent immobilization of enzymes with alkanethiols has the very attractive feature 

of providing generic immobilization technologies12. A variety of surface based detection 

principles have been employed for biochips13. 

Molecular interactions occurring at biomolecular monolayer surfaces can be 

studied using a wide range of analytical techniques such as: surface plasmon resonance 

(SPR)14-18, atomic force microscopy19, quartz crystals microbalance (QCM)20, 

temperature programmed desorption (TPD)21, electrochemical techniques, e.g. cyclic 

voltammetry (CV) and amperometry22, 23. Electrochemical characteristic of SAMs on 

gold have been widely studied during the past 15 years. Most of the works has been 

focused on alkanethiol SAMs. Monolayer transient total capacitance as well as 

differential capacitance changed during the CV scans in the present of redox probes were 

studied simultaneously. The transient capacitive currents of dynamic processes of redox 

reaction were related to the electrochemical behavior of a monolayer24. Critical thermal 

variation of displacement of hexadecanethiols has also been investigated by a 

measurement of a capacitance changed under cyclic scanning variations of temperature25.    

             The structure and growth of two classes of self-assembled monolayers (SAMs) 
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on gold derived from the adsorption of the functionalized thiol hexyl azobenzenethiol 

(12-(4-(4-hexylphenylazo) phenoxy) dodecane-1-thiol) and the partially fluorinated 

alkanethiols CF3(CF2)9(CH2)11SH and CF3(CF2)7(CH2)6SH were examined. The structural 

properties of the SAMs were strongly influenced by the interactions between the 

functional groups comprising the tails of the molecules26. Competing interaction of 

different thiol species on gold surfaces show very interesting properties. The possibilities 

of creating mixed thiol films, consisting of aliphatic hexadecanethiol and the aromatic 2-

mercapto-benzothiazol (MBT) have been investigated. The interaction of both species 

after successive adsorption on gold was investigated using XPS27.   

Structural disorder of octadecyl mercaptan SAM has been investigated by cyclic 

voltammetry and electrochemical impedance spectroscopy (EIS). CV experiments show 

that well-assembled thiol monolayers on gold are essentially free of pinhole defects28. 

Monolayers and bilayers self-assembled on metal electrodes have also been reported. 

Three types of aliphatic thiols, n-dodecanethiol, n-hexadecanethiol and  

n-octadecanethiol, were tested as the sub-layer for the adjacent phospholipids layer29. 

Electron transfer kinetics across a self assembled dodecanethiol monolayer between 

[Fe(CN)6]3-/4- and a gold electrode has been investigated using electrochemical impedance 

spectroscopy (EIS) at various negative dc potentials relative to the formal potential of the 

[Fe(CN)6]3-/4- couple30.  

Many electrochemical studies of aromatic containing monolayer or other 

molecules such as 4-mercaptobiphenyl31, aminothiophenol32, 6-mercaptopurine33, N-

benzyl-1,4-dihydronicotinamide34, alkylthiolates35, carotenoid36 and porphyrin37 have 

also been reported. A self-assembled monolayer (SAM) on gold prepared from a binary 

mixture of a thiol analogue of thiocholesterol and a functionalized 11-

mercaptoundecanoic acid has been investigated by voltammetry38. 

 

2.6 EC-SPR Instrument: Reviews 

 

The growing need for fast and sensitive sensors for the detection of biological 

molecules has led to a great deal of research in this field, resulting in a wide range of 

sensor designs. A common technique to be employed is surface plasmon resonance (SPR) 
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where a change in refractive index due to coupling of light to a surface plasmon mode 

formed at the metal/dielectric interface is measured39. The technique is extremely 

sensitive to changes in refractive index close to the sensor surface and has been exploited 

both commercially and in research for biosensor applications40, 41. In addition, 

electrochemistry is commonly employed as a transduction mechanism in biosensors42. 

Devices combining both SPR and electrochemistry were first demonstrated in the late 

1970s43, 44. This has predominantly been achieved using the prism or Kretschmann 

configuration where a gold film acts as both the sensing region for SPR measurements as 

well as the electrode for electrochemical investigations43-47. For example Chao et al. used 

SPR and ellipsometry to study the electrochemistry of gold in sulfuric acid44. At that time 

Kötz et al43. used the Kretschmann configuration to investigate the effects of the 

electrode potential in the double layer region on the surface plasmon resonance frequency 

for gold and silver electrodes in perchlorate solution. More recently Iwasaki et al. have 

used the Kretschmann configuration to study (111) oriented gold films and electrode 

reactions at gold surfaces45, 46. The Kretschmann configuration is limited to the study of 

thin evaporated metal films and to overcome this Tadjeddine et al. have used the Otto 

configuration which allows single crystal metal surfaces to be used, although this 

techniques introduced other experimental difficulties48, 49. Both these systems are bulky 

and not well suited to multi-sensor operation. A number of studies have recently 

demonstrated the power of combining electrochemistry with planar waveguide structures 

– mostly using planar waveguides coated with a conducting tin oxide film50, 51. In contrast 

very few papers have described the use of integrated optical channel waveguide 

structures17, 18, 52 where standard photolithography and ion-exchange are used to define 

the waveguides, despite the advantages of allowing more complex designs containing, for 

instance, reference channels, as well as allowing many devices on a single chip for multi-

sensor operation. An additional advantage is the reduced size of the sensor and required 

sample volume.  Abanulo et al. have recently demonstrated a combined waveguide SPR 

electrochemical device to study the electrochemical oxidation of a gold electrode 

surface18.  Such a device has the potential to be used as a platform upon which to 

construct a variety of biological sensors. As a key first step in constructing such sensors it 

is necessary to derivatize the gold surface. This is commonly achieved by forming a self-



 21

assembled monolayer of an alkanethiol, which can then be used to attach a variety of 

other molecules to the surface including enzymes and lipid monolayers. As a first step 

towards the fabrication of such sensors we have investigated monolayers of decanethiol 

self-assembled on the waveguide structure and their subsequent oxidative desorption53. 

Desorption of thiol has been studied extensively, with most work focusing on reductive 

desorption. Oxidative desorption has been studied in less detail and the exact mechanism 

for desorption process is not yet fully understood53-56. 

 

2.7 Malachite Green and Leucomalachite Green: Reviews 

 

 Malachite green (MG), a triphenylmethane dye (C23H26N2O), is used as a 

fungicide, ectoparasiticide and antiseptic in the aquaculture industry. It is extremely 

effective against protozoal and fungal infections. Moreover, malachite green is also used 

as a food coloring agent, food additive, a medical disinfectant and anthelminthic as well 

as a dye in silk, wool, leather, cotton and paper. Now many countries concern about the 

residues of MG and its reduced form, leucomalachite green (LMG), because of toxicity 

of these dyes. It has been reported to cause carcinogenesis, mutagenesis, chromosomal 

fractures, tetragenecity and respiratory toxicity. The use of malachite green has been 

banned in various countries and not approved by US Food and Drug Administration57. 

Therefore, a number of methods have been developed for the detection of MG and LMG 

at low levels. The structures of MG and LMG are shown in Fig. 2.13. 

 Several methods have been described for the determination of MG and LMG in a 

variety of matrices, including liquid chromatography58-62, gas chromatography63, 

capillary electrophoresis64, visible spectrometry65, and spectrofluorometry66. HPLC is 

commonly used to detect MG and LMG with different detection techniques, such as 

visible67, 68, fluorescence69, mass spectrometry70-73, and electrochemical detection. Most 

of these methods use post-column oxidation of LMG to MG with lead (IV) oxide 

(PbO2)74-77, or electrochemical cell are normally required78. These techniques need 

expensive apparatus and reagents as well as time-consuming. A sensitive, rapid and 

cheap method for analysis is still needed.  
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 Electrochemical methods are widely used in many applications because they are 

simple, fast and economical. The electrochemical detection of MG has been reported 

using carbon fiber microelectrode79 and Pt electrode as the working electrode. However, 

the sensitivity and reproducibility of these electrodes were poor because the electrode 

surface was contaminated by the fouling products and impurities. Boron-doped diamond 

thin film electrodes can be used to eliminate these problems. The unique properties of 

BDD electrodes are more attractive, including wide electrochemical potential window, 

very low background current and long-term stability of the responses80, 81. BDD 

electrodes have been successfully used for the detection of various analytes such as, 

captopril82, acetaminophen83, tiopronin84, lincomycin85, etc. There has been no report on 

using BDD electrodes for the detection of MG and LMG. 

 

b)

a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                           Figure 2.13 Chemical structures of (a) MG and (b) LMG  

 



CHAPTER III 

 

ELECTROCHEMICAL DETECTION 

 OF MG AND LMG 

  

  This chapter describes the design, fabrication and characterization of the flow 

cells. Three different configurations of the flow cell, wall-jet electrode, channel electrode 

and hybrid electrode, were designed and fabricated. Following the fabrication procedure, 

hydrodynamic experiments were carried out to examine the mass-transport behavior of 

each configuration. The experiment involved measuring the electrochemical response at  

a various flow rate. An electrochemical oxidation of malachite green and leucomalachite 

green at boron-doped diamond thin-film (BDD) electrode was studied by cyclic 

voltammetry. The fabricated flow cell equipped with BDD electrode was also used as 

amperometric detector in the flow injection analysis (FIA) and HPLC system. 

