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CHAPTER I 

 
INTRODUCTION 

 

1.1 Introduction and literature reviews 

 

The food market has changed rapidly with increasing of procession foods. For 

this reason, the food industries try to produce the attractive food with quality and 

price to the consumers [1].   The uses of colors to make foodstuffs for aesthetically 

and psychologically attractive have been known for many centuries.  Synthetic colors 

added in the foods to replace the natural color that lost in the processing are 

interesting by consumer.  Food colorant is allowed to use in food, so sudan dyes are 

important for food industries.  Several sociological, technical and economic factors 

had influenced in food industry two decades ago. 

 

The Imported Food Sampling and Surveillance Project were set up in 2003 

when food products were contaminated with illegal dyes, especially sudan dyes in 

chili products which imported form India.  The effect of this founding brought to 

write an approved protocols and considerated that the imported food have to get a 

certificate of a licensed disposal operator. 

 

Sudan dyes are fat-soluble synthetic industrial azo dyes [2, 3]. Sudan dyes (see 

Figure 1.1) which is red coloring agents is used in a variety of household products, 

including waxes, textile, printing, cosmetic, drug, food-processing industries, shoe, 

floor polishes, paper colorants and fabric. Not only they are used in household 

products but they are also used extensively in laboratories as either biological stains 

or pH indicators [4]. It is well known that sudan I, sudan II, sudan III, and sudan IV 

have been classified as carcinogens to humans by International Agency for Research 

on Cancer (IARC) [2, 5, 6]. 
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Figure 1.1 Chemical structures of Sudan I, Sudan II, Sudan III and Sudan IV 

 

From 2,057 samples, drawn at 224 local markets in 56 districts of Uttar 

Pradesh, 32% contained artificial colors in 61.6% were non-permitted. In the 

artificially colored uneatable, 39% sweets and all the samples of powdered turmeric, 

as well as chilli contained non-permitted colors. Seven grade non-food dyes were 

used include metanil yellow, orange II,  rhodamine B, Blue VRS, auramine, sudan I, 

sudan III and sudan IV [7]. 

 

Sudan dyes have started recently to appear in certain hot chili products that 

was imported from India. The first problem was unearthed in May 2003, when French 

authorities detected the dye sudan I in Indian hot chili.  In response, the European 

Commission was implemented immediately by an EU-wide monitoring program to 

test the presence of sudan I in imported chili and chili products and drew up 

legislation requiring that contaminated products had been destroyed.  Since June 

2003, the exporters or food manufacturers must have a certificate of analysis shown 

that there are no in chili powders and products contained chili powder [8]. 
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Azo dye compounds can be metabolized by intestinal anaerobes to produce 

mutagens and/or carcinogens. Sudan dyes or water-insoluble azo dyes can be 

metabolized to amines by enzymes in the liver, which is suspected carcinogenic 

compounds and linked to the development of cancer in laboratory animals.  The 

mutagenic of sudan azo dyes were degraded to products base. Sudan I is a mammalian 

carcinogen but it is not mutagenicity [9]. 

 

Sudan I, l-phenylazo-2-hydroxynaphthalene, caused carcinogenic livers in rat 

and the urinary bladder mammals [9]. From the reported in vitro, sudan I can be 

oxidized to the form which bind to calf thymus DNA [10]. From the investigation, it 

found that the product of the carcinogen azo dye, sudan I, were detoxicated which 

bind to nucleic acids after activation by peroxidase [11]. Sudan II can be reduced to ρ-

phenylenediamine and aniline carcinogenic aromatic amines [12]. The effect of azo 

dye sudan III on hepatic drug metabolism is interesting, especially, which a number of 

implicated reports for the prevention of chemical carcinogenesis in rats. Sudan III  

were investigated to enzyme activities in microsomes [13]. M.Vahentin et al., have 

investigated the utility of sudan III [14]. It is a bis-azo dye, which undergoes a two-

step electrochemical reaction in both non-aqueous and aqueous media. They studied 

the relationships between the kinetic and thermodynamic properties of the surface EE 

electrode reactions by the square-wave voltammetry (SWV). The fat-soluble bis-azo 

dyes, sudan III and sudan IV, are the parent compounds in a number of azo 

colourings. Various toxic effects of these compounds have been reported in animals, 

ranging from non-malignant atypical epithelial cell, if it is injected into the ears of 

rabbits to different degrees of liver damage [3]. The optical data storage and electro-

optic modulators were carried out with sudan IV based poly (alkyloxymethacrylate) 

films with different chain lengths of methylene group [15]. 

 

Today the chili products are important economic section in south-east asia 

especially Thailand. The most markets of these countries are the United States and 

Europe, which have regulated to control quality of imports. The residues of sudan 

dyes may be found in the chilli products and the levels of sudan dyes residues may be 

unacceptable for the international markets [16]. Therefore, the fast and accurate 

identification and quantification of the methods for detection of sudan dyes at low 

levels are intensively required. 
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Several methods testing the presence of sudan dyes in food products have been 

proposed.  Francesco Puoci et al., developed method for detecting sudan I by 

synthesis of molecularly imprinted polymers (MIRs) for solid phase extraction 

(MISPE) using sudan I as a template [17], capillary electrophoresis [18], and flow 

through sensor spectrophotometry [19], spectrophotometry [20], HPLC-UV detector 

[21], HPLC-DAD [17], HPLC-PDA [5,22],  and HPLC with  chemiluminescence 

detection  [23]. Recently, the HPLC method coupled with mass spectrometry (MS) 

has been utilized  for the analysis of sudan dyes and reported to be more sensitive than 

UV absorbance detection, such as  HPLC-MS with MS/MS [24], LC–ESI-MS/MS 

[25,26], HPLC–APCI-MS [27,28]. HW. Chen et al., [29] developed fast direct 

detection of sudan dyes in chili powder and found that the proposed method provided 

lows LOD and LOQ (pg/mL) without any pretreatments.  This research reported the 

separation and detection of seven sudan dyes with isocratic HPLC conditions [30]. 

 

The official methods used for the determination of sudan dyes in food are 

complicated, time-consuming and non-specific. Therefore, the fast, simple, less 

expensive, sensitive and specific analytical methods are required for identification and 

quantitation of sudan dyes. Electroanalytical techniques have become widespread 

practical for analysis using flowing systems such as flow injection analysis (FIA) and 

high performance liquid chromatography (HPLC) due to its high sensitivity, 

selectivity, low cost and relatively short analysis time when compare with the other 

techniques. The other essential property is low dispersion, which provides 

minimization of detector dead volume [31-35]. The use of amperometric detection is 

also adequate for the quantitation of electroactive substances in simple matrices. 

Hence, it can be used directly to determine sudan dyes in food by high performance 

liquid chromatography couple with electrochemical detector (HPLC-EC). 

 

The current explosion of interest in carbon nanotubes (CNT) began with the 

discovery by Iijima in 1991 [36]. CNT as the novel carbon material have been applied 

to biological and electrochemical fields [37, 38].  The novel properties, such as high 

surface area, electrical conductivity, good chemical stability, and the promotion 

ability of electron transfer reactions when used as electrode material in 

electrochemical devices [39].  Besides, CNT modified electrode also shows good 
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electrocatalytic ability to biomolecules. Thus, they can be used to improve a 

sensitivity and selectivity for the electrochemical detection [40, 41]. In this research, 

the results obtained from electrochemical oxidation of four sudan dyes at GC 

electrode was compared with those obtained at CNT modified GC electrode. 

 

1.2 Objective and scopes of the research. 

 

The objective of this study is to develop an analytical method for the 

determination of sudan azo dyes (sudan I, sudan II, sudan III and sudan IV) in food 

samples. The high performance liquid chromatography (HPLC) coupled with 

amperometric detection is used for this research. 

 

For the amperometric detection system, a glassy carbon electrode (GC), a 

silver/silver chloride (Ag/AgCl) and a platinum wire (Pt) are working electrode, 

reference electrode and counter electrode respectively,    The scopes of this study are: 

 

1) To investigate the electroactive reaction of sudan azo dyes (sudan I, sudan II, sudan 

III and sudan IV) by cyclic voltammetry at GC electrode. 

2) To optimize the parameters for amperometric detection of sudan dyes at GC 

electrode by flow injection analysis (FIA) and high performance liquid 

chromatography    (HPLC) system. 

3) To establish the optimal condition for high performance liquid chromatography    

(HPLC) system. 

4) To validate the developed method. 

5) To compare the developed method to the standard method. 

6) To compare the results obtained from GC electrode and CNT modified GC 

electrodes. 
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CHAPTER II 

 

THEORY 

 

 

2.1 Electrochemical techniques 

 

Electroanalytical chemistry encompasses a group of quantitative analytical 

methods that are based upon the electrical properties of an analytical solution when it 

is made part of an electrochemical cell [42].  Electroanalytical techniques are capable 

of producing exceptionally low detection limits and a wealth of characteristic 

information describing electrochemically addressable systems. Such information 

includes the stoichiometry and rate of interfacial charge transfer, rate of mass transfer, 

extent of adsorption, and equilibrium constants for chemical reactions. 

 

Electroanalytical methods have certain general advantages over other types of 

procedures. First, electrochemical measurements are often specific for a particular 

oxidation state of an element, whereas most other analytical methods are capable of 

revealing only the total concentration.  The second important advantage of 

electrochemical methods is inexpensive of the instrumentation.  The third feature of 

certain electrochemical methods is giving the information about activities rather than 

concentrations of chemical species [43]. 

 

Now, there are various electroanalytical methods that have been used for wide 

range applications.  These methods are divided into bulk methods and interfacial 

methods which is wider usage than the former ones.  Interfacial methods are the 

methods in which the reactions occur at the interface between the surface of electrode 

and the thin layer of solution near the surfaces. 

 

Static and dynamic methods are the major subgroups of the interfacial 

methods based upon the presence and absence of current in electrochemical cell. 

Dynamic interfacial methods are the methods based on the presence of the current. 
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For the controlled- potential, potential is controlled while the other variables.  

The advantages of these methods are high sensitivity, portability, wide dynamic 

range, wide range of working electrode that can be used, low consumption of sample 

volumes, and low limit of detection (LOD). 

 

In this research, the voltammetry and amperometry were used.  The details of 

these methods are described as the following: 

 

2.1.1 Voltammetry 

 

Electroanalytical methods depend on the measurement of current as a function 

of applied potential are called voltammetric methods [44].  Conditions employed 

encourage polarization of the indicator or working electrode. 

 

Voltammetry is based on the measurement of current in an electrochemical 

cell under conditions of concentration polarization in which the rate of oxidation or 

reduction of the analyte.  These phenomenons are limited by mass transfer of the 

analyte to the electrode surface. 

 

Voltammetry is widely used in analytical, inorganic, physical, and biological 

chemistry for fundamental studies of oxidation and reduction processes in various 

media.  Figure 2.1 shows the common waveform of the voltammetry. 

 

 

 

 

 

 



 8

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

Wave form A: square, B: triangular, and C: linear potential-time patterns are use in 

square wave, cyclic voltammetry, and linear sweep, respectively. 

 

2.1.2 Cyclic voltammetry 

 

Cyclic voltammetry (CV) is a widely used electroanalytical technique, such as 

study of adsorption processes on surfaces, the detection of reaction intermediates, and 

the observation of follow-up reaction of products formed at electrode and electron 

transfer mechanisms at electrode surfaces [45].  The current response of a small 

stationary electrode in an unstirred solution is measured, when potential is applied as 

a function of time. 

 

Important parameters for cyclic voltammetric technique are the cathodic peak 

potential, Epc; the anodic peak potential, Epa; the cathodic peak current, ipc; and the 

anodic peak current, ipa.  The parameters of this technique are illustrated in Figure 2.2 

for a reversible electrode reaction; ipa and ipc are approximately equal in absolute 

value but opposite in sign.  Moreover, at 25 °C, the difference in peak potentials, ΔEp 

is expected to be 

 

ΔEp =  
n

EE pcpa
059.0

=−  

 

Where  n is the number of electrons involved in the half-reaction.  For irreversible 

processes, the individual peak is reducing in size because of slow electron transfer 

Time 

A

E 

2 sec 

0.06 sec 

E 

Time 

3 sec 

B

Time 

E 

2 sec 
C
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[46].  While an electron transfer reaction may appear reversible at a slow sweep rate, 

increasing the sweep rate may lead to increase values of ΔEp [46,47]. 

Quantitative information obtained from the Randles-Sevcik equation at 25 °C is 

 
2/12/12/3510686.2 νAcDnip ×=  

 

Where ip  is the peak current in ampere, A is an electrode area in cm2, D is the  

diffusion coefficient in cm2 s-1, c is the concentration in mol cm-3, and ν is the scan 

rate in V s-1. 

 
 

Figure 2.2 A typical cyclic voltammogram showing the important peak parameters 

 

 

2.1.3 Amperometry 

 

Amperometry is a simplest technique which a constant potential is applied to 

electrochemical cell.  This technique is based on measuring the limiting current at a 

constant applied potential.  The current is proportional to the concentration gradient at 

the electrode surface.  For FIA/HPLC amperometric detection, the applied potential of 

an analyte is determined by hydrodynamic voltammetry. 
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2.2 Electrochemical cell 

 

An electrochemical cell consists of at least two electrodes and one electrolyte.  

