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 Abstract 
 
 
For removal of microcystins (liver tumor promoting cyanotoxins) from drinking water 

granular activated carbon (GAC) filtration has been shown to be a very promising 

treatment option. It is not only an efficient adsorbent for microcystins but also can be 

operated as a biological reactor in which bacterial degradation of the toxins can occur 

extending the life-time of this application.  
  

However, the competitive adsorption of coexistent natural organic matter (NOM) in all 

natural water sources would cause early breakthrough of microcystins and a lag-phase 

with uncertain length occurs prior to initiation of biodegradation. This project aimed to 

investigate the individual microcystin removal abilities by adsorption and 

biodegradation during GAC filtration in order to better understand the overall efficiency 

of this application. The simultaneous elimination of NOM in GAC filters was also 

investigated. In addition, to facilitate the biological removal of microcystins, the 

research aimed to identify the potential effect of key operational conditions on the 

degradation efficiency. 

 

In this study microcystin removal in GAC filtration was divided into the adsorption and 

biodegradation phases. Effective adsorption of the toxins lasted only a short term in 

virgin GAC filters and the breakthrough behaviour was able to be modelled by the 

homogenous surface diffusion model (HSDM). The presence of biofilm on the surfaces 

of GAC resulted in a lower mass transfer coefficient (Kf) and lower adsorption kinetics 

of microcystins. In the biodegradation phase enhanced or complete removal was evident 

that was mainly due to biological metabolism. However, the highly efficient 

biodegradation of the toxins was difficult to predict in GAC filtration. Biodegradation 

was found to be easily affected by many operational factors.  

                                                                                                                                                                      

NOM removal in GAC filters demonstrated specific features in this study due to the 

relatively high organic content in the Australian water. The adsorption efficiency 

decreased rapidly as the adsorption capacity became saturated.  

 



 iii

 

 

Statement of Originality 
 
 
 
 
This work contains no material which has been accepted for the award of any other 

degree or diploma in any university or other tertiary institution and, to the best of my 

knowledge and belief, contains no material previously published or written by another 

person, except where due reference has been made in the text. 

 

I give consent to this copy of my thesis being made available in the University Library. 

The author acknowledges that copyright of published works contained within this thesis 

(as listed below) resides with the copyright holder/s of those works. 
 
 
 
 
 
 
 
 

Signed: 
 
 
Date: 

 
 
 
 
 
 
 

 
 
 
 
 
 
 

 



 iv

Acknowledgments 
 
 
 
Throughout this two-year project, many people have helped me. Firstly, I would like to 

offer my heartfelt appreciation to all my supervisors, David Lewis, Keith King, Justin 

Brookes and Gayle Newcombe, for their encouragement, enthusiasm, instrumental 

suggestions and invaluable support. My principal supervisor, David Lewis, has provided 

many precious hours and physical effort to transport weekly 150 litres of water samples 

from Myponga water treatment plant which is more than 100 km away to the laboratory 

for the duration of the experiment. Gayle Newcombe and Justin Brookes, my very 

helpful co-supervisors at Australian Water Quality Centre (AWQC), have provided the 

most vital instrumental contribution in development of this project and offered many 

hours of effort in reviewing all my paper work. My sincerest appreciation also gives to 

Lionel Ho at AWQC for all his detailed and patient supervision in the laboratory and the 

very helpful discussions. 
 
There were also many other people who have facilitated completion of this project and 

the preparation of my thesis. I will forever grateful to Najwa Slyman, Edith Kozlik, 

Miriam Nedic, Rolando Fabris and Mary Drikas for their assistance and care at the 

Water Treatment Unit, AWQC. The School of Chemical Engineering at The University 

of Adelaide has also been a great place for me to do research, and the very helpful and 

kind staff there made my time during the two years of study stimulating and enjoyable. 