  

3.1 Designs and Fabrications of the Flow Cells 

 The cell designs must fulfill the requirements of high signal-to-noise ratio, low 

dead volume, well-define hydrodynamics, small ohmic drop, and ease of fabrication and 

maintenance. In this research, all flow cell configurations were designed in almost the 

same geometry (e.g. electrodes position, dimension of the cell body) for ease of 

comparison. Except for some points, such as the inlet/outlet positions and a shape of 

gasket, which depend on a theory of each type. All electrodes and accessories can be 

interchanged between each configuration.  

  

3.1.1 Position of the Electrodes 

Because three-electrodes system is used in every configuration, it is important to 

properly assign the position for each electrode. As the current passed through the working 

electrode, then the current of the same magnitude (with an opposite sign) must pass 

through the counter electrode. Consequently, the counter electrode will be surrounded by 

the products of electrolysis. These products are not allowed to pass over the working 
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electrode since they might interfere with the current response. In order to ensure this 

criterion, the counter electrode was placed downstream. 

 Since the current is not allowed to flow through the reference electrode, it would 

not yield any products to contaminate the working electrode. By this reason, the reference 

electrode seems to be placed either upstream or downstream. But in fact, placing the 

reference electrode up stream can cause some problems. A breeding of an internal 

solution from the reference electrode itself can interfere with an analysis in some 

particular cases. In addition, if the connector between the reference electrode and the cell 

body has some void volumes, the analyte will be trapped inside and the tailing signal will 

be obtained. Moreover, if there is a leakage problem at this connector, some amount of 

analyte will dribble out of the chamber and cause a dilution effect. To prevent these kinds 

of problem, the reference was also placed downstream. All three electrodes were placed 

as close as possible in order to minimize the ohmic drop.  

  

3.1.2 Materials 

Flow cell can be fabricated from several kinds of material. Glass would be a very 

first choice, especially for the electrochemical applications, due to its relatively high-

chemical resistance. However, the fabrication of glass flow cell needs a proficient 

technician and a glassblower shop. Using of the polymer instead of glass would be an 

alternative choice. With a present technology, several kinds of polymer were produced 

for a various purpose. These polymers come along with the various chemical properties 

as well.  Plexiglas, (Polymethylmethacrylate: PMMA), has a moderate chemical 

resistance but compatible with an aqueous system in the wide range of pH.  This material 

is transparent, quite rigid and very easy to shape up by hand machining. Moreover, 

Plexiglas is not very expensive and can be purchased from a local hardware store. 

 In some applications such as non-aqueous electrochemistry or high performance 

liquid chromatography (HPLC), the flow cell body must be made from a higher chemical 

resistance material to avoid a swelling problem from organic solvent or mobile phase. 

Teflon (Polytetrafluoroethylene: PTFE) or Kel-F (Polychlorotrifluoroethylene: PCTFE) 

would be an ideal material in this regard. 
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 3.1.3 Internal Chamber 

     Since a gold disc electrode (∅ 3 mm with 10 mm Teflon body, Metrohm) was 

used to characterize the mass transport behavior, the chamber inside the flow cell was 

designed to be smaller than the size of the electrode body. This helps to minimize the 

possibilities of turbulence flows over the edge of the electrode. A silicone rubber and 

Teflon gasket used in this research were cut precisely. The opening area of the gasket 

must fit perfectly to the inlet and outlet. This helps to minimize the dead volume inside 

the chamber. 

 

 3.1.4 Tubing and Fitting 

 Each fabricated flow cell was equipped with Teflon tubing (1/16″ OD, 0.75 mm 

ID). When the flow cell is used as a detector in FIA or HPLC system, a transfer line 

(PEEK microbore tubing, 1/16″ OD, 0.05 mm ID, 8 cm in length) will be added in order 

to control the dispersion of sample prior to entering the flow cell. This part was added 

between the sample injection port and the cell body when used in FIA system. In case of 

HPLC, the transfer line was added between a separation column and the flow cell. All 

flow cell configurations were designed to adopt the same fitting size (1/4″ – 28 UNF 

thread, flat bottom type, high pressure), which is one of standard LC adaptors.  

 

3.2 Wall-jet Electrodes Configuration 

 The fabricated wall-jet electrodes configuration is shown in Fig.3.1-3.4. The flow 

cell was built by two Plexiglas blocks pressing a silicone rubber gasket (1mm in 

thickness) in the middle (see Fig.3.5 for details). The nozzle was placed at the center of 

the flow cell body perpendicularly to the working electrode (centrosymmetric design). 

The solution was sprayed directly onto the center of the electrode surface then spread out 

radially through the twin outlet cavities. The Ag/AgCl reference electrode and the 

counter electrode (made from stainless tube) were connected to one of these outlets. Both 

electrodes were placed as close as possible to each other in order to minimize the IR 

drop. Another outlet was directly connected to waste reservoir.   
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Figure 3.1 The wall-jet flow cell (full assembled). 

 
 

 

Figure 3.2 The wall-jet flow cell (exploded parts). 
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Figure 3.3 The flow cell body. The nozzle was assign to be  

            

 

 

  Figure 3.4 The working electrode (3mm gold disc)  

              on the opposite side. 

 

placed at the center. 
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Figure 3.5  (B) The gasket  

was placed on top of an electrode holder with the gold electrode in the middle.  

 

 

.3 Channel Electrodes Configuration 

in the same manner as described in wall-jet 

onfiguration. This configuration has one inlet and one outlet as shown in Fig. 3.6 - Fig. 

 

 
 
 
 
 

 (A) Shape  a gasket used in the wall-  electrode.

A B

 
 
 
 
 
 
 
 
 
 
 
 

 of jet

An opening area in the middle of the gasket must be smaller than the electrode 

body. The arrows in the center represent the directions of the sample stream after 

impacting the electrode surface. 

 
 
3

 
 The flow cell was constructed 

c

3.8. The Ag/AgCl reference electrode and the counter electrode were connected to the 

outlet. Solution from inlet flowed parallel to the surface of working electrode, then 

passed through the outlet (see Fig. 3.9 for details on the gasket).  
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  Figure 3.6 The channel electrode has one inlet (brown tube) and 

           

 

 

          

 

   one outlet (stainless tube).   

Figure 3.7 The channel electrode (back view).  
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Figure 3.8 The channel electrode. The electrode holder (left) and  

     

 

 

Figure 3.9 (A) Shape of a gasket used in channel electrode. (B) The gasket  

     e.  

 

 

             the cell body (right) 

A B

 

 

 

 

 

 

 

 

 

 was placed on top of an electrode holder with the gold electrode in the middl

     An arrow in the center represents direction of the sample stream. 
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3.4 Hybrid Electrodes Configuration 

Another approach combined the features of both channel electrode and the wall-

jet con

           

 

 

figuration, known as Unijet flow cell, which was first introduced and developed 

by Bioanalytical System, Inc. This type uses a centrosymmetric design within a thin 

layer. The flow radiates from the center of the electrode to its edges. The diffusion layer 

is constricted within a very thin, cylindrical volume. In this research, some modifications 

were added into the original configuration and the fabricated flow cell was simply called 

hybrid electrode. The flow cell body based on wall-jet configuration. The distance 

between the nozzle and the electrode surface was adjusted by changing the gasket 

thickness. The silicone gasket in wall-jet configuration (1 mm in thickness) was replaced 

with a thin Teflon gasket (0.2 mm in thickness). Unfortunately, there is no mathematical 

equation to explain the hydrodynamic behavior of this configuration. A comparison 

diagram of all configurations was depicted in Fig. 3.10. 

Figure 3.10 A comparison between wall-jet, channel and hybrid electrode. 

 The arrows in the diagram represent the directions of the sample stream.  
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3.5 Characterization of the Flow Cells 

The mass transport behavior of the flow cell was characterized using a well-

                                  Ilim = kCanalyte Vf 
y                                                                   (3.1) 

here Ilim is limiting current (mA), Vf is the rate of solution flow (express as a volume per 

 

Figure 3.11 A schematic diagram of a flow system. 

 

 

known equation. 

                             

 

w

unit of time, normally in cm3/s) and y is an exponent, which depends on the cell design. 

The solution of 0.1 M K4Fe(CN)6  in 0.1 M KCl was pumped into the flow cell 

continuously without injection port and the limiting current was recorded at a different 

flow rate. Plots of log Ilim as ‘y’ against log Vf as ‘x’ should be linear with a gradient of 

0.33 for channel electrode and 0.75 for wall-jet electrode, respectively. A schematic 

diagram of a flow system used in this experiment was shown in Fig. 3.11. 
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   Figure 3.12 Voltammetric oxidation of 1 mM K4Fe(CN)6 in 0.1 M KCl   

                       at gold electrode in quiescent and flow system. Both recoded at 15 mV/s  

                      (vs. Ag/AgCl). For clarity, only forward scan is shown. 

 

 

   Figure 3.13 A plot of log Vf against log I with gradient of 0.7253  

                       (wall-jet electrode). 
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  Figure 3.14 A plot of log Vf against log I with gradient of 0.31005        

 

  Figure 3.15 A plot of log Vf against log I with gradient of 0.32379  

 

                       (channel electrode). 