There are always three electrodes in the electroanalytical cell.  The first electrode is 

the indicate electrode also known as the working electrode.  This electrode which the 

electrochemical phenomena being investigated takes place.  The second electrode is 

the reference electrode.  The potential of this electrode has to be constant potential.   

The third electrode is the counter or auxiliary electrode which serves as a source for 

electrons so that current can be passed from the external circuit through the cell. 

 

2.3 Working electrodes 

 

The working electrode is the electrode which the analyte is oxidized or 

reduced.  Electrolysis current passes between the working electrode and a counter 

electrode.  The potential between the working electrodes versus a reference electrode 

is controlled.  The dimensions of the working electrode are kept small to enhance its 

tendency to become polarized.  There are made from inert metal such as platinum, 

gold, pyrolytic graphite and glassy carbon. 

 

2.3.1 Glassy carbon (GC) 

 

Glassy carbon (GC) has been used for many electrochemical techniques.  It 

was use to measure the concentration and to detect the presence of electrochemical 

species, because of its good electrical and thermal conductivity, low density, 

corrosion resistance, low thermal expansion, low elasticity, and high purity.  In 

addition, carbon materials can be produced in a variety of structures such as powders, 

fibers, large blocks, and thin solid sheets.   Furthermore, carbon materials are 

generally available at low-cost.  The most common shape for glassy carbon electrodes 

are rod, typically 0.5 cm or less in diameter.   However, rectangular plates and 

circular disks of glassy carbon are also used for electrodes.   In these researches, 

carbon electrode is used as a detector for liquid chromatography [48]. 
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Glassy or vitreous carbon is a more recent addition to the growing list of the 

solid carbon electrodes [47].  The preparation of glassy carbon electrodes is difficult 

to machine because of hardness.   Glassy carbon is produced by thermal degradation 

of selected organic polymers, such as resins of furfuryl alcohol, phenol formaldehyde, 

acetone-furfural, or furfural alcohol-phenol copolymer.  Generally, starting with the 

coke, it is heated to remove volatiles.  Then after further preliminary treatments, the 

amorphous carbon is transformed to graphite by heating at 2500°C to 3000°C.  The 

physical properties of glassy carbon depend on the maximum temperature of heat 

treatment.   Glassy carbon with satisfactory properties for many applications can be 

produced at 1800°C.   The glassy carbon appears and shows fracture behavior similar 

to that of glasses.   The glassy carbon is sealed in an inert or nonconductive medium 

(e.g. PTFE, epoxy resin, and glass) and the exposed end is polished to a flat.  The 

electrochemical pre-treated glassy carbon electrode for the amperometric detection 

can be enhanced and stabilized the electrode response [48].   Several stages in a 

metallographic polishing procedure of GC electrode with an electrochemical 

pretreatment have been investigated.  From the investigation, the S/B ratios obtained 

from HPLC with amperometric detection depend on the polishing procedure.  The 

degree of adsorption and deactivation may be reduced by a subsequent 

electrochemical pretreatment [49].  One of the first applications for glassy carbon 

electrodes was reported by Zittle and Miller in the mid – 1960s.   Van der Linder and 

Dieker also reviewed the use of glassy carbon as the working electrodes in 

electroanalytical chemistry.   It was reported that glassy carbon electrodes have the 

widest potential range among many carbon electrodes (see Table 2.1) or other solid 

electrodes. 
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Table2.1 Potential limits for various carbon electrodes in different electrolytes [50] 

 

Electrolyte( 25°C) Potential limit  (V vs. SCE) 

 Anodic Cathodic 

 

 
Glassy Carbon  

1 M HCl 0.9 -1.1 

Phosphate buffer, pH 6 1.4 -1.5 

1 M NaOH 0.5 -1.6 

0.2 M LiClO4 in acetonitrile 3.0a -2.6a 

 

 
Carbon Paste  

0.1 M H2SO4 1.34 NR 

0.1 M HCl 1.07 NR 

Acetate buffer, pH 4.85 1.24 NR 

2 M KCl 0.93 NR 

Phosphate buffer, pH 6.80 1.26 NR 

 

 
Pyrolytic Graphite  

0.1N H2SO4 1.19 -0.24 

0.1 M HCl 1.12 -0.32 

0.1 M NaOH 0.68 -0.34 

 
a  0.1 M Ag/Ag+ Reference electrode 

NR:  Not reported 

 

2.3.2 Carbon nanotube (CNT) -ionic liquid gel modified glassy carbon 

 

CNT was discovered by Sumio Iijima in 1991.   CNT is a nanoscopic structure 

made of carbon atoms in the shape of a hollow cylinder.  The cylinders are typically 

closed at their ends by semi-fullerene-like structures.  The diameter is in the range of 

0.5 nm [50].   CNT is generally classified into two types, one is single-walled carbon 

nanotube (SWNT) and the other is multi-walled carbon nanotube (MWNT).   SWNT, 
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which is seamless cylinders each made of a single grapheme sheet show in Figure 2.3.  

MWNT consists of two or more seamless grapheme cylinders concentrically arranged 

(Figure 2.4). They show many unique characteristics, such as large surface area and 

high electrical conductivity.  It is well known that CNT have capability to promote 

electron transfer reaction and improve sensitivity in electrochemistry, thus they are 

widely used to prepare electrodes [51]. 

 
 

Figure. 2.3  Computer-generated images of single-wall carbon nanotubes: 

(a)  armchair type, (b) zig-zag type, and (c) helical type.  

 

 
 

Figure. 2.4  Multi-wall carbon nanotubes 

 

 

 

 

 

a. b. c. 
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2.4 Flow injection analysis 

 

Flow injection analysis (FIA) was first described in the mid 1970s.  The great 

advantage of the FIA is easy for additional components, which are added to the 

system to achieve an analytical objective.  This makes FIA simple, automated and 

capable of having a high sampling rate, low consumption of reagents and samples, 

better repeatability, good precision, high sensitivity, great selectivity, as well as 

relative low cost of the instrumentation.  FIA technique is based on the injection of a 

liquid sample into a continuous carrier steam of a suitable liquid.  So, analysis time 

can be greatly reduced due to the high sample throughput of flow systems.  The 

simplest flow injection analyzer consists of  a pump, which is used to push the carrier 

stream though a narrow tube; an injection port, which a well-defined volume of a 

sample solution is injected into the carrier stream in a reproducible manner and 

reproducible timing of its movement from the injection point toward the detector [53]. 

 

2.5 FIA Components 

 

2.5.1 Sample and reagent transport system 

 

The carrier solution in FIA is moved through the system by a peristaltic 

or HPLC pump.  The flow rate of the peristaltic pump is controlled by the speed of the 

motor and the inside diameter of the plastic tubing. 

 

2.5.2 Sample injector 

 

The injector of FIA is similar to HPLC analysis.  The injected sample 

volumes are between 1 and 200 μL.  A typical method for introducing sample is 

syringe injection.  Thus, the satisfactory way of sample introduction is upon sampling 

loops.  The time span between the sample injection, S and the peak maximum, which 

yields the analytical readout as peak height, H is the residence time, T.  Then, the 

sample zone is transported toward a detector that continuously records electrode 

potential. 
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2.5.3 Detectors 

 

There are many types of the FIA detectors such as fluorometry, 

spectrophotometry, and electrochemistry [54].  A typical recorder output has the form 

of a peak height, H or area, A.  It is related to the concentration of the analyte. 

Alternative automatic procedures based on flow injection technique with 

amperometric detectors have been widely suggested in pharmaceutical, food, forensic 

and clinical sciences.  However, a simple and cheap electrochemical methodology has 

never been reported for sudan dyes.  The use of amperometric detection is sensitive 

enough for the quantitation of electroactive substances in simple matrices.  Therefore, 

it could be possible to determine sudan dyes directly in food sample.  From the Figure 

2.5a and b   is a flow diagram of the simplest type of FIA couple with amperometric 

systems. 

 
 

 

Figure 2.5a   Schematic diagram of the flow system used for evaluation of the GC 

electrode for Sudan dyes determination. P; peristaltic pump; I; manual injector; S; 

sample, L; sample volume, C; carrier solution, EFC; electrochemical flow cell, R; 

Potentiostat (recorder) and W: waste [55]. 
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Figure 2.5b Schematic diagram of the electrochemical flow cell used in the 

amperometric measurements in flow injection system. 1. Polyurethane resin block, 

2.Reference electrode (Ag/AgCl), 3.Stainless steel electrode, 4.GC electrode, and 

5.Polyethylene tubing (flow) [55]. 

 

2.6 High performance liquid chromatography (HPLC) 

 

In many analytical laboratories, HPLC is the most widely use for the 

analytical separation in many analytical laboratories.  The reasons for the popularity 

of the method are sensitive, ready adaptable for accurate quantitative determinations 

[43].  The schematic diagram of a HPLC is shown in Figure 2.6. 
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Figure 2.6 Schematic diagram of an HPLC unit. 1; solvent reservoir; 2; transfer line 

with frit; 3; pump; 4; sample injection; 5; column; 6; detector; 7; waste; 8; data 

acquisition. 

 

a.) A solvent reservoir 

 

In general, the reservoir made of glass or stainless steel contains 200 to 1000 

mL of a mobile phase prior introduce into pump.  The dissolved gas in the mobile 

phase are generates bubbles in the column, the pump check valve and the detector. 

 

b.) HPLC pumps 

 

For analytical proposes HPLC pumps should provide flow rates 

range from 0 to 10 mL min-1. There are two types of pump in common use 

for HPLC analysis. One is a pneumatic pump, which the necessary high 

pressures are achieved by pneumatic amplification. The other is a syringe 

pump.  The syringe pump is strongly constructed with a plunger that is driven 

by a motor. 
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c.) HPLC sample valves (injector) 

 

A sample loop of the injector is the most widely use for the introduction of 

sample solution into HPLC system.  The injection part commonly consists of an 

injection valve and the sample loop.  The sample is typically dissolved in the mobile 

phase before it is injected into the loop via the injection valve.  Loop volumes range 

between 10 μL to 500 μL.  The injection valve is more precise than a syringe 

injection.  The volumes used must be minuscule to prevente band broadening and 

overloading columns.  The sample injection is typically automated. 

 

d.) HPLC columns (Stationary phase) 

 

HPLC columns are packed with very fine particles (usually a few microns in 

diameter). The stationary phase must therefore have much smaller particle size, 3 – 10 

μm, to reduce the effective depth of the mobile phase.  The very fine particles are 

required to attain the low dispersion that gives the high plate.  Plate counts in excess 

of 25,000 plates per column are possible with modern columns.  The separation in 

HPLC columns achieve by the different intermolecular forces between the solute and 

the stationary phase and those between the solute and the mobile phase.  The main 

consideration with HPLC is the much wider variety of solvents and packing materials.   

The HPLC columns are containing various type of stationary phase such as; size- 

exclusion, normal phase, ion exchange and reveres phase.  The choice of the suitable 

chromatographic conditions for a HPLC analysis depends on two factors: the 

molecular sizes and polarities of the analytes.  To separate hydrophobic compound 

reverse phase chromatography can be used.  The stationary phase of this mode 

consists of silica based packing with n-alkyl chains covalently bound.  The stationary-

phase materials with methyl, hexyl, octyl, doeicosanyl (C22) and phenyl side chains 

are also commercially available.  The popularity of the octadecylsilyl-(ODS) 

substituted silica (C18) come initially from a comparison of the efficiency and 

selectivity of a series of phases with different chain lengths [56]. 
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e.) Mobile phase 

 

The mobile phase in HPLC refers to the solvent being continuously flowed 

to the column or stationary phase.  In the isocratic elution, compounds are eluted 

using constant mobile phase composition.  This type of elution is both simple and 

inexpensive.  The mobile phase in the electrochemical detector is buffer to provide a 

relatively high concentration of ions in the solution.  This enables the mobile phase to 

act as a supporting electrolyte for electrochemical reaction as well. 

 

f.) HPLC Detectors 

 

The HPLC detector is the function for monitoring analyte from the column. 

There are many types of the HPLC detectors.  Electrochemical detector (EC) for 

HPLC is interesting because of the low detection limit, high sensitivity, and 

reproducibility.  The linear dynamic range is wider than the optical detectors [48].  

Electrochemical detectors measure compounds that undergo oxidation or reduction 

reactions in solution by the addition or removal of electrons at an electrode surface.  

These electrochemical reactions take place when a positive or negative potential is 

applied to the solution.  Electrochemical techniques that can be applied to HPLC are 

amperometry, coulometry and conductometry [43].  In the experiment, a fixed 

potential is applied to the solution.  The number of mole of analytes can be 

determined by monitoring the total of coulombs (current x time).  

Electrochemical cell for HPLC (HPLC-EC) in this work is the thin-layer 

cell.  All the commercially available HPLC-EC detectors contain three electrodes.  