 

Last but not least I would like to give my deepest thank to my parents who financially 

supported and encouraged my study overseas and made all of this possible.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 v

List of Publications 
 
 
 
Haixiang W., Lewis D. M., Brookes J. B., Newcombe G. and Lionel H. (2005) 

Combined adsorption and biodegradation of microcystins (Poster Presentation). The 

10th International Conference in Applied Phycology. July 2005.  

 

Haixiang W., Brookes J. B., Lewis D. M., Newcombe G. and Lionel H.  (2006) 

Adsorption and biodegradation of microcystins in GAC filtration. In Proceedings of the 

1st Australian Young Water Professionals Conference, Sydney, Australia. February 2006.  

 

Haixiang W., Lewis D. M., Brookes J. B. and Newcombe G. (2006) Removal of 

microcystins in GAC filtration. In Proceedings of the Fifth Biennial Postgraduate 

Student Conference of the CRC for Water Quality and Treatment, Melbourne, Australia. 

July 2006. 

 

Haixiang W., Lewis D. M., Brookes J. B., Newcombe G. and Lionel H. (2006) 

Separated adsorption and bacterial degradation of microcystins in GAC filtration. In 

Proceedings of the CHEMECA Conference, Auckland, New Zealand. September 2006. 

In press. 

 

 

 

 

 

 

 

 

 

 

 



 vi

 Table of Contents 
 
Abstract................................................................................................................................. ii 

Statement of Originality ..................................................................................................... iii 

Acknowledgments ............................................................................................................... iv 

List of Publications ...............................................................................................................v 

Table of Contents ................................................................................................................ vi 

List of Figures........................................................................................................................x 

List of Tables...................................................................................................................... xiii 
 
 

1. INTRODUCTION................................................................................................................1 

1.1 Background ..................................................................................................................................................... 1 

1.1.1 Cyanobacteria and cyanotoxins ...................................................................................................1 

1.1.2 What are microcystins?.................................................................................................................4 

1.1.3 Toxicity of microcystins ...............................................................................................................5 

1.1.4 Microcystin persistence in drinking water treatment plants ....................................................7 

1.2 Available treatment technologies in removing or reducing microcystins in drinking water .................. 8 

1.2.1 Oxidation.........................................................................................................................................9 

Chlorination ............................................................................................................................. 9 

Ozonation............................................................................................................................... 10 

Potassium permanganate ....................................................................................................... 10 

Ultraviolet (UV) light ............................................................................................................ 11 

Hydrogen peroxide ................................................................................................................ 11 

Titanium dioxide.................................................................................................................... 12 

1.2.2 Membrane filtration.....................................................................................................................13 

1.2.3 Biodegradation .............................................................................................................................14 

1.2.4 Disadvantages from these treatment solutions ........................................................................15 

1.3 Activated carbon........................................................................................................................................... 16 

1.3.1 Powdered activated carbon.........................................................................................................17 

1.3.2 Granular activated carbon filtration ..........................................................................................18 

1.4 Objectives of this research........................................................................................................................... 20 



 vii

 

2. EXPERIMENTAL METHODS AND MATERIALS ................................................................................... 22 

2.1 Experimental methods ................................................................................................................................. 22 

2.1.1 Experiment setup .........................................................................................................................22 

2.1.2 Selection of the experimental design ........................................................................................24 

2.1.3 Operation of the columns ...........................................................................................................25 

2.1.4 Backwashing methods.................................................................................................................26 

2.1.5 Scanning electron microscopy (SEM) study............................................................................26 

2.2 Reagents and materials ................................................................................................................................ 27 

2.2.1 Reagents ........................................................................................................................................27 

2.2.2 Microcystin...................................................................................................................................27 

2.2.3 Granular activated carbon (GAC) .............................................................................................28 

2.2.4 Sand ...............................................................................................................................................29 

2.2.5 Water sample ................................................................................................................................29 

2.3 Analytical methods ....................................................................................................................................... 30 

2.3.1 Microcystin analysis....................................................................................................................30 

2.3.2 Dissolved organic carbon and UV254 absorbance....................................................................30 

2.3.3 High performance size exclusion chromatography.................................................................31 

2.3.4 Scanning electron microscopy ...................................................................................................31 

