
 
 
x

TABLE OF CONTENTS 

 

 

PAGE 

ACKNOWLEDGEMENTS        iii 

ABSTRACT (IN ENGLISH)       iv 

ABSTRACT (IN THAI)         vi 

LIST OF TABLES          xv 

LIST OF FIGURES         xvii 

ABBREVIATIONS AND SYMBOLS      xix 

CHAPTER 1 INTRODUCTION        

 1.1 Overview         1 

1.2 Speciation                    2

 1.3 Iron         3

  1.3.1 The importance of iron speciation     4 

 1.3.2 Methods for iron speciation         6 

1.4 Graphite furnace atomic absorption spectrometry (GFAAS)                 8      

  1.4.1 Introduction                  8

  1.4.2 Components of the graphite furnace system                         9 

    1.4.3 Matrix modification                 17 

  1.4.4 Quantitative analysis by atomic absorption   17   

     1.4.5 Zeeman effect background correction    20 

   1.4.5.1 Principle      20 

  1.4.5.2 The longitudinal configuration   21 



 
 

xi

   PAGE 

1.4.5.3 Analyte signal and background correction  22 

1.4.6 Advantages of the graphite furnace technique   23 

 1.5 Solvent extraction                   24

 1.6 Microwave-assisted digestion                 26

 1.7 Rice                      29

 1.8 Research objectives                     31

            

CHAPTER 2 EXPERIMENTAL    

 2.1 Apparatus and chemicals                 32

  2.1.1 Apparatus                  32

  2.1.2 Chemicals                                                              33

 2.2 Preparation standard solutions and reagents               34

  2.2.1 Standard solution of ferrous iron               34 

  2.2.2 Standard solution of ferric iron                34

  2.2.3 1-(2-Pyridylazo)-2-Naphthol (PAN) solution               34

  2.2.4 Magnesium nitrate 1000 ppb                34

  2.2.5 Nitric acid solution                  35

  2.2.6 Acetic acid solution                  35

  2.2.7 Hydrochloric acid solution                 35

  2.2.8 Preparation of the working standard solutions              35 

2.3 Sample preparation                  36 

2.4 Analytical characteristic of the method     37 

2.5 Determination of total iron in rice samples                                              38 



 
 

xii

PAGE 

2.6 Extraction method                  38 

2.7 Optimization of extraction method                          39

  2.7.1 Optimization of MIBK extraction method             40

  2.7.2 Optimization of chloroform extraction method              40

  2.7.3 Optimization of  1% acetic acid extraction method            40

  2.7.4 Optimization of 0.005M HCl extraction method             40

  2.7.5 Optimization of 0.01M HCl extraction method               40

  2.7.6 Optimization of 0.1M HCl extraction method              41

  2.7.7 Optimization of water extraction method                          41

 2.8 Speciation procedure                 42

 2.9 Optimization of speciation method                          43

 2.10 Instrumentation                  44

 2.11 Determination of Fe2+ and Fe3+ in rice bran samples             45      

 2.12 Rice and rice bran samples                47 

           

CHAPTER 3 RESULTS AND DISCUSSION  

3.1 Analytical characteristics of the method     48 

  3.1.1 Linearity        48 

  3.1.2 Precision        50 

  3.1.3 Detection limit       51 

  3.1.4 Accuracy       52 

 3.2 Determination of total iron in rice samples    53 

 3.3 Optimization of extraction method     55 



 
 

xiii

PAGE 

  3.3.1 Optimization of MIBK extraction method   56 

  3.3.2 Optimization of chloroform extraction method   58 

  3.3.3 Optimization of 1% acetic acid extraction method  59 

3.3.4 Optimization of 0.005M HCl extraction method               61 

3.3.5 Optimization of 0.01M HCl extraction method   62 

  3.3.6 Optimization of 0.1M HCl extraction method   64 

  3.3.7 Optimization of water extraction method   66 

  3.3.8 Results comparison      68 

 3.4 Optimization of speciation method     70 

  3.4.1 The effect of pH on the recoveries of Fe2+ and Fe3+  71 

  3.4.2 The effect of extraction time on the recoveries of  73 

         Fe2+ and Fe3+ 

3.4.3 The effect of the amount of PAN on the recoveries of  75 

         Fe2+ and Fe3+ 

3.4.4 The effect of chloroform volume on the recoveries of  77 

 Fe2+ and Fe3+ 

 3.5 Determination of ferrous and ferric ions in rice samples   81 

 

CHAPTER 4 CONCLUSION       82 

REFERENCES                    84 

APPENDICES          88 

CURRICULUM VITAE        106 

THE RELEVANCE OF THE RESEARCH WORK TO THAILAND  108 



 
 

xiv

LIST OF TABLES 

 

 