 

 

                       (hybrid electrode)  
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 In the hydrodynamic system, a higher signal can be obtained because analyte 

 no hydrodynamic equation was found from textbooks or 

ore 

approach the electrode faster due to the convective force of the flowing stream. Fig. 3.12 

shows the hydrodynamic voltammograms of 1 mM K4Fe(CN)6 obtained from both 

systems. This result is consistent with a literature report86. From equation 1, the higher of 

an exponent value means the higher mass-transport rate of analyte over the electrode 

surface. The exponent values obtained from wall-jet and channel electrode (as shown in 

Fig. 3.13 and Fig. 3.14) are 0.73 and 0.31, respectively. These values are slightly 

different from the expected value (0.75 and 0.33) and these also indicate that both flow 

cells are working properly. 

 In hybrid electrode,

literatures. But the exponent value can be roughly estimated by comparison with both 

wall-jet and channel electrode. Even the cell design of hybrid is based on wall-jet 

electrode, but the mass-transport over the electrode surface occurred within a thin layer 

(laminar flow). Hence, the exponent value should be very close to channel electrode, 

which is 0.33. The exponent value obtained from hybrid electrode is 0.32 (Fig. 3.15).  

  In term of a construction, making of wall-jet and hybrid flow cells are m

difficult than making of channel electrode. Because both wall-jet and hybrid electrode 

use centrosymmetric design, it is quite difficult to make the nozzle aligned at the center 

of the electrode. Hence, the applications in this research are focused on channel electrode 

configuration. The details of each configuration were summarized in Table 3.1. 
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Table 3.1 A summary details of each configuration. 

Configuration 

Wall-jet electrode Channel Electrode Hybrid Electrode 

Design                Centrosymmetric Thin-layer  

(

Centrosymmetric 

Electrode Disc Non 

(could be disc or any 

asket  Silicone Rubber, 

(1mm in thickness) (0.2mm in thickness) 

Teflon, 

Circle Cut 

(0.2mm in thickness) 

Hydrodynamic 

(exponent = 0.73) (exponent = 0.31) (exponent = 0.32) 

ion 

D  

concentric position of 

*The exponent values were obtained from the plots using equation 1 (triplicate runs).  

 

 

 

 

cross flow) 

specific 

within a thin-layer 

Disc 

geometry 

 flat electrode) 

Teflon,  G

Circle Cut Slot Cut 

Laminar 

condition* 

Ease of  

Turbulent Laminar 

construct

ifficult to align the

nozzle tip to a 

the electrode 

 

Easy Same as wall-jet 

electrode 
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3.6 Electrochemistry of MG and LMG in Batch Experiment 

 

3.6.1 Instrument, Reagents and Chemicals 

 All reagents were analytical grade and all solutions were prepared by using 

deionized water. Malachite green oxalate and leucomalachite green were obtained from 

Sigma Chemical (USA). Sodium dihydrogen orthophosphate (BDH), sodium hydroxide 

(Merck) and phosphoric acid 85% (Merck) were used to prepare the buffer solution. 

Phosphate buffer solution with pH ranges from 2.0 to 8.0, were prepared from 0.1 M 

sodium dihydrogen orthophosphate and adjusted to the desired pH using phosphoric acid 

and sodium hydroxide. The MG and LMG were prepared by dissolving an appreciate 

amount of MG and LMG in the buffer solution. The solutions were prepared daily. 

The BDD electrodes were used as received without any further modifications. 

A glassy carbon (GC) electrode was purchased from Bioanalytical System, Inc. (area 

0.07 cm2). GC electrodes was pretreated by sequential polishing with 1 and 0.05 µm of 

alumina/water slurries on felt pads, followed by rinsing with ultrapure water prior to use. 

Electrochemical experiments were conducted in a single compartment three - 

electrode glass cell. The BDD electrode was pressed against a smooth ground joint at the 

bottom of the cell, isolated by an O-ring (area 0.07 cm2).  Electrical contact was made by 

placing the backside of the Si substrate onto a brass holder. The GC carbon was used as 

working electrode for the comparison. The Ag/AgCl with salt bridge and Pt wire were 

used as reference electrode and counter electrode, respectively. The voltammetric 

measurement was performed with the three-electrodes system using Autolab Potentiostat 

100 (Eco-Chemie, The Netherlands).  All experiments were performed at room 

temperature. In order to reduce the electronic noise, a copper faradaic – cage was used 

through out the whole research.  
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 3.6.2 Cyclic Voltammetric Investigation 

       Fig. 3.16 shows typical cyclic voltammogram for 1 mM of malachite with the 

corresponding background current of 0.1 M phosphate buffer (pH 2) at 50 mV/s. BDD 

electrode exhibited well-defined and higher current response than GC electrode (both 

BDD and GC electrodes have the same electrode area). In addition, the background 

current of GC electrode was much higher. Malachite green gave a higher current response 

than leucomalachite green regardless of BDD or GC electrodes were used (as shown in 

Fig. 3.17).  

 

Figure 3.16  Cyclic voltammogram of 1 mM malachite green in buffer (pH 2) at   

            BDD electrode (solid line) and glassy carbon electrode (dash line). The scan rate  

            was 50 mV/s.  
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              Figure 3.17  Cyclic voltammogram of 1 mM malachite and leucomalachite   

              green in buffer (pH 2) at BDD electrode. The scan rate was 50 mV/s.  

 

  From the literature, the electrochemical mechanisms of both compounds have 

not been investigated.   However, it has been reported that MG can be oxidized by azide 

radical which is a well-known one-electron oxidant.  This oxidation reaction generates 

MG radical easily due to the strong resonance electron-donating effect of the 

dimethylamino groups.  Therefore, we believe that the electrooxidation process would 

occur via MG/LMG radical at N atom containing lone pair electron (the easiest losing 

electron position).   

Two anodic peaks obtained for MG at GC electrode could be resulted from an 

electrochemical 'ECE' reaction (electron transfer followed by a chemical reaction, which 

in turn produces a new electroactive species).  In case of BDD electrode, the second peak 

of MG should be observed if the potential was swept further to an anodic direction. 
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According to the property of BDD electrode, the potential should be stopped before 

exceeding 1.2 V to avoid the oxide formation on the surface. The slightly shifted of the 

oxidation peak on BDD electrode would be affected from the slower kinetic.   

The reduction peak of MG was found at 0.35 V in the reversed scan and the 

potential difference between Eox and Ered much larger than 59 mV/n (in this case n = 1) 

indicated that this electrooxidation was a quasi-reversible process.   

For LMG, no reduction peak was observed on the reversed scan, and only one 

anodic peak was obtained.  This evidence made clear that the oxidation of LMG was 

irreversible and could be an electrochemical 'EC' reaction (electron transfer followed by a 

chemical reaction).  The difference in electrochemical response between MG and LMG 

can be affected from the structures of both compounds. LMG is neutral, whereas MG is 

positive charge molecule. 

 

3.6.3 Effect of pH 

 The effect of pH was investigated from pH 2 – pH 8 for malachite green (Fig. 

3.18).  It was found that the higher the buffer pH is, the less the oxidation peak will be.   

It was reported that malachite green has two forms depending on pH. The initial strong 

green color of MG is obtained at low pH (acidic), while in alkaline aqueous solution; it is 

converted to a colourless carbinol form.   From this study, MG provided the highest 

oxidation peak at pH 2 at BDD electrode and the lowest response at the pH 8.  It could be 

explained that the higher the pH, the less MG due to the conversion of MG form to 

carbinol form.     

It also has been found that pH effect the solubility of both MG and LMG.  

Because MG has less polarity than water, H+ in acidic solution would protonate on N 

atom and increase the polarity of the molecule. Therefore, decreasing the buffer pH 

would help the compound to dissolve in water. LMG also has the solubility problem as it 

cannot be dissolved in buffer between pH 3 to pH 8.  Only in the buffer pH 2, LMG 

dissolved and provided the oxidation peak. Therefore, buffer pH 2 was chosen to prepare 

both of MG and LMG in all experiments.  
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                 Figure 3.18 A pH dependent study of malachite green. The highest oxidation  

                 peak was observed at pH 2 

 

3.6.4 Scan Rate Dependence Study 

  Fig. 3.19 and Fig. 3.20 show the cyclic voltammetric response of 1 mM 

malachite and leucomalachite green at BDD electrode in 0.1 M phosphate buffer pH 2 

with variation of the scan rate from 0.01 to 0.3 V/s. A plot of oxidation current versus the 

square root of the scan rate, ν1/2, is highly linear (r > 0.99) for both compounds as shown 

in the inset of the figures. The results indicate that the electrochemical reaction is a 

diffusion-controlled process. 
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  Figure 3.19 A scan rate dependence study of 1 mM malachite at BDD  

                 electrode in 0.1 M phosphate buffer pH 2 
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            Figure 3.20 A scan rate dependence study of 1 mM leucomalachite at BDD  

            electrode in 0.1 M phosphate buffer pH 2 
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3.7 Flow Injection Analysis with Amperometric Detection 

 

3.7.1 Instrument, Reagents and Chemicals 

The flow injection system consisted of a thin-layer flow cell (Bioanalytical 

System, Inc) and a homemade flow cell (channel electrode configuration), a 20 µL 

stainless steel loop of injection port (Rheodyne 7725), a peristaltic pump, and 

electrochemical detection (Autolab potentiastat 100). The carrier solution, 0.1 M sodium 

dihydrogen orthophosphate, was regulated at a flow rate of 1 ml / min. The thin-layer 

flow cell consisted of silicone rubber gasket as a spacer, a BDD electrode as the working 

electrode, Ag/AgCl electrode as the reference electrode and a stainless steel tube as a 

counter electrode (also function as an outlet of the flow cell).  A schematic diagram of 

flow injection analysis system and the flow cells used in this experiment were shown in 

Fig. 3.21 and Fig. 3.22, respectively. 

