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Summary 

This study has been motivated by the discovery of an ex-laboratory site 

contaminated with 1,1,2,2-tetrabromoethane (TBE), and its daughter products: 

tribromoethane (TriBE), cis- and trans- 1,2-dibromoethene (DBE) and vinyl bromide 

(VB) on the Swan Coastal Plain, in Perth, Western Australia. These compounds are not 

well understood or widely researched. The purpose of this study was to gain further 

knowledge of degradation rates and pathways of T B E and daughter compounds under 

different geochemical conditions, in order to asses the fate of these compounds in soil 

and groundwater environments. 

Investigation of sorption of TriBE, D B E and V B , showed that the transport of 

these compounds would not be significantly retarded in a contaminated plume. Natural 

attenuation of TriBE followed a combination of P-elimination, dominant in the initial 

stages, and hydrogenolyisis, dominating in the later stages of the reaction. Rates for 

TriBE, cis- and trans-DBE and V B natural attenuation were low, 96, 390, 230 and 240 

days respectively. This reaction pathway, for a batch system, was successfully modelled 

using P H R E E Q C - 2 (Parkhurst and Appello, 1999). 

Due to the low retardation and slow natural attenuation of these compounds the 

development of suitable remediation strategies to enhance the degradation of these 

compounds was required. 

Possible biological and chemical remediation techniques were identified based on 

those which corresponded to a wide range of chlorinated and some brominated 

compounds. Microcosm experiments were conducted in order to asses the effectiveness 

of these techniques and to determine the degradation rates and products of T B E under a 

variety of conditions. These microcosms were then compared to natural attenuation and 

a series of controls. 

This study found that granular zero valent iron (ZVI) showed the greatest 

potential as a remediation technique, with the reaction for TriBE proceeding rapidly 

(half-life of 5 days), mainly through a P-elimination reaction pathway, producing ethane 

and bromide and largely circumventing the production of D B E and VB. 

Large-scale column experiments showed that there was no change in the ability of 

ZVI to degrade brominated organics over 22 months. The major precipitants identified 

in the ZVI barrier were C a C 0 3 and FeS, and there was production of hydrogen gas 

which significantly impacted flow through the columns. 

The reaction results for the reaction of ZVI in batch and column experiments were 

modelled using P H R E E Q C - 2 and M T 3 D M S (Zheng and Wang, 1999). 



Publications 

Cohen, E.L, Patterson, B.M, Robertson, B.S. (2003), Laboratory Testing 

Program for Tetrabromoethane Remediation: Stage 1, Microcosm Experiments, CSIRO 

Land and Water Client Report - internally reviewed. 

Thomas, D., Rhodes, S., Baron, A., Cohen, E., Patterson, B., Medd, J., (2004) 

Characterisation and remediation of brominated solvents at a former diamond 

processing facility Proceedings of the fourth international Conference on the 

Remediation of Chlorinated and Recalcitrant Compounds. Monterrey 2004 

Cohen, E.L, Patterson, B.M, Bastow, T.P., Robertson, B.S. (2004), Laboratory 

Testing Program for Tetrabromoethane Remediation: Stage 2, Column Experiments, 

CSJ_RO Land and Water Client Report - internally reviewed 

Cohen, E.L, Patterson, B.M, McKinley, A.J., Robertson, B.S., (2005), Removal 

of Brominated Ethenes by Zero Valent Iron, Proceedings 2nd International PRB/RZ 

Symposium, Antwerp, Belgium, November 14-16. 

Patterson, B.M, Cohen, E.L, Robertson, B.S. (2005), Laboratory Testing 

Program for Tetrabromoethane Remediation: Stage 3, CSIRO Land and Water Client 

Report- internally reviewed 

Patterson B.M., Devasagayam, C.C., Cohen, E.L., and Robertson, B.S., (2006), 

Proposed ZVI ex-Situ Treatment System - Design Criteria, CSIRO Land and Water 

Client Report - internally reviewed 

Cohen, E.L, Patterson, B.M, McKinley, A.J., Reaction Pathway of Brominated 

Ethenes with Granulated Zero Valent Iron, in preparation. 

Patterson, B.M, Cohen, E.L, Prommer, H., Thomas, D.G., Rhodes, S., 

McKinley, A.J. (submitted 2006), Origin of a Mixed Brominated Ethene Groundwater 

Plume, submitted to Environ. Sci. Technol. 2006 

i 



Acknowledgments 

Firstly I would like to acknowledge the guidance and support of my two 

supervisors Brad Patterson (CSIRO) and Allan McKinley ( U W A ) , the time and effort 

you have put in with m e has been invaluable, thank you. 

Secondly, to all the staff and students at CSIRO, thank you for putting up with 

all m y questions, breakages and confusion, and for helping m e to adapt to a field which 

I truly had no idea about when I entered it. 

In particular, I would like to thank Michelle Grassi. I don't know what I would 

have done without you!!! Not only did you help m e with everything technical, you have 

been a fantastic friend and advisor through all off this. For similar reasons I would also 

like to thank Yamin Ma. 

Naomi McSweeney, Bee Hawkes, Christina Haddad and Michelle Hayes 

(recently departed for a far more exciting state) I could never have got through m y final 

year with out the constant distractions, support and humour you provided m e with. I 

will miss this place a lot, mainly because of you all! 

Special thanks to Blair Robertson and Nathan Innes for all their technical 

support. Also to Trevor Bastow for putting up with m e messing around in 'his' lab and 

for fixing everything I ever broke in there. 

The modelling work in this thesis could not have taken place without the help of 

Henning Prommer, w h o m I would particularly like to thank for not laughing at all the 

silly questions I asked and for his infinite patience in teaching m e groundwater 

modelling. 

To all m y friends in Perth, in particular, Pia, Michelle, Andrea and Fi thank you 

for all your support and friendship. Leaving m y support structure and family in Sydney 

would have been so much more difficult were it not for all of you. You have helped m e 

stay rational and sane throughout the last 3 years. Thank you. 

M y wonderful girls in Sydney can not go unacknowledged also. I owe you so 

much. You've kept m e from going crazy, and have always been there for m e to have a 

complain to and to offer words of support, even if they were 'stuff it and come home 

now'. Without 50+ emails a day I don't know how I would have done this. Actually, 

maybe I would have done it faster E m m a , I blame you and M S N for m e taking 3 

years, but, I will miss our constant conversations, and our (evil) man. 

ii 



Also to m y Ben, thank you for your friendship and support these last 18 months. 

I would be lost without you, even if you are bossy and pushy and nag m e constantly. 

Thank you for being there, for anything, no matter what time of day or night. 

Finally, I would like to thank m y parents and m y sister. I know it has been hard 

for you to watch m e work so hard and get so stressed from such a distance, without 

wanting to drag m e home (yes, I'm talking about you M u m ) but your support and love 

has been very much appreciated. All I have achieved I owe to you and the way you 

brought m e up. 

iii 



Table of Contents 

1 INTRODUCTION AND SCOPE OF THESIS X 

1.1 Introduction A 

1.2 Characteristics of TBE and Daughter Products 1 

1.2.1 Chemical and Physical Properties of T B E and its Daughter Products 2 

1.2.2 Health Effects and Drinking Water Standards 4 

1.3 Study Objectives 5 

2 GENERAL MATERIALS AND ANALYTICAL METHODS 6 

2.1 Standard and Stock Materials 6 

2.2 Description of Soil and Groundwater 6 

* Range of 0-40 is due to seasonal fluctuation in nitrate concentrations at this bore 7 