The auxiliary electrode directly across from the working electrode helps to minimize 

iR drop between the two electrodes.  As a result, a wider linear dynamic range is 

achieved. The reaction takes place at the working electrode.  Usually, working 

electrodes are made of glassy carbon, which is highly resistant to organic mobile 

phases.  Gold and platinum electrodes can also be used and have been found to be 

preferable for some samples.  The working electrode is held at a fixed potential versus 

a silver/silver chloride (Ag/AgCl) or calomel reference electrode.  Finally, counter (or 

auxiliary) electrode made from stainless-steel is used as a source or sink for electrons 

so that current can be passed from the external circuit through the cell [56]. 
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When this electrode is placed in a flowing stream of mobile phase, it will 

generate a background current due to any oxidation or reduction of the mobile phase 

or contaminants.   If an analyte passes the working electrode, it will be oxidized (or 

reduced) by the working electrode.  The background current will be increased.  The 

selectivity of electrochemical detection is obtained by choosing the appropriate 

potential of the working electrode for the analyte(s).   The optimal operating potential 

is a function of the analyte structure and the nature of the working electrode material.   

A plot of hydrodynamic voltammograms can be created from data, where the current 

vs. applied potential defines the best situation for a fixed set of separation-detector 

conditions. 

 

2.7 Sample preparation 

 

Sample preparation is an essential part of HPLC analysis to provide a 

reproducible and homogeneous solution that is suitable for injection onto the column. 

The aims of sample preparation are to contain free interference and to prevent the 

column from insoluble material [57]. 

 

Liquid-liquid extraction (LLE), known as solvent extraction and partition is 

useful for separating analytes from interferences by partitioning the sample between 

two immiscible liquids.  This technique is a method for separate compounds based on 

their solubility preferences for two different immiscible liquids.  The hydrophilic 

compounds prefer the polar aqueous phase, whereas more hydrophobic compounds 

will be found mainly in the organic solvent.  Therefore,  an analyte is extracted into 

the organic phase from an aqueous sample, but similar approaches are used when the 

analyte is extracted into an aqueous phase.  Analytes extracted into the organic phase 

are easily recovered by evaporation of the solvent, while analytes extracted into the 

aqueous phase can often be injected directly to a reversed-phase HPLC column. An 

extraction is an equilibrium process with limited efficiency; amounts of the analyte 

can remain in both phases.  Chemical equilibrium involving changes in pH, ion 

pairing, complexation, and can be used to enhance analyte recovery and/or the 
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elimination of interferences [56].  The LLE organic solvent is chosen for the 

following characteristics: 
•   Low solubility in water (< 10%) 
•  Low volatility  
• Enhance the recovery of the analyte in the organic phase.  

 

2.8   Distribution constant and distribution ratio 

 

The organic reagents are important because it can be extracted readily from 

water into virtually immiscible organic solvents.  The selectivity of a given reagent 

may be improved by the addition of another equilibrium step (extraction) in the 

separation [58].   For a nonionic solute that exists in the same molecular form in the 

two phases the distribution equilibrium of a solute A in this single definite form 

between water and an organic phase is described by 

 

A (water)⇔   A (organic) 

aq

org
AD A

A
K

][
][

)( =  

 

Where  KD is  the distribution constant for A, the subscript org denote the organic 

phase, and the subscript aq denotes water.  The limiting value of KD   at zero ionic 

strength is a true constant for a particular species under specified condition. 
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CHAPTER III 

 

EXPERIMENTAL 

 

3.1 Chemical and Reagents 

 

3.1.1 Sudan I (Sovent Yellow), (Sigma – Aldrich) 

3.1.2 Sudan II (Sigma – Aldrich) 

3.1.3 Sudan III (Fluka) 

3.1.4 Sudan IV (Sovent Red 24), (Sigma – Aldrich) 

3.1.5 Acetonitrile (HPLC Grade, Merck) 

3.1.6 Ethanol (HPLC Grade, Merck) 

3.1.7 Acetic acid (BDH) 

3.1.8 Ammonium acetate (Riedel de Haën) 

3.1.9 A standard buffer solution pH 4 and pH 7 (Metrohm) 

3.1.10 Methanol (HPLC Grade, Merck) 

3.1.11 Multi-wall carbon nanotube (MWNTS, A gift from Peking University) 

3.1.12 Ionic liquid of 1- octyl-3-methylimidazolium hexafluorophosphate 

(OMIMPF6, A gift from Peking University) 

 

3.2 Instruments and Equipments 

 

3.2.1  An Autolab potentiostat (PGSTAT 30, Methom) 

3.2.2  A water Model 510 solvent delivery system (Water Associates Inc, 

Milford, MA, U.S.A.) 

3.2.3  A Rhedyne injection valve, Model 5100 (Altech), with a 20 μL stainless steel  

          injection loop (0.5 mm. i.d.) 

3.2.4  Milli – Q water system, (Millipore, Bedfold, MA, USA, R≥18.2 MΩ) 

3.2.5  Centrifuge (Cole Parmer) 

3.2.6  Mobile phase filter set included 300 mL glass reservior, glass membrane 

          holder, 1,000 mL flask and metal clip (Millipore, USA) 

3.2.7 Stainless steel electrode 

3.2.8  Autopipette and tips (Gilson, Germany) 
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3.2.9  Inertsil-ODS3 C18 ( 5 μm, 4.6 mm x 25 cm, GL Science) 

3.2.10  A glassy carbon (GC) electrode (0.07cm2 , Bioanalytical System Inc.) 

3.2.11 A silver/silver chloride (Ag/AgCl) electrode (Bioanalytical System Inc.) 

3.2.12  A platinum wire (Bioanalytical System Inc.) 

3.2.13 A polish set of 0.05 μm alumina powder  (Metrohm) 

3.2.14  A thin layer flow cell (Bioanalytical System Inc.) 

3.2.15  A Teflon cell gasket (Bioanalytical System Inc.) 

3.2.16  Peek tubing (0.25mm i.d.) abd connecting (Upchurch) 

3.2.17  Teflon tubing (1/10 inch i.d., Upchurch) 

3.2.18  A cutting set (Altech) 

3.2.19  A pH meter (Metrohm) 

3.2.20  A sonicator (USA, A006651) 

3.2.21  An analytical balance (Metler, AT 200) 

3.2.22  Erlenmeyer flasks 10 ,100 and 250 mL 

3.2.23  Separatory funnels 500 mL 

3.2.24  Volumetric flasks 10, 25, 50 and 100 mL 

3.2.25  Beakers 10, 25, 50, 500 and 1,000 mL 

3.2.26  Vortex mixer ( Model VTX-3000L, Mixer uzusio LMS.CO, LTD) 

3.2.28  Filters membrane ( 0.2 µm, 47 mm, Whatman) 

3.2.29 Syringe filter, PTFE 13 mm, 0.45 µm (Chrom Tech, Inc.) 

3.2.30 Volumetric flask 5.00, 10.00, 50.00, 250.00 and 500.00 mL 

3.2.31 Beaker 10, 50, 150, 250 and 600 mL 

3.2.32 A glass filter set (250 mL funnel, 1 L flask, glass base and tube cap 

           and spring clamp) for HPLC mobile phase filtration  (KONTES) 

All glassware were washed with detergent, and rinsed with double distilled 

water and acetonitrile before use. 

 

3.3 Preparation of chemical solutions 

 

3.3.1 Sudan I – IV standard stock solutions 

 

Each standard stock solution of 1,500 µM four sudan dyes was 

prepared by weighting sudan I 3.72 mg, sudan II 4.15 mg, sudan III 5.29 mg and 

sudan IV 5.71 mg, dissolved each dyes with acetonitrile, and after that transferred 
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each dyes into 10.00 mL volumetric flask. The acetonitrile solution was used for 

diluting to the mark. All of the standard solutions were stored at 4° C and protected 

from the light. 

 

3.3.2 Working standard solutions 

 

3.3.2.1 Working standard solutions for cyclic voltammetry 

 

The standard solution of sudan dyes was prepared by pipetting 

of each stock standard solution (1,500 µM) into a 5 mL volumetric flask and adjusted 

to 5 mL with carrier solution.  The working standard solutions contained 100 µM of 

each sudan dyes.  The solutions were protected from the light. 

 

3.3.2.2 Working standard solutions of sudan I – IV for flow 

injection analysis 

 

The standard solution of four sudan dyes was prepared by 

pipetting of each stock standard solution (1,500 µM) into a 5 mL volumetric flask and 

adjusted to 5 mL with carrier solution.  The solutions were protected from the light.  

The concentrations for FIA are shown in Table. 3.1. 
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Table 3.1   The concentration of working standard solution of sudan I, sudan II, sudan 

III and sudan IV for FIA. 

 

Analyte 

 

Concentration of working standard solution (ppm) 

 

Sudan I 
 

0.025, 0.05, 0.1, 0.25, 0.5, 1.0, 2.5, 5.0,10.0,12.0,15.0, 20.0, 25.0 

Sudan II 

 

0.025, 0.05, 0.1, 0.25, 0.5, 1.0, 2.5, 5.0,10.0,12.0,15.0, 20.0, 

25.0,50.0, 75.0, 100.0 

Sudan III 

 

0.025, 0.05, 0.1, 0.25, 0.5, 1.0, 2.5, 5.0,10.0,12.0,15.0, 20.0, 

25.0,50.0, 75.0, 100.0,150.0 

Sudan IV 

 

0.025, 0.05, 0.1, 0.25, 0.5, 1.0, 2.5, 5.0,10.0,12.0,15.0, 20.0, 

25.0,50.0, 75.0, 100.0 

 

 

3.3.2.3 The mixed working standard solutions of four sudan dyes 

for HPLC – EC analysis 

 

The mixed standard solution of four sudan dyes was prepared 

by appropriate diluting either 1,500 µM stock solution with mobile phase into 5 mL 

volumetric flask and kept in an airtight container.   The final concentration of each 

sudan dye was shown in Table. 3.2. 
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Table 3.2 The concentration of mixed standard solution of sudan I, sudan II, sudan III 

and sudan IV for HPLC-EC 

No.  Concentration   

 Sudan I Sudan II Sudan III Sudan IV 

1 0.005 0.005 0.005 0.005 

2 0.01 0.01 0.01 0.01 

4 0.025 0.025 0.025 0.025 

5 0.05 0.05 0.05 0.05 

6 0.10 0.10 0.10 0.1 

7 0.25 0.25 0.25 0.25 

8 0.50 0.50 0.50 0.5 

9 1.0 1.0 1.0 1.0 

10 2.5 2.50 2.50 2.5 

11 5.0 5.0 5.0 5.0 

12 10.0 10..0 10.0 10.0 

13 - 12.0 15.0 15.0 

14 - - 25.0 25.0 

15 - - 30.0 30.0 

16 - - 50.0 50.0 

17 - - 60.0 60.0 

18 - - 100.0 100.0 

19 - - 110.0 110.0 

21 - - 120.0 120.0 

22 - - 130.0 130.0 

23 - - - 150.0 

 

 

3.3.3 Preparation of samples 

 

The commercial samples were purchased in big trades: 3 brands of soft 

drinks and 1 brand of chili sauce. 
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3.3.3.1 Sample preparation of soft drink samples 

 

Five milliters of soft drink sample was pipeted into four 

beakers. Each 0, 0.5, 1.0 and 1.5 ppm of the mixed standard solution of sudan dyes at 

the final volume was added into beaker and mixed rapidly with vortex mixer, 

respectively.  Next step, a portion of clarified solution was removed and evaporated at   

30 °C on hot plate stirrer until remained 1 mL of sample solution.  The remaining 

sample solution was extracted with 5 mL of acetonitrile by vortex mixer for 1 minute.  

After extracted, it was clarified by centrifugation at 4,000 rpm for 5 minutes at room 

temperature, dried solvent with nitrogen gas, and added 1 mL of mobile phase.  The 

solution was mechanically shaken for a minute, then transferred into a 5 mL 

volumetric flask and diluted to the final volume.  A sample solution was filtered 

through a 0.45 µm PTFE syringe filter membrane and degassed for 1 minute with a 

sonicator before injection into the HPLC – EC system. 

 

3.3.3.2 Sample preparation of chili sauce sample 

 

One gram of chili sauce samples was weighed into 5 mL 

volumetric flask and added with 0, 0.5, 1.0, and 1.5 ppm of the mixed standard 

solution of sudan dyes calculate at the final volume, respectively.  Each sample was 

extracted with 5 mL of acetonitrile by vortex mixer for 1 minute.  After extracted, it 

was centrifuged at 4,000 rpm for 5 minutes at room temperature.  A portion of 

clarified solution was removed and evaporated until it dried.  Then this part was 

dissolved with 1 mL of mobile phase and transferred into 1 mL HPLC – bottle.  

Sample solution was filtered through a 0.45 µm PTFE syringe filter membrane. 