 

          Figure 3.21 A schematic diagram of flow injection analysis system  

                      with amperometric detector 
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Figure 3.22 The flow cell used in this experiment: BAS flow cell (left) and  

     homemade channel electrode (right). 

 

 

3.7.2 Amperometric Determination of MG and LMG in FIA System 

In order to obtain the optimal potential for amperometric detection in a flow 

injection analysis, the hydrodynamic behavior of malachite and leucomalachite green 

were studied. Fig. 3.23 and Fig. 3.24 shows a hydrodynamic voltammetric I-E curve 

obtained at the BDD electrode for 20 µL injection of 0.05 mM of malachite and 

leucomalachite green in 0.1 M phosphate buffer (pH 2), respectively. Each point 

represents the average value of a triplicate injection. The background current at each 

potential is also shown for comparison. In case of the commercial flow cell, the S/B ratio 

at each point was calculated to obtain the optimum potential. The hydrodynamic 

voltammetric S/B ratios versus potential curve are shown in the bottom of each figure. 

The results show the maximum ratio at 8.5 V for both malachite and leucomalachite 

green. 
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Figure 3.23 Hydrodynamic voltammetric I-E curve obtained at the BDD  

            electrode for 20 µL injection of 0.05 mM of malachite green in 0.1 M phosphate   

            buffer pH 2 (above). Hydrodynamic voltammetric S/B ratios versus potential  

            curve (bottom). The signals were obtained from the commercial flow cell. 

 



 47

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.24 Hydrodynamic voltammetric I-E curve obtained at the BDD electrode for 

20 µL injection of 0.05 mM of leucomalachite green in 0.1 M phosphate buffer pH 2 

(above). Hydrodynamic voltammetric S/B ratios versus potential curve (bottom). The 

signals were obtained from the commercial flow cell. 
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In case of the homemade flow cell, the hydrodynamic voltammogram of both 

malachite and leucomalachite green exhibited a sigmoidal curve (as shown in Fig. 3.25). 

Therefore, the optimal potential was simply chosen from the hydrodynamic 

voltammogram at the point that gave the steady-stead current, which is 1.1 V for both 

compounds.  The results are shown in Table 3.2. The difference in term of the 

hydrodynamic behavior and the optimal potential between both flow cells could be 

affected from the cell geometry (the position of WE, RE and CE). 

 

Figure 3.25 Hydrodynamic voltammetric I-E curve obtained at the BDD electrode for 20 

µL injection of 0.05 mM of malachite green and leucomalachite green in 0.1 M 

phosphate buffer pH 2 . The signals were obtained from the homemade flow cell. 
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At the chosen operating potential, a series of repetitive 20 µL of each compound 

were in

 

 

igure 3.26 Signals of malachite green (above) and leucomalachite green (bottom) 

 

jected. The current signal increased with the increasing of concentration. For the 

commercial flow cell, BDD electrode provides a linear concentration range of 0.1 – 100 

µM and 0.8 – 80 µM for malachite green and leucomalachite green, respectively. In case 

of the homemade flow cell, the linear concentration range for leucomalachite green was 

smaller.  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F

at the various concentrations. The data were obtained from commercial flow cell. 
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Figure 3.27 A relationship between the current response and the concentrations of 

malachite green using a commercial flow cell. A linear range is shown in the inset 
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Figure 3.28 A relationship between the current response and the concentrations of 

leucomalachite green using a commercial flow cell. A linear range is shown in the 

inset 
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Figure 3.29 A relationship between the current response and the concentrations of 

malachite green using a homemade flow cell. A linear range is shown in the inset. 
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 Figure 3.30 A relationship between the current response and the  

            concentrations of leucomalachite green using a homemade flow cell.  

            A linear range is shown in the inset. 
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The reproducibility of the response was also investigated. Fig. 3.31 shows the 

urrents response to 0.2 mM malachite green by using the homemade flow cell (flow rate 

1 mL/m

igure 3.31 Flow injection signals of 0.2 mM malachite green in 0.1 M phosphate buffer  

H 2 at flow rate 1 ml / min. The signals were obtained from the homemade flow cell 

c

in, operating potential 1.1 V vs. Ag/AgCl). The well-defined signals without peak 

tailing indicate that the homemade flow cell is working properly. The limit of detection 

(LOD) of both compounds were obtained at the concentration as low as 50 nM, at S/N > 

3, regardless of the flow cell. The results were also summarized in Table 3.2. 

 

 

 

 

F

p

(at 1.1 V vs. Ag/AgCl). 
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           in 0.1 M phosphate buffer pH 2 at flow rate 1 ml / min. The signals were  

           obtained from the commercial flow cell (at 8.5 V vs. Ag/AgCl). 

 

Figure 3.32 The limit of detection of malachite green (50 nM at S/N > 3)  
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Table 3.2   Comparison of FIA data obtained from both flow cells. 

        BAS flow cell  Homemade flow cell 

    MG  LMG  MG  LMG 

  Optimal Potential   0.85  0.85  1.1  1.1 

  (V vs. Ag/AgCl) 

  Linear Range (mM)      0.001 – 0.1      0.008 – 0.08     0.001 – 0.1     0.004 – 0.04 

  %RSD    1.49  0.81  0.63  1.07 

  (10 injections)    

  LOD (nM)   50  50  50  50 

FIA = Flow injection analysis; BAS = Bioanalytical System, Inc; %RSD = % Relative standard deviation 

 

LOD = Limit of detection; MG = malachite green; LMG = leucomalachite green 
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3.8 Amperometric Detection of MG and LMG in HPLC System 

 

system consisted of a homemade flow cell (channel electrode), a 20 µL 

25), HPLC column (Inersil  ODS-3, 

18, 5 µ

 It is the limitation of as-deposited BDD electrode that cannot be used for the 

selectiv this weak 

ple

 

 3.8.1 Instrument, Reagents and Chemicals 

  HPLC 

stainless steel loop of injection port (Rheodyne 77

C m, 4.6 mm × 25 cm, GL Sciences Inc., Japan). These parts were equipped with 

HPLC pump (Model 510, Waters). The mixed solution of acetonitrile and phosphate 

buffer solution (50% v/v) was used as a mobile phase.  The phosphate buffer solution of 

pH 2 was prepared daily by mixing of 0.01 M H3PO4 + 0.1 M Na2HPO4 (a few drops to 

adjust the pH). The phosphate buffer was filtered with a 0.45 µm Nylon membrane filter.  

 

3.8.2 HPLC Coupled with Boron-Doped Diamond Thin Film Electrode 

 

e determination at both high and low operating potential.  To amend 

point the separation technique such as HPLC has to be employed to separate all species 

before detection with BDD electrode. HPLC column was added to the flow system (see 

Fig. 3.33 for the schematic diagram).  The mixture standard solution of MG and LMG 

was injected. The mobile phase was regulated at a flow rate of 1 ml/min. A homemade 

Teflon flow cell was used, in order to increase the chemical resistance from organic 

mobile phase (Fig. 3.34). The operating potential was kept constant at 1.1 V 

(vs. Ag/AgCl). Fig. 3.35 shows the chromatographic signals of mixture solution of 

standard MG and LMG (5 ppm) by using BDD electrode as an amperometric detector. 

.  Determination of malachite and leucomalachite green in real sample using BDD 

electrode as an amperometric detector for HPLC was also demonstrated. By using the 

sam  preparation methods from the literature surveys87, both compounds can be 

detected at BDD electrode without the interferences. The mixture standard solution of 

MG and LMG (5 ppm) was spiked into fish sample prior to the preparation procedure. 

Then, the extracted liquid obtained from this step was injected. A chromatogram obtained 

from this sample was shown in Fig. 3.36. The signals of both MG and LMG can be 

clearly observed. The matrices from real sample were mostly eliminated. These results 
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indicate that BDD electrode has a potential to be developed as a detector for HPLC 

system.  

 

      Figure 3.33 A schematic diagram of HPLC system with amperometric detector. 

 

Figure 3.34 A Teflon version of channel electrode. 
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Figure 3.35 Signals of MG (5.38 µM) and LMG (15.13 µM) standard solution 

obtained from HPLC system (C18 column) using BDD electrode as an 

amperometric detector. The calibration curve of both compounds also shown in the 

inset (Linear Range MG  50 nM – 10 µM, Linear Range LMG  0.15 µM – 30 µM; 

R2
MG 0.998, R2

LMG 0.999). 
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Figure 3.36 A chromatogram of spiked sample using preparation procedure  

        

 

 

 

 

            from the literatures to eliminate the matrices. The signals of both malachite  

            green and leucomalachite green can be clearly observed. 
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3.9 Conclusion 

The flow cell was designed and constructed with Plexiglas and Teflon. These 

ateria

n be 

is, to the best of our knowledge, is the first report for the electroanalysis of 

 

 

m ls can be purchased from the local hardware stores (relatively low-cost). The 

design is simple, easy to operate and maintenance. Hydrodynamic behavior of each 

configuration was confirmed by mathematical equation. All flow cells work properly and 

can be applied with the commercial accessories available in the laboratory such as 

electrodes, sample injection port, HPLC column, peristaltic pump and HPLC pump. 