2.3 Analytical Methods 7 

2.3.1 Volatile Organic Analysis 8 

2.3.1.1 Determination of Volatile Organics using G C - M S Head Space Analysis 9 

2.3.1.2 Determination of Volatile Organics Using Solvent Extraction and G C - M S 9 

2.3.1.3 Quantification and Error Analysis 10 

2.3.1.4 Identification of cis-and tmns-DBE Isomers 11 

2.3.2 High Performance Liquid Chromatography (HPLC) Analysis 16 

2.3.3 pH, Redox Potential and Dissolved Oxygen Measurement 17 

2.3.4 Metals Analysis Using Atomic Adsorption Spectroscopy (AAS) 18 

2.3.5 Gas Analysis 18 

2.3.5.1 Quantification and Error Analysis 19 

3 SITE DESCRD7TION, SORPTION PROPERTffiS AND NATURAL 

ATTENUATION 20 

3.1 Introduction 20 

3.1.1 Site Description and Extent of Contamination 20 

3.1.2 Solubility 24 

3.1.3 Sorption Characteristics 24 

3.1.4 Sorption Theory 24 

3.1.4.1 Adsorption and Retardation Coefficients 24 

iv 



3.1.5 Natural Attenuation 27 

3.2 Experimental 28 

3.2.1 Materials 28 

3.2.2 Solubility Experiments 29 

3.2.3 Batch Sorption Experiments for Soil from the Second Contaminated Zone 29 

3.2.4 Sorption Experiments for the Third Contaminated Zone - Peat Soil 30 

3.2.5 Column Tracer Experiments for Soil from the Second Contaminated Zone 31 

3.2.6 Microcosms Experiments to Assess Degradation 32 

3.2.6.1 Main Plume 32 

3.2.6.2 Leading Edge Plume - Peat Soil 34 

3.2.7 Sample Collection and Analysis 34 

3.3 Results and Discussion 35 

3.3.1 Solubility 35 

3.3.2 Sorption Experiments 36 

3.3.2.1 Sorption Experiments for Soil from the Second Contaminated Zone 37 

3.3.2.2 Sorption Experiments for Soil in the Third Contaminated Zone - Peat Soil.... 43 

3.3.3 Natural Attenuation Experiments 43 

3.3.3.1 Second Contaminated Zone 44 

3.3.3.2 Third Contaminated Zone 52 

3.4 Summary 53 

4 MICROCOSM EXPERIMENTS 55 

4.1 Introduction 55 

4.2 Common Techniques for Remediation of Groundwater 55 

4.2.1 Pump and Treat 56 

4.2.2 Soil Vapour Extraction (SVE) 56 

4.2.3 Permeable Reactive Barriers (PRB) 57 

4.3 Review of Literature Remediation Methods and Amendments for Organic 

Contaminants 59 

4.3.1 Bioremediation 59 

4.3.1.1 Biological Oxidative and Reductive Dehalogenation/Co- metabolism for 

Halogenated Organics 60 

4.3.2 Chemical Oxidation 61 

4.3.2.1 Hydrogen Peroxide Oxidation 61 

v 



4.3.2.2 Permanganate Oxidation 63 

4.3.2.3 Chemical Reductive Dehaolgenation - Zero Valent Iron (ZVI) 64 

4.3.3 Organic Removal by Granulated Activated Carbon (GAC) 68 

4.3.4 Adsorption Capacity of Activated Carbon 69 

4.4 Experimental ^0 

4.4.1 Microcosm Experiments '" 

4.4.2 Sorption of Brominated Compounds to Granular Activated Carbon (GAC) 71 

4.4.2.1 Batch Sorption Experiments 71 

4.5 Results and Discussion 73 

4.5.1 Biological Microcosms 73 

4.5.2 Chemical Microcosms 75 

4.5.2.1 Chemical Oxidation 75 

4.5.2.2 Chemical Reduction 76 

4.5.3 Bromide Concentrations 78 

4.5.4 Comparison of Half-lives 79 

4.5.5 Granulated Activated Carbon Batch Experiments 79 

4.5.6 Granulated Activated Carbon Isotherm Experiments 80 

4.6 Summary 83 

5 MICROCOSM STUDY OF PROMISING REMEDIATION METHODS -

FENTON'S REAGENT AND ZERO VALENT IRON (ZVI) 85 

5.1 Introduction 85 

5.2 Fenton's Reagent 85 

5.2.1 Bromate Production - bromide in the presence of hydrogen peroxide 85 

5.2.2 Methods of Bromate Removal 86 

5.3 Zero Valent Iron ###87 

5.3.1 Zero Valent Iron Reductive Pathways 87 

5.3.2 p-Elimination Reaction 88 

5.4 Experimental 39 

5.4.1 Bromate Production 89 

5.4.2 Bromate Removal Using Granulated Activated Carbon 90 

5.4.3 Bromate Removal Using Zero Valent Iron 90 

5.4.4 Zero Valent Iron Half-Life Validation and Pathway Elucidation 90 

vi 



5.5 Results and Discussion 91 

5.5.1 Bromate Production 91 

5.5.2 Bromate Removal using Granulated Activated Carbon 91 

5.5.3 Bromate Removal using Zero Valent Iron 92 

5.5.4 Zero Valent Iron 93 

5.5.4.1 Half-life Verification and Determination of Reaction Products 93 

5.5.4.2 Determination Reaction Products in Concentrated Solutions 95 

5.5.5 Reactive Pathway 98 

5.6 Summary 100 

6 LARGE-SCALE COLUMN EXPERIMENTS WITH ZVI 101 

6.1 Introduction 101 

6.2 A Review of Zero Valent Iron Permeable Reactive Barrier Chemistry 101 

6.2.1 Precipitation Reactions 102 

6.2.2 Gas Production 103 

6.2.3 Sulfate Reduction 104 

6.2.4 Nitrate Removal 104 

6.3 Experimental .105 

6.3.1 Materials 105 

6.3.2 Column Set-up 106 

6.3.3 Column Sampling 107 

6.4 Results and Discussion 108 

6.4.1 Changes in Brominated Organic Concentrations 108 

6.4.1.1 Control Column 108 

6.4.1.2 Iron Amended Columns 111 

6.4.2 Physical Properties and Inorganic Concentrations 112 

6.4.2.1 Hydrogen Gas Production 112 

6.4.2.2 Dissolved Oxygen and Redox Potential 113 

6.4.2.3 pH 114 

6.4.2.4 Bromide 115 

6.4.2.5 Nitrate 118 

6.4.2.6 Sulfate 120 

6.4.2.7 Dissolved Iron 121 

6.4.2.8 Methane, Ethene and Ethane Production 122 

vii 



6.5 Summary 123 

7 ASSESSMENT OF LONG-TERM CHANGES IN GROUNDWATER 

GEOCHEMISTRY FOR ZERO VALENT IRON COLUMN STUDffiS 125 

7.1 Introduction 125 

7.1.1 Formation of Iron Minerals 125 

7.1.2 Microbiological Impacts 128 

7.1.3 Clay minerals 1 2 9 

7.1.4 Hydraulic Conductivity 130 

7.2 Methodology 131 

7.2.1 Long Term Column Experiments 131 

7.2.2 Core Sampling and S E M Analysis 131 

7.2.3 Hydraulic Head Analysis 132 

7.3 Results 133 

7.3.1 Control Column 133 

7.3.2 Zero Valent Iron Columns 133 

7.3.2.1 M g Results 134 

7.3.2.2 Hydraulic Head 135 

7.3.2.3 Precipitation Formation, S E M Analysis 136 

7.4 Summary 142 

8 MODELLING OF NATURAL ATTENUATION AND ZVI REACTION 

PATHWAYS 143 

8.1 Introduction 143 

8.1.1 Reactive Transport Modelling - Theory and Concepts 144 

8.2 Method 146 

8.2.1 Development of the Conceptual Model for the Natural Attenuation of TriBE.... 146 

8.2.2 Development of the Conceptual Hydrochemical Model for Degradation of TriBE, 

D B E and V B by ZVI 146 

8.2.3 Numerical Models Used 147 

8.2.4 Description of Reaction Network 147 

8.2.4.1 Kinetics of Brominated Organic Reactions 148 

8.2.4.2 Mineral Dissolution and Precipitation Reactions 148 

8.2.4.3 ZVI Corrosion Reaction 149 

viii 



8.2.5 Flow and Transport Model Set-up 149 

8.2.5.1 Spatial Discretisation 149 

8.2.6 Modelling of Microcosm Experiments 151 

8.3 Results 151 

8.3.1 Natural Attenuation of TriBE 151 

8.3.2 Degradation of TriBE, D B E and V B by ZVI 154 

8.3.3 Mixed Solution Batch Experiments 156 

8.3.4 Reactive Transport Model for the Reaction of ZVI with TriBE 157 

8.3.4.1 Calibration of ZVI Corrosion rates 158 

8.3.4.2 Comparison of Experimental and Simulated Results for the ZVI Conceptual 

Flow Model 159 

8.3.4.3 pH, Nitrate and Sulfate 159 

8.3.4.4 Brominated Compound Degradation and Bromide Production 160 

8.3.4.5 Gas Production 162 

8.3.4.6 Precipitation 164 

8.4 Summary 165 

9 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 166 

10 REFERENCES 172 

ix 



List of Figures 
2.1 Gas chromatogram for trans- and cz's-DBE 12 

2.2 Mass spectra of the A ) first eluting D B E isomer (retention time 7.6 13 

minutes) and B) the second eluting D B E isomer (retention time 8.7 

minutes 

2.3 Chemical structure of cis- and trans-E>BE 14 

2.4 H 1 N M R spectra for cis- and trans-DBE mixture 15 

3.1 Location and layout of contaminated site 22 

3.2 Field contour plots of bromide and brominated ethene concentrations 23 
based on the average of four groundwater samplings between June 2004 

and April 2005 (Patterson et al., 2006) 

3.3 Schematic of sorption column experiment 32 

3.4 Solubility of brominated organics with time 36 

3.5 Langmuir Isotherms for VB, D B E and TriBE batch sorption 38 

microcosms 

3.6 Freundlich Isotherms for VB, D B E and TriBE batch sorption 38 
microcosms 

3.7 Kd graphs for VB, D B E and TriBE batch sorption microcosms 40 

3.8 Breakthrough curves for A) bromide; B) VB; C) D B E D ) DBE-trans E) 42 
DBE-cw and F) TriBE (44 m g L"1) G) Bromide Repeated H ) TriBE (20 
mgL1 

3.9 Concentration of brominated organic compounds in control microcosms 47 

3.10 TriBE reduction at p H 4,9 and 13 47 

3.11 Natural attenuation results for TriBE, D B E and V B 50 

3.12 Pathway for the Reaction of TriBE with ZVI 51 

3.13 Concentrations of TriBE and D B E with peat soil with time 53 

4.1 Schematic of a permeable reactive barrier 57 

4.2 Funnel and gate P R B system. Powell and Associates Website (2005) 58 

4.3 Funnel and continuous trench P R B system. Powell and Associates 58 
Website (2005) 

4.4 Reaction pathway of T C E with ZVI (P. Chio University of Delaware 66 
Website 2003) 

4.5 G A C molecule (Nyer, 1992) 69 

4.6 Concentrations of brominated compounds in anaerobic biological 75 
microcosms 

4.7 Concentrations of brominated compounds in aerobic biological 75 
microcosms with time 



4.8 Concentration of brominated compounds in chemical microcosms 78 

4.9 Concentrations of brominated compounds removed by GAC, with time 81 
(as a percentage of initial solution concentration) when rolled at 16 rpm 

4.10 Langmuir isotherms for each compound in distilled water with GAC 82 

4.11 Langmuir Isotherms for mixtures of each compound in distilled water 82 
and groundwater with G A C 

5.1 Elimination reaction for a brominated ethane 89 

5.2 p-Elirnination pathway for a brominated ethane 89 

5.3 Bromate and bromide concentrations with GAC 92 

5.4 Bromate removal by ZVI 93 

5.5 TNI amended individual batch microcosm experiments in 120 mL 95 
Serum Vials 

5.6 Gas and organic concentrations as C with time in 1 L batch experiments 97 
amended with ZVI 

5.7 Hypothesised reaction pathway for TriBE with ZVI based on the 98 
reaction pathway elucidated for PCE by Arnold and Roberts (2000)95 

5.8 Pathway for the reaction of TriBE with ZVI 99 

6.1 Pourbaix Diagram for an iron water system at 25 °C (EVTEK website, 103 
2006) 

6.2 Schematic of column set-up 107 

6.3 Brominated compound concentrations along the length of the columns 108 
at a velocity of 26 m y"1, Influent brominated compound concentrations 
1 - 2 m g L"1 

6.4 Brominated compound concentrations along the length of the columns 109 
at a velocity of 26 m y", influent brominated compound concentrations 
25-70 m g L"1 

6.5 Brominated compound concentrations along the length of the columns 109 
at a velocity of 260 m y"1, influent brominated compound 
concentrations 1-2 mg L" 

6.6 Brominated compound concentrations along the length of the columns 110 
at a velocity of 260 ray"1, influent brominated compound 
concentrations 15-50 m g L"1 

6.7 Brominated compound concentrations along the length of the columns 110 
at a velocity of 2,600 my"1, influent brominated compound 
concentrations 50 - 80 mg L"1 

6.8 pH variation along column length 115 

6.9 Groundwater bromide concentrations after flushing the columns with 119 
6 pore volumes of uncontaminated groundwater 

6.. 10 Nitrate concentrations in column experiments 120 

6.11 Sulfate concentrations in column experiments 122 



6.12 Average dissolved iron concentrations with distance 123 

7.1 A ) Green rust (Phillips et al., 2003) B) siderite (Phillips et al., 2003), C) 128 

goethite with elongate aragonite crystal (Phillips et al., 2003) D ) 
aragonite from an unsieved whole sample. (Phillips et al, 2003) E) 
hexagonal shaped green rust particle that has reduced U(VI) to U(IV) in 
the form of uraninite nanoparticles (small black dots on the edges of 

G R particle) (O'Loughlin et al., 2003) F) hexagonal crystals present in 

green rust - or fougerite (INF Press release May 2004) 

7.2 Hydraulic conductivity experimental set-up 133 

7.3 Nitrate reduction half- lives over time 135 

7.4 Sulfate reduction half- lives over time 135 

7.5 Average M g concentrations in control and ZVI amended columns over 136 

22 months 

7.6 Section of the cemented ZVI found in the 100 % column 137 

7.7 A comparison of the A ) Cemented layer and B) Up-gradient ZVI 13 8 

particles in 100 % ZVI column 

7.8 S E M of C a C 0 3 needle-like crystals in the 100 % ZVI cemented zone 139 

7.9 C a C 0 3 needle-like crystals and amorphous FeS in the 100 % ZVI 140 

cemented zone 

7.10 C a C 0 3 FeS and clay deposits in the 100 % ZVI cemented zone 141 

7.11 CaC03 and FeS precipitation on a sand grain in the 50 % ZVI column 142 

8.1 Model grid discretisation for ZVI in M O D F L O W 151 

8.2 Model fit assuming degradation of D B E 153 

8.3 Calibrated model fit for natural attenuation batch experiments 154 

8.4 Calibrated ZVI reaction model for A ) TriBE, B)DBE and C)VB 156 

8.5 Comparison of experimental and model results for a mixture of 20 m g 157 
L"1 D B E and TriBE 

8.6 Comparison of experimental and model data for a mixture of 15 and 8 158 
m g L"1 TriBE and D B E 

8.7 Model and Experimental pH, nitrate and sulfate values for ZVI 159 
corrosion calibration with no brominated organics in influent 

8.8 Model and experimental pH, nitrate and sulfate values 161 

8.9 Model and Experimental brominated organic and bromide 163 
concentrations 

8.10 Predicted gaseous concentrations 164 

8.11 FeS, C a C 0 3 and Mg(II) concentrations 165 

xii 



List of Tables 
1.1 Physical properties of T B E and its related compounds 3 

1.2 Drinking water standards for chlorinated analogues of TBE, TriBE, 5 
D B E and V B 

2.1 Summary of groundwater concentrations 7 

2.2 Summary of analytical methods 8 

2.3 Error and detection limits of compounds using G C - M S analysis 11 

2.4 H P L C operating conditions 16 

2.5 Percentage error in H P L C analysis 17 

2.6 Effects of p H on H P L C measurement 17 

2.7 Percentage error in G C analysis 19 

3.1 Batch isotherm experiments 30 

3.2 Experimental set-up for peat soil sorption experiments 31 

3.3a Initial microcosm experiments 33 

3.3b Additional microcosm experiments 33 

3.4 Natural attenuation microcosms for peat soil 34 

3.5 Solubilities of D B E , TriBE and T B E 36 

3.6 Freundlich constants and R values for D B E , V B and TriBE 39 

3.7 Retardation coefficients (R) for VB, D B E and TriBE 41 

3.8 Comparison of batch and column sorption values for soil from the 42 
second contaminated zone 

3.9 K and R values for D B E and TriBE in peat soil 43 

3.10 Comparison of R values for D B E and TriBE in the two soils 43 

3.11 Natural attenuation half-lives in soil microcosms 49 

3.12 Natural attenuation half-lives in peat microcosms 52 

4.1 Microcosms to asses enhanced degradation 71 

4.2 Kinetic experiments with G A C 72 

4.3 G A C sorption isotherm experiments 72 

4.4 Half-lives of brominated compounds in microcosms 78 

4.5 Results of H P L C bromide analysis for microcosm experiments 79 

4.6 Comparison of average half-lives in days of brominated and 80 
corresponding chlorinated compounds 

4.7 Langmuir constants determined from fitting a Langmuir isotherm to the 83 
graphed data 

5.1 Additional ZVI microcosm experiments 91 

xiii 



microcosm experiments 

6.1 Influent groundwater composition 

6.2 Influent groundwater brominated compound concentrations and flow 106 

rates 

6.3 Degradation half-life estimation for column experiments with low 112 

brominated compound concentrations (1-2 m g L ) 

6.4 Degradation half-life estimation for column experiments with high 112 

brominated compound concentrations (15-80 m g L") 

6.5 Bromine mass balance data 111 

6.6 Denitrification half-lives 120 

6.7 Sulfate reduction half-lives 121 

6.8 Gas composition in ZVI columns 124 

7.1 Types of mineral precipitates commonly found in iron barrier walls 127 

7.2 Composition of common Phyllosilicate minerals (Essington, 2004) 131 

7.3 Typical K values in soil 132 

7.4 Influent concentration for long-term column study 132 

7.5 Hydraulic conductivity of ZVI amended columns 137 

8.1 Mineral equilibrium reactions included in PHREEQC-2 150 

8.2 Column influent groundwater composition 151 

8.3 Additional mixed D B E and TriBE with ZVI microcosm experiments 152 

8.4 PHREEQC-2 model input - natural attenuation batch experiments 154 

8.5 PHREEQC-2 model input - ZVI batch experiments 155 

8.6 PHREEQC-2 model input - column experiments 159 

8.7 Kinetic parameters for ZVI corrosion 160 

xiv 



Table of Nomenclature 
Abbreviation 

A 

b 

C 

*-eq 

CMC 

D 

DBE 

DCE 

DNAPL 

DO 

Eh 

EPA 

F 

GAC 

GC-MS 

GR 

HPLC 

K 

k 

Kd 

KF 

KH 

Koc 

KL 

n 

NAPL 

PCE 

"vp 

Pb 

PRB 

Q 

q 

Definition 

Area 

Sorption Capacity 

Concentration 

Aqueous Equilibrium Concentration 

Critical Micelle Concentration 

Diffusion Coefficient 

1,2-dibromoethene 

1,2-dichloroethene 

Dense Non-aqueous Phase Liquid 

Dissolved Oxygen 

Redox Potential 

United States Environmental Protection Agency 

Diffusion mass flux 

Granulated Activated Carbon 

Gas Chromatography - Mass Spectrometry 

Green Rust 

High Pressure Liquid Chromatography 

Hydraulic Conductivity 

Rate constant 

Distribution coefficient or linear sorption coefficient 

Freundlich Constant 

Henry's L a w Constant 

Octanol-Water Partition Constant 

Langmuir Constant 

Freundlich Heterogeneity Constant 

Non-aqueous Phase Liquid 

Perchloroethene 

Vapour Pressure 

Bulk Density (kg L"1) 

Permeable Reactive Barrier 

Flow rate 

Darcy Velocity 



Qm 

R 

s 
o 

SEM 

SVE 

t 

tl/2 

TBE 

TCA 

TCE 

THF 

TriBE 

TriBM 

TOC 

U 

XRD 

VB 

VC 

V 

voc 
ZVI 

Mass flux 

Retardation Coefficient 

Solubility 

Porosity (L"1) 

Scanning Electron Microscopy 

Soil Vapour Extraction 

Time 

Half-life 

1,1,2,2-tetrabromoethane 

1,1,2,2-tetrachloroethane 

Trichloroethene 

Tetrahydrofuran 

Tribromoethene 

Tribromomethane 

Total Organic Carbon 

Darcy Velocity ( m y 1 ) 

X-Ray Diffraction 

Vinyl Bromide 

Vinyl Chloride 

Volume 

Volatile Organic Compound 

Zero Valent Iron 

xvi 



Chapter 1 Elizabeth Cohen. PhD Thesis 

1 Introduction and Scope of Thesis 

1.1 Introduction 

The contamination of soil and groundwater by organic pollutants is a major and 

widespread environmental problem (Pye and Kelley 1984; Kirk-Othmer 2006). Organic 

compounds have widespread use in industry including; in the petroleum industry, 

industrial solvents, and agricultural pesticides. Contamination limits the quality and 

quantity of available water resources and can also pose a risk to human health and the 

sustainability of many ecosystems. Many of the organic compounds now in use are 

believed to be hazardous at very low concentrations (Pye and Kelley 1984). It is vital to 

work to reduce the exposure and minimise the risk that these types of contaminants pose 

by providing innovative, effective and low cost remediation techniques. 