 

3.3.4 Carrier solution / Mobile Phase for FIA and HPLC – EC 

 

20 mM acetate buffer solution was prepared by dissolving 15.42 mg of 

ammonium acetate and 1.0 mL of glacial acetic acid in 100 mL volumetric flask and 

diluted to volume by Milli – Q water. 

 

The mobile phase was prepared by mixing 100 mL of acetate buffer solution 

and 900 mL of acetonitrile solution (HPLC glade) in 1.0 L volumetric flask.  Then, 
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the solution was mixed thoroughly to complete dissolution, filtered through a 0.45 µm 

nylon membrane with mobile phase filter set and finally degassed by ultrasonic bath. 

 

3.4 Procedure 

 

3.4.1 Cyclic voltammetry 

 

Cyclic voltammetric investigations of the electrochemical behaviors of four 

sudan dyes were studied in a electrochemical cell.  The voltammograms were 

recorded using an autolab potentiostat 100.  The platinum wire was used as the 

counter electrode and an Ag / AgCl was used as the reference electrode.  The GC as 

the working electrode was polished to a mirror with 1.0 and 0.3 µm alumina powder, 

washed by Milli – Q water, and sonicated with ethanol and water prior to use.  The 

electrochemical measurements were carried out in a faradaic cage to reduce electronic 

noise at room temperature. 

 

3.4.2 Flow injection analysis 

 

Flow injection amperometric measurements were performed using HPLC 

pump and a manual injector.  Amperometric detection was carried out in a thin-layer 

flow cell equipped with a GC electrode.  The determination of each sudan dyes was 

performed at fixed optimal potential for each sudan dyes.  Four injections were 

carried out for each concentration. 

 

3.4.3 High performance liquid chromatographic optimization 

 

HPLC-EC system for analysing solution of mixed sudan dyes was equipped 

with a C18 column.  The appropriate mobile phase, acetonitrile and acetate buffer was 

developed by varying percentage of acetonitrile and the buffer solution.  The 

separation of four sudan dyes was tested with mixed standard.  A mixed standard 

solution of four sudan dyes; i.e. sudan I, sudan II, sudan III and sudan IV was 

injected.  The injection volume was 20 μL and the detector was amperometric 

detector. 
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3.4.4 Fabrication of the modified electrode 

 

The GC disc working electrode (4 mm diameter, China) was polished 

before use with 1 µm and 0.3 µm alumina powder.   After rinsing, the electrode was 

placed in an ultrasonic cleaner for 5 min, first with ethanol and then with deionized 

water, to remove any traces of impurities.   To dry the surface of the GC electrode, it 

was flowed with N2.   A mixture of 12 mg MWNTs and 0.2mL OMIMPF6 was 

ground with an agate mortar for about 20 min, and a black gel was formed [59].  

Then, the GC electrode was spread with carbon nanotube gel and placed on a smooth 

glass slide, and the gel was mechanically attached to the electrode surface.   Finally, 

after the gel on the electrode surface was smoothed with a spatula to leave a thin gel 

film on the GC electrode surface, the gel, which modified the glassy carbon electrode 

(denominated as CNT electrode in this research), was fabricated. 

 

3.5 Calibration and linearity 

 

Each concentration of the mixed standard solution of sudan dyes 0.001, 

0.0025, 0.005, 0.01, 0.025, 0.05, 1.0, 2.5, 5.0, 10.0, 25.0, 50.0, 100.0, 150.0, 200.0, 

250.0 and 300.0 ppm was injected in duplicate.  The calibration curve was plotted 

between the peak areas and the concentrations. 

 

3.6 Limit of detection (LOD) and limit of quantitation (LOQ) 

 

LOD and LOQ are defined as the concentrations that provide a current 

response higher 3 times than the noise (S/N≥3) and 10 times than the noise (S/N≥10), 

respectively.  They are determined by various concentrations under HPLC conditions. 

 

3.7 Precision and accuracy 

 

For intra-day precision, the repeated analysis of spiked samples is studied in 

one day.  For inter-day precision, the repeat of analysis of spiked samples is studied 

on different days.  The spiking concentration at levels 0.5, 1.0, and 1.5 ppm were used 

in this study and each level was repeated in triplicate. 
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3.8 Applications 

 

The HPLC-EC using the CNT electrode was applied to detect four sudan dyes 

in soft drink.  In this research, the HPLC-EC study of sudan dyes in soft drink 

samples has been carried out at CNT modified GC selectrode comparison with GC 

electrode.  Three types of soft drinks were purchased from the big trade. 
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CHAPTER IV 

 

RESULTS AND DISCUSSION 

 

 

4.1 Cyclic voltammetric investigation 

   

 The electrooxidation of sudan dyes was investigated by cyclic voltammetry. 

The cyclic voltammograms for 100 µM standard solutions of four sudan dyes with the 

corresponding background current of acetonitrile and 20 mM acetate buffer (90:10; 

v/v) at GC electrode show well-defined, irreversible peaks obtained for the oxidation 

of sudan I in Figure 4.1.  The results obtained from the other sudan dyes, sudan II, 

sudan III and sudan IV were analogous to the sudan I response and are shown in 

appendix A. The obtained electrochemical results for all analytes are shown in Table 

4.1.  The results indicate that the sensitivity of sudan I is higher than sudan II, sudan 

III and sudan IV, respectively. 
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Figure 4.1   Cyclic voltammograms for 100 μM sudan I in acetonitrile and 20 mM 

acetate buffer (90:10; v/v) (solid line) together with the corresponding background 

current (dash line) at a GC electrode. The scan rate was 50 mV/s; electrode area, 0.07 

cm2.  
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 In the presence of these analytes, the anodic waves were observed on the 

positive scan beginning at ca. 0.0 to +1.2 V vs. Ag/AgCl for four sudan dyes. The 

cathodic peak was not observed for four sudan dyes. 

 

Table 4.1 The electrochemical data of 100 µM sudan I, II, III and IV at GC electrode 

 

Analytes Ep
ox* 

(V vs. Ag/AgCl) 

Ip
ox **  

(μA) 

S/Na 

Sudan I 0.729 7.083 5.358 

Sudan II 0.717 5.307 4.014 

Sudan III 0.748 3.555 2.689 

Sudan IV 0.726 3.416 2.584 

 *Potential of the oxidation peak 

**Current of the oxidation peak 
 aCalculated  from Ip

ox / background current 

 

 

4.1.1 Scan rate dependence study 

  

The effect of the scan rate on the electrochemical behaviors of sudan I, 

sudan II, sudan III and sudan IV were investigated by variation of the scan rate from 

10 to 300 mV/s. The relationship between the current responses versus the square root 

of the scan rate (ν1/2) is highly linear (r2 > 0.99) for four sudan dyes as shown in the 

insets of Figures 4.2, 4.3, 4.4, and 4.5, respectively.  From these results, it can be 

concluded that the diffusion process controls the transportation of these analytes. 
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Figure 4.2 Cyclic voltammograms for 100 µM Sudan I in solution of acetonitrile and 

20 mM acetate buffer (90:10; v/v) using various scans rates and a GC electrode. The 

inset shows the relationship of the current response versus the square root of the scan 

rate (ν1/2)    
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Figure 4.3 Cyclic voltammograms for 100 µM sudan II in a solution of acetonitrile 

and 20 mM acetate buffer (90:10; v/v) using various scan rates and a GC electrode. 

Inset shows the relationship of the current responses versus the square root of the scan 

rate (ν1/2)    
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Figure 4.4 Cyclic voltammograms for a dependence study of various scan rates on 

100 µM sudan III in acetonitrile and 20 mM acetate buffer (90:10; v/v) solution at GC 

electrode. Inset shows the relationship of the current response versus the square root 

of the scan rate (ν1/2). 
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Figure 4.5 Cyclic voltammograms for a dependence study of various scan rates on 

100 µM Sudan IV in acetonitrile and 20 mM acetate buffer (90:10; v/v) solution at a 

GC electrode. The inset shows the relationship of the current response versus the 

square root of the scan rate (ν1/2).    

 

4.2 Flow injection analysis study 

 

 A flow-injection method for the determination of four sudan dyes based on 

electrochemical oxidation at the GC electrode is presented.  

 

4.2.1 Hydrodynamic voltammetric study 

 

The optimum potential was investigated by hydrodyanamic 

voltammetry. A hydrodynamic voltammogram was obtained from the average of three 

standard injections of 20 μL of 10 ppm of each sudan dye solution in the flow 
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injection system at increasing values of the applied potential, from 0.4 to 1.4 V vs. 

Ag/AgCl in the flow injection system.  The carrier solution was acetonitrile and 20 

mM acetate buffer (90:10; v/v).  Figure 4.6 shows the hydrodynamic analysis of four 

sudan dyes.  The results show the maximum S/B ratio at 0.8, 0.9, 0.95, and 0.8 V vs. 

Ag/AgCl for sudan I, sudan II, sudan III, and sudan IV, respectively. Hence, these 

potentials were used for quantitative flow injection analysis. 
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Figure 4.6 Hydrodynamic voltammetric results of signal-to-background for 10 ppm 

of each sudan dyes. The average peak current obtained from injections (n=3) of (A) 

sudan I (B) sudan II (C) sudan III and (D) sudan IV in carrier solution of acetonitrile 

and 20 mM acetate buffer (90:10; v/v) The flow rate was 1 mL min-1.  

    

 

 4.2.2 Analytical performance using the flow injection system 

 

  4.2.2.1 Calibration and linearity study 
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    From the chosen optimum potential, the calibration 

curves were separately constructed for each sudan dye standard solution in the 

concentration range of 0.01 to 120 ppm as shown in Figures 4.7a-d.  Each point of the 

calibration graph corresponds to the mean value from three replicated injections. The 

regression analysis of each sudan dye standard solution is summarized in Table 4.2.  

Linear range of FIA analysis was in the range from 0.05-5, 0.25-10, 0.05-10 and 

0.025-10 ppm for sudan I, sudan II, sudan III, and sudan IV, respectively.   
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Figure 4.7a   The relationship between the current response and the concentrations of 

sudan I in the carrier stream of acetonitrile and 20 mM acetate buffer (90:10; v/v). 

The flow rate is 1 mL min-1.  A linear range is shown in the inset. 
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Figure 4.7b   The relationship between the current response and the concentrations of 

sudan II in the carrier stream of acetonitrile and 20 mM acetate buffer (90:10; v/v). 

The flow rate is 1 mL min-1.  A linear range is shown in the inset.  
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Figure 4.7c   The relationship between the current response and the concentration of 

sudan III in the carrier stream of acetonitrile and 20 mM acetate buffer (90:10; v/v). 

The flow rate was 1 mL min-1.  A linear range is shown in the inset. 
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Figure 4.7d   The relationship between the current response and the concentration of 

sudan IV in the carrier stream of acetonitrile and 20 mM acetate buffer (90:10; v/v). 

The flow rate was 1 mL min-1.  A linear range is shown in the inset. 

 

4.2.2.2 LOD and LOQ 

 

The detection limit was investigated by examining various 

concentrations of sudan I, sudan II, sudan III, and sudan IV from 0.01 ppm to 120 

ppm.  The LOD is defined as the concentration that provides a signal-to-noise ratio of 

3 (3S/B). The LOQ was determined under the definition of ten times the signal to 

noise ratio (10S/B).  The current signal increases with the concentration increase as 

seen with sudan II in Figure 4.8.  From these results, the detection limits obtained 

from this proposed method were 0.01 ppm for sudan I and sudan IV, 0.10 ppm for 

sudan II and 0.025 ppm for sudan III. The data are summarized in Table 4.2. 
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Figure 4.8 Flow injection signals of sudan I standard in carrier stream of acetonitrile 

and 20 mM acetate buffer (90:10; v/v). The flow rate was 1 mL min-1. 

 

Table 4.2   Regression analysis of parameters (R2), linear range (LR), limit of 

detection (LOD) and limit of quantification (LOQ) of sudan I, sudan II, sudan III, and 

sudan IV by FIA with amperometric detection using GC electrode. 

 

 

 
SUD I SUD II SUD III SUD IV 

LR (ppm) 0.05-5.0 0.25-10.0 0.05-10.0 0.025-10.0 

R2 0.9996 0.9934 0.9995 0.9997 

LOD (ppm) 0.01 0.10 0.025 0.01 

LOQ (ppm) 0.05 0.25 0.05 0.025 
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4.3 The results of HPLC amperometric method development  

  

4.3.1 The optimal parameters of HPLC separation 

 

Optimum conditions are necessary for the quantitative analysis of the 

four sudan dyes (sudan I, sudan II, sudan III, and sudan IV), to enhance sensitivity 

and efficiency of separation.  Optimization of HPLC with amperometric detection 

were established by varying one parameter at a time, fixing other parameters constant 

and observing its effect on peak width and resolution.  

 

4.3.1.1 Mobile phase 

 

Effect of mobile phase type and mobile phase composition 

are important for HPLC analysis. The type of solvent and mobile phase for analysis of 

sudan dyes was investigated from prior published results [2].  The optimum solvent 

for sudan I, sudan II, sudan III and sudan IV was acetonitrile because of its ready 

solubility.  The results are shown in Table 4.3. 