  Channel electrode configuration is ideal for the continuous monitoring and ca

used as an electrochemical detector in FIA or HPLC system. A lower background current 

or noise was obtained due to the laminar flow condition over the electrode surface.  A 

higher background current was obtained from wall-jet configuration, because turbulent 

flow (higher mass-transport) occurred at all time. Hybrid electrode also works well, but 

need more mathematical approach to explain the hydrodynamics behavior at the electrode 

surface.  

  Th

malachite green and leucomalachite green by using of BDD thin film electrode. This 

electrode exhibits excellent performance for the oxidative detection of both compounds. 

Well-defined voltammograms were obtained at BDD electrode, which exhibited high 

sensitivity, and demonstrated significant advantage over GC electrode. Flow injection 

analysis with amperometric detection using BDD electrode provides a linear 

concentration range of 0.1 – 100 µM and 0.8 – 80 µM for MG and LMG, respectively. 

The detection limits for both compounds are remarkably low (50 nM). The design of the 

homemade flow cell is simple, but provides reliable results with the relatively low-cost.  



CHAPTER IV 

 

EC-SPR SENSING OF DECANETHIOL 
  

          This chapter describes the oxidative desorption of decanethiol self-assembled 

monolayer (SAM) from the gold surface using cyclic voltammetry technique. A real-time 

monitoring of thiol desorption using electrochemical-surface plasmon resonance (SPR) 

instrument was also demonstrated. Both of electrochemical and optical signal can be 

measured simultaneously. The Plexiglas channel electrode flow cell was used as an 

interface to combine both techniques together. The experiments were performed at the 

School of Chemistry and Optoelectronics Research Centre (ORC), University of 

Southampton, United Kingdom. 

 
4.1 Oxide Formation on Gold Surface 

 
The generally agreed mechanism for the oxide formation on gold surface is 

shown in Fig. 4.1. The application of potential in anodic direction (positive direction) 

gives rise to a reversible electrostatic adsorption of anions on the surface. Further 

application of potential leads to a chemisorption of anions. These chemisorbed anions 

undergo partial charge transfer. The species of chemisorbed anions depend on the 

electrolyte solution. As the coverage of chemisorbed anions on the metal surface 

increases with increasing anodic potential, the number of water molecule bond to each 

anion decrease. A further increase of anodic potential leads to the complete discharge of 

OH- species. A typical cyclic voltammogram of bare gold in 10 mM sulfuric acid was 

shown in Fig. 4.2. Platinum gauze and a saturated mercury/mercurous sulfate electrode 

(SMSE) were used as a counter and a reference electrode, respectively.  
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Figure 4.1 Schematics diagram of the mechanism of oxide formation on gold metal. 

s

 
 
 

Region I represents the state of gold surface when no potential is applied. Region II 

hows the adsorption of the OH- layer onto the gold surface. Region III represents the 

replacement turnover of oxygen layer underneath gold layer and another OH- layer on 

top. (white circle = gold atom, gray circle = OH- ion and black circle = oxygen atom) 
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Figure 4.2 Cyclic voltammogram of bare gold electrode in 1 mM sulfuric acid. 

Scan rate = 20 mV/s (vs. SMSE) 

 

4.2 Preparation of Thiol-SAM 

 
A gold disc electrode was pretreated by sequential polishing with 1 and 0.05 

µm of alumina/water slurries on felt pads, followed by rinsing with ultra pure water. 

Then, the gold electrode was electrochemically-cleaned by cycling in 10 mM H2SO4 until  

a stable reduction current was obtained. Next, the electrode was rinsed with water, 

acetone and iso-propanol, respectively. Then, the electrode was dried with nitrogen gas. 

The dried, cleaned electrode was immerged in ethanoic solution of 1 mM decanethiol to 

form a self-assembled monolayer of decanethiol. After 12 hours or overnight, the 

electrode was rinsed with ethanol to remove loosely bound molecules from the surface 

then immerged in pure ethanol for additional 15 minutes. After that, the electrode was 
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rinsed again with ethanol and dried with nitrogen gas. The modified electrode was 

immerged in water at least 30 minutes prior to use. 

 
4.3 Contact Angle Measurement 

 
 The modified electrode can be roughly investigated by measuring the contact 

angle of water on the electrode surface (as shown in Fig. 4.3). The gold substrate was 

hydrophilic with contact angle < 45° for a pure water droplet, while the alkanethiol 

SAMs were hydrophobic with contact angles in the range of 100°~110°, which is 

consistent with the hydrophobic character of methyl end groups in the SAMs. The 

wettability of surfaces covered with monolayers can be correlated with the quality of the 

monolayers.  Therefore, contact angle measurement is a preliminary tool in the 

investigation of the alkanethiol films. 

 

 

 

BA

 

Figure 4.3 The contact angle measurements of the water droplet on gold surface.  

A) bare gold, B) decanethiol-modified electrode 
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4.4 Oxidative Desorption of Thiol-SAM on Gold Electrode 
 

Fig. 4.4 shows the cyclic voltammetry in 1 mM H2SO4 for 12 cycles at 20 

mV/s. Each cycle shows an oxidative process starting from around 0.6 V on the forward 

scan and a reduction peak around 0.4 V on the reverse scan. The oxidation current 

belongs to both the oxidative desorption of the thiol and oxidation of the gold surface.  

The reduction peak belongs to the reduction of the gold surface oxide. In order to obtain 

better understanding on the desorption process; a comparison between the gold area after 

each cycle was examined. An effective area of the gold electrode after each cycle was 

calculated from the charge under the reduction peak associated with the reduction of the 

gold oxide (as shown in the inset of Fig 4.4). For the first cycle, an oxidation current is 

barely observed and correspondingly a small reduction current (ip = 0.42 µA). With each 

cycle the reductive peak currents increase until reaching a reductive peak current of 1.93 

µA, similar to the current found for the bare gold surface (1.95 µA). These results are 

consistent with the reports in the literature88, 89.  On the first scan, only small current is 

measured because the thiol layer passivates the gold surface. However, there are some 

defects in the thiol layer at the polycrystalline electrode surface so that some of the gold 

surface is available to take part in the oxidation/reduction reaction. This results in a small 

oxidation and reduction current. At around 1.0 V oxidative desorption of the thiol film 

itself takes place. The cycling in acid from 0 to 0.8 V results in no desorption of the thiol 

film indicating that the desorption only takes place at higher anodic potentials. It is 

apparent that the electrochemical oxidation of the thiol takes place initially at defects in 

the thiol layer. The oxidative desorption of some of the thiol results in there being a 

larger area of gold available to be oxidized on the subsequent cycle so that the oxidation 

and reduction currents increase until, after 12 cycles, all of the thiol is desorbed from the 

electrode surface; the voltammetry is then almost identical to the polished bare gold 

electrode (Fig 4.5).  The number of cycles required to fully remove the thiol layer will 

depend on the sweep rate and the positive limit since the oxidative desorption process is 

known to be slow. By stopping the scan before all the thiol has been desorbed we are able 

to control the extent of desorption.  
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Figure 4.4 A set of sequential cyclic voltammograms for a decanethiol-modified gold 

electrode recorded at a scan rate of 20 mV/s in 10 mM H2SO4. Inset: Charge calculated 

from area under the reduction peak for sequential cycles. 
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Figure 4.5 Cyclic voltammograms of decanethiol-modified electrode (solid line) and 

bare gold electrode (dashed line) recorded at a scan rate of 20 mV/s in 10 mM H2SO4. 

 

 

 

4.5 Fabrication of Waveguide 

 

The integrated optical waveguide structure (Fig. 4.6) was fabricated using 

photolithographic techniques. A Pyrex wafers (60 mm x 60 mm) were cleaned, first  with 

acetone in an ultrasonic bath at 50 °C for 20 min and then in fuming nitric acid. The 

wafers were coated with a 200 nm thick film of aluminum and coated with photoresist. 

The wafer was exposed to UV light through a mask and developed. The aluminum was 

etched to leave channels 3 µm wide in the Y pattern that was repeated several times over 
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the wafer. The wafer was immersed in molten KNO3 at 380 °C for 7 ½ hours where the 

ion exchange of K+ to replace Na+ took place to form channel waveguides in the exposed 

areas of the Pyrex. The change in refractive index at 633 nm due to K+ ion exchange in 

Pyrex is approximately 8 x 10-3, and single mode waveguides at 633 nm were formed by 

this procedure. The end faces of the waveguides were mechanically polished, using Syton 

(Logitech) to allow efficient coupling of the incident light. The aluminum mask was then 

removed using Al etch (containing acetic, phosphoric and nitric acids) at 50 °C.  In order 

to form the gold electrodes, the glass was first treated with (3-mercaptopropyl) 

trimethoxysilane (MPS) to enhance the adhesion of the gold to the glass. The sample was 

refluxed in water, iso-propanol and MPS in the ratio 48:1:1 for 15 min, then rinsed 

thoroughly with iso-propanol, dried with nitrogen gas and baked at 110 °C for 8 min. 