2.4 Validation of the experimental design - side effects from the sterilisation method of autoclaving ...    32 

2.4.1 Effects on the water quality........................................................................................................32 

2.4.2 Loss of organic carbon from GAC structure and apparatus ..................................................33 

2.4.3 Effects on adsorption capacity of the GAC..............................................................................34 

2.4.4 Effects on desorption...................................................................................................................34 

  
 

3. LABORATORY-SCALE COLUMN EXPERIMENT: MICROCYSTIN REMOVAL.............. 35 

3.1 Introduction .....................................................................................................................35 

3.2 Results from the first set of experiments.................................................................................................... 36 

3.2.1 The non-sterile GAC column .....................................................................................................37 

3.2.2 The sterile GAC column .............................................................................................................38 

3.2.3 The sand column ..........................................................................................................................40 

3.3 Results from the repeat experiment............................................................................................................ 44 



 viii

3.4 Combined results .......................................................................................................................................... 47 

3.5 Phases of microcystin removal in GAC filters........................................................................................... 48 

3.5.1 Phase I - Adsorption removal and biofilm effect.....................................................................50 

3.5.2 Phase II - Biodegradation removal and lag-phase...................................................................52 

3.6 Conclusions ................................................................................................................................................... 54 

 
 

4. REMOVAL OF NATURAL ORGANIC MATTER IN GAC AND SAND COLUMNS .........56 

4.1 Introduction .................................................................................................................................................. 56 

4.2 Methods ......................................................................................................................................................... 58 

4.3 Results and Discussion ................................................................................................................................. 59 

4.3.1 Non-sterile GAC column............................................................................................................60 

4.3.2 Sterile GAC column ....................................................................................................................62 

4.3.3 Sand column .................................................................................................................................64 

4.4 Conclusions ................................................................................................................................................... 66 

 
 

5. EVALUATING THE VALIDITY OF THE EXPERIMENTAL DESIGN..............................67 

5.1 Introduction .................................................................................................................................................. 67 

5.2 Experimental methods ................................................................................................................................. 68 

5.3 Results and Discussion ................................................................................................................................. 68 

5.3.1 Effects on water quality ..............................................................................................................68 

5.3.2 Loss of organic carbon from GAC structure and apparatus ..................................................69 

5.3.3 Effects on the adsorption efficiency of GAC...........................................................................72 

5.3.4 Effects on desorption during autoclaving.................................................................................73 

5.4 Conclusion..................................................................................................................................................... 76 

 

6. BIODEGRADATION OF MICROCYSTINS AND THE OPERATIONAL CONDITIONS…78 

6.1 Introduction .................................................................................................................................................. 78 

6.2 Methods ......................................................................................................................................................... 79 

6.2.1 Microcystin biodegradation under varied temperature, light irradiation and water 

quality conditions ..................................................................................................................................79 



 ix

6.2.2 Microcystin biodegradation in cultures of different bacterial concentration ......................81 

6.3 Results and Discussion ................................................................................................................................. 81 

6.3.1 Effects from temperature ............................................................................................................81 

6.3.2 Effects from light condition .......................................................................................................82 

6.3.3 Effects from water quality ..........................................................................................................83 

6.3.4 Effects from bacterial cell concentration..................................................................................85 

6.4 Conclusions ................................................................................................................................................... 86 

 

7. CONCLUSIONS ................................................................................................................87 

7.1 Conclusions ................................................................................................................................................... 87 

7.2 Future work .................................................................................................................................................. 89 

 

8. REFERENCES ..................................................................................................................90 

APPENDIX A BACTERIAL COLONY COUNT..........................................................105 

APPENDIX B CALCULATION OF MICROCYSTIN ADSORPTION RATE IN 

THE NON-STERILE GAC COLUMN ..........................................................................110 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 x

List of Figures 
 

Figure 1.1 Microscopic photo of the toxin producing Microcystis aeruginosa (cell coenobium) 

(Murphy et al., 2003) ......................................................................................................................... 4 