 

Table 4.3 Solubility of sudan I, sudan II, sudan III and sudan IV in 100g methanol, 

ethanol, and acetonitrile at 25 °C 

 

mg/100g Analytes 

Methanol Ethanol Acetonitrile 

Sudan I 1.98 1.00 1.98 

Sudan II 0.38 0.75 1.82 

Sudan III 0.26 0.45 1.14 

Sudan IV 0.18 0.22 0.65 

 

The mobile phase composition was investigated by various 

ratios of acetonitrile and buffer solution.  This isocratic elution was developed to 

separate sudan dyes in this study. The results are collected in Table 4.5 and are also 

shown in Figures 4.9, 4.10, and 4.11.  From the result, conditions D have a longer 

time for separation than condition E.  Thus, the best separation of sudan I, sudan II, 
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sudan III and sudan IV was obtained under condition E when the mobile phase was 

composed of acetonitrile: 20 mM acetate buffer in the ratio of 90:10 (%v/v).  The 

HPLC chromatographic conditions for sudan I, sudan II, sudan III and, sudan IV 

detection are described in Table 4.6 and shown by the chromatogram in Figure 4.11. 

The selectivity of the appropriate mobile phase from HPLC optimized conditions and 

optimum potential can be determined by resolution and retention time values as 

shown in Table 4.4, the results from other condition are shown in Appendix D. 

 

Table 4.4 Retention time and resolution of sudan I, sudan II, sudan III and sudan IV 

 

 

Analytes 

 

Retention time : tR (min) Resolution :Rs 

Sudan I 4.7 10.0 

Sudan II 7.8 6.20 

Sudan III 10.9 10.13 

Sudan IV 19.2 - 
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Figure 4.9 Chromatograms of 10 ppm mixed standard of sudan I, sudan II, sudan III 

and sudan IV at a GC electrode. The mobile phase was; a. acetonitrile: H2O (80:20 

%v/v), b. acetonitrile: H2O and 0.05 M TBAP (80:20 %v/v).  The injection volume 

was 20 μL, and flow rate was 1 mL min-1. 
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Figure 4.10 Chromatogram of 10 ppm mixed standard of sudan I, sudan II, sudan III 

and sudan IV at GC electrode. The mobile phase was; a. acetonitrile: 0.1% formic 

acid (80:20 %v/v), b. acetonitrile: 0.1% formic acid (90:10 %v/v).  The injection 

volume was 20 μL, and flow rate was 1 mL min-1. 
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Table 4.5 The mobile phase investigation: Inertsil ODS-3 C18  HPLC packed column 

(GL science Inc., 4.6 mm x 250mm, 5 µm), flow rate 1 mL/min, column temperature 

25°C and elution mode was isocratic. 

 

Investigation 

conditions 

Mobile phase 

Condition A Acetonitrile : H2O  (80 : 20 %v/v) 

Condition B Acetonitrile : H2O  (80 : 20 %v/v) 

(dilute working solution with mobile phase containing 0.05 M TBAP) 

Condition C Acetonitrile : 0.1 % formic acid  (80 : 20 %v/v) 

Condition D Acetonitrile : 0.1 % formic acid  (90 : 10 %v/v) 

Condition E Acetonitrile : 20 mM acetate buffer  (90 : 10 %v/v) 
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Figure 4.11 Chromatogram of a mixture containing 10 ppm concentration of standard 

a) sudan I, b) sudan II, c) sudan III and d) sudan IV at GC electrode. The mobile 

phase was acetonitrile: 20 mM acetate buffer (90:10 %v/v). The injection volume was 

20 μL, and flow rate 1 mL min-1 
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Table 4.6 The HPLC chromatographic conditions for sudan I, sudan II, sudan III and 

sudan IV detection 

 

 

HPLC parameters 

 

HPLC conditions 

Analytical column Inertsil ODS-3 C18  HPLC packed column  

(GL science Inc., 4.6 mm x 250mm, 5 µm) 

Mobile phase Acetonitrile : 20 mM acetate buffer  (90 : 10 %v/v) 

Flow rate  1 mL/min 

Injection volume 20 μL 

Elution mode Isocratic 

Column temperature Room temperature (25°C) 

Detector Amperometric detector 

 

 

4.3.1.2 Working potential optimization on GC electrode 

 

For an electrochemical detector, the sensitivity of analyte 

detection depends on the efficiency of the analyte on the electrode surface. Hence, the 

optimum potential  of four sudan dyes in the  HPLC system were investigated by 

injection of 1.0 ppm mixed standard sudan dyes  solution  and used a potential range 

from +0.7 to +1.3 V versus Ag/AgCl at the GC electrode. The results of optimum 

potential waveform of four sudan dyes are shown in Figure 4.12. The oxidation 

current increased, which increased the potential until a potential of 0.95 V versus 

Ag/AgCl for sudan I, sudan II and sudan III and 0.90 V versus Ag/AgCl for sudan IV. 

So, the potential at 0.95 V versus Ag/AgCl was selected for analysis of four sudan 

dyes in HPLC system by GC electrode.    
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Figure 4.12 HPLC-EC response as a function of detection potential for 1 ppm of a) 

sudan I, b) sudan II, c) sudan III and d) sudan IV in acetonitrile and 20 mM acetate 

buffer ( 90:10; %v/v) at a GC electrode. The injection volume was 20 μL and the flow 

rate was 1 mL min-1. 

 

     

4.3.2 Calibration and Linearity 

 

The current response of the four sudan dyes varied linearly with 

standard concentrations over a range of 0.01-150 ppm. Calibration curves of the four 

sudan dyes were obtained from the relationship of the peak area versus concentration 

(ppm). These calibration curves, shown in Figures 4.13, 4.14, 4.15 and 4.16 were 

obtained from triplicate analyses of each analyte. The slope and y-axis intercept 

together with correlation coefficient were calculated according to a regression 

equation in   y = mx + b form. The correlation coefficients (R2), slopes and intercepts 

of each sudan dyes are summarized in Table 4.7. 
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Table 4.7 Calibration characteristics of sudan I, sudan II, sudan III and sudan IV by 

the best HPLC condition 

 

analytes Slope 

(μA/ppm) 

Intercept Correlation coefficient 

(R2) 

Linear range 

(ppm) 

Sudan I 0.4760 +0.9994 0.9994 0.01-15.0 

Sudan II 1.4591 +0.0399 0.9989 0.01-12.0 

Sudan III 0.0736 +0.1194 0.9970 0.025-120.0 

Sudan IV 0.0462 +0.0094 0.9997 0.10-150.0 
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Figure 4.13 Calibration curve of standard sudan I solutions by HPLC-EC using the 

GC electrode 
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Figure 4.14 Calibration curve of standard sudan II solutions by HPLC-EC using the 

GC electrode 
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Figure 4.15 Calibration curve of standard sudan III solutions by HPLC-EC using the 

GC electrode 



 53

Concentration (ppm)

0 50 100 150 200 250

Pe
ak

 a
re

a 
( μ

A
*S

)

0

5

10

Concentration (ppm)
0 50 100 150 200

Pe
ak

 a
er

a 
( μ

A
*S

)
0

5

10
y = 0.0462x + 0.0094
R2 = 0.9997

 
 

Figure 4.16 Calibration curve of standard sudan IV solutions by HPLC-EC using the 

GC electrode 

 

 

4.3.3 LOD and LOQ 

 

The LOD and LOQ were obtained from triplicate analyses of each 

analyte under the definition of 3 times the signal to noise ratio (LOD = 3S/B) and 10 

times signal to noise ratio (LOQ = 10S/B). Table 4.8 shows the summary of LOD and 

LOQ of all analytes.  

 

Table 4.8 LOD and LOQ of sudan I, sudan II, sudan III and sudan IV at GC electrode 

  

 Sudan I Sudan II Sudan III Sudan IV 

LOD  (ppm) 0.005 0.005 0.005 0.05 

LOQ  (ppm) 0.01 0.01 0.05 0.10 
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4.3.4 Method accuracy and precision 

 

The accuracy of this technique is reported as present recovery at each 

level, which is determined by comparison between the known amounts added at 1.0 

ppm of sudan I, sudan II, sudan III and sudan IV samples (three soft drinks and a chili 

sauce sample).  Percent recoveries of all samples are shown in Table 4.9 and Table 

4.10 respectively. The mean values of percent recovery were found in the range of 

93.91 to 102.61 % for soft drink samples and 104.74 to 107.00% for chili sauce 

sample with RSD < 10%, indicating high accuracy for the HPLC-EC method.    

 

Table 4.9 Percent relative recoveries and percent RSD of spiking 1 ppm sudan I, 

sudan II, sudan III, and sudan IV in soft drink samples (n=3) 

 

Type of 

Soft drink 

Analytes % Recovery %RSD 

  1 2 3 Mean ± SD 

 

 

 Sudan I 102.87 103.69 101.27 102.61±1.23 1.20 

F-EC Sudan II 97.69 101.53 101.60 100.28±2.24 2.23 

 Sudan III 101.84 101.14 93.19 98.72±4.80 4.86 

 Sudan IV 99.88 98.07 97.78 98.58±1.14 1.15 

 Sudan I 97.04 98.74 98.04 97.36±0.86 0.87 

G-EC Sudan II 95.18 98.70 97.61 97.17±1.80 1.86 

 Sudan III 100.85 100.72 101.05 100.87±0.17 0.17 

 Sudan IV 94.87 95.52 98.79 96.39 ±2.10 2.18 

 Sudan I 94.52 93.84 93.38 93.91±0.58 0.62 

M-EC Sudan II 103.12 101.45 96.08 100.22±3.68 3.67 

 Sudan III 102.69 102.76 100.38 101.94±1.36 1.33 

 Sudan IV 96.90 94.86 98.54 96.77±1.84 1.90 
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Table 4.10 Percent relative recoveries and percent RSD of spiking 1.0 ppm sudan I, 

sudan II, sudan III and sudan IV in chili sauce sample (n=3) 

 

Analytes % Recovery %RSD 

 1 2 3 Mean ± SD  

Sudan I 106.63 107.03 105.03 106.23±1.06 0.99 

Sudan II 106.86 107.33 106.81 107.00±0.28 0.26 

Sudan III 103.63 108.19 102.41 104.74±3.04 2.91 

Sudan IV 104.45 105.22 106.55 105.41±1.06 1.00 

 

4.3.4.1 Intra-day assay 

 

The results were obtained and repeatedly analyzed in one 

day.  The percent recoveries were carried out on three soft drink samples and a chili 

sauce sample using standard addition of sudan dyes at 0.5, 1.0, and 1.5 ppm.  The 

precision of an analytical method is expressed as relative standard deviation (RSD) of 

repeated analysis.  This work was studied for repeatability by the performance method 

using the same laboratory and the same equipment.  The results of intra-day analysis 

are summarized in Tables 4.11, 4.12, 4.13 for three soft drink samples and Table 4.14 

for a chili sauce sample.  They were found that the average recoveries range from 

89.47-104.56%, 94.36-102.13%, and 93.74-104.95% for F-soft drink, G-soft drink 

and M-soft drink samples and 96.40-102.88% for a chili sauce sample, respectively. 