This procedure was repeated to improve the adhesion properties. A 55 nm thick gold film 

was then deposited by thermal evaporation and patterned to form gold sensing areas (20 

µm wide and of lengths 1 mm or 2 mm on several Y-junction devices) using a mask and 

photoresist as described above. A Teflon layer was used to isolate the waveguides and 

electrode contact tracks during the electrochemical experiments. Photoresist was spun 

directly onto the surface and patterned photolithographically. Approximately 1 µm of 

Teflon (n = 1.31) was deposited using thermal evaporation. The wafer was washed in 

acetone to remove the remaining photoresist. After washing in iso-propanol, the sample 

was dried with nitrogen. The gold electrodes were electrochemically cleaned using cyclic 

voltammetry in sulfuric acid 
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Figure 4.6 Schematic diagram of the integrated waveguide sensor chip  

            used in EC-SPR instrument. 

 

4.6 EC-SPR System 

 

The electrochemical measurements were carried out in 10 mM sulfuric acid 

using a Hg/HgSO4 (mercury mercurous sulphate) reference electrode and gold wire 

counter electrode. The gold sensing area acts as the working electrode and is connected, 

via photolithographically defined micro-tracks and an edge connector, to the potentiostat. 

A drop of sulfuric acid was placed onto the working electrode surface, and the reference 

and counter electrode were held in the drop and connected to a computer-controlled 

potentiostat for data collection. The working electrode was ramped from 0 V to 1.1 V and 

back to 0 V repeatedly using a scan rate of 20 mV s-1. 



 71

        

      For the SPR measurements, polarized light from a HeNe laser at 633 nm was 

mechanically chopped at approximately 100 Hz and then coupled into a polarization 

maintaining fiber for efficient coupling into the waveguides in the TM polarization. The 

output from the waveguides was focused using a microscope objective lens and onto 

silicon photodiodes. The signal (Psig) and the reference (Pref) powers were recorded on a 

PC after noise reduction using lock-in amplifiers. The transmission of the gold-coated 

section of waveguide, including the transitions from the uncoated waveguide, is given by 

the ratio of the signal to the reference powers (Psig/Pref). The schematic diagram of EC-

SPR instrument setup is shown in Fig. 4.7. 

 

Figure 4.7 Schematic diagram of EC-SPR instrument. 
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4.7 EC-SPR Sensing of Decanethiol 

 

Fig. 4.8 shows the current flowing as a result of the oxidation and reduction of 

a clean 1 mm long gold electrode by cyclic voltammetry in acid (solid line) together with 

the corresponding waveguide SPR measurements (dotted line). The current peaks 

associated with the oxidation (starting from 0.7 V) and reduction (0.4 V) of the gold can 

be clearly observed. The SPR measurements show a sharp drop in transmission on 

cycling to potentials anodic of 0.8 V, corresponding to the oxidation of gold, and a sharp 

increase in the transmission when stripping of the oxide occurs at 0.4 V on the reverse 

scan.  

 

igure 4.8 Simultaneous signals of cyclic voltammetry (solid line) and SPR 

transmissio n 
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The cyclic voltammetry was repeated for 10 cycles in order to clean the gold 

of any surf

                   The optical signals are shown by the dotted lines in Figs. 4.9a and 4.9b. In the 

 

ace impurities before deposition of the decanethiol. Fig. 4.9 shows both the 

electrochemical (solid dark line) and the SPR (dotted line) response to the cyclic 

voltammetry in acid for evaporated gold electrodes coated with a decanethiol monolayer 

for a device of length 2 mm (Fig. 4.9a) and 1 mm (Fig. 4.9b). The electrochemical data is 

very similar to the data shown in Fig. 4.8 for the thiol desorption from a gold disk 

electrode. For example, in Fig. 4.9a the first electrochemical cycle shows a small 

oxidation current and correspondingly a very small reduction current at 0.4 V. For 

subsequent cycles, larger oxidation and reduction currents are observed, until the 

reproducible cyclic voltammograms are obtained with peak currents of 85 nA, similar to 

those expected for an untreated gold film. This device provides simultaneous SPR 

measurements to be made during the electrochemical desorption experiment.  

 

first cycle the transmission shows only a small drop when compared to the data for the 

bare gold disc electrode.  This result is consistent with the presence of a well-packed thiol 

layer at the electrode surface, which prevents the close approach of the anions to the 

electrode surface. At around 0.8 V, the transmission starts to fall. The optical data also 

show that the transmission at the end of each cycle increases with each subsequent cycle. 

The increase is largest for the first cycle, where a change of 2% is observed. After ten 

cycles, the shape and magnitude of both the optical and electrochemical data are similar 

to those measured for the untreated film. Similar behavior was observed in Fig. 4.9b, with 

currents approximately two times smaller, as expected for an electrode with a half in the 

surface area. Only 6 cycles are required to completely remove the thiol layer from the 

gold surface.   
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Figure 4.9 The sequential cyclic voltammograms (solid lines) and simultaneous    

            measurement of the SPR transmission (dashed lines) showing the oxidative   

            desorption of decanethiol from the evaporated gold electrodes recorded at  

            20 mV/s in 10 mM H2SO4. The signals were obtained from a 2 mm (A)  

            and a 1 mm long electrode (B). 
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         These results show that cycling in acid causes the thiol to be desorbed from the 

evaporated gold surface as expected from the measurements on the gold disc electrode. 

An increase in the optical transmission on removal of the thiol layer together with an 

increase in the area under the reduction peak was observed. After ten cycles the thiol is 

completely stripped off and the cyclic voltammetry and SPR responses are almost 

identical to the responses of the clean gold surface.  These results are consistent with the 

reports in the literature which show that oxidative desorption leads to the complete 

removal of the thiol from the electrode surface.   

 

In order to understand the reaction in more detail we have calculated the area 

of gold exposed by the removal of the thiol during the experiment. The surface area of 

the electrode was calculated by assuming that the charge under the reduction peak 

corresponds to the desorption of one oxygen atom from each gold surface atom. The 

integral of the area under the reduction peak over time gives the charge passed during the 

reaction and, by using the result that 420 µC corresponds to 1 cm2, the area of the gold 

electrode can be calculated. The area of gold determined in this way for the untreated 

gold electrode is 9.4 x 10-4 cm2 (for the 1 mm long electrode) and 19.6 x 10-4 cm2 (for the 

2 mm long electrode). This is larger than the actual electrode areas, of 6 x 10-4 cm2 and 

12 x 10-4 cm2 respectively, due to surface roughness of the film produced by the 

evaporation process. The surface roughness, calculated as the ratio of the measured value 

to the actual area is ~1.5, similar to that measured for other evaporated gold electrodes. 

The percentage change in optical transmission measured at the end of each cycle (at 0 V) 

was plotted against the fractional coverage of thiol, calculated from the oxide stripping 

charge for each cycle, in Fig. 4.10, for both devices. The solid line is the linear regression 

for the data, the error bars were calculated assuming a 0.5% error in the current readings.  

The graph shows that there is a linear relationship between the thiol coverage and the 

change in optical transmission. 
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Figure 4.10 The SPR transmission at 0.0 V plotted against the fractional coverage of  

                  the thiol calculated from the charge for the oxide stripping 

 

4.8 Conclusion 

 A self-assembled thiol layer could be removed from a gold electrode by 

oxidative desorption through cyclic voltammetry in acid. The removal of the thiol layer 

can be monitored in real time using both SPR and electrochemical techniques. The 

desorption process could be examined by comparing the fractional coverage of gold 

calculated from the area of the reduction peak with the change in SPR transmission. This 

demonstrates that electrochemical control coupled with sensitive optical measurements 

provides a basis for further development of this device into a powerful biosensor. 

 



CHAPTER IV 

 

CONCLUSION 
 

5.1 Conclusion 

 

 The flow cell was designed and constructed with low-cost materials purchased 

from the local hardware stores. The designs are simple, easy to operate and maintenance. 

Hydrodynamic behavior of each configuration was examined. All flow cells work 

properly and can be applied with the commercial accessories available in the laboratory 

such as electrodes, sample injection port, HPLC column, peristaltic pump or HPLC 

pump. Hybrid electrode configuration needs more mathematical approach to explain the 

hydrodynamic behavior at the electrode surface. 

 

  Channel flow cell equipped with BDD electrode is used as an amperometric 

detector in FIA and HPLC system for a determination of malachite green and 

leucomalachite green. This electrode exhibits excellent performance for the oxidative 

detection of both compounds. Well-defined voltammograms were obtained at BDD 

electrode, which exhibited high sensitivity. The results also indicate that BDD electrode 

has a potential to be used as a detector for other system.  

 

By using a proper design, the flow cell can be used as and interface between 

electrochemical and optical system. This instrument is called electrochemical-Surface 

Plasmon Resonance (EC-SPR). A self-assembled thiol layer was removed from a gold 

electrode by oxidative desorption through cyclic voltammetry in acid. The removal of the 

thiol layer was observed simultaneously. This demonstrates that electrochemical control 

coupled with sensitive optical measurements provides a basis for further development of 

this device into a powerful biosensor. 
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5.2 Suggestions for Future Works 

 

 Future works should focus on: 

1. Hydrodynamic behavior of hybrid electrode configuration by using  

a computer simulation. 