Figure 1.2 Representation of the molecular structure of microcystins (taken from “The Toxic 

Cyanobacteria” website http://lurac.latrobe.edu.au/~botbml/mictox.html) ....................................... 5 

Figure 2.1 Schematic diagram of the experiment setup ................................................................... 23 

Figure 2.2 Demonstration of the backwashing technique ................................................................ 26 

Figure 2.3 Testing for carbon leaching from tubing and connectors belonging to the sterile   

GAC system during autoclaving ....................................................................................................... 34 

Figure 3.1 Influent and effluent concentrations of m-LR (A) and m–LA (B) of the columns 

during the first set of experiment ...................................................................................................... 37 

Figure 3.2 Percent removal of m-LR and m–LA in the non-sterile GAC column (the dotted 

circle indicates the reoccurred toxin breakthrough) .......................................................................... 38 

Figure 3.3 m-LR and m–LA concentration in the effluent of the sterile and the non-sterile GAC 

column from days 66 to100 (the dotted circle indicates the lower toxin breakthrough in the 

sterile GAC column) ......................................................................................................................... 40 

Figure 3.4 Impact of autoclaving on the effluent concentration of both m-LR (upper) and m-LA 

(lower) from the sterile GAC column – enhanced toxin adsorption after autoclaving ..................... 41 

Figure 3.5 Removal of m-LR in the sand column (the dotted rectangular indicates the sharp 

decrease in the toxin outlet concentration when biodegradation commenced in the sand column).. 42 

Figure 3.6 Scanning electron microscopic images showing the biofilm that grew on the surface 

of sand (left) and the GAC (right) after approximately 3 months (top) and 8 months (bottom)....... 43 

Figure 3.7 Scanning electron microscopic images of the different surface characteristics of the 

sand (left) and the GAC A6 (right) particles ..................................................................................... 44 

Figure 3.8 Scanning electron microscopic images showing the bacterial growth in the internal 

pores of the GAC .............................................................................................................................. 44 

Figure 3.9 m-LR and m–LA concentration for the inflow and outflow from the columns in the 

repeated set of experiment ............................................................................................................... 46 

Figure 3.10 Scanning electron microscopic images showing the size of main bacteria species 

that were isolated from the non-sterile GAC column ....................................................................... 47 

Figure 3.11 Final results of m-LR (top) and m-LA (bottom) breakthrough profiles in the three 

columns ............................................................................................................................................. 49 

Figure 3.12 A) Normalised percent breakthrough curves of microcystins in the sterile GAC, the 

non-sterile GAC and the sand column in the column experiment. Microcystin removal in GAC 



 xi

filtration is divided into Phase I (adsorption) and Phase II (biodegradation)  

B) Conceptual model describing microcystin removal mechanisms by GAC before and after 

biofilm development. The corresponding removal rate by adsorption and biodegradation 

calculated from this study is also given ............................................................................................ 50 

Figure 3.13 HSDM fit of the sterile and non-sterile GAC experimental data at different mass 

transfer coefficient Kf values ............................................................................................................. 52 

Figure 4.1 DOC concentration of the influent and effluent of the non-sterile GAC column (the 

dotted circle indicates the initial NOM breakthrough)...................................................................... 61 

Figure 4.2 UV254 absorbance of the influent and effluent of the three columns containing the 

sterile and non-sterile GAC and the sand column (the dotted circle indicates the initial NOM 

breakthrough) .................................................................................................................................... 61 

Figure 4.3 HPSEC chromatograph showing NOM adsorption in new GAC (day 5)....................... 62 

Figure 4.4 DOC concentration of the influent and effluent of the sterile GAC column .................. 63 

Figure 4.5 HPSE chromatograph showing NOM adsorption in the preloaded sterile GAC (5.5 

months) ............................................................................................................................................. 64 

Figure 4.6 DOC characterised NOM measured on the influent and effluent of the sand column.... 66 

Figure 4.7 HPSEC chromatograph showing NOM removal in the sand column (~ 300 days)........ 66 