Non-aqueous phase liquids (NAPLs) are a special class of contaminants which 

present problems for soil and groundwater remediation, due to sorption of N A P L s to 

sub-surface particles, and their low solubility and slow dissolution into the groundwater 

(Kirk-Othmer, 2006; Yang and McCarty, 2000; Jeong et al., 2002). Dense non-aqueous 

phase liquids (DNAPLs), further complicate contaminated site remediation as, being 

denser than water, they migrate downwards in the aquifer and collect in pools or 

pockets in the soil (Kirk-Othmer 2006). 

This study has been prompted by recent detection of a site contaminated with 

brominated organic solvents, in particular 1,1,2,2-tetrabromoethane (TBE), both as a 

D N A P L as well as an aqueous contaminant. 

1.2 Characteristics of TBE and Daughter Products 

T B E is a dense liquid most commonly used in the mineral industry and in 

palaeontology work as a solvent for density separation (Central Chemical Consulting 

website 2004). In animals T B E is known to be poisonous by inhalation or ingestion and 

also acts as a neoplastigen and mutagen (HSDB 2004). Its main degradation product 

Tribromoethene (TriBE) is also toxic to algae, crustaceans and fish (Canton and 

W e g m a n 1983). 

Due to its volatility and health effects, T B E is gradually being phased out in 

industry in favour of non-volatile, low toxicity, inorganic heavy liquids such as sodium 

polytungstate and lithium metatungstate. However, due to the prevalence of T B E used 

in the past, as well as its continued usage there remains a need for further knowledge 
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regarding its degradation rates and by-products to understand the fate of T B E and its 

by-products in the environment and to enable development and implementation of 

possible remediation strategies. 

T B E has been found to degrade rapidly both at a field site (Thomas et al, 2004) and 

at near neutral p H in the laboratory (Heitz et al., 1997), with a half life less than 24 

hours, giving the daughter products, TriBE and cis- and rrans-1,2-dibromoethene (DBE) 

and to a smaller extent vinyl bromide (VB) (Heitz et al., 1997; Thomas et al., 2004). 

The subsequent natural degradation of TriBE and D B E is considerably slower, over 

period of months rather than days, and TriBE and D B E appear to be the persistent 

groundwater contaminants (Thomas et al., 2004). 

Although extensive research has been undertaken regarding methods to remediate 

chlorinated organic compounds (Schollhorn et al., 1997; Mackay and Cherry, 1989; 

Westrick et al., 1984; Freedman and Gosset, 1989), the brominated ethane and ethene 

analogues have been largely ignored as soil and groundwater contaminants and to date 

very little information exists regarding their degradation and remediation. The 

chlorinated analogue of TriBE, 1,1,2-trichloroethene (TCE), has been shown to be toxic 

and persistent in groundwater environments (Canton and Wegman, 1983; H S D B 2004) 

and much research has been undertaken regarding remediation of T C E and its 

chlorinated degradation products, 1,2-dichloroethene (DCE) and vinyl chloride (VC) 

(Gillham and O'Hannesin, 1994; Arnold and Roberts 2000; Schollhorn et al., 1997; 

Freedman and Gosset ,1989)). 

1.2.1 Chemical and Physical Properties of TBE and its Daughter Products 

T B E has been found under certain conditions to degrade rapidly via 

dehydrobromination to give TriBE, and to a lesser extent D B E (Heitz et al., 1997; 

Thomas et al., 2004). The Hazardous Substances Databank (2004) suggests the primary 

removal process for T B E from water is expected to be via hydrolysis under neutral or 

near neutral pH, with half-lives of between 2 and 20 hours, at p H 7 and 8 respectively, 

(HSDB 2004). Heitz et al. (1997) found that at a p H of 6.86 a half-life of 19 hours was 

typical for the degradation of T B E to TriBE, with the half-life increasing with 

decreasing pH. This is consistent with information from Joens et al. (1995), who stated 

that polyhalogenated ethanes undergo base catalysed dehydrohalogenation. Based on 

estimated values of octanol-water partition coefficient (Log Koc) (Table 1.1) (HSDB 
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2004) T B E is expected to have moderate mobility with some sorption to suspended 

solids and sediments 

Table 1.1 Some ph 
Compound 

1,1,2,2-
Tetrabromoethane 
Tribromoethene 
1,2-Dibromoethene 

Vinyl bromide 

Ethyl bromide 

Tribromomethane 

Bromomethane 

Dibromomethane 

ysical properties for T B E and re 
CAS No 

79 27 6 

598 16 3 
540 49 8 

593 60 2 

74 96 4 

75 25 2 

74 83 9 

74 95 3 

M W 

345.65 

264.74 
185.85 

106.95 

108.965 

252.73 

94.94 

173.83 

Density 
(g/cm3)1 

2.966 

2.71 
2.246 

1.4933 

1.4708 

2.894 

1.732 

2.497 

ated compounds 
Solubility 
(mg/L) 

7001'" 

36.2" 
8,910'" 

Insoluble' 
7,6002* 
900 

3,010'" 

15,220''" 

11,930''" 

Henry's L a w 
Constant 
(atm.m3/mol)2 

1.34 x 10°* 

4.89 x 104* 
8.5 x 10 *' 

1.4x10"* 

7.4 x 10 "3* 

5.35 x 10"4 

7.34 x IO"3 

8.22 x 10 4 

Log 

(Ko c) 
at 
25°C 
2.55"* 

3.2" 
1.78"* 
1.963 

2.263* 
1.57" 

1.61"'3 

1.873* 
2.40" 
2.683 

2.493* 
1.19" 
1.253* 
1.70" 
1.883 

2.073* 

Vapour 
Pressure 
at 25°C 
(mmHg) 
0.024 

cw-214 

trans -314 

1,0334 

* Estimated values 
'Chemfinder database - http://chemfinder.cambridgesoft.com 
2 SRC (Syracuse Research Corporation) 2003 http://esc.syrres.com/interkow/PhysProp.htm 
3 Ruelle, P. (2000) The n-octanol and n-hexane/water partition coefficient of environmentally relevant chemicals 
predicted from the mobile order and disorder (MOD) thermodynamics, Chemosphere 40 457-512 
4HSDB 2004 

There are no known industrial uses for TriBE (Heitz et al., 1997), and very 

little information exists regarding its chemical and physical properties. Moderate 

sorption to soil and sediments is expected (based on Log Koc values) and TriBE may 

also volatilize from dry and moist soil surfaces (HSDB 2004). 

D B E is manufactured in small quantities as a research chemical (HSDB 2004). 

Based on its Koc value D B E is not expected to sorb to soil sediments and may volatilize 

from both dry and wet soil surfaces based on its Henry's Law constant and vapour 

pressure (Table 1.1). The H S D B (2004) also states that unlike TBE, hydrolysis is not 

expected to be an important environmental fate process as D B E is lacking functional 

groups that hydrolyse under environmental conditions. 

V B is used in industry as a flame retardant for acrylic fibres. If released to soil 

V B is expected to have moderate mobility (Log Koc 1.57). Its high vapour pressure and 

Henry's Law constant (Table 1.1) suggests that it may volatise from dry and moist soil 

surfaces (HSDB 2004). Like D B E , V B is not expected to undergo hydrolysis in the 

environment due to the lack of hydrolysable functional groups (HSDB 2004). 
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A summary of the various properties of the compounds of interest is given in Table 1.1. 

1.2.2 Health Effects and Drinking Water Standards 

There are currently no drinking water guidelines for T B E , TriBE, D B E or V B 

listed by the Australian Department of Environment or the World Health Organization 

( W H O ) . Limited studies (HSDB 2004) on the human toxicity of these compounds have 

been undertaken, with some studies indicating that T B E and its immediate daughter 

products are possible carcinogens, mutagens and central nervous system (CNS) 

depressants. Due to the lack of toxicological information, it is difficult to asses the risk 

these compounds represent. Although, the corresponding chlorinated analogues are 

likely to represent a similar risk due to their functional and structural similarities. 

Comparison of the toxicology of V C to V B , the only brominated compound of interest 

whose toxicology has been studied, shows similar tumor responses in rats to V C , with 

V B perhaps more potent that V C (10th Report on Carcinogens 2002; H S D B 2004). 

Therefore, it is plausible to assume that the brominated compounds are a similar or 

greater, risk as the chlorinated analogues. A description of the health effects and 

relevant drinking water standards (Table 1.2) for the chlorinated analogues are given in 

order to identify possible health effects and as a guide to anticipate drinking water 

standards for the brominated analogues being studied here. 

V B is 'reasonably anticipated' to be a human carcinogen (10th Report on 

Carcinogens 2002), however human studies have not been conducted and this is based 

on evidence of carcinogenic effects in experimental animals. In high concentrations V B 

may produce dizziness, disorientation, and sleepiness in humans. It is a possible C N S 

depressant and the liquid irritates the eyes and may irritate the skin by its defatting 

action (HSDB 2004). However, studies have provided inadequate data to determine safe 

exposure limits for humans (10th Report on Carcinogens 2002). 

D B E is an irritant to the eyes and possible C N S depressant ( H S D B 2004). There 

is very limited information regarding this particular compound and its health effects and 

carcinogenicity have not been investigated thoroughly. However, the chlorinated 

analogue D C E is a toxic irritant, which may cause fetal abnormalities, while the 

brominated methane, dibromomethane, is 'reasonably assumed to be a human 

carcinogen', based on studies with laboratory animals (HSDB 2004). 

As mentioned previously, little information exists regarding TriBE, and its most 

common occurrence is a degradation product of TBE. TriBE has been found to be 

slightly toxic to some freshwater organisms at concentrations of less than 5 m g L" 
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(Canton and W e g m a n 1983). The chlorinated analogue T C E is a probable human 

carcinogen (10th Report on Carcinogens 2002) based on conclusive research from 

human and animal based studies. The US-EPA suggests a maximum drinking water 

concentration for T C E of 0.005 m g L"1 (10th Report on Carcinogens 2002). 

There is limited evidence to suggest that T B E causes cancer in laboratory 

animals (HSDB 2004), however, no human studies have been undertaken. T B E can 

damage the liver and may effect the kidneys and lungs. There is very little available data 

on the chlorinated analogue 1,1,2,2-tetrachlorethane (TCA). It is suspected to be toxic 

and appears, like TBE, to target the liver (HSBD 2004). It has shown some 

carcinogenicity in animals, however studies on animals and humans are limited and are 

insufficient to state this conclusively (HSBD 2004). 

Table 1.2 Drinking water standards for chlorinated analogues of TBE, TriBE, DBE and VB 

Brominated 
Compound 

VB 
DBE 
TriBE 
TBE 

Chlorinated 
Analogue 

VC 
DCE 
TCE 
TCA 

Maximum Drinking 
Water Concentration 

(mgL1) 
0.0003' 
0.051 

0.071, 0.0052 

0.00012 

'WHO Guidelines for Drinking Water Quality 2004 
2 HSDB 2004 

1.3 Study Objectives 

The purpose of this study was to gain further knowledge of degradation rates and 

pathways of T B E and its daughter compounds under different geochemical conditions 

in order to assess the fate of these compounds in soil and groundwater environments. If 

natural attenuation rates of brominated compounds are low, as suggested by Thomas et 

al. (2004), the development of suitable remediation strategies to enhance the 

degradation of these compounds is required. As such, this study also focused on 

identifying and assessing possible remediation methods. Elucidation of active 

remediation reaction by-products, rates and pathways would enable a better 

understanding of brominated ethene and ethane degradation and possibly chlorinated 

ethanes and ethenes as well. Modelling of field and laboratory data was also undertaken 

to allow for greater understanding of reaction pathways and the behaviour of 

brominated compounds under natural attenuation and field conditions. 
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2 General Materials and Analytical Methods 

2.1 Standard and Stock Materials 

1,1,2,2-tetrabromoethane (TBE) (98 % purity), tribromoethene (TriBE) (97 % 

purity) and 1,2-dibromoethene (DBE) (cis- and trans- mixture 98 % purity) were 

obtained from TCI America (Japan) as pure solvents and used without further 

purification. Vinyl bromide (VB) was obtained as a 1 M solution in tetrahdyrofuran 

(Fluka Chemicals). Stock standard solutions were prepared in glass vials by dilution of 

the neat compounds with methanol (> 99.7 % purity, Unichrom). Dietheyl ether for 

solvent extraction was pesticide grade, 99.9% purity (B and J Brand). Standards for 

bromide, nitrate, sulfate and bromate were made up in MilliQ water using analytical 

grade sodium bromide (NaBr), sodium sulfate (NaS04), sodium nitrate (NaN03) and 

sodium bromate (NaBr03) (Ajax Chemicals). 

Concentrated stock solutions of TBE, TriBE, D B E and V B were made up 

periodically in either distilled water or groundwater for use in experiments. These were 

stored in the dark, at a constant temperature and either mixed on a rotary mixer for 

small quantities of stock, or stirred via a pump inside the vessel for large quantities of 

stock. 

Gas standards were diluted with air from a stock standard (Alltech, Matheson Tri-

gas, Micromatt III Analytical Gas Standard, 14 L) containing, by volume, methane 

(0.997 % ) , ethane (0.995 % ) , ethene (0.998 % ) , acetylene (0.993 % ) and carbon dioxide 

(1.001 % ) . 