These recovery values are accepted by the AOAC manual for the Peer Verified 

Methods program that recommend the acceptable recovery values for method 

development (in Appendix F).  The results obtained from these studies indicate that 

the method developed in this research provides good accuracy.  The experimentally 

determined %RSD values varied from 0.11-4.94%, 0.17-2.67%, and 0.16-1.90% for 

F-soft drink, G-soft drink and M-soft drink sample and 0.33-4.53% for in chili sauce 

sample, respectively.  These  %RSD values are accepted by the AOAC manual for the 

Peer Verified Methods program that recommend the acceptable %RSD values for 

method development (in Appendix F).  The results indicated that the method is 

sufficiently precise at the concentration level of analyte being measured within a day.   
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Table 4.11 Percent recoveries and percent RSD of sudan I, sudan II, sudan III and 

sudan IV at 0.5, 1.0 and 1.5 ppm spiking levels in F-ECsoft drink sample (n=3) 

 

% Recovery %RSD Analytes Spiked 

standard 

levels 

(ppm) 
1 2 3 Mean±SD  

Sudan I 0.5 97.60 95.79 95.39 96.26± 1.18 1.22 

 1.0 104.67 95.85 97.58 99.36± 4.68 4.71 

 1.5 98.85 102.29 101.60 100.91± 1.82 1.80 

Sudan II 0.5 97.51 97.42 97.30 97.41± 0.10 0.11 

 1.0 98.21 97.56 100.47 98.74± 1.52 1.54 

 1.5 101.02 101.38 100.16 100.85± 0.63 0.63 

Sudan III 0.5 97.86 100.70 101.36 99.97± 1.86 1.86 

 1.0 102.61 94.44 94.17 97.07± 4.79 4.94 

 1.5 99.07 102.39 102.45 101.30± 1.94 1.91 

Sudan IV 0.5 101.85 102.48 109.34 104.56± 4.16 3.98 

 1.0 99.90 99.39 100.26 99.85± 0.44 0.44 

 1.5 99.85 99.69 98.86 89.47± 0.53 0.53 
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Table 4.12 Percent relative recoveries and percent RSD of sudan I, sudan II, sudan III 

and sudan IV at 0.5, 1.0 and 1.5 ppm spiking levels in G-EC soft drink sample (n=3) 

 

% Recovery %RSD Analytes Spiked 

standard 

levels 

(ppm) 
1 2 3 Mean±SD  

Sudan I 0.5 94.91 94.07 94.10 94.36±0.48 0.51 

 1.0 97.04 98.74 98.04 97.94±0.86 0.87 

 1.5 101.91 101.22 101.52 101.55±0.35 0.34 

Sudan II 0.5 103.58 101.18 101.64 102.13±1.27 1.25 

 1.0 95.18 98.70 97.62 97.17±1.80 1.86 

 1.5 101.70 100.41 100.90 101.01±0.65 0.64 

Sudan III 0.5 93.11 97.61 93.40 94.71±2.51 2.67 

 1.0 100.85 100.72 101.05 100.87±0.17 0.17 

 1.5 100.39 99.48 100.35 100.08±0.51 0.52 

Sudan IV 0.5 98.37 99.95 98.25 98.86±0.95 0.96 

 1.0 94.87 95.52 98.79 96.39±2.10 2.18 

 1.5 100.53 102.04 100.78 101.12±0.81 0.80 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 58

Table 4.13 Percent relative recoveries and percent RSD of sudan I, sudan II, sudan III 

and sudan IV at 0.5, 1.0 and 1.5 ppm spiking levels in M-EC soft drink sample (n=3) 

 

% Recovery %RSD Analytes Spiked 

standard 

levels 

(ppm) 
1 2 3 Mean±SD  

Sudan I 0.5 92.35 94.74 94.12 93.74±1.24 1.32 

 1.0 94.52 93.84 93.38 93.91±0.58 0.62 

 1.5 103.26 103.34 103.57 103.39± 0.16 0.16 

Sudan II 0.5 107.21 98.23 102.12 102.52± 4.50 4.39 

 1.0 103.21 101.45 96.08 100.22± 3.68 3.67 

 1.5 97.80 99.55 101.51 99.62± 1.86 1.86 

Sudan III 0.5 103.44 102.87 103.46 103.25± 0.33 0.32 

 1.0 102.69 102.76 100.38 101.94± 1.36 1.33 

 1.5 98.35 98.44 99.46 98.75± 0.62 0.62 

Sudan IV 0.5 104.34 103.98 103.67 104.00± 0.33 0.32 

 1.0 96.90 94.86 98.54 96.77± 1.84 1.90 

 1.5 100.86 101.74 100.35 100.98± 0.70 0.70 
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Table 4.14 Percent relative recoveries and percent RSD of sudan I, sudan II, sudan III 

and sudan IV at 0.5, 1.0 and 1.5 ppm spiking levels in chili sauce sample (n=3) 

 

% Recovery %RSD Analytes Spiked 

standard 

levels 

(ppm) 
1 2 3 Mean±SD  

Sudan I 0.5 92.43 101.20 97.20 99.94±4.39 4.53 

 1.0 100.00 94.24 98.86 97.70±3.05 3.12 

 1.5 100.81 102.44 100.86 101.37±0.92 0.91 

Sudan II 0.5 99.05 97.01 104.69 100.25±3.98 3.97 

 1.0 101.02 101.27 98.19 100.16±1.71 1.71 

 1.5 99.67 99.74 100.28 99.90±0.33 0.33 

Sudan III 0.5 101.63 101.30 102.96 101.96±0.87 0.86 

 1.0 98.14 97.03 94.03 96.40±2.13 2.20 

 1.5 100.72 101.25 102.42 101.46±0.87 0.86 

Sudan IV 0.5 103.66 104.47 100.50 102.88±2.10 2.04 

 1.0 95.58 100.60 101.03 99.07±3.03 3.06 

 1.5 101.32 99.36 99.75 100.14±1.04 1.03 

 

 

4.3.4.2 Inter-day assay 

 

The results were obtained and repeatedly analyzed on three 

different days. The percent recoveries were carried out on the three soft drink samples 

and a chili sauce sample using standard addition of sudan dyes at 0.5, 1.0, and 1.5 

ppm. The results of inter-day analysis are summarized in Tables 4.15, 4.16, 4.17 for 

three soft drink samples, Table 4.18 and Appendix E for the chili sauce sample. They 

were found that the average recoveries range from 96.49-101.22%, 97.05-100.63%, 

and 102.22-95.82% for F-soft drink, G-soft drink and M-soft drink samples and 

98.18-102.73% for the chili sauce sample, respectively. These recovery values are 

accepted by the AOAC manual for the Peer Verified Methods program that 

recommends the acceptable recovery values for method development (in Appendix 
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F). The results obtained from these studies indicate that the developed in this research 

provides good accuracy. The precision of the method is expressed as the percent 

relative standard (%RSD). The experimentally determined %RSD values varied from 

0.38-6.89%, 0.66-4.67%, and 0.50-6.18% for F-soft drink, G-soft drink and M-soft 

drink samples and 0.62-4.80% for the chili sauce sample, respectively.  The result 

indicates that the method is sufficiently precise at the concentration level of analyte 

being measured within three days.   

 

Table 4.15 Percent recoveries and percent RSD of sudan I, sudan II, sudan III and 

sudan IV with standard addition of: 0.5, 1.0 and 1.5 ppm in F-EC soft drink samples 

in the first day (between-day, n=3). 

 

% Recovery 
Analyte 

Spiked 
standard 

levels 
(ppm) Day 1 Day 2 Day 3 Mean±SD 

%RSD 

0.5 96.26 95.54 97.66 96.49±1.08 1.12 

1.0 99.36 102.61 101.67 101.22±1.67 1.65 Sudan I 

1.5 100.91 99.33 99.52 99.92±0.86 0.86 

0.5 97.41 86.56 95.37 93.11±5.76 6.19 

1.0 98.75 100.28 99.93 99.65±0.80 0.81 Sudan II 

1.5 100.85 101.38 100.53 100.92±0.43 0.42 

0.5 99.97 97.39 92.55 96.64±3.77 3.90 

1.0 97.07 98.72 100.23 98.67±1.58 1.60 Sudan III 

1.5 101.30 100.68 100.61 100.86±0.38 0.38 

0.5 104.56 96.99 91.15 97.56±6.73 6.89 

1.0 99.85 98.58 104.32 100.92±3.02 2.99 Sudan IV 

1.5 99.47 100.91 99.10 99.83±0.96 0.96 
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Table 4.16 Percent recoveries and percent RSD of sudan I, sudan II, sudan III, and 

sudan IV at 0.5, 1.0 and 1.5 ppm standard additions in G-EC soft drink samples in the 

first day (between-day, n=3). 

 

% Recovery 
Analyte 

Spiked 

standard 

levels 

(ppm) 
Day 1 Day 2 Day 3 Mean±SD 

%RSD 

0.5 94.36 102.75 95.49 97.53±4.55 4.67 

1.0 97.94 99.76 103.53 100.41±2.85 2.84 Sudan I 

1.5 101.55 99.81 99.20 100.19±1.22 1.22 

0.5 102.13 101.56 95.92 99.87±3.43 3.44 

1.0 97.17 98.83 105.88 100.63±4.63 4.60 Sudan II 

1.5 101.00 100.33 98.26 99.87±1.43 1.43 

0.5 94.71 100.49 95.96 97.05±3.04 3.14 

1.0 100.87 101.809 103.71 102.13±1.44 1.42 Sudan III 

1.5 100.07 99.17 98.81 99.35±0.65 0.66 

0.5 98.86 102.29 96.34 99.16±2.99 3.01 

1.0 96.39 99.51 100.87 98.92±2.30 2.32 Sudan IV 

1.5 101.12 100.10 99.75 100.32±0.71 0.71 
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Table 4.17 Percent recoveries and percent RSD of sudan I, sudan II, sudan III, and 

sudan IV with standard addition of 0.5, 1.0 and 1.5 ppm of analytes in M-EC soft 

drink sample for the first day (between-day, n=3). 

 

% Recovery 
Analyte 

Spiked 

standard 

levels 

(ppm) 
Day 1 Day 2 Day 3 Mean±SD 

%RSD 

0.5 98.53 95.18 93.74 95.82± 2.46 2.57 

1.0 100.35 106.28 93.91 100.18±6.19 6.18 Sudan I 

1.5 99.99 97.74 103.39 100.37±2.85 2.84 

0.5 98.83 98.08 102.52 99.81±2.38 2.38 

1.0 101.07 104.35 100.22 101.88±2.18 2.14 Sudan II 

1.5 99.50 98.25 99.62 99.12±0.76 0.76 

0.5 102.44 99.69 103.25 101.80±1.87 1.83 

1.0 100.88 103.84 101.94 102.22±1.50 1.47 Sudan III 

1.5 99.30 98.33 98.75 98.79±0.49 0.50 

0.5 101.57 96.55 104.00 100.71±3.80 3.77 

1.0 100.80 105.59 96.77 101.05±4.42 4.37 Sudan IV 

1.5 99.59 97.12 100.98 99.23±1.96 1.97 
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Table 4.18 Percent recoveries and percent RSD of sudan I, sudan II, sudan III, and 

sudan IV with standard addition of 0.5, 1.0 and 1.5 ppm of analyte to chili sauce 

samples for the first days (between-day, n=3) 

  

% Recovery 
Analyte 

Spiked 

standard 

levels 

(ppm) 
Day 1 Day 2 Day 3 Mean±SD 

%RSD 

0.5 102.89 96.94 101.14 100.32±3.05 3.05 

1.0 106.23 97.70 100.43 101.45±4.36 4.29 Sudan I 

1.5 96.91 101.37 99.66 99.31±2.25 2.27 

0.5 99.50 100.25 104.95 102.23±3.85 3.77 

1.0 107.00 100.16 100.34 102.53±3.87 3.77 Sudan II 

1.5 96.69 99.90 100.14 99.00±2.00 2.02 

0.5 98.82 101.96 93.74 98.18±4.15 4.23 

1.0 104.74 96.40 96.60 99.25±4.76 4.80 Sudan III 

1.5 98.08 101.46 100.64 100.06±1.76 1.76 

0.5 103.29 102.88 102.03 102.73±0.64 0.62 

1.0 105.41 99.07 98.24 100.91±3.92 3.88 Sudan IV 

1.5 97.57 100.14 100.63 99.45±1.64 1.65 

 

 

4.4 Applications 

 

4.4.1 HPLC amperometric method for determination four sudan 

dyes in soft drink samples using the CNT modified GC electrode 

 

4.4.1.1 Working potential optimization on CNT modified GC 

electrode 

  

The sensitivity of analyte detection depends on the reaction of 

analyte on the electrode surface. The CNT modified GC electrode, with unique 

structural and electronic properties, has been widely used to improve the sensitivity 
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in the electroanalysis.  The optimum potential of four sudan dyes in the HPLC 

system were investigated by injection of 1 ppm mixed standard sudan dye solution, 

using a potential range from +0.7 to +1.2 V versus Ag/AgCl at the CNT modified 

GC electrode. The results of optimum potential waveform of four sudan dyes are 

shown in Figure 4.17. On the other hand, the current response of four sudan dyes 

were obtained by CNT modified GC electrode at each potential higher than the GC 

electrode (Figure 4.12).  The oxidation current similarly increased the results from 

the GC electrode, which increased potential to a maximum of 0.85 V versus 

Ag/AgCl for sudan I, sudan II and sudan III, and 0.95 V versus Ag/AgCl for sudan 

IV. So, the potential at 0.85 V versus Ag/AgCl was selected for analysis of the four 

sudan dyes by HPLC system with CNT modified GC electrode. Therefore, a CNT 

modified GC electrode can improve the sensitivity of this electroanalysis. 

a

b
c
d

Potential (V vs. Ag/AgCl)

0.6 0.9 1.2 1.5

C
ur

re
nt

 ( μ
A

)

0

1

2

3

4

5

6

a

b
c
d

 
 

Figure 4.17 HPLC-EC response as a function of detection potential for 1 ppm of: a) 

sudan I, b) sudan II, c) sudan III, and d) sudan IV in acetonitrile and 20 mM acetate 

buffer (90:10; %v/v) using a CNT modified GC electrode. The injection volume was 

20 μL and the flow rate was 1 mL min-1. 
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4.4.1.2 Calibration and linearity of the CNT modified GC 

electrode 

  The current response of the four sudan dyes varied linearly with 

standard concentrations over a range of 0.01-100 ppm. Calibration curves of the four 

sudan dyes show the relationship of the peak area versus concentration. The 

calibration curves are shown in Figures 4.18, 4.19, 4.20 and 4.21, and were obtained 

by triplicate measurements of each analyte. The slope and y-axis intercept together 

with correlation coefficient were calculated according to the regression equation: y = 

mx + b. The correlation coefficient (R2), linear range, LOD, and LOQ of each sudan 

dye are summarized in Table 4.19.  The chromatograms of the four sudan dyes from 

GC with CNT modified GC working electrode versus Ag/AgCl are shown in Figure 

4.22.  It can be seen that the current response of the CNT modified GC electrode is 

higher than the GC electrode.  In this case, the CNT modified GC electrode improved 

the sensitivity of the electrochemical measurement. 
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Table 4.19    Linear range, LOD, and LOQ of sudan I, sudan II, sudan III, and sudan 

IV showing comparisons of using the GC and CNT modified GC electrodes. 