2. Electrochemical reaction of malachite green and leucomalachite green. 

3. Further development of EC-SPR system for biosensor applications 
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APPENDIX 



Introduction

In a research group having many researchers and students
working in the same laboratory, using individual equipment
would be the best way to prevent any cross-contamination
problems.  However, some equipment is very expensive, e.g. the
flow cells in flow injection, and related technique.  Because a
commercial flow cell is very expensive, the use of a homemade
version would be an alternative choice when a limited budget is
available.  This paper describes a concept of using a cost-
effective flow-based analysis of malachite green and
leucomalachite green at a boron-doped diamond thin-film
electrode.

Malachite green (MG), a triphenylmethane dye (C23H26N2O;
the chemical structures of MG and LMG are shown in Fig. 1), is
used as fungicide, ectoparasiticide and antiseptic in the
aquaculture industry.  It is extremely effective against protozoal
and fungal infections.  Moreover, malachite green is also used
as a food coloring agent, food additive, a medical disinfectant
and anthelminthic as well as a dye in silk, wool, leather, cotton
and paper.  Presently, many countries are concerned about the
residues of MG and its reduced form, leucomalachite green
(LMG), because of the toxicity of these dyes.  It has been

reported to cause carcinogenesis, mutagenesis, chromosomal
fractures, tetragenecity and respiratory toxicity.  The use of
malachite green has been banned in many countries, and is not
approved by the US Food and Drug Administration.1
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An electrooxidation and a cost-effective flow-based analysis of malachite green (MG) and leucomalachite green (LMG)
were investigated at a boron-doped diamond thin-film (BDD) electrode.  Cyclic voltammetry as a function of the pH of
the supporting electrolyte solution was studied.  Comparison experiments were performed with a glassy carbon electrode.
A well-defined cyclic voltammogram, providing the highest peak current, was obtained when using phosphate buffer at
pH 2.  The potential sweep-rate dependence of MG and LMG oxidation (peak currents for 1 mM MG and LMG linearly
proportional to ν1/2, within the range of 0.01 to 0.3 V/s) indicates that the oxidation current is a diffusion-controlled
process on the BDD surface.  In addition, hydrodynamic voltammetry and amperometric detection using the BDD
electrode combined with a flow injection analysis system was also studied.  A homemade flow cell was used, and the
results were compared with a commercial flow cell.  A detection potential of 0.85 V was selected when using a
commercial flow cell, at which MG and LMG exhibited the highest signal-to-background ratios.  For the homemade flow
cell, a detection potential of 1.1 V was chosen because MG and LMG exhibited a steady response.  The flow analysis
results showed linear concentration ranges of 1 – 100 µM and 4 – 80 µM for MG and LMG, respectively.  The detection
limit for both compounds was 50 nM.
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Therefore; many methods have been developed for the detection
of MG and LMG at low levels.  Several methods have been
described for the determination of MG and LMG in a variety of
matrices, including liquid chromatography,2–6 gas
chromatography,7 capillary electrophoresis,8 spectrometry,9 and
spectrofluorometry.10 HPLC is commonly used to detect MG
and LMG with different detection techniques, such as visible
(VIS),11,12 fluorescence,13 mass spectrometry,14–17 and
electrochemical detection.  Most of these methods using the
postcolumn oxidation of LMG to MG with lead(IV) oxide
(PbO2),18–21 or an electrochemical cell22 are normally required.
These techniques need expensive apparatus and reagents, and
are also time-consuming.  A sensitive, rapid and cheap method
for analysis is still needed.

Electrochemical methods are widely used in many
applications because they are simple, fast and economical.  The
electrochemical detection of MG has been reported using a
carbon-fiber microelectrode23 and a Pt electrode as a working
electrode and a counter electrode, respectively.  However, the
sensitivity and reproducibility of electrodes were poor because
the electrode surface was contaminated by fouling products and
impurities.  Boron-doped diamond thin-film electrodes can be
used to eliminate these problems.  The unique properties of
BDD electrodes are more attractive, including a wide
electrochemical potential window, a very low background
current and long-term stability of the responses.24,25 BDD
electrodes have been successfully used for the detection of
various analytes, such as captopril,26 acetaminophen,27

tiopronin28 and lincomycin.29 No reports described the used of
BDD electrodes for the detection of MG and LMG.

In the present work, we used the BDD electrodes to study the
electrochemical oxidation of MG and LMG by cyclic
voltammetry.  In addition, the detection of these analytes was
examined by FIA with amperometric detection.

Experimental

Reagents and chemicals
All reagents were of analytical grade, and all solutions were

prepared by using deionized water.  Malachite green oxalate and
leucomalachite green were obtained from Sigma Chemical
(USA).  Sodium dihydrogen orthophosphate (BDH), sodium
hydroxide (Merck) and phosphoric acid 85% (Merck) were used
to prepare a buffer solution.  A phosphate buffer solution with
pH ranges from 2.0 to 8.0 were prepared from 0.1 M sodium
dihydrogen orthophosphate, and adjusted to the desired pH
using phosphoric acid and sodium hydroxide.  MG and LMG
were prepared by dissolving an appreciate amount of MG and
LMG in the buffer solution.  The solutions were prepared daily.

In order to characterize the homemade flow cell, concentrated
sulfuric acid (BDH) was diluted to prepare a cleaning solution
for a gold electrode.  K4Fe(CN)6 (Riedel-de Haën) and KCl
(Merck) were used as a probe and electrolyte, respectively.

Electrodes
The BDD electrodes were used as received without any

further modifications.  A GC electrode was purchased from
Bioanalytical System, Inc. (area 0.07 cm2).  A gold disc
electrode (φ 3 mm) that was used to characterize the homemade
flow cell was purchase from Methrohm.  Both GC, and gold
electrodes were pretreated by sequential polishing with 1 and
0.05 µm of alumina/water slurries on felt pads, followed by
rinsing with ultrapure water prior to use.  In addition, the gold
electrode was electrochemically cleaned by cycling in 0.1 M

H2SO4 until a stable reductive current was obtained.

Cyclic voltammetric investigation
Electrochemical experiments were conducted out in a single-

compartment three-electrode glass cell.  The BDD electrode
was pressed against a smooth ground joint at the bottom of the
cell, isolated by an O-ring (area 0.07 cm2).  Electrical contact
was made by placing the backside of the Si substrate onto a
brass holder.  The GC carbon was used as a working electrode
for a comparison.  Ag/AgCl with a salt bridge and Pt wire were
used as a reference electrode and a counter electrode,
respectively.  A voltammetric measurement was performed with
the three-electrode system using Autolab Potentiostat 100 (Eco-
Chemie, The Netherlands).

Flow injection with amperometric detection
The flow injection system consisted of a thin-layer flow cell

(Bioanalytical System, Inc.) and a homemade flow cell, a 20 µL
stainless-steel loop of injection port (Rheodyne 7725), a
peristaltic pump, and electrochemical detection (Autolab
potentiastat 100).  The carrier solution, 0.1 M sodium
dihydrogen orthophosphate, was regulated at a flow rate of 1.0
ml min–1.  The thin-layer flow cell, through an electrochemical
cell, consisted of a silicone rubber gasket as a spacer, a BDD
electrode as the working electrode, a Ag/AgCl electrode as the
reference electrode and a stainless-steel tube as a counter
electrode (also function as an outlet of the flow cell).  All
experiments were performed at room temperature.  In order to
reduce the electronic noise, a copper faradaic-cage was used
throughout the whole research.

HPLC chromatography coupled with a boron-doped diamond
thin-film electrode

A HPLC column (Inersil® ODS-3, C18, GL Sciences Inc.,
Japan) was added to the flow system.  A mixture standard
solution of MG and LMG (200 ppm) was injected.  The mobile
phase was prepared by mixing acetonitrile, and 0.1 M phosphate
buffer (pH 2); (1:1 ratio) was regulated at a flow rate of 1.0 ml
min–1 using a HPLC pump (Model 510, Waters).  The operating
potential was kept constant at 1.1 V vs. Ag/AgCl.

Results and Discussion

Cyclic voltammetry
Figure 2 shows a typical cyclic voltammogram for 1 mM of

MG with a corresponding background current of 0.1 M
phosphate buffer (pH 2) at 50 mV/s.  A BDD electrode
exhibited a well-defined and higher current response than a GC
electrode (both the BDD and GC electrodes had the same
electrode area).  In addition, the background current of the GC
electrode was much higher.  Malachite green gave a higher
current response than leucomalachite green, regardless of the
BDD or GC electrodes that were used.

Based on the literature, the electrochemical mechanisms of
both compounds have not been investigated.  However, it has
been reported that MG can be oxidized by the azide radical,
which is a well-known one-electron oxidant.30 This oxidation
reaction easily generates the MG radical due to the strong
resonance electron-donating effect of the dimethylamino
groups.  Therefore, we believe that the electrooxidation process
would occur via the MG/LMG radical at an N atom containing
lone-pair electron (the easiest losing electron position).