Microcosm experiments were undertaken in Wheaton 120 m L glass serum vials, 

using low organic-sorbing (Tandoi et al., 1994; Shi et al., 1999) Teflon impregnated 

chlorobutyl-isoprene blend Wheaton stoppers (No. 224100-175, Straight Plug Style, 13 

m m id x 20 m m od). Vials were sealed using Wheaton aluminium seals, and a crimping 

tool. 

2.2 Description of Soil and Groundwater 

Soil used in the experiments was sourced from core samples or drilling spoils 

collected from a bore installed at the brominated ethane/ethene contaminated site. The 

soil is mildly reducing (Thomas et al., 2004) with a total organic carbon (TOC) of 

approximately 570 m g kg" (external Laboratory analysis). Soil used in the experiments 

was a homogenised core sample consisting of Bassendean medium grained sands in 

combination with silty and clayey sands. 
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Water from two different sources was utilised in experiments. Initial 

experiments used groundwater taken from an area contaminated with T B E and its 

daughter products. This groundwater was used to ensure consistent conditions for 

potential microbial reactions. However, the high bromide content of groundwater from 

this source (50 m g L"1) made the calculation of mass balances difficult. Therefore, later 

experiments were undertaken using ground water collected up-gradient from the 

contaminated site which had bromide concentrations that were below the detection limit 

of the analysis (< 1 m g L"1). L o w concentrations of metal oxides or metals at the site, 

such as iron, which may act as catalysts, have been identified in the groundwater at 

concentrations of approximately 1 - 2 m g L"1 (Thomas et al., 2004). A summary of the 

average concentrations for the major components in the groundwater used in these 

experiments is given in Table 2.1. 

Table 2.1 Summary of groundwater concentrations 
Compound 

Br 
S04

2" 
CI 
N03 

Fe (soluble) 
CaC03 

Ca 2 + 

K+ 

Na+ 

Al3+ 

Average Up-gradient 
Water 

Concentration (mg L" 

') 
0 
15 
100 

0-40* 
1.5 
200 
60 
3.2 
63 
0.2 

Average Down-
gradient Water 

Concentration (mg 

*) 
50 
25 
150 
0 
1.5 
200 
59 
3 
69 
0.2 

*Range of 0-40 is due to seasonal fluctuation in nitrate concentrations at this bore. 

2.3 Analytical Methods 

A variety of analytical methods were utilized to obtain data from microcosm and 

small and large scale column experiments. A summary of these are given in Table 2.2 

and an explanation of each follows. 

Samples for organic analysis were collected in glass syringes to avoid sorption of 

the organics to plastic or rubber. All other samples were obtained with plastic syringes. 
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Table 2.2 Summary of analytical methods 
Method 

Gas Chromatography-
Mass Spectroscopy (GC-MS) 

High Performance Liquid 
Chromatography (HPLC) 

Selected Electrodes 

Gas Chromatography-Flame Ionization 
Detector (GC-FID) 

Atomic Absorption Spectroscopy (AAS) 

Compound 

T B E 
TriBE 
D B E 
V B 
Bromide 
Nitrate 
Sulfate 
Bromate 
pH 
Dissolved Oxygen (DO) 
Redox Potential (Eh) 
Methane 
Ethane 
Ethane 
Acetylene 
Hydrogen 
Iron 
Magnesium 

2.3.1 Volatile Organic Analysis 

The volatile organics TBE, TriBE, D B E and V B were analysed using a Varian 

3400 Gas Chromatograph (GC) in conjunction with a Saturn IV Mass Spectrometer 

(MS). There were two methods used for the determination of these compounds. The 

first of these was gas chromatography-mass spectroscopy (GC-MS) - headspace 

analysis. This technique involves heating a known volume of sample with a consistent 

volume above the liquid (headspace) and sampling from the gas space after a period of 

time had passed, allowing non-destructive sampling of reaction vials with time. The 

second method was G C - M S - solvent extraction, and was used when a large number of 

samples were required to be analysed in a short period of time as this method was easily 

be adapted to an auto-sampler. However, this method was not suitable for all samples as 

it required destructive sampling. Good correlation was shown between these two 

techniques (Appendix I). 

Standards were made up in distilled water as the stability of T B E in groundwater 

was low. N o matrix effects on TBE, TriBE, D B E and V B detection and quantitation 

where observed due to the groundwater composition. Standards were found to be 

relatively stable with time and the possibility of cross contamination was low if methods 

followed correctly (Appendix I). 
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2.3.1.1 Determination of Volatile Organics using G C - M S Head Space 

Analysis 

Groundwater samples (5 m L ) were placed in 8 m L sample bottles with a Teflon 

coated, rubber lined screw cap. To these samples bottles, 100 JLIL of a deuterated 

trichloroethene (di-TCE) in methanol surrogate standard (0.5850 m g L"1) was injected. 

External standards for TBE, TriBE and D B E were prepared by dissolving either 

0.5, 1, 2, 5, 10, or 20 |iL of standard mixture (5,930 m g L"1 TBE, 4,540 m g L"1 TriBE, 

4,490 m g L"1 D B E in methanol) into 5 m L of deionised water in an 8 m L sample bottle 

with a Teflon coated, rubber lined screw cap. 

Water samples and standard solutions were then left to equilibrate in a heating 

mantle for 20 minutes at 40 °C, at which time 100 |jL of headspace gas was removed in 

a 100 uL gas-tight syringe with Teflon plunger and analysed using GC-MS. Following 

each injection the syringe was rinsed with methanol and heated to 40 °C for 30 minutes 

to avoid any cross contamination. 

Analytical conditions of the G C - M S (GC: Varian Star 3400CX, M S : Varian 

Saturn 4D) were as follows: 30 m x 0.25 m m i.d. AT-5ms capillary column with a film 

thickness of 1.0 m m was used. The septum programmable injector was initially at 60 °C 

followed by temperature programming to 250 °C at 10 °C min"1 using helium as a 

carrier gas. The column was held at 40 °C for 2 minutes followed by temperature 

ramping at 5 °C min"1 to 70 °C, then to 250 °C at a rate of 20 °C min"1, and held at 250 

°C for 3 minutes. The mass spectrometer and transfer line was held at 250 °C. The mass 

spectrometer was operated in full scan mode with a range from 46 to 350 m/z. 

2.3.1.2 Determination of Volatile Organics Using Solvent Extraction and 

G C - M S 

A method similar to that described by Patterson et al. (1993) was used to 

concentrate the brominated compounds in groundwater samples. 

Groundwater samples were collected using a 10 m L glass syringe. Each 10 m L 

sample was placed into a 15 m L vial with Teflon coated rubber lined screw cap and 

spiked with 100 pL of a surrogate standard solution (0.5850 m g L"1 di-TCE in 

methanol). The samples were then extracted with 3 m L of diethyl ether using a 

suspension mixer for 15 minutes, and the ether layer transferred via pasture pipette to an 
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auto sampler vial. A 1 pL aliquot of the ether extract was then injected onto the gas 

chromatograph column using a Varian 8100 automatic sampler. 

Aqueous standards for TBE, TriBE and D B E were prepared by dissolving either 5, 

10, 20 or 50 LiL of standard mixture (5,930 m g L"1 TBE, 4,540 m g L"1 TriBE, 4,490 m g 

L"1 D B E in methanol) into 10 m L of deionised water in an 15 m L sample bottles with a 

Teflon coated, rubber lined screw cap. 

As the solvent peak eluted very close to the V B peak there were two sets of 

analytical conditions used to analyse each sample. For TBE, TriBE and D B E analytical 

conditions of the G C - M S (GC: Varian Star 3400CX, M S : Varian Saturn 4D) were as 

follows: A 30 m x 0.25 m m i.d. AT-5ms capillary column with a film thickness of 1.0 

m m was used. Septum programmable injector was initially at 60 °C followed by 

temperature programming to 250 °C at 10 °C min"1 using helium as a carrier gas. The 

column was held at 40 °C for 2 minutes followed by temperature programming at 5 °C 

min"1 to 70 °C, then to 250 °C at a rate of 20 °C min"1, and held at 250 °C for 3 minutes. 

The mass spectrometer and transfer line was held at 250 °C. The mass spectrometer was 

operated in full scan mode with a range from 46 to 350 m/z. 

For V B analysis using this method the analytical conditions were slightly 

modified to utilise carbon dioxide cooling of the column as well as a filament down 

time period during elution of the solvent peak. The analytical conditions were as above 

with the following exceptions: the septum programmable injector was held at 30 °C for 

3 minutes, before a ramp increase to 70 °C. The mass spectrometer data were split into 

two segments to reduce the impacts of the solvent peak, with the first segment rurming 

for 2.7 minutes, followed by a filament delay of 3.3 minutes. 

2.3.1.3 Quantification and Error Analysis 

Compound identification was confirmed by column retention times and relative 

abundance of characteristic mass-to-charge (m/z) ratios. The cis- and trans-DBE 

isomers have different elution times, but similar m/z values. Separate cis and trans 

standards were not available and as such a number of analytical techniques were used to 

determine their identity (Section 2.3.1.4) 

Groundwater concentrations of each compound were quantified using surrogate 

external standards. Ratios (external standard area/surrogate standard area) of the 

external standards were used to construct four point calibration curves. Errors in 

averages were determined at a 95 % confidence interval. 
10 
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Detection limits and errors associated with sampling and the G C - M S analysis of 

triplicate samples of brominated compounds in water at a 95 % confidence interval are 

given in Table 2.3. 

Table 2.3 Error and detection limits of compounds using GC-MS analysis 
5 m L Headspace Analysis 

Compound 

TBE 
TriBE 

cw-1,2 D B E 
rrans-l,2DBE 

di-TCE 
VB 

Mass spectrum 
quantitation 
ions (m/z) 

79 186 265 267 
79 185 264 266 
79 105 107 186 
79 105 107 186 
63 131 133 
106 108 

Retention 
time 

(minutes) 

16.4 
12.7 
8.9 
7.9 
6.1 
2.1 

Lower 
detection 
limits as a 
water 
sample 
(USL-1) 
100 
10 
1 
1 
n.d 
1 

Average 
Percentage 
Error at a 95 
% Confidence 

Interval 

30 
20 
10 
10 
n.d 
30 

50 m L Headspace Analysis 
TBE 
TriBE 

cis -1,2 D B E 
trans-1,2 D B E 

di-TCE 
VB 

79 186 265 267 
79 185 264 266 
79 105 107 186 
79 105 107 186 
63 131 133 
106 108 

16.4 
12.7 
8.9 
7.9 
6.1 
2.1 

100 
10 
1 
1 
n.d 
1 

30 
35 
40 
40 
n.d 
25 

Solvent Extraction 
TBE 
TriBE 

cis -1,2 D B E 
trans-1,2 D B E 

d^TCE 
VB 

79 186 265 267 
79 185 264 266 
79 105 107 186 
79 105 107 186 
63 131 133 
106 108 

16.4 
12.7 
8.9 
7.9 
6.1 
1.9 

5 
5 
5 
5 
n.d 
1 

11 
11 
2 
2 
n.d 
2 

n.d = not determined as compound was used as an surrogate standard 

2.3.1.4 Identification of cw-and trans-DBE Isomers 

The gas chromatography and mass spectrometry for the trans- and cis- isomers of 

D B E are show in Figure 2.1 and 2.2. As shown the two isomers have elution times 

separated by one minute, 7.7 and 8.7 minutes. This separation is consistent over all 

samples. The same quantitation ions were used for both isomers as given in Table 2.3, 

as there was very little difference in their mass spectra, Figure 2.2. As separate trans-

and cis- standards were not available other methods including boiling point analysis, a 

comparison of Henry's Law constants and a comparison to chlorinated compound 

elution times were studied. Nuclear Magnetic Resonance ( N M R ) analysis of the trans-

and ds-DBE mixture was undertaken at the Department of Chemistry, University of 

Western Australia. 
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Figure 2.1 Gas chromatogram for trans- and cis-DBE 

While there was very little difference in their mass spectra (Figure 2.2), some 

consistent minor differences can be observed. Comparison of the first fragmentation ion 

(105/107 m/z) to the parent ion (186 m/z) shows a consistent difference between the two 

eluting D B E isomer peaks. The 105:186 ratio for the first eluting D B E isomer peak was 

0.82 ± 0.02 : 1.00 ± 0.02 and the second eluting D B E isomer peak was 0.93 ± 0.03:1.00 

± 0.03. 

Since the cis-DBE isomer is more sterically hindered than the trans-DBE isomer 

(having the larger Br groups on the same side of the double bond) the parent ion of the 

cis-DBE isomer has a greater tendency to fragment and should have a greater 105 : 186 
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ratio than the trans-DBE. Therefore, based on this mass spectral data the first eluting 

peak could be trans-DBE. 
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Figure 2.2 Mass spectra of the A) The first eluting DBE isomer (retention time7.6 minutes) and B) The 
second eluting DBE isomers (retention time 8.7 minutes. 

The boiling points of the trans- and czs-isomer are 108 and 112 °C respectively 

(HSDB 2004). As a general rule in gas chromatography analysis the compound with 

the lower boiling point elutes first (Skoog et al., 1998). This is consistent with the 

isomers of the chlorinated analogue D C E , where the trans- and ds-isomers have boiling 

points of 47 and 60 °C respectively (HSDB 2004) with the trans-DCE isomer eluting at 

a lower retention time (3.25 minutes) than the cw-DCE (4.04 Minutes) (Grassi, 2004). 

In addition compounds with higher vapour pressures and thus generally higher 

Henry's Law constants elute at lower retention times than those with lower vapour 

pressures (Skoog et al., 1998). The vapour pressure of trans-DBE is 31 m m H g and for 

cw-DBE it is 21 m m H g (HSDB 2004). Using an estimated solubility of 8,910 m g L"1 

(SRC, 2003), and Equation 2.1 (Lyman et al., 1990) for the calculation of Henry's Law 
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constant from vapour pressure and solubility, gave an estimated Henry's L a w constant 

of 4.9 x 10 "4 and 3.3 x IO"4 atm m 3 moi"1 for trans and cis-DBE respectively. 

Therefore, the trans-DBE isomer, with the higher vapour pressure and Henry's Law 

constant should have the lowest retention time. 

Kh = Pvp/S (2.1) 

Where Kh is the Henry's Law constant in atm m3 moi"1, Pvp is the vapour pressure in 

atmospheres and S is the solubility in moi m" . 