 

 Electrode Sudan I Sudan  II Sudan III Sudan IV 

GC 0.01-15.0 0.01-12.0 0.05-120.0 0.10-150.0 Linear 

range (ppm) CNT 0.005-15.0 0.005-20.0 0.05-20.0 0.05-25.0 

GC 0.9994 0.9989 0.9970 0.9997 
R2 

CNT 0.9976 0.9989 0.9986 0.9989 

GC 0.005 0.005 0.005 0.05 
LOD (ppm) 

CNT 0.001 0.001 0.005 0.025 

GC 0.01 0.01 0.05 0.10 
LOQ (ppm) 

CNT 0.005 0.005 0.05 0.05 
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Figure 4.18 Calibration curve of standard sudan I solutions by HPLC-EC using the 

CNT modified GC electrode 

 



 68

Concentration (ppm)

0 10 20 30 40 50 60

Pe
ak

 a
re

a 
( μ

A
*s

)

0

1

2

3

4

5

6

7

Concentraton (ppm)

0 5 10 15 20 25
Pe

ak
 a

re
a 

( μ
A

*s
)

0

1

2

3

4
y = 0.181x + 0.0182
R2 = 0.9989

 
 

Figure 4.19 Calibration curve of standard sudan II solutions by HPLC-EC using the 

CNT modified GC electrode 



 69

Concentration (ppm)

0 10 20 30 40 50 60

Pe
ak

 a
re

a 
( μ

A
*s

)

0

1

2

3

4

5

Concentration (ppm)

0 10 20 30
Pe

ak
 a

re
a 

( μ
A

*s
)

0

1

2

 
 

Figure 4.20 Calibration curve of standard sudan III solutions by HPLC-EC using the 

CNT modified GC electrode 
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Figure 4.21 Calibration curve of standard sudan IV solutions by HPLC-EC using the 

CNT modified GC electrode 
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Figure 4.22 HPLC-EC chromatogram of a standard mixture containing 1 ppm 

concentration of (a) sudan I, (b) sudan II, (c) sudan III, and (d) sudan IV at the GC 

electrode compared with CNT modified GC electrode. The mobile phase was 

acetonitrile and 20 mM acetate buffer (90:10; v/v). The injection volume was 20 µL, 

and the flow rate was 1 mL min-1 

 

4.4.1.3 Analysis of sudan dyes samples 

 

The HPLC amperometric method developed in this study was applied to the 

assay of sudan dyes in soft drink samples.  The separation and detection of sudan dyes 

in the matrix are demonstrated in Figure 4.23.  Figure 4.23A-B shows the 

chromatograms for blank soft drink analysis at the GC and CNT modified GC 

electrodes, respectively.  The chromatograms of spiking the standard mixture solution 

are shown in Figures 4.23C-D.  It could be that the amperometric signals resulted, not 

only in well-defined and separated peaks, but also no apparent interference from the 

sample matrix.  The response, however, was slightly higher when comparing the GC 

electrode with the CNT modified GC electrode.   
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Figure 4.23 HPLC-EC chromatograms obtained from soft drink samples. (A) and (B) 

blank soft drink sample, and (C) and (D) soft drink samples spiked to 1 ppm 

concentrations of (a) sudan I, (b) sudan II, (c) sudan III, and (d) sudan IV at the GC 

electrode, (A and C) and CNT s modified GC electrode (B and D). The mobile phase 

was acetonitrile and 20 mM acetate buffer (90:10; v/v). The injection volume was 20 

µL, and the flow rate was 1 mL min-1. 
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4.4.1.4 Method accuracy and precision 

 

The data for accuracy and precision are shown in Tables 4.21, 

4.22, and 4.23 for F-EC, G-EC, and M-EC soft drink samples, respectively. The 

accuracy of the assay was determined by repetitive analysis of blank samples spiked 

with 0.5, 1.0, and 1.5 ppm of each sudan dyes.  No significant improvement in the 

recovery was achieved by changing the electrode.  The %RSD at 0.5, 1.0, and 1.5 

ppm should range between 0.11 to 4.80, 0.17 to 2.66, and 0.16 to 4.39 % for GC 

electrode, and 0.44 to 2.42, 0.19 to 4.18, and 0.42 to 2.89 % for CNT modified GC 

electrode, respectively.  It can be seen that the method presented a %RSD value less 

than the AOAC recommended value and also shows the method precision. 
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Table 4.20   Precision (relative standard deviation, RSD) and accuracy (percent 

recovery) from analysis of four sudan dyes in F-EC soft drink samples (n=3) 

 

GC-electrode 

(n = 3) 
 

 

CNT-electrode 

(n = 3) 

 

 

Analyte 

Spike 

level 

(ppm) 
%Recovery 

(Mean ±S.D.) 
%RSD 

%Recovery 

(Mean ±S.D.) 
%RSD 

0.5 96.26±1.18 1.23 103.13±2.39 2.33 

1.0 99.36±4.68 4.70 103.05±2.18 2.12 Sudan I 

1.5 100.91±1.82 1.80 98.30±0.75 0.76 

0.5 97.41±0.10 0.11 103.13±1.64 1.60 

1.0 98.75±1.53 1.53 98.18±0.91 0.93 Sudan II 

1.5 100.85±0.63 0.63 100.46±0.44 0.44 

0.5 99.97±1.86 1.86 103.07±0.74 0.72 

1.0 97.07±4.80 4.80 104.09±2.51 2.42 Sudan III 

1.5 101.30±1.94 1.94 97.75±0.91 0.92 

0.5 104.56±4.16 4.16 104.00±0.64 0.61 

1.0 99.85±0.44 0.43 98.99±1.65 1.66 Sudan IV 

1.5 99.47±0.53 0.53 100.00±0.85 0.85 
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Table 4.21 Precision (relative standard deviation, RSD) and accuracy (percent 

recovery) from analysis of four Sudan dyes in G-EC soft drink samples (n=3) 

 

GC-electrode 

(n = 3) 
 

CNT-electrode 

(n = 3) 
 

Analyte 

Spike 

level 

(ppm) 
%Recovery 

(Mean ±S.D.) 
%RSD 

%Recovery 

(Mean ±S.D.) 
%RSD 

Sudan I 0.5 94.36±0.48 0.51 99.09±1.07 1.08 

 1.0 97.94±0.86 0.87 99.39±4.15 4.18 

 1.5 101.55±0.35 0.34 99.67±0.79 0.79 

Sudan II 0.5 102.13±1.27 1.25 97.74±2.50 2.56 

 1.0 97.17±1.80 1.85 103.40±1.62 1.57 

 1.5 101.01±0.65 0.64 98.75±1.02 1.02 

Sudan III 0.5 94.71±2.52 2.66 99.58±1.61 1.61 

 1.0 100.87±0.17 0.17 95.68±2.12 2.22 

 1.5 100.07±0.51 0.51 101.91±1.05 1.03 

Sudan IV 0.5 98.86±0.95 0.95 93.98±2.38 2.53 

 1.0 96.39±2.10 2.18 97.82±0.69 0.70 

 1.5 101.12±0.81 0.80 101.62±0.19 0.19 
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Table 4.22 Precision (relative standard deviation, RSD) and accuracy percent 

recovery from analysis of four Sudan dyes in M-EC soft drink samples (n=3) 

 

GC-electrode 

(n = 3) 
 

CNT-electrode 

(n = 3) 
 

Analyte 

Spike 

level 

(ppm) 
%Recovery 

(Mean ±S.D.) 
%RSD 

%Recovery 

(Mean ±S.D.) 
%RSD 

0.5 93.74±1.24 1.32 100.64±2.91 2.89 

1.0 93.91±0.58 0.62 98.47±2.78 2.82 Sudan I 

1.5 103.39±0.16 0.16 99.94±0.42 0.42 

0.5 102.52±4.50 4.39 102.50±1.24 1.21 

1.0 100.22±3.68 3.67 101.14±0.94 0.93 Sudan II 

1.5 99.62±1.86 1.86 99.22±0.48 0.48 

0.5 103.25±0.33 0.32 101.73±0.52 0.51 

1.0 101.94±1.36 1.33 99.45±1.46 1.47 Sudan III 

1.5 98.75±0.62 0.62 100.03±0.65 0.65 

0.5 104.00±0.33 0.32 99.70±0.75 0.76 

1.0 96.77±1.84 1.90 98.01±1.62 1.65 Sudan IV 

1.5 100.98±0.70 0.70 100.67±0.62 0.62 
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CHAPTER V 

 
CONCLUSION AND FURTHER WORK 

 

 A new method, HPLC-EC was developed for simultaneous analysis of sudan 

dyes in soft drink and chili sauce samples. The investigation for electroanalysis 

started with cyclic voltammetry, which showed the irreversible oxidation peak of four 

sudan dyes at GC and CNT modified GC electrodes.  

 The FIA-EC was set for analysis of each sudan dye at the GC electrode. The 

analysis was carried out with acetonitrile and 20 mM acetate buffer (90: 10 %v/v). 

From the hydrodynamic voltammetric investigation, the optimal potential was 

obtained at 0.80 volt for sudan I, 0.90 volt for sudan II and 0.95 volt for sudan III and 

sudan IV. The optimal potential at 0.95 volt was selected for preliminary HPLC-EC 

analysis because of high sensitivity for sudan III and sudan IV, as well as good 

sensitivity for sudan I and sudan II.   

 The HPLC-EC analysis was performed with various compositions of the 

mobile phase, the optimum mobile phase was determined to be acetonitrile and 20 

mM acetate buffer (90:10 %v/v) at a flow rate 1.0 mL min-1. Because, all sudan dyes 

have sharp, symmetric peaks and high resolution between them, the characterization 

and simultaneous analysis of sudan dyes was investigated with the above optimal 

conditions.  

The HPLC-EC at the GC and CNT modified GC electrodes have been 

successfully applied to determine sudan dyes in three soft drink samples. The results 

from HPLC at GC and CNT modified GC electrode were compared for quantitative 

analysis of sudan I, sudan II, sudan III, and sudan IV in three soft drink samples.  

They were found that the GC electrode provided the linear quantitation at 0.01-10, 

0.01-12.0, 0.025-120.0, and 0.10-150.0 ppm for four sudan dyes and the CNT 

modified GC electrode provided linear quantitation at 0.005-15.0, 0.005-20.0, 0.05-

20.0, and 0.02-25.0 ppm for four sudan dyes, respectively with a correlation 

coefficient of R2>0.99.   The LOQ were in the range of 0.01-0.10 ppm at GC 

electrode and 0.005-0.05 ppm at CNT modified GC electrode.  The LOD values of 
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GC electrode higher than these of the CNT modified electrode. These results 

indicated that HPLC-EC at the CNT modified GC electrode provides higher 

sensitivity than the GC electrode.   

 

 The developed HPLC-EC method can be applied for the determination of 

sudan dyes in soft drinks and as well as chili sauce sample. The recovery of four 

sudan dyes at the spiking level of 1.0 ppm was obtained in the range of 93.91-

102.61% and 95.68 – 104.09% at GC and CNT modified GC electrode, respectively 

for soft drink samples with %RSD<10.  It was found that the CNT modified GC 

electrode provided higher accuracy and precision than the GC electrode. 

  

 The optimization HPLC-EC especially CNT modified GC electrode was 

demonstrated to be a powerful method because of the high accuracy and precision of 

the results. 

 Further work 

 

 The HPLC-EC method was successfully applied for the determination of 

sudan dyes in soft drink and chili sauce samples. Thus, this method can be applied for 

analysis of sudan dyes in other sample. Moreover, the carbon nanotube modified on 

screen print carbon (SPC) can be used as the working electrode, replacing the GC 

electrode, which improves sensitivity for determination of sudan dyes in food 

samples. 
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APPENDIX A: Voltammetric Investigation 
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Figure A-1 Cyclic voltammograms for 100 μm  a.) sudan II, b.) sudan III and, c) 

sudan IV in acetonitrile and 20 mM acetate buffer (90:10; v/v) together with the 

corresponding background current (dash line) at GC electrode. The sweep rate was 50 

mV/s; area   electrode, 0.07 cm2.  
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APPENDIX B 

 

Flow injection analysis with amperometric detection results and calibration curve 
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Figure B1 Flow injection analysis with amperometric detection results of sudan II in 

acetonitrile and 20 mM acetate buffer (90:10; v/v) at GC electrode. The sweep rate 

was 50 mV/s; area   electrode, 0.07 cm2.  The corresponding calibration curve is also 

shown (inset Figure).  
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Figure B2 Flow injection analysis with amperometric detection results of sudan III in 

acetonitrile and 20 mM acetate buffer (90:10; v/v) at GC electrode. The sweep rate 

was 50 mV/s; area   electrode, 0.07 cm2.  The corresponding calibration curve is also 

shown (inset Figure).  
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Figure B3 Flow injection analysis with amperometric detection results of sudan IV in 

acetonitrile and 20 mM acetate buffer (90:10; v/v) at GC electrode. The sweep rate 

was 50 mV/s; area   electrode, 0.07 cm2.  The corresponding calibration curve is also 

shown (inset Figure).  
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APPENDIX C 

 
Retention time and resolution of sudan I, sudan II, sudan III and sudan IV from the 

mobile phase investigated: Flow rate 1 mL min-1, Column temperature 25°C and 

elution mode was isocratic. 