Figure 5.1 Molecular weight (MW) distributions from Myponga treated water before and after 

autoclaving determined by high performance size exclusion chromatography ................................ 70 

Figure 5.2 Carbon leached from the original GAC structure during six sets of autoclaving as 

determined by DOC and UV abs @ 254 nm..................................................................................... 71 

Figure 5.3 Comparison of the carbon released from the GAC structure during autoclaving and 

the carbon content of the source water. Determined by high performance size exclusion 

chromatography ................................................................................................................................ 72 

Figure 5.4 Concentration of carbon leached from the autoclaved tubing compared with the 

usual DOC concentration in the source water ................................................................................... 73 

Figure 5.5 Comparison of the adsorption rates of PAC A6 before and after autoclaving as 

determined from microcystins (m-LR and m-LA) and NOM (UVA254 and DOC) in the Myponga 

source water ...................................................................................................................................... 74 

Figure 5.6 Variation of DOC and UVA254 in the effluent of the autoclaved GAC column as a 

function of the volume (mL) of treated water ................................................................................... 75 

Figure 5.7 MW distribution of the UV sensitive organic carbons that were desorbed from GAC 

during autoclaving and that exist in the source water (determined by HPSEC) ............................... 76 

Figure 5.8 Specific UV absorbance (SUVA) of the released organic carbons from GAC during 

autoclaving, and the SUVA of the source water ................................................................................ 77 

Figure 6.1 Biodegradation of m-LR in bioreactors operated at ambient temperature (22 °C), 25 



 xii

°C, 33 °C and 40 °C, respectively ..................................................................................................... 83 

Figure 6.2 Biodegradation of m-LR in bioreactors with and without irradiation of natural light .... 84 

Figure 6.3 Biodegradation of m-LR in bioreactors of undiluted (100% NOM), 50% (NOM) 

diluted and 10% (NOM) diluted Myponga treated water ................................................................. 85 

Figure 6.4 Biodegradation of m-LR in bioreactors of different bacterial cell concentration ........... 86 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 xiii

List of Tables 
 

Table 1.1 Reported intoxication cases by microcystins...................................................................... 7 

Table 2.1 Operating parameters for the three columns (Figure 2.1)................................................. 24 

Table 2.2 Physico-chemical properties of GAC A6.......................................................................... 28 

Table 3.1 HSDM input parameters (Kf, K & 1/n) describing m-LR adsorption onto the sterile 

and non-sterile GAC in the present study, and MIB and m-LA adsorption parameters cited in 

Ho’s (2004) study.............................................................................................................................. 52 

 

 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 xiv

Glossary of Abbreviations and Acronyms 
 
 
 
 

AC                       

Adda    

 

BGAC  

DOC    

EBCT     

GAC    

HPLC  

HPSEC 
 

HSDM   
Kf   

m-LA         

m-LR         

MW  

NOM          

PAC                                    

SEM           

UV             

UVA254   

WTP 

   TCE     

   THMs 

 
 

Activated carbon          

3-amino-9-methoxy-2,6,8-trimethyl-10         

phenyldeca -4,6-dienoic acid 

Biological granular activated carbon 

Dissolved organic carbon 

Empty bed contact time  

Granular activated carbon 

High performance liquid chromatography 

High performance size exclusion    

chromatography 

Homogenous surface diffusion model 

Film mass transfer coefficient 

Microcystin-LA 

Microcystin-LR 

Molecular weight 

Natural organic material 

Powdered activated carbon 

Scanning electron microscopy 

Ultraviolet 

Ultraviolet absorbance at 254nm wavelength

Water treatment plant 

Trichloroethylene 

Trihalomethanes 
 


	TITLE PAGE: ADSORPTION AND BIOLOGICAL FILTRATION OF MICROCYSTINS
	List of Tables
	Glossary of Abbreviations and Acronyms
	List of Figures
	Table of Contents
	Statement of Originality
	List of Publications
	Acknowledgments
	Abstract