Using this information it was hypothesised that the peak shown at 7.7 (DBE 7 7) 

minutes in the chromatogram in Figure 2.1 was the trans-DBE isomer, while the peak at 

8.7 (DBE8.7) minutes was the cis-DBE isomer. This spectra was run on a standard 

mixture of trans and cis-DBE in ether, with no headspace. As can be seen (Figure 2.1), 

there is a difference in the area of the two peaks, with the peak at 7.7 minutes having a 

smaller area than the peak at 8.7 minutes. This difference in area was consistent with the 

standards used for the analyses using this method. The ratio of the two peaks, DBEg.7 : 

DBE7.7 was found to be 1 : 0.65. Therefore, it was concluded that the standard mixture 

was not an equal mixture of cis- and trans-DBE, but rather one was present in greater 

amounts than the other, in a ratio of 1 : 0.65. This fact was useful when analysing the 

N M R spectra of the mixture. 

H Br H H 

Br H Br Br 

trans 1,2-dibromoethene cis 1,2-dibromoethene 

Figure 2.3 Chemical structure of cis- and trans-DBE 

The proton NMR spectra (H1 NMR), Figure 2.4, shows 2 quintet peaks at 6.63 and 

7.01 ppm, representing the trans- and ds-isomers, as well as two doublets of carbon 13 

isomer satellites. The quintet shown at 6.63 ppm, is difficult to distinguish, due to low 

resolution. 

H 

14 



Chapter 2 Elizabeth Cohen. P hD Thesis 

ce o 
o o 
e> co 

J l i n T O N 
N oi <o ri N 
T- r- O O O 
CM CM CM CM T-

*t «* *T Tf Tf 

1,2-dibromoethene 70u1 in 0.6ml CDCI3 

M O tt t£> 
O V T~m CM 

T^ ui *t *-
i- o co h-

5 5 5 °-

J 
II 

JU LJL _ J / M _ 
i i 

i • • • ' i ' • • • i • ' ' • i • • • • i • ' • • i • • • • i • • • • i , , , , | , , . . i . . . . i i . i . i , . . . i . . . . i . . . . i 

7.15 7.10 7.05 7.00 6.95 6.90 6.85 6.80 6.75 6.70 6.65 6.60 6.55 6.50 6.45 p p m 

Figure 2.4 H1 NMR spectra for cis- and trans-DBE mixture 

As can be seen from Figure 2.3, both the trans- and ds-isomers contain two 

hydrogen atoms, each in chemically equivalent environments, normally indicated by a 

doublet. However, due to the lack of rotation around the double bond, the hydrogens on 

each isomer are not magnetically equivalent. Ordinarily this would be indicated by the 

presence of a doublet of doublets, or if the chemical shift difference between the two 

hydrogens was only small, a single quartet peak in the ratio of 1 : 3 : 3 : 1. The 

presence of carbon 13 satellites in the spectra makes it more complicated. The carbon 

13 satellites indicate that one of the carbon atoms is a carbon 13, while the other is the 

usual carbon 12, known as an isotopemer. This sort of configuration, as shown in 

Figure 2.4 leads to the formation of a quintet, rather than the quartet expected. 

The theoretical chemical shifts of the trans- and cw-isomer were calculated using 

Equation 2.2, (Silverstien and Webster, 1998) and gave values of 6.69 ppm for trans-

DBE and 6.84 ppm for the ds-DBE, which correspond well to the peaks in the 

measured N M R spectra. 

8 = 5.25 + Z, geminal + Lcis + Z« trans (2.2) 
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Where 5 is the calculated chemical shift in ppm, and Z is a constituent on the carbon 

atom, in this case either hydrogen or bromine. Hydrogen has a value of 0, while 

bromine is either Zgeminai 107 ppm, Zcis 0.45 ppm or Ztrans 0.55 ppm. 

The H 1 N M R gives peak areas proportional to concentration, and thus the ratio of 

the cis-DBE peak to the trans-DBE peak in the N M R spectra can be used to identify the 

compounds, as the G C data showed that the isomer with the lowest concentration eluted 

at the earliest retention time. The H 1 N M R ratio of cis-DBE to trans-DBE by N M R was 

found to be 1 : 0.63. 

Based on the concentration ratios determined using N M R and those for the G C 

analysis, it can be stated that the trans-isomer elutes at approximately 7.7 minutes, 

while the ds-isomer elutes at approximately 8.7 minutes, making identification of the 

cis- and trans- isomers possible and enabling any difference in behaviour to be 

determined. 

2.3.2 High Performance Liquid Chromatography (HPLC) Analysis 

H P L C was used to measure bromide, nitrate, sulfate and bromate ion 

concentrations in samples. Water samples (3.5 m L ) were collected and filtered through 

0.45 urn filters into 5 m L auto sampler vials. Samples for bromate analysis were then 

filtered through Maxi-clean IC-Ag chloride removal cartridges (Alltech) to remove 

chloride ions which has a similar retention time to bromate and interfered with the 

analysis. These samples were then placed into a Waters 717plus H P L C auto-sampler 

system and analysed using the analytical conditions described in Table 2.4. With each 

auto-sampler run, a total of five standards were prepared and analysed using the same 

method as for the water samples, ratios of peak area to concentration were then used to 

give a 5 point calibration curve. Chromatograms were obtained using a Waters 432 

Conductivity Detector, and concentrations were determined by integration of peak 

areas. Errors were determined for analysis of triplicate samples at a 95 % confidence 

interval, with the error values given in Table 2.5. 

Table 2.4 HPLC operating conditions 

Flow Rate 
(mL min"1) 

1.2 

Injection 
Volume (uL) 

50 

Column Type 

IC-PAK Anion 

Eluent Type 

Sodium Borate/Gluconate 
in Milli-Q Water 

Run Time 
(min) 
17 
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Table 2.5 Percentage error in HPLC analysis 

Compound 

Bromate 
Bromide 
Nitrate 
Sulfate 

Retention 
time 

(minutes) 

2.08 
5.95 
6.35 
9.98 

Lower 
detection 
limits as a 

water sample 
(mgL1) 
0.5 
0.5 
0.5 
0.5 

Average % Error 
at a 95 % 
Confidence 
Interval 

4.4 
2.5 
6.2 
12.1 

As H P L C columns can be sensitive to pH, the effects of high p H on 

measurements were studied. A set of calibration standards were made to p H 9 - 10 

using a sodium hydroxide solution, and run in triplicate as samples on the HPLC. The 

results, Table 2.6 showed that there was no significant difference between the measured 

values of the alkaline standards and their actual values, implying that at the basic p H of 

some of the samples (9-10) there was no impact on the detection and measurement of 

bromide, nitrate and sulfate. 

Table 2.6 Effects of pH on HPLC measurement 
Standard 

Concentration 
(mgL1) 

8 
40 
200 

Bromide 
(mgL1) 

7 
38 
195 

% 

Difference 

10 
5 
2 

Nitrate 
(mgL1) 

7 
38 
196 

% 
Difference 

19 
6 
2 

Sulfate 
(mgL1) 

9 
36 
196 

% 

Difference 

11 
10 
2 

2.3.3 p H , Redox Potential and Dissolved Oxygen Measurement 

Redox Potential (Eh) and p H measurements were made using selected electrodes 

designed for use in flow systems (pH: IJ44 Ionode Intermediate Junction pH Connector, 

Eh: IJ64 Ionode Intermediate Junction Redox Connector) and a TPS Model WP-81 

Conductivity-Salinity-pH-Temperature Meter. The dissolved oxygen (DO) 

concentration was measured using a W T W Oxi320 pocket oxygen meter with a 

CelOx325 Oxygen Sensor. 

Measurements of the p H of the water samples (10 m L ) were made after the meter 

was calibrated using a two point calibration and p H 7.00 and 4.01 buffer solutions. 

Samples for Eh and D O were run concurrently on a single 60 m L sample. Samples 

were injected into the container, already containing the electrodes, slowly from the 

bottom, to reducing mixing with air. The D O (mg L"1) was then recorded along with the 

Eh (mV), the lower detection limit of the D O analysis was 1.0 m g L"1. The Eh and D O 
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probes were calibrated using a one point calibration, with measurements having an error 

of ± 5 m V and ± 0.5 m g L"1 respectively. 

2.3.4 Metals Analysis Using Atomic Adsorption Spectroscopy (AAS) 

Concentration of metals (Fe and M g ) in column experiments was determined 

using a Varian Spectra AA-40 Flame Atomic Adsorption Spectrometer (FAAS). 

Approximately 30 m L of water was removed from the columns in a plastic syringe and 

passed through a 0.45 p m filter into a plastic container. Samples were then measured 

on the A A S . Calibration of the instrument was undertaken prior to measuring samples 

using a four point calibration curve over the concentration range 1 to 20 m g L of metal 

ions. 

2.3.5 Gas Analysis 

Analysis of gas samples from the large-scale columns and microcosm 

experiments for ethane (C2H6), ethane (C2H4), methane (CH4) and acetylene (C2H2) 

were undertaken using an Agilent 6890 Series G C , fitted with a Flame Ionisation 

Detector (FID) and Thermo-conductive Detector (TCD). The analytical conditions of 

the G C were as follows: 30 m x 0.53 m m i.d. BPI, column with a film thickness of 1.5 

u m was used with the front detector (FID) set at 250 °C and a CTRI used with the back 

detector (TCD) set at 250 °C. The oven temperature was held at 35 °C for 6.5 minutes 

followed by a ramp increase of 15°C per minute for 6 minutes to 125 °C held for one 

minute. 

Gas samples were collected from the column effluent in 60 m L plastic syringes 

and injected directly into the GC. For microcosm experiments 50 m L of gas was 

removed, followed by the injection of 50 m L of nitrogen into the microcosm to maintain 

a constant pressure. 

Gaseous standards (methane, ethane, ethane, acetylene) were prepared by taking 

a volume of a 1 % analytical standard and diluting with air to give required 

concentrations. A four point, triplicate calibration curve (1, 0.5, 0.2, and 0.04 % ) based 

on integration of peak areas from the FID detector was used to determine the 

concentration of gaseous samples with a check standard of 1 % methane, ethane, ethene 

and acetylene analyzed at the start of each run. 
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2.3.5.1 Quantification and Error Analysis 

The identities of compound were determined by a comparison of standard 

retention times and quantified based on integration of the peak areas for each 

compound. The FTD detector was used to determine methane, ethane, ethene and 

acetylene concentrations. A four point calibration curve measured in triplicate was used 

to determine the percentage concentrations in the gaseous portion of the sample. 

Aqueous concentrations were determined using Henry's Law (Appendix I). Errors in 

averages were determined at a 95 % confidence interval. Percentage errors in analysis 

are given in Table 2.7 

Table 2.7 Percentage error in G C analysis 

Compound 

CH4 
C2H6 
C2H4 
C2H2 

Retention 
time 

(minutes) 

5.89 
6.10 
6.26 
11.46 

Lower 
detection 

limits in the 
gas sample 
(mgL1) 
0.002 
0.003 
0.08 
0.10 

Average % error at 
95 % Confidence 

Interval 

7 
5 
10 
10 
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3 Site Description, Sorption Properties and Natural 
Attenuation 

3.1 Introduction 

The purpose of this Chapter is to provide detailed information on a specific site 

contaminated with T B E and its daughter compounds. The contaminated site was 

divided into three zones: the source zone, the main plume and the leading edge of the 

plume. For the two plume zones, rates of natural attenuation for each compound, as well 

as a reaction pathway for natural attenuation were determined. The data was used to 

assess the need for more active remediation techniques to be investigated. 

The limited availability and accuracy of information regarding T B E and its daughter 

products also required clarification of a number of important chemical and physical 

properties in order to adequately assess natural attenuation, other experimental results 

and to provide accurate data for use in modeling, site management and the development 

of remediation strategies. Properties such as solubility and the sorptive behavior of these 

compounds were determined and some literature estimated and experimental values 

verified. 

3.1.1 Site Description and Extent of Contamination 

The site of interest is located on the Swan Coastal Plain in Perth, Western 

Australia and prior to 2000 was used as a mineral processing laboratory. During the 

course of its operation a range of chemicals were utilised including T B E . It was thought 

that these laboratory related chemicals reached the subsurface through a failure of the 

laboratory drainage system (Thomas et al., 2004). The groundwater table at the site was 

located at a depth of approximately 2 metres below ground surface with groundwater 

flow to the west northwest toward a surface water receptor located about 230 meters 

from the site. The groundwater velocity was estimated to be between 20 and 40 metres 

per year (Thomas et al., 2004). 

The site was underlain by 25 to 30 metres of superficial sediments, generally 

composed of stratified sands with subordinate silty sands. The topmost layer, exposed 

at the surface consisted of Bassendean sand. Three aquifers were present in the site, the 

upper superficial aquifer, intermediate superficial aquifer and the lower superficial 

aquifer. The upper superficial aquifer extended to a depth of approximately seven 

metres and consisted predominantly of Bassendean sand. The intermediate aquifer 
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consisted mainly of silty, clayey sand and extended to a depth of approximately 18 

meters. A relatively narrow zone (less than one metre thickness) of clayey sands, thin 

clay layers and shelly calcarenite is located near the base of the superficial sediments. 

This was underlain by the lower superficial aquifer consisting of course sand and gravel 

that extended to a depth of more than 30 metres in the area of the site (Thomas et al., 

2004). 

The distribution of the substances of interest was separated into three main zones. 

The first directly surrounds the source of contamination and was known as the source 

zone. It had the highest concentrations of all chemicals of interest and was limited to an 

area of about 10 meters in diameter and extends from 2 to 16 meters (Thomas et al., 

2004). The source zone was found to contain T B E in the form of a dense non-aqueous 

phase liquid (DNAPL) as well as TBE, TriBE and D B E in the aqueous phase. 

The second zone of contaminated groundwater, the main plume, consists primarily 

of dissolved phase TriBE and D B E with some V B detected but at significantly lower 

concentrations than those detected in the source zone. This dissolved phase groundwater 

plume was located hydraulically down-gradient of the source zone over relatively the 

same depth interval, 2 to 16 meters. The concentrations of the contaminated plumes 

and the site layout are given in Figure 3.1 and 3.2. In Figure 3.2 the source zone is given 

a northing and easting position of (0,0). The primary chemical of interest detected in the 

subsurface at the site was TriBE, as significant quantities of were T B E not detected at 

any location outside of the source zone despite the location of several wells only a few 

metres hydraulically down gradient from the source zone. The soil in this zone is mildly 

reducing and has a dissolved iron concentration of about 2 m g L"1. The total organic 

carbon (TOC) content of the soil was found to be 570 m g kg"1. 

As can be seen in Figures 3.1 and 3.2 the brominated ethene plume appeared to 

be truncated by a drain, which flowed perpendicular to the groundwater flow, and was 

located approximately 230 m down-gradient of the source zone. This leading edge of 

the plume (third contaminated zone) appeared to discharge through a peat and sand zone 

at the base of the drain. The major contaminants in this area were aqueous phase TriBE 

and D B E . The soil in this zone was high organic-carbon content, peat soil. To avoid 

confusion, soil from the second contaminated zone was referred to as 'soil', while soil 

from the third contaminated zone was referred to as 'peat soil'. 
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Figure 3.1 Location and layout of contaminated site 

TriBE concentrations in the aqueous plume were at a maximum closest to the 

source zone and decreased as the plume extended down-gradient, approximately 200 m. 

Additional cis-DBE and trans-DBE plumes were detected originating at, or very close 

to, the source zone (Patterson et al., 2006). A V B plume was detected at low 

concentrations between 45 m and 180 m down-gradient of the source zone (Patterson et 

al., 2006). These observations indicate that debromination of TriBE and D B E may also 

be occurring, albeit it at significantly slower rates than for TBE. 

A bromide plume was detected extending from the source zone, the production 

of bromide originating at the source zone (Patterson et al., 2006) was most probably due 

to D N A P L T B E dissolution and hydrolysis to TriBE. 
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The identification of TriBE and D B E as the major down-gradient contamination 

was consistent with observations by Heitz et al., (1997), who found the brominated 

ethenes, TriBE and cis- and trans-DBE at an unidentified site where T B E had been the 

major source zone contaminant. In later work Heitz et al., (1997) concluded that 

degradation of T B E by a combination of dehydrobromination and reductive 

dibromoelimination explained the presence of these daughter compounds. 

c 
'xz 
•c 

o 

200-

150-

100-

5 0 -

o-
-50-

Groundwater 
flow 

Drain I 

•^ 1 

/ 

^ ^ 1 0 = 

• 

TriBE (ng L"1) 

M ^ ^ ^ ^ t e ^ ^ 
Bioooa^x 

I ' I ' 

10 
M 2 0 0 

1 1000 
j '3000 

I ' 

T • r 
-250 -200 -150 -100 

Easting (m) 

r 
-50 

Figure 3.2 Field contour plots of bromide and brominated ethene concentrations based on the average of 

four groundwater samplings between June 2004 and April 2005 at depths between 9 -12 metres 

(Patterson et al, 2006) 
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3.1.2 Solubility 

Field observations (Thomas et al., 2004) indicated discrepancies in the literature 

values of some physical properties, in particular the solubility of TriBE in water (Table 

1.1). TriBE was observed under field conditions (Thomas et al., 2004) at concentrations 

two orders of magnitude above the literature estimated value of 36.2 m g L" (SRC 

Database 2003). 

3.1.3 Sorption Characteristics 

Sorption studies were undertaken for the two different soils present at the site; soil 

from the main aqueous contaminated zone (second contaminated zone), and peat soil 

from the third contaminated zone, using either or both batch and column methods. The 

sorption experiments were useful in determining the properties and behavior of V B , 

D B E and TriBE in soil and groundwater specific to the contaminated site in order to 

provide data for use in modeling and the design of remediation methods. Furthermore, 

the differences between the two contaminated zones could be determined. Batch 

experiments were undertaken to determine adsorption isotherms and retardation 

coefficients. For low contaminant sorbing sediment, column experiments were used to 

provide greater accuracy in determining the retardation coefficients. Temperature and 

p H were held constant for these experiments 

3.1.4 Sorption Theory 

3.1.4.1 Adsorption and Retardation Coefficients 

Compounds which exhibit linear sorption with concentration are associated with 

the sorption of non-ionic and hydrophobic organic compounds (Lyman et al, 1990). In 

this type of isotherm the initial sorption remains linear with concentration until a 

maximum adsorption capacity is reached. This type of sorption process is known as 

constant partitioning. 

The two types of isotherm equations employed in this study were the Langmuir 

and Freundlich equations. The Langmuir equation (Equation 3.1) is theoretically 

derived and is based on the following assumptions, as stated in Essington (2004): 

1. Adsorption occurs at specific sites 

2. All adsorption sites are identical and the surface is homogenous 
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3. A monolayer of adsorbed molecules is formed on the surface and 

maximum adsorption is obtained when this monolayer becomes filled 

4. The heat or energy of adsorption is constant for the entire surface 

5. Adsorbed species do not interact 

6. Equilibrium is reached and adsorption is independent of temperature. 

9=-m^- 0..) 

In Equation 3.1, q is the concentration sorbed to the soil (mg kg"), b is the 

adsorption maxima (mg kg"1) - the concentration sorbed to the soil which is approached 

asymptotically as Ceq becomes infinitely large, Ceq is the equilibrium concentration (mg 

L"1) and K L is the Langmuir constant (L kg"1). The initial slope of the isotherm as Ceq 

approaches zero is bK^ therefore allowing the Langmuir constant to be determined. 

To test if a Langmuir isotherm fits the adsorbed data Equation 3.1 can be 

transformed into a linear form (Essington 2004) giving Equation 3.2. If the isotherm 

follows the Langmuir equation then a plot of Ceq/q against Ceq will yield a straight line 

with a slope of 1/b and a y-intercept of 1/bK.L. 

Ceq/q = Cee/b + l/bKL (3.2) 

The Freundlich isotherm, Equation 3.3, is an empirically derived isotherm 

equation which can be used to describe sorption which does not fit a Langmuir 

isotherm. It assumes a variation of the energy between sorption sites and that this 

variation in q is a function of Ceq. 

q=KpCeq
n (3.3) 

Here KF is the Freundlich constant, and n is a constant between 0 and 1 which 

describes the heterogeneity of sorption sites, as n approaches zero the heterogeneity 

increase and as n approaches 1 the heterogeneity decreases (Essington 2004). To test if 

the sorption fits the Freundlich model Equation 3.3 can be re-written as: 

log q = log KF + nlog Ceq (3.4) 
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Thus for data adhering to a Freundlich isotherm a graph of log q against log ceq 

will yield a straight line with a y-intercept of log KF and gradient n. 

The retardation coefficient (R) describes the effect of sorption on the velocity of 

particular components of a solution in groundwater relative to the water. A n R value of 

one implies that there is negligible sorption of the compounds of interest, while a value 

larger than one signifies that sorption is occurring. R can be calculated for the 

column/elution method by comparing retention times (Tr) between the compound and a 

conservative (non-sorbing) tracer using Equation 3.5. 

R = ^ (3.5) 
T 
r(ConservativeTracer) 

In batch experiments R is calculated using different methods depending on 

whether sorption is described using a Freundlich or Langmuir isotherm. The distribution 

coefficient or linear sorption coefficient, (Kd) (Equation 3.6a, Essington, 2004) is used 

in the calculation of ̂ ?, and this value is defined differently depending on the type of 

isotherm to which the data is fit. Kd is defined in Equations 3.6b (Mikolajkow, 2003) 

and 3.6c (Essington, 2004) for Freundlich and Langmuir isotherms respectively. 

Kd=^~ (3.6a) 

K d = ^ - (3.6b) 

Kd=bKL-qKL (3.6c) 

This thesis will make use of a rearranged version of Equation 3.6b (Equation 

3.7) as well as 3.6b to determine Kd. As can be seen from Equation 3.7 a graph of q 

against Ceq, should yield an approximately straight line through the origin with an 

intercept of Kd. Once the value of Kd is determined R can be calculated using Equation 

3.8, (Mikolajkow, 2003) where pb is the bulk density (kg L"
1) and a is the porosity (L1). 

Bulk density and porosity are specific to soil type and location, a discussion and 

calculation of these properties is included in Appendix II, for sorption calculations 

values of bulk density and porosity were 1.59 kg L"1 0.28 L"1 respectively. 
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Ceq
n = (Kd/KF)Ceq (3.7) 

R = l+((pb/o)Kd (3.8) 

3.1.5 Natural Attenuation 

Natural attenuation is a cost effective remediation strategy utilising chemical, 

physical or biological conditions already present on site, enabling remediation 

requirements to be met without employing engineered remediation methods. If the 

unassisted rate of degradation of a contaminant to below maximum allowable 

contamination levels is sufficient, then it is possible to rely on monitored natural 

attenuation for remediation of that contaminant. 

To show that natural attenuation occurs three conditions must be met, these 

conditions are (Williams et al., 1997; Pelayo and Evangelista, 2003): 

1) Documenting or statistically showing the decrease with time of contaminant 

concentrations from the site 

2) Showing experimentally that biological, physical or chemical conditions at the 

site have the potential to transform the contaminants 

3) Demonstrate that this potential occurs in the field, and conditions are likely to be 

maintained. 

However as stated by Filz et al. (2001), the U S E P A recommends that monitored 

natural attenuation should not be used alone as a remediation technique especially 

without source reduction. 

Barrier controlled natural attenuation makes use of a vertical non reactive barrier 

with low permeability, surrounding the source of contamination, in order to release 

contaminants into an aquifer at a rate that optimizes removal of the contaminants. 

Furthermore, controlling the water levels and movement inside the contaminated region, 

the contaminant can be released into the surrounding area at a rate and concentration 

which maximizes the ability of the surrounding aquifer to naturally degrade the 

contaminant and reduce its concentration to a safe level. (Filz et al., 2001). Filz et al. 

(2001) states that cost-effective barriers may be routinely constructed to depths of 30 

metres, and may often include a surface cap in order to limit surface water infiltration. 
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Chlorinated solvents have been found to undergo two main pathways of natural 

attenuation, microbial reductive dechlorination, and biogeochemical reductive 

dechlorination (Kennedy et al., 2006). 

Under reducing conditions, and when a carbon source and the appropriate bacteria 

are available, the chlorinated contaminants are used as an electron acceptor by bacteria 

oxidizing the carbon source. This process is known as microbial reductive 

dechlorination and, for TCE, results in the stepwise reduction of T C E through, D C E and 

VC, generally this follows a pathway known as hydrogenolysis. 

Biogeochemical reductive dechlorination, uses precipitated reduced minerals, such 

as iron sulfides, that have been formed through bacterial respiration of c o m m o n 

groundwater compounds such as sulfate, which is reduced to sulfide. The precipitated 

minerals formed are then capable of abiotic reductive dechlorination (Kennedy et al., 

2006; Lee et al., 2002; Butler and Hayes 1999). This pathway proceeds abiotically 

through a P-elimination pathway (See Section 5.3.2) to give, in the majority, acetylene, 

with very low concentrations of intermediate chlorinated products (Butler and Hayes 

1999; Lee and Batchelor 2002). 

Bacterially mediated degradation of halogenated organics is explored in more 

detail in Chapter 4. 

3.2 Experimental 

3.2.1 Materials 

The organic compounds used are described in Section 2.1. G A C was sourced 

from Golder Associates (Haycarb; H A Y C O A L Gl 1200 T8/30). Microcosm 

experiments were undertaken in 120 m L serum bottles with low hydrocarbon sorbing, 

Teflon impregnated, butyl rubber septum stoppers (No. 224100-175, Straight Plug 

Style, 13 m m id x 20 m m od) and an aluminium crimp cap (Tandoi et al., 1994; Shi et 

a., 1999). Unless otherwise stated vials where prepared in triplicate and stored inverted, 

in the dark, at 20 °C and shaken daily. 
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3.2.2 Solubility Experiments 

The solubilities of TBE, TriBE and D B E were determined using a batch 

agitation method, where an excess of the substance is added to water and allowed to 

equilibrate at a constant temperature (Lyman et al., 1982). 

In separate 120 m L glass serum vials, excess amounts (approximately 1.5 g) of 

TBE, TriBE and D B E were added. Into each of these serum vials, 90 m L of deionised 

water and 30 % by volume of 3 m m diameter glass beads were added. Each vial was 

then sealed with a Teflon impregnated butyl rubber stopper and a crimp cap. These vials 

were kept at a constant temperature and mixed 2 to 3 times a week using a roller at 16 

rpm. 100 uL aqueous samples were collected from the vials at periodic intervals, 

diluted to 5 m L in 8 m L sample vials, allowed to equilibrate at 40 °C for 20 minutes and 

the concentration of brominated compounds determined using G C - M S headspace 

analysis. 

3.2.3 Batch Sorption Experiments for Soil from the Second Contaminated 

Zone 

Batch sorption experiments were conducted for VB, DBE, and TriBE over a 0.2 

to 5 m g L"1 brominated compound concentration range (Table 3.1). Experiments were 

undertaken in separate 120 m L glass serum vials, with Teflon impregnated butyl rubber 

stoppers and aluminum crimp caps. Soil (20 g) was added to selected vials (see Table 

3.1) and vial headspaces were purged with nitrogen, before being spiked with TriBE, 

D B E or VB. Control vials where prepared similarly, but contained no soil. Vials were 

left to equilibrate on a roller at 1 rpm for 7 days and then left to stand for 6 hours before 

a 10 m L water sample was removed, extracted with ether and analyzed in triplicate 

using GC-MS. 
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Table 3.1 Batch isotherm experiments 
Experiment 

TriBE 
TriBE (control) 

DBE 
D B E (control) 

TriBE 2 
TriBE 2 (control) 

DBE 2 
D B E 2 (control) 

V B (azide) 
V B Control (azide) 

D B E (azide) 
D B E Control (azide) 

TriBE (azide) 
TriBE Control (azide) 

Water Addition 

100 mL GW 
100 mL GW 
100 mL GW 
100 mL GW 
90 mL GW 
90mLGW 
90mLGW 
90mLGW 
100 mL GW 
100 mL GW 
100 mL GW 
100 mL GW 
100 mL GW 
100 mL GW 

Amendment 
Soil (g) 

20 
-

20 
-

30 
-

30 
-

20 
-

20 
-

20 
-

Contaminant 
Addition (mg L"1) 

0.2, 0.5, 1, 2, 5 
0.2, 0.5, 1, 2, 5 
0.2, 0.5, 1, 2, 5 
0.2, 0.5, 1, 2, 5 

0.5, 1, 2 
0.5, 1, 2 
0.5, 1, 2 
0.5, 1, 2 

1 
1 
1 
1 
1 
1 

Sampling 
Time 
(day) 

7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 

NB: G W = groundwater, D W = distilled water 

3.2.4 Sorption Experiments for the Third Contaminated Zone - Peat Soil 

Soil for these experiments was collected from a core taken from the peat layer 

under the drain located within the contaminated plume, at a depth of 2.75 to 2.85 m. 

Microcosms were set-up in 120 m L serum vials, with Teflon impregnated butyl rubber 

stoppers and aluminium crimp caps, to determine: 1) sorption to the peat by TriBE and 

DB E ; 2) degradation of D B E and TriBE and 3) desorption of any TriBE and D B E 

already present in the peat soil. The microcosm prepared to determine these sorption 

and degradation properties are described in Table 3.2. Soil (10 g) was added to these 

microcosms, followed by 50 m L of groundwater, with headspaces purged with nitrogen 

and then autoclaved. Vials where then spiked with TriBE or D B E . Controls where 

prepared similarly but soil was not added. Vials were prepared in triplicate with 100 uL 

of headspace periodically removed for brominated organic analysis using G C - M S 

headspace analysis as described in Section 2.2. Groundwater samples (1 m L ) were 

removed at the completion of the experiments for bromide analysis using H P L C , as per 

Section 2.3.2. 
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Table 3.2 Experimental set-up 

Experiment 

Sorption -

DBE 

Sorption -
TriBE 

Control -
TriBE 

Control -
DBE 

Desorption 

Peat Soil 
Addition 

10 g 

10 g 

-

-

10 g 

for peat soil sorption experiments 

Water 
Addition 
50mLGW 

50mLGW 

50mLGW 

50mLGW 

50mLDW 

Pre-treatment 

1. Headspace flushed with 
nitrogen 
2. Autoclaved 
1. Headspace flushed with 
nitrogen 
2. Autoclaved 
1. Headspace flushed with 
nitrogen 
2. Autoclaved 
1. Headspace flushed with 
nitrogen 
2. Autoclaved 
1. Headspace flushed with 
nitrogen 
2. Autoclaved 

Contaminant 
Addition 

15 mg L1 DBE 

20 mg L1 TriBE 

20 mg L1 TriBE 

15 mg L1 DBE 

NB: G W = groundwater, D W = distilled water 

3.2.5 Column Tracer Experiments for Soil from the Second Contaminated 

Zone 

A small stainless steel column (1.0 m long; 2.2 cm i.d.; total volume including 

fittings 391 m L ) was constructed and packed with soil from the site (drilling spoils from 

bore locations MB07A, MB07B, M B 0 4 A and MB04B). A three-way stainless steel tap 

was installed at the bottom of the column as tracer injection port, and another three-way 

stainless steel tap was installed at the top of the column as a sample collection port 

(Figure 3.3). 

Uncontaminated groundwater collected from up-gradient of the site (bore TB01) 

was pumped through the column in a saturated up-flow mode with the groundwater 

flow through the columns controlled by a low-volume piston pump on the influent line. 

Ridged nylon (Nylaflow) tubing was used on the influent and effluent lines. 

Groundwater was pumped through the column at a flow rate of 0.6 m L h"1, and a 

fraction collector was used to collect the groundwater samples for inorganic (Li and Br) 

analysis. Groundwater samples (5 m L ) for organic analysis were collected using a glass 

syringe from within the effluent discharge line (to reduce the potential for volatilization 

during collection). 

Five separate tracer experiments were conducted. For each tracer experiments a 

separate 15 m L tracer solution (NaBr 250 m g L" ; groundwater containing VB; or 

groundwater containing TriBE (44 m g L"1) and D B E (cis- 34 m g L"1, trans- 20 m g L"1); 

or TriBE only (20 m g L"1)) was injected into the column and then column effluent 

concentrations were monitored to determine the time of breakthrough. Breakthrough 
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was determined as the time the area under the breakthrough curve (concentration versus 

time plot) was half the total area under the curve. Retardation coefficients (R) were 

calculated as the time of breakthrough of organic compounds divided by the time of 

breakthrough for the bromide as shown in Equation 3.5. 

Sampling port 

Effluent 

Column 

Groundwater 

Im 

HPLC pump 

Injection port 

Figure 3.3. Schematic of sorption column experiment 

3.2.6 Microcosms Experiments to Assess Degradation 

3.2.6.1 Main Plume 

Soil used in the microcosm experiments was collected from near the source zone 

of a known T B E contaminated site (Thomas et al., 2004). This particular soil was used 

to potentially inoculate the microcosms with T B E degrading bacteria, which may have 

been promoting natural attenuation at the site. Soil was homogenised, drained, made 

into a slurry using uncontaminated groundwater from the same site to maintain moist 

biological conditions and purged with nitrogen gas for approximately ten days prior to 

the start of experiments to remove residual volatile brominated compounds from the 

soil. Groundwater collected from the site was also purged with nitrogen for ten days to 

remove residual brominated compounds. Groundwater chemistry data is given in 

Section 2.2. 

Microcosm experiments were undertaken in 120 m L serum bottles with low 

hydrocarbon sorbing, Teflon impregnated, butyl rubber septum stoppers. Serum bottles 

were spiked with 30 pL of 5.6 g L"1 resazurin in methanol solution, the methanol was 

left to evaporate off leaving a clear residue of resazurin. The bottles were filled with 

approximately 12 g of moist soil and 50 m L of groundwater, flushed with nitrogen, and 
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sealed. Serum vials were then prepared in triplicate and spiked with either TBE, TriBE, 

DBE or VB to give measured aqueous concentrations of 16, 20, 20 and 1 mg L 

respectively (Table 3.3a and b). A series of control microcosms as well as naturally 

attenuating microcosms were studied (Table 3.3a). Additional microcosms with 

differing water (acidic, alkaline, NaCl, FeCk) compositions were also studied (Table 

3.3b). The serum bottles were stored inverted, in the dark, at 20 °C and shaken daily. 

Table 3.3a Initial microcosm experiments 
Organic Soil Water 

Concentration Addition Addition 
(mgL1) QQ 

Pre-treatment Amendment 

Control 1 

Control 2 

Control 3 

Control 4 

Control 5 

Natural 
Attenuation 
-TriBE 
Natural 
Attenuation 
-DBE 
Natural 
Attenuation 
-VB 

16 

16 

16 

16 

16 

20 

20 

50mLDW 

10 50 mL GW 

10 50 mL GW 

50mLGW 

10 50 mL DW 

10 50 mL D W 

50mLGW 

50mLGW 

1.Headspace flushed with 
nitrogen 
2. Autoclaved 
1.Headspace flushed with 
nitrogen 
2. Autoclaved 
1.Headspace flushed with 
nitrogen 
2. lmL of 10 g.L1 

sodium azide 
1.Headspace flushed with 
nitrogen 
2. Autoclaved 
1.Headspace flushed with 
nitrogen 
2. Autoclaved 
1.Headspace flushed with 
nitrogen 

1.Headspace flushed with 
nitrogen 

1.Headspace flushed with 
nitrogen 

Table 3.3b Additional microcosm experiments 

Organic Soil Water 
Concentration Addition Addition 

(g) 

Pre-treatment Amendment 

(mgL1) 
pH13 

Moderately 
Acidic 

Moderately 
Basic 
NaCl 

FeCl2 

16 

16 

16 

16 

16 

10 

10 

10 

10 

10 

49mLGW 

50mLDW 

50mLDW 

50mLDW 

50mLDW 

1.Headspace flushed with 
nitrogen 

1.Headspace flushed with 
nitrogen 

1.Headspace flushed with 
nitrogen 
1.Headspace flushed with 
1.nitrogen 

1.Headspace flushed with 
nitrogen 

lmLof200 
g L"1 NaOH 
solution 
Acidified to 
pH 4 with 
HC1 
NaOH added 
until pH 9 
500 uL of a 
30 mg L1 

NaCl 
solution 
500 uL of a 
50 mg L1 

FeCl2 
solution 

NB: G W = groundwater D W = distilled water 
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3.2.6.2 Leading Edge Plume - Peat Soil 

Soil used in these microcosm experiments was from a core sample taken from 

the peat layer under the drain, in the leading edge zone of the plume (described in 

Section 3.1.1). The peat soil used here was from a depth of 2.75 - 2.95 m below the 

base of the drain. Soil and groundwater were prepared as described for other 

microcosms in Section 3.2.6.1. 

Table 3.4 Natural attenuation microcosms for peat soil 

Experiment 
Control -
DBE 

Degradation -
DBE 

Control -
TriBE 

Degradation -
TriBE 

Peat Soil 
Addition 

10 g 

10 g 

10 g 

10 g 

Water 
Addition 
50mLGW 

50mLGW 

50mLGW 

50mLGW 

Pre-treatment 

1. Headspace flushed with 
nitrogen 
2. Autoclaved 
1. Headspace flushed with 
nitrogen 
1. Headspace flushed with 
nitrogen 
2. Autoclaved 
1. Headspace flushed with 
nitrogen 

Contaminant 
Addition 

15 mg L•' DBE 

15 mg L_I DBE 

20 mg L1 TriBE 

20 mg L"1 TriBE 

3.2.7 Sample Collection and Analysis 

Analysis of microcosm vials was undertaken using the G C - M S headspace 

analysis method outlined in Chapter 2, with the following modifications. In order to 

maintain the integrity of the vials for the kinetic study, gas samples (50 pL) were 

collected from the headspace of the serum bottles, before being combined with an 

internal standard (50 uL of air containing 29 ug L"1 deuterated T C E (TCE-d0) and 

injected into a Varian Saturn G C - M S . Prior to analysis, serum vials were left to 

equilibrate in a heating mantle at 40 °C for 40 minutes before 50 u L of the headspace 

was sampled. Only 50 uL of gas sample was removed for each analysis to ensure 

minimal disruption of the closed batch system. Headspace analysis for T B E , TriBE, 

D B E , and V B was undertaken to assess changes in organic compound concentrations 

with time. 

Fluctuations in the results can be attributed in part to the analytical error 

associated with headspace analysis by G C - M S (see section 2.3.1.3) as well as variations 

associated with preparation, equilibrium partitioning, microbial activity and reactivity 

between triplicate vials. 
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Final bromide concentrations were measured at the completion of the 

microcosms. Water samples (5 m L ) were removed from each microcosm and filtered 

through 0.45 p m filters before being placed in 3 m L auto-sampler vials and measured 

using H P L C ion chromatography, as outlined in Chapter 2. 

Estimation of the degradation half-lives of TBE, TriBE, D B E and V B for each 

treatment was determined by fitting a first order curve to the concentration versus time 

data, Equation 3.12, see Appendix I for derivations. 

C = C0e^
m,"">) 0.12) 

Where, C is the concentration (mg L"), t the time in days, Co is the initial concentration 

(mg L"1) and tin the half-life in days. 

3.3 Results and Discussion 

3.3.1 Solubility 

Separate saturated solutions of TBE, TriBE and D B E were prepared by addition of 

free-phase TBE, TriBE and D B E , and monitored for a period of 5 months to determine 

when maximum stable solubility was reached. A plot of concentration versus time was 

then used to determine when maximum stable aqueous solubility was reached; these 

concentrations were then used to determine the solubility of TBE, TriBE and D B E . In 

general, stable concentrations were reached within one month (Figure 3.4). After this 

period T B E , TriBE and D B E concentrations for each separate solution were monitored 

and average concentrations were used to determine the solubility of TBE, TriBE and 

D B E . Measurements exceeding the expected solubility values, as well as some of the 

fluctuation in the results, may be attributed to the collection of small quantities of the 

undissolved organic compounds during sampling of the vials. Although vials were left 

to settle prior to sampling, as they were rolled for extended periods during the course of 

the experiment, it is possible that some of the organic species remained as a suspension 

and was collected during sampling, thereby leading to higher than expected solubility 

results. Average experimentally derived solubility data for D B E , TriBE and T B E 

together with literature solubility data are given in Table 3.5. Experimentally derived 

solubility data for T B E and D B E correspond well with the literature data, well within 

the estimated experimental errors shown in Table 3.5, suggesting the literature values 

are reliable and that the experimental method was sound. However, the experimentally 
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derived TriBE solubility value was over 30 times greater than the literature value. These 

results would suggest that the literature solubility value of 36.2 mg L"1 may not be 

reliable and a value of 1200 mg L"1 is more appropriate for this study. 

Table 3.5 Solubilities of DBE, TriBE and TBE 

Compound Literature Value Estimated Value 
(mgL1) (mgL1) 

DBE 
TriBE 
TBE 

8910 
36.2 
700 

7400 
1200 
790 

Error % Deviation 
from Literature 

±900 
±300 
±280 
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Figure 3.4 Solubility of brominated organics with time 

3.3.2 Sorption Experiments 

Results from the sorption experiments have been divided up, based on the soil 

type which was studied. A comparison of sorption coefficients and the ability of the 

two soils to retard transport of the contaminated organics are discussed. Kinetic 

experiments to determine equilibration times for these soils are given in Appendix II. 
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3.3.2.1 Sorption Experiments for Soil from the Second Contaminated Zone 

Batch Isotherm Experiments 

Based on the kinetic experiment data, the batch isotherm experiments were 

mixed for a period of 7 days prior to sampling; vials were then left to allow the soil to 

settle for approximately 6 hours before a 10 m L sample was removed for analysis by 

G C - M S extraction (Section 2.2.1.2). For each compound the concentrations sorbed to 

the soil at equilibrium (q) were determined from the difference in aqueous brominated 

compound concentrations between the experimental and control samples, divided by the 

mass of soil present. This data was then fitted to the linear forms of the Langmuir and 

Freundlich isotherms, Equations 3.2 and 3.4 respectively. 

Fitting the data to the linear Langmuir isotherm, as shown in Figure 3.5 does not 

give a straight line, however the data fits well to the linearised version of the Freundlich 

isotherm, Figure 3.6 with correlation coefficient (R2) values of between 0.72 and 0.92. 