 

Investigation 

conditions 

Analytes Retention time 

(min) 

Resolution 

Sudan I - - 

Sudan II - - 

Sudan III - - 

Condition A 

Sudan IV - - 

Sudan I 1.6 3.12 

Sudan II 8.6 2.83 

Sudan III 16.6 - 

Condition B 

Sudan IV 28.2 - 

Sudan I 8.8 16.12 

Sudan II 17.2 14.92 

Sudan III 28.5 19.48 

Condition C 

Sudan IV 58.2 - 

Sudan I 5.6 9.93 

Sudan II 9.5 8.54 

Sudan III 13.7 13.65 

Condition D 

Sudan IV 25.3 - 
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APPENDIX D 
 

Table 1-D Percent relative recoveries  and percent RSD of  sudan I, sudan II, sudan 

III and sudan IV at 0.5, 1.0 and 1.5 ppm spiking levels  in F-soft drink sample in the 

second day (n=3) 

 
% Recovery Analytes Sample 

Levels 

(ppm) 

1 2 3 

Mean %RSD 

Sudan I 0.5 98.58 97.33 90.72 95.54±4.23 4.42 

 1.0 102.87 103.69 101.27 102.61±1.23 1.20 

 1.5 98.86 98.68 100.45 99.33±0.97 0.98 

Sudan II 0.5 91.14 86.55 81.99 86.56±4.58 5.29 

 1.0 97.69 101.53 101.60 100.28±2.24 2.23 

 1.5 102.01 100.81 101.32 101.38±0.61 0.60 

Sudan III 0.5 99.62 97.96 94.60 97.39±2.56 2.63 

 1.0 101.84 101.14 93.19 98.72±4.80 4.86 

 1.5 99.21 99.62 103.20 100.68±2.20 2.18 

Sudan IV 0.5 92.37 96.81 101.79 96.99±4.72 4.86 

 1.0 99.88 98.07 97.78 98.58±1.14 1.15 

 1.5 100.84 101.25 100.66 100.91±0.30 0.30 
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Table2-D Percent relative recoveries  and percent RSD of  sudan I, sudan II, sudan III 

and sudan IV at 0.5, 1.0 and 1.5 ppm spiking levels  in F-soft drink sample in the third 

day (n=3) 

 

% Recovery Analytes Sample 

Levels 

(ppm) 

1 2 3 

Mean %RSD 

Sudan I 0.5 101.30 95.10 95.58 97.66±3.24 3.32 

 1.0 105.93 100.86 98.23 101.67±3.91 3.85 

 1.5 97.22 100.16 101.18 99.52±2.06 2.07 

Sudan II 0.5 99.59 95.53 90.99 95.37±4.30 4.51 

 1.0 100.06 100.17 99.57 99.93±0.32 0.32 

 1.5 100.04 100.41 101.15 100.53±0.57 0.56 

Sudan III 0.5 93.43 98.46 85.78 92.55±6.38 6.90 

 1.0 100.23 94.46 106.00 100.23±5.77 5.76 

 1.5 100.40 102.55 98.88 100.61±1.84 1.83 

Sudan IV 0.5 95.10 92.41 85.93 91.15±4.72 5.17 

 1.0 107.68 105.18 100.10 104.32±3.86 3.70 

 1.5 97.24 98.55 101.53 99.10±2.20 2.22 
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Table 3-D Percent relative recoveries  and percent RSD of  sudan I, sudan II, sudan 

III and sudan IV at 0.5, 1.0 and 1.5 ppm spiking levels  in G-soft drink sample in the 

second day (n=3) 

 

% Recovery Analytes Sample 

Levels 

(ppm) 

1 2 3 

Mean %RSD 

Sudan I 0.5 101.83 102.16 104.26 102.75±1.32 1.28 

 1.0 99.23 99.74 100.30 99.76±0.53 0.53 

 1.5 100.15 99.89 99.40 99.81±0.38 0.38 

Sudan II 0.5 102.49 102.12 100.06 101.56±1.31 1.29 

 1.0 99.23 98.89 98.36 98.83±0.44 0.44 

 1.5 100.03 100.32 100.65 100.33±0.31 0.31 

Sudan III 0.5 101.94 101.58 97.95 100.49±2.21 2.20 

 1.0 103.09 102.30 100.04 101.81±1.59 1.56 

 1.5 98.52 98.54 100.45 99.17±1.11 1.12 

Sudan IV 0.5 103.91 103.60 99.34 102.29±2.56 2.50 

 1.0 99.97 98.41 100.14 99.51±0.96 0.96 

 1.5 99.79 100.40 100.09 100.10±0.30 0.30 
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Table 4-D Percent relative recoveries  and percent RSD of  sudan I, sudan II, sudan 

III and sudan IV at 0.5, 1.0 and 1.5 ppm spiking levels  in G-soft drink sample in the 

third day (n=3) 

 

% Recovery Analytes Sample 

Levels 

(ppm) 

1 2 3 

Mean %RSD 

Sudan I 0.5 92.93 94.99 98.54 95.49±2.84 2.97 

 1.0 103.78 102.77 104.03 103.53±0.67 0.64 

 1.5 99.10 99.35 99.14 99.20±0.14 0.14 

Sudan II 0.5 93.79 92.97 101.00 95.92±4.42 4.61 

 1.0 106.80 107.29 103.55 105.88±2.03 1.92 

 1.5 97.59 97.48 99.70 98.26±1.25 1.28 

Sudan III 0.5 93.44 97.14 97.30 95.96±2.18 2.27 

 1.0 104.03 103.26 103.84 103.71±0.40 0.38 

 1.5 98.81 98.89 98.73 98.81±0.08 0.08 

Sudan IV 0.5 93.00 97.60 98.40 96.34±2.91 3.02 

 1.0 100.22 100.91 101.49 100.87±0.63 0.63 

 1.5 100.62 99.28 99.36 99.75±0.75 0.75 
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Table 5-D Percent relative recoveries  and percent RSD of  sudan I, sudan II, sudan 

III and sudan IV at 0.5, 1.0 and 1.5 ppm spiking levels  in M-soft drink sample in the 

second day (n=3) 

 

% Recovery Analytes Sample 

Levels 

(ppm) 

1 2 3 

Mean %RSD 

Sudan I 0.5 98.44 99.33 97.83 98.54±0.76 0.77 

 1.0 100.10 101.67 99.28 100.35±1.21 1.21 

 1.5 100.13 99.30 100.53 99.99±0.62 0.63 

Sudan II 0.5 98.14 99.94 98.40 98.83±0.97 0.98 

 1.0 100.69 101.11 101.41 101.07±0.36 0.36 

 1.5 99.52 99.45 99.52 99.50±0.03 0.04 

Sudan III 0.5 102.54 102.27 102.50 102.44±0.15 0.14 

 1.0 101.45 100.41 100.78 100.88±0.53 0.52 

 1.5 99.43 99.33 99.14 99.30±0.15 0.15 

Sudan IV 0.5 102.63 102.37 99.71 101.57±1.62 1.59 

 1.0 101.29 100.14 100.97 100.80±0.59 0.59 

 1.5 99.08 99.85 99.82 99.59±0.43 0.44 
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Table 6-D Percent relative recoveries  and percent RSD of  sudan I, sudan II, sudan 

III and sudan IV at 0.5, 1.0 and 1.5 ppm spiking levels  in M-soft drink sample in the 

third day (n=3) 

 

% Recovery Analytes Sample 

Levels 

(ppm) 

1 2 3 

Mean %RSD 

Sudan I 0.5 92.68 94.79 98.08 95.18±2.72 2.86 

 1.0 107.58 105.91 105.35 106.28±1.16 1.09 

 1.5 97.44 97.95 97.82 97.74±0.26 0.27 

Sudan II 0.5 97.29 97.70 99.24 98.08±1.03 1.05 

 1.0 102.66 104.91 105.48 104.35±1.49 1.43 

 1.5 99.09 98.05 97.61 98.25±0.76 0.78 

Sudan III 0.5 96.01 100.42 102.65 99.69±3.38 3.39 

 1.0 100.85 105.43 105.24 103.84±2.59 2.50 

 1.5 99.90 97.56 97.52 98.33±1.36 1.39 

Sudan IV 0.5 96.07 96.17 97.42 96.55±0.75 0.78 

 1.0 107.48 106.43 102.86 105.59±2.42 2.30 

 1.5 97.10 95.24 99.01 97.12±1.89 1.94 
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APPENDIX E 

 

Description of analytical performance characteristics 

 

Accuracy 

 

 Accuracy denotes that closeness of a measurement or set of measurements to 

the accepted value.  Accuracy is normally reported in terms of error.  Error is the 

difference between the accepted and measured values.  There are several ways and 

units in which the accuracy can be expressed.  Recovery is a term often used to 

describe accuracy, the equation for recovery is: 

 

100covRe% x
True value

alueMeasured very =  

 

 Relative error is another term that can be expressing the accuracy.  The 

equation is shown below: 

 
 

100% x
True value

True valuevalue(Measured Error −
=  

 
Precision 
 

 Precision refers to the agreement between values in a set of data that have 

been carried out in exactly the same mode.  It is a measure of the reproducibility of 

the analysis.  Precision of the results can be ascertained through the use of replicate 

measurements.  There are several popular ways to express the precision of data.  

Multiple injections of a homogeneous sample and calculation of the relative standard 

deviation (%RSD) do it.  The equation for %RSD is shown below: 

 

100
Mean

deviation Standard% xRSD =  
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Linearity (Linear range) 

 

  Linearity is the range where the analyte response is linearly proportional to 

concentration.  The working sample concentration and samples tested for accuracy 

should be in the linear range. 

 

Sensitivity 

 

 Sensitivity is the change in the analytical response divided by the 

corresponding change in the concentration of a standard (calibration) curve, i.e. the 

slope of the analytical calibration. 

 

Limit of detection (LOD) 

 

 The detection limit of a method is the lowest analyte concentration that can be 

determined to be different from an analyte blank.  There are numerous way that 

detection limit have been defined.  An example is the lowest analyte concentration 

that is above the noise level of the system, typically, three time the noise level (S/N = 

3).  For high analyte concentrations, the detection limit is defined as the lowest 

concentration that provides a signal to background ratio S/B of three.  The equation of 

S/B ratio is shown below: 

 

alblank sign
al)blank signnal(total sigS/B ratio −

=  
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APPENDIX F 

The AOAC manual for the Peer Verified Methods program includes a 

table with estimated precision and recovery data as a function of analyte 

concentration [59] 

 

Precision and Reproducibility 

The precision of a method is the extent to which the individual test results of 

multiple injections of a series of standards agree. The acceptance criteria for precision 

depend very much on the type of analysis. For environmental and food samples, the 

precision is very much dependent on the sample matrix, the concentration of the 

analyte and on the analysis technique. It can vary between 2% and more than 20%. 

 Table 1. Analyte concentration versus precision within or between days  

Analyte % Analyte 

ratio 

Unit RSD (%) 

100 1 100% 1.3 

10 10-1 10% 2.8 

1 10-2 1% 2.7 

0.1 10-3 0.1 % 3.7 

0.01 10-4 100 ppm 5.3 

0.001 10-5 10 ppm 7.3 

0.0001 10-6 1 ppm 11 

0.00001 10-7 100 ppb 15 

0.000001 10-8 10 ppb 21 

0.0000001 10-9 1 ppb 30 
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Accuracy and recovery

The accuracy of an analytical method is the extent to which test results 

generated by the method and the true value agree. The expected recovery depends on 

the sample matrix, the sample processing procedure and on the analyte concentration.  

 

Table 4.  Analyte recovery at different concentrations  

Active Ingred 

( %) 

Analyte ratio Unit Mean recovery 

(%) 

100 1 100% 98-102 

>=10 10-1 10% 98-102 

>=1 10-2 1% 97-103 

>=0.1 10-3 0.1 % 95-105 

0.01 10-4 100 ppm 90-107 

0.001 10-5 10 ppm 80-110 

0.0001 10-6 1 ppm 80-110 

0.00001 10-7 100 ppb 80-110 

0.000001 10-8 10 ppb 60-115 

0.0000001 10-9 1 ppb 40-120 
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