Two anodic peaks obtained for MG at the GC electrode could
have resulted from an electrochemical “ECE” reaction (electron
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transfer followed by a chemical reaction, which in turn produces
a new electroactive species).  In the case of the BDD electrode,
the second peak of MG should have been observed if the
potential was swept further to the anodic direction.  According
to the property of the BDD electrode, the potential should be
stopped before exceeding 1.2 V to avoid oxide formation on the
surface.  The slight shift of the oxidation peak on the BDD
electrode would be affected by the slower kinetic.

The reduction peak of MG was found at 0.35 V in a reversed
scan, and the potential difference between Eox and Ered was
much larger than 59 mV/n (in this case n = 1), indicating that
this electrooxidation was a quasi-reversible process.

For LMG, no reduction peak was observed on the reversed
scan, and only one anodic peak was obtained.  This evidence
made clear that the oxidation of LMG was an irreversible
process, and could be an electrochemical “EC” reaction
(electron transfer followed by a chemical reaction).  The
difference in the electrochemical response between MG and
LMG can be affected by the structures (Fig. 1) of both
compounds.  LMG is neutral, whereas MG is positively charge
molecule.

pH effect
The effect of the pH was investigated from pH 2 – 8 for

malachite green.  It was found that the higher was the buffer pH,
the smaller was the oxidation peak.  It was reported that
malachite green has two forms, depending on the pH.31 The
initial strong green color of MG was obtained at a low pH
(acidic), while in an alkaline aqueous solution, it was converted
to a colorless carbinol form.  From this study, MG provided the
highest oxidation peak at pH 2 at the BDD electrode, and the
lowest response at pH 8.  It could be explained that the higher is
the pH, the smaller is MG due to the conversion of the MG form
to carbinol form.

It also has been found that the pH affects the solubility of both
MG and LMG.  Because MG has less polarity than water, H+ in
an acidic solution would protonate on the N atom and increases
the polarity of the molecule.  Therefore, decreasing the buffer
pH would help the compound to dissolve in water.  LMG has a
solubility problem as well.  It couldn’t dissolve in a buffer
between pH 3 and pH 8.  Only in a buffer pH 2, could LMG be
dissolved, and provided the oxidation peak.  Therefore, a buffer
of pH 2 was chosen to prepare both MG and LMG in all
experiments.

Scan rate dependence study
Figure 3 shows the cyclic voltammetric response of 1 mM

malachite and leucomalachite green at the BDD electrode in a
0.1 M phosphate buffer of pH 2 with a variation in the scan rate
from 0.01 to 0.3 V/s.  A plot of the oxidation current versus the
square root of the scan rate, ν1/2, was highly linear (r > 0.99) for
both compounds, as shown in the inset of the figures.  The
results indicate that the electrochemical reaction is a diffusion-
controlled process.

Characterization of the homemade flow cell
A homemade flow cell (as shown in Fig. 4) was constructed

from thermoplastic (Plexiglas).  This kind of material provides a
moderate chemical-resistance, when compared with Teflon or
PEEK (polyether-ether-ketone), but is still suitable for an
electrochemical system with an aqueous electrolyte or buffer.
Because Plexiglas is transparent, any bubble or stain that could
be trapped inside the flow cell would be observed quite easily.
The thin-layer configuration was chosen to design and construct
the flow cell.  The BDD electrode was placed upstream in order
to avoid any possible contamination of an electrochemical by-
product from the counter electrode.

The mass-transport behavior of the homemade flow cell was
characterized using a well-known equation,32

Ilim = kcanalyteVf
y, (1)

where Ilim is the limiting current (mA), Vf is the rate of solution
flow (express as a volume per unit of time, normally in cm3/s)
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Fig. 2 Cyclic voltammogram of 1 mM malachite green in a buffer
(pH 2) at a BDD electrode (solid line) and a glassy carbon electrode
(dash line).  The scan rate was 50 mV/s.

Fig. 3 Cyclic voltammograms of 1 mM malachite green (a) and
leucomalachite green (b) in 0.1 phosphate buffer (pH 2) at a BDD
electrode with a variation of the scan rates.  A plot between the
current response and the square root of the scan rate is also shown in
the inset.



and y is an exponent that depends on the cell design.  In order to
ensure that the solution flow is laminar, a solution of 0.1 M
K4Fe(CN)6 in 0.1 M KCl was pumped into the flow cell
continuously and the limiting current was recorded as function
of Vf.  A plot of log Ilim as “y” against log Vf as “x” should be
linear with a gradient of 0.33 for a simple flow cell.  A
peristaltic pump was used with a variation of the flow rate from
0.005 to 0.06 cm3/s (0.3 to 3.6 mL/min).  A plot of log Ilim and
log Vf was linear with a gradient of 0.31, which is slightly
different from the expected value.

Flow injection analysis with amperometric detection
In order to obtain the optimal potential for amperometric

detection in flow injection analysis, the hydrodynamic behavior
of malachite and leucomalachite green were studied.  Figure 5a
shows a hydrodynamic voltammetric I–E curve obtained at the
BDD electrode for 20 µL injection of 0.05 mM of malachite
green in 0.1 M phosphate buffer (pH 2).  Each point represents
the average value of a triplicate injection.  The background
current at each potential is also shown for a comparison.  In the
case of the commercial flow cell, the S/B ratio at each point was
calculated to obtain the optimum potential.  The hydrodynamic
voltammetric S/B ratios versus the potential curve are shown in
Fig. 5b with the maximum ratio at 0.85 V.  The optimal
potential for the amperometric detection of leucomalachite
green was also calculated in the same way.

In case of the homemade flow cell, the hydrodynamic
voltammogram of both malachite and leucomalachite green
exhibited a sigmoidal curve (as shown in Fig. 6).  Therefore, the
optimal potential was simply chosen from the hydrodynamic
voltammogram at the point that gave a steady-stead current,
which was 1.1 V for both compounds.  The results are given in
Table 1.  The difference in the terms of the hydrodynamic
behavior and the optimal potential between both flow cells
could be affected by the cell geometry (the position of WE, RE
and CE).

At the chosen operating potential, a series of repetitive 20 µL
of each compound were injected.  The current signal increased
along with increasing the concentration.  For the commercial
flow cell, the BDD electrode provided a linear concentration
range of 0.1 – 100 µM and 0.8 – 80 µM for malachite green and
leucomalachite green, respectively.  In the case of the
homemade flow cell, the linear concentration range for
leucomalachite green was smaller.  The limits of detection

114 ANALYTICAL SCIENCES   JANUARY 2006, VOL. 22

Fig. 4 Homemade flow cell with the BDD electrode as a working
electrode (WE), Ag/AgCl as a reference electrode (RE) and a
stainless-steel tube as a counter electrode (CE).  Front view (a) and
rear view (b).

Fig. 5 Hydrodynamic voltammetric I–E curve obtained at the BDD
electrode for 20 µL injection of 0.05 mM of malachite green in 0.1 M
phosphate buffer pH 2 (a).  Hydrodynamic voltammetric S/B ratios
versus potential curve (b).  The signals were obtained from a
commercial flow cell.

Fig. 6 Hydrodynamic voltammetric I–E curve obtained at the BDD
electrode for 20 µL injection of 0.05 mM of malachite green and
leucomalachite green in 0.1 M phosphate buffer pH 2.  The signals
were obtained from a homemade flow cell.



(LOD) of both compounds were obtained at concentrations as
low as 50 nM, at S/N > 3, regardless of the commercial or the
homemade flow cell.

The reproducibility of the response was also investigated.
Figure 7 shows the current response to 0.2 mM malachite green
by using the homemade flow cell (flow rate, 1 mL/min;
operating potential, 1.1 V vs. Ag/AgCl).  The well-defined
signals without any peak tailing indicate that the homemade
flow cell was working properly.  The results are also
summarized in Table 1.

HPLC chromatography coupled with a boron-doped diamond
thin film electrode

It is the limitation of an as-deposited BDD electrode that can
not be used for the selective determination both a high and low
operating potential.  To amend this weak point, a separation
technique, such as HPLC, has to be employed to separate all
species before detection using the BDD electrode.  Figure 8
shows the chromatogrphic signals of a mixture solution of the
standard MG and LMG (5 ppm) by using the BDD electrode as
an amperometric detector.

The determinations of malachite green and leucomalachite
green in real samples using the BDD electrode as an
amperometric detector for HPLC are now being investigated.  A
homemade Teflon flow cell was used in order to increase the
chemical resistance from the organic mobile phase.  By using
sample preparation methods from literature surveys, both
compounds can be detected at the BDD electrode without any
interference.

Conclusions

This is the first report concerning the electroanalysis of
malachite green and leucomalachite green by using BDD
thin-film electrode.  This electrode has exhibited excellent
performance for the oxidative detection of both compounds.
Well-defined voltammograms were obtained at the BDD
electrode, which exhibited high sensitivity, and demonstrated a
significant advantage over the GC electrode.  Flow injection
analysis with amperometric detection using the BDD electrode
provides a linear concentration range of 0.1 – 100 µM and 0.8 –
80 µM for MG and LMG, respectively.  The detection limit for
both compounds is remarkably low (50 nM).  The design of the
homemade flow cell is simple, but provides reliable results at a
relatively low cost.  The results also indicate that the BDD

electrode has a potential to be used as a detector for other
systems.  The determinations of malachite green and
leucomalachite green using the BDD electrode and a new
Teflon flow cell as an amperometric detector for HPLC are now
in progress.
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