The Freundlich constants, KF and n, determined are shown in Table 3.6. The data obeys 

a Freundlich isotherm rather than a Langmuir isotherm showing that sorption does vary 

with equilibrium solution concentrations, thereby implying that the surface sorption 

sites are not homogenous and the energy of sorption varies over the surface of the soil. 

While Essington (2004) states that the Freundlich parameters do not have any actual 

physical meaning, n is often interpreted as a measure of the heterogeneity of the soil 

sorption sites, with an n value of 1 showing that the sorptive sites are homogenous. The 

values for D B E and TriBE of 0.84 and 0.87 respectively were quite close to 1 which 

indicated that there was only a minor degree of heterogeneity. 

Comparison of batch sorption data with and without the addition of sodium 

azide showed no substantial difference, suggesting little degradation of the brominated 

compounds occurred during the batch experiments. 
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Figure 3.6 Freundlich Isotherms for VB, DBE and TriBE batch sorption microcosms 
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As the data adheres to a Freundlich isotherm the Kd value can be determined 

using Equation 3.7 by graphing Ceq against Ceq to give a straight line with gradient 

IQ/Kp (Figure 3.7). The calculated Kd values are given in Table 3.6. 

Retardation coefficients (R) for the batch sorption experiments were calculated 

using Equation 3.8 with a pd of 1.59 kg L"
1 and a of 0.34 (See Appendix II for bulk 

density and porosity calculations) and values are shown in Table 3.6. 

Table 3.6 Freundlich constants and R values for DBE, VB and TriBE 
Compound Freundlich Constants _ _ 

Kp n Kj R 
V B 0.37 + 0.06 1.0 + 0.20 0.62 4.5 
D B E 
cis- 0.16 + 0.21 0.90 ±0.27 0.13 1.6 
trans- 0.22 + 0.04 0.85+0.07 0.19 1.8 
TriBE 0.14 ±0.10 0.87±0.22 012 1.7 

It was found that in this case the batch sorption experiments had a significantly 

large error associated with the calculation of R values, as initial and final aqueous 

concentrations are similar (within the analytical error of the analysis). Therefore, there 

is a substantial error associated with the calculated R value, as the soil studied had very 

low sorption. In an effort to obtain R values with lower errors for calculations in the 

remainder of the thesis additional column sorption experiments (Section 3.3.2.3) were 

undertaken in order to more accurately determine R and Kd vales. 
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Figure 3.7 Kd Graphs for VB, DBE and TriBE batch sorption microcosms 

Column Tracer Experiments 

Bromide is a by-product of the degradation of the brominated compounds. 

Therefore, a bromide tracer test to determine soil porosity was undertaken prior to the 

organic tracer tests, rather than concurrently with the brominated organics. 

A Gaussian curve was fitted to the concentration versus time data to determine 

breakthrough times (Appendix II). A breakthrough of 9.3 days was determined from the 

plot of bromide concentrations versus time (Figure 3.8A). From this data a soil porosity 

value of 0.34 was estimated (Appendix II). 

Additional small column sorption experiments were then conducted using a field 

sample and a groundwater sample spiked with TriBE and D B E (cis- and trans- mixture) 

to assess V B , D B E and TriBE breakthrough data. Breakthrough data for these 

compounds are shown in Figure 3.8 and the compounds had breakthrough times of 9.4, 

11 and 15 days for V B , D B E and TriBE respectively. Retardation coefficients were 

calculated using equation 7.5 and values are given in Table 3.7. There was no 

significant difference between ds-DBE and trans-DBE sorption, implying that both 

compounds will be similarly retarded by the soil. 
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V B and cis- and trans-DBE R values were close to 1 suggesting that the 

movement of these compounds in groundwater should not be significantly retarded due 

to sorption to the soil. TriBE gave an R value of 1.6 implying that there was some 

retardation of TriBE occurring, however interpretation of results was complicated due to 

the tailing of the TriBE peak (Figure 3.8D). To confirm this retardation value a TriBE 

only experiment was conducted at a lower initial TriBE concentration (20 m g L"). In 

this experiment a faster flow rate was used requiring an addition bromide tracer test to 

be conducted (Figure 3.8E). The results of this additional TriBE only sorption 

experiment (R = 1.8) gave similar results to the previous experiment (R = 1.6), 

confirming some retardation of TriBE. 

Bulk density was that determined in Appendix II, 1.59 kg L"1 based on a volume 

of 391 m L (see Appendix II for calculations). A retardation coefficient for T B E could 

not be determined due to its rapid degradation when in contact with soil and 

groundwater from the site (Thomas et al., 2004). 

Table 3.7. Retardation coefficients (R) for VB, D B E and TriBE 

Compound 

Bromide 
VB 

trans-DBE 
cis-DBE 
TriBE 

Column 
Flow 
Rate 

(mL hr1) 
0.60 
0.60 
0.60 
0.60 
0.60 

Concentration 
Injected 
(mgL1) 

250 
0.02 
20 
34 
44 

Maximum 

Breakthrough 
Concentrations 

(mgL1) 
60 

0.005 
0.9 
2.1 
4.0 

Breakthrough 
Time (days) 

9.3 
9.4 
10.8 
10.2 
15 

Retardation 
Coefficient 

(R) 

-
1.0 
1.2 
1.1 
1.6 

Soil* 
Porosity 
(LL1) 

0.34 
-
-
-
-

Additional TriBE Experiment 
Bromide 
TriBE 

1.2 
1.2 

250 
20 

70 
0.51 

4.7 
8.6 

-
1.8 

0.35 
-

* Porosity based on a total internal column volume of 391 m L 

The R and Kd results for the two sorption studies are given in Table 3.8. These 

results are similar for TriBE, and D B E , but are different for V B , the batch sorption R 

value for V B being substantially greater. The difference between R values for V B may 

again be related to the potential greater error associated with the batch experiment, as 

initial and final aqueous concentrations are similar (within the analytical error of the 

analysis), there would be a substantial error associated with the calculated R value. 

Sorption values obtained from column experiments were taken as the most accurate 

values for use in calculations undertaken in the remainder of this thesis. 
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Table 3.8 Comparison of batch and column sorption values for soil from the second 

contaminated zone 
Compound Column Batch 

Sorption Sorption 

VB 
D B E 
cis-

trans-
TriBE 

R 
1.0 

1.1 
1.2 
1.6 

R 
4.5 

1.6 
1.8 
1.7 

The results of the batch and column experiments show that there is only 

moderate retardation of TriBE in the second contaminated zone, while the migration of 

D B E and V B are not retarded by the soil. 

G) 
H) 

15 

Time (Days) 

05-

04 

03 

02. 

Q1 

00. 
15 20 

"nme (Days) 

Figure 3.8 Breakthrough curves for A) bromide; B) VB; C) DBE D)trans- DBE E) cis-DBE and F) TriBE 
(44 mg L'1) G) Bromide Repeated H) TriBE (20 mg L1). Data fitted to a Gaussian curve. 
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3.3.2.2 Sorption Experiments for Soil in the Third Contaminated Zone -

Peat Soil 

The results of these experiments indicate that sorption of TriBE and D B E to the 

organic components in the soil occurs with the brominated organic concentrations in the 

autoclaved sorption microcosms decreasing to 60 % and 25 %, of control concentrations 

for D B E and TriBE respectively, within 40 minutes after which time equilibrium was 

reached. 

Sorption coefficients (Kd) and R values for D B E and TriBE in the peat soil were 

calculated using Equations 3.7 and 3.8 and assuming sorption obeys a Freundlich 

isotherm. A bulk density of 1.36 and porosity of 0.34 was assumed (See Appendix II for 

calculations). Sorption values are given in Table 3.9. 

Table 3.9 K and R values for DBE and TriBE in peat soil 

Compound 

DBE 
cis-

trans-
TriBE 

Peat Soil 

K„ 

3.8 
4.0 
10.7 

R 

18 
19 
50 

The higher R and Kd values for the peat soil are evident when compared to 

values for the other soil from the site, with the values over ten times higher (Table 3.7) 

This shows that TriBE and D B E are significantly retarded in this leading edge zone 

compared to the second contaminated zone (Table 3.10). 

Table 3.10 Comparison of R values for DBE and TriBE in the two soils 

Compound 

VB 
DBE 
cis-

trans-
TriBE 

Soil 
R 
1.0 

1.1 
1.2 
1.6 

Peat Soil 
R 
-

18 
19 
50 

3.3.3 Natural Attenuation Experiments 

Natural attenuation experiments were carried out on T B E and daughter products 

using the same soil types used in the sorption experiments. The main area of interest 

here was the larger second contaminated zone. The focus of experiments in this area 

was the rapid natural attenuation of T B E as well as the natural attenuation of TriBE, cis-
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D B E , trans-DBE and V B in this zone. The natural attenuation of the two major 

contaminants in the third contaminant zone, TriBE and cis and trans-DBE was 

investigated in peat microcosm experiments. 

Plots of averaged triplicate results, with 95 % confidence interval errors, against 

time for TBE, TriBE, D B E and V B were constructed (Figures 3.8 to 3.11). The 

degradation half-lives for TBE, TriBE, D B E and V B for each microcosm were then 

estimated by fitting the concentration versus time data to Equation 3.12 with estimated 

half-lives shown in Table 3.11 for soil experiments and Table 3.12 for peat experiments. 

3.3.3.1 Second Contaminated Zone 

Controls and TBE Degradation 

Distilled water controls at p H 7 showed T B E degraded slowly with a half-life of 

75 days, as evidenced by declining T B E levels, and an increase of TriBE 

concentrations, from 0 to 6 - 7 m g L"1. However, T B E did not degrade completely in the 

neutral distilled water system over 180 days of monitoring and was still persistent in 

significant amounts (approximately 25 % of initial concentrations) at the conclusion of 

monitoring (Figure 3.9). The concentration of D B E remained relatively constant at 

around 0.05 m g L"1 and V B was not detected. The ratio of cis- and trans-DBE isomers 

was also relatively consistent in the control microcosms at approximately 1 : 0.65 trans 

to cis demonstrating that both the D B E isomers were relatively stable and behaved 

similarly. 

Of the remaining four controls, all showed a substantial decrease in T B E (half-

life of < 0.2 days) and a subsequent increase in TriBE concentrations. For example, as 

shown in Figure 3.9 (the autoclaved groundwater only control) the concentration of 

T B E decreased to 1 % of initial concentrations over a period of 40 minutes (half-life of 

less than 0.2 days), from which it decreased further with time. TriBE increased rapidly 

and stabilised at about 9 - 10 m g L"1. D B E increased from less than 0.001 m g L"1 to 0.03 

m g L but remained relatively constant with time, and there was negligible V B 

production. The two soil and groundwater control microcosms (sterilised with azide 

and autoclaved) gave similar results, showing a rapid decrease in T B E concentrations 

decreasing below 5 % of initial concentrations after 40 minutes. These experiments also 

showed that TriBE concentrations increased and there was some production of D B E and 

V B , although concentrations were less than 1 and 0.003 m g L"1 respectively. 
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Based on the mass of TriBE formed approximately 90 % of the T B E initially 

present was converted into TriBE. 

The results from the control microcosms suggested the presence of an abiotic 

factor present in the groundwater enhancing the degradation of TBE, but not of its 

daughter product TriBE. Similar results were found for 1,1,2,2-tetrachloroethane (TCA) 

although the degree of conversion was significantly lower, less than 6 % (Lorah and 

Voytek, 2004). A n additional control experiment was conducted using soil and distilled 

water to assess if the compound/compounds responsible for the enhanced abiotic 

degradation of T B E were present in the soil as well as in the groundwater. Results of the 

soil and distilled water microcosm (Figure 3.9) were similar to the other control 

microcosms using groundwater and soil, suggesting this factor was associated with both 

the soil and groundwater. 

It was hypothesised that the rapid degradation of T B E was due to either p H effects 

(Heitz et al., 1997) or catalysed by Fe2+ (Hwang and Batchelor, 2000). Additional 

experiments with either NaCl or FeCl2 in distilled water were undertaken to confirm the 

effect of Fe2+ on TBE. The NaCl microcosms showed similar results to the distilled 

water control TBE, half-lives of approximately 75 days. While the FeCl2 showed 

degradation characteristics comparable to controls containing soil and groundwater, 

T B E half-lives of < 0.2 days for both. The Fe2+ concentrations in the groundwater were 

approximately 2 m g L"1 (Thomas et al., 2004) indicating that the presence of Fe2+ in the 

soil and groundwater may be in part responsible for the rapid degradation of T B E to 

TriBE. 

Effect of pH 

T B E has been shown to undergo hydrolysis in near neutral systems, at p H 6.86, 

(Heitz et al., 1997) and its chlorinated analogue T C A has been found to undergo 

acid/base promoted elimination reactions to T C E over a range of p H values, 4.6 - 9.4 

(Cooper et al., 1987; Joens et al., 1995). Cooper et al. (1987) found that less than 5 % 

of the T C A reacted to give products other than TCE. 

To determine if p H was an influencing factor on the degradation of T B E a number 

of distilled water microcosms were analysed as described in Table 3.11. Microcosms 

were either acidified or made alkaline with HC1 or N a O H , respectively, to give p H 

values of 4, 9 and 13 and then spiked with T B E (Figure 3.10). In all three microcosms 

T B E degradation was evident, with degradation rates more rapid at the alkaline p H 

values (< 0.2 days for p H 9 and 13, compared to 1.3 days at p H 4). The T B E 
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degradation half- lives for the acidic and alkaline microcosms were all significantly less 

than those obtained for pure distilled water at p H 7 (half life 75 days). This was the 

case for T C A where half lives at neutral p H were between 102 and 172 days, and a half-

life of 1.02 days at a p H of 9 (Cooper et al., 1987; Joens et al., 1995). The p H 4 and 9 

microcosms gave close to 100 % conversion of T B E to TriBE, with less than 2 % of the 

initial T B E concentrations detected as D B E . This is consistent with findings by Cooper 

etal. (1987) for TCA. 

TriBE degradation at pHs of 4 and 9 was slow, with TriBE half-lives of greater 

than 70 days. This is in contrast to the experiments undertaken at p H 13 where rapid 

degradation of TriBE occurred (half life of 1 day). The microcosm at p H 13, Figure 

3.10, gave the lowest degradation half-life for TriBE of 1 day, with only a small amount 

of D B E formation (0.2 m g L"1), which gradually decreased (half-life of 1 day) and was 

below detection (< 1 pg L 4 ) by