TABLE                 PAGE 

2.1   Operating conditions for microwave digestion system    38 

2.2   The range of varied parameters for optimization of speciation method  43 

2.3   Instrument settings and analytical conditions     44 

2.4   Furnace heating program for iron      45 

2.5   Rice and rice bran samples from various areas     47 

3.1   Linear range of standard Fe calibration curve     49 

3.2   The precision of the GFAAS instrument for Fe analysis    50 

3.3   Absorbance obtained from blank solution     51 

3.4   The average recoveries of Fe2+ analysis      52 

3.5   The total Fe content in rice and rice bran samples    54 

3.6   The effects of extraction time and the ratio of rice weight per MIBK  56 

        volume on Fe extracted content  

3.7   The effects of extraction time and the ratio of rice weight per chloroform 58 

        volume on Fe extracted content  

3.8   The effects of extraction time and the ratio of rice weight per 1% acetic acid  60 

        volume on Fe extracted content  

3.9   The effects of extraction time and the ratio of rice weight per 0.005M HCl 61 

        volume on Fe extracted content           

3.10 The effects of extraction time and the ratio of rice weight per 0.01M HCl  63 

volume on Fe extracted content 



 
 

xv

  PAGE 

3.11   The effects of extraction time and the ratio of rice weight per 0.1M HCl 64  

  volume on Fe extracted content 

3.12   The effects of extraction time and the ratio of rice weight per milli-Q water 67  

  volume on Fe extracted content 

3.13   Suitable conditions of extraction methods 68 

3.14 The contents of Fe extracted by seven kinds of solvents 69 

3.15 The effect of pH on the percent recovery of Fe2+ and Fe3+ 72 

3.16 The effect of extraction time on the percent recovery of Fe2+ and Fe3+          73 

3.17 The effect of PAN amount on the percent recovery of Fe2+ and Fe3+ 76 

3.18 The effect of chloroform volume on the percent recovery of Fe2+ and Fe3+ 77 

3.19 Optimum conditions of speciation methods 78 

3.20 The contents of extracted Fe, Fe2+, Fe3+ and total Fe in rice bran samples by   80 

        GFAAS method 

3.21 The contents of extracted Fe in rice bran samples by ICP-MS method 81 

 

  

 

                 

 

 

 

 

 



 
 

xvi

LIST OF FIGURES 

 

 

FIGURE                PAGE 

1.1 Block diagram showing basic components of a graphite furnace   9 

atomic absorption spectrometer  

1.2   Hollow cathode source for atomic absorption spectrometry   10 

1.3   Hollow cathode lamp process       11 

1.4   A graphite tube for a transversely-heated furnace    12 

1.5   A monochromator        15 

1.6   Operation principle of a photomultiplier       16 

1.7   The atomic absorption process       17 

1.8   Concentration versus absorbance      19 

1.9   Simple Zeeman effect splitting of a spectral line    21 

1.10 The Zeeman effect observed in the longitudinal direction   21 

1.11 The Zeeman effect observed in the longitudinal direction   22 

1.12 Rice grain structure        30 

2.1 Summary of experimental procedure for the speciation of Fe2+ and Fe3+ 36 

      in rice samples by solvent extraction technique and determine by GFAAS 

2.2 The experimental procedure for extraction     39 

2.3 Scheme for separation procedure of Fe2+ and Fe3+    42 

2.4 Scheme for separation procedure of Fe2+ and Fe3+ in rice bran samples  46 

3.1 Linearity plot of absorbance against concentration of iron   49 

3.2 The histogram of total Fe content in rice and rice bran samples   55 



 
 

xvii

                                      PAGE 

3.3   The effects of extraction time and the ratio of rice weight per MIBK  57 

        volume on Fe extracted content 

3.4   The effects of extraction time and the ratio of rice weight per chloroform 59 

        volume on Fe extracted content 

3.5   The effects of extraction time and the ratio of rice weight per 1% acetic acid 60 

        volume on Fe extracted content 

3.6   The effects of extraction time and the ratio of rice weight per 0.005M HCl 62 

        volume on Fe extracted content 

3.7   The effects of extraction time and the ratio of rice weight per 0.01M HCl 63 

        volume on Fe extracted content 

3.8   The effects of extraction time and the ratio of rice weight per 0.1M HCl 65 

        volume on Fe extracted content 

3.9   The effects of extraction time and the ratio of rice weight per water  67 

        volume on Fe extracted content 

3.10 The comparison of the extraction Fe by using seven kinds of solvents 69 

3.11 The effect of pH on the percent of Fe2+ and Fe3+    72 

3.12 The effect of extraction time on the percent of Fe2+ and Fe3+   74 

3.13 The structure of PAN        76 

3.14 The effect of PAN amount on the percent of Fe2+ and Fe3+   76 

3.15 The effect of chloroform on the percent of Fe2+ and Fe3+   78 

 

 

 



 
 

xviii

ABBREVIATIONS AND SYMBOLS 

 

 

 Abs. absorbance 

 AAS atomic absorption spectrometry 

 Conc. concentration 

 R2 correlation coefficient of determination 

 ºC degree celsius  

 g gram  

 g/ml gram per milliliter 

 hr hour 

 µg microgram  

 µg/kg microgram per kilogram 

 µg/l microgram per liter  

 µl microliter 

 ml milliliter 

 min minute  

 > more than 

 ppb part per billion 

 ppm part per million 

  % percent  

 R.S.D. relative standard deviation 

 SD. standard deviation 

 Temp temperature 



 
 

xix

 v/v volume by volume 

 W watt 

 w/v weight by volume 

 

 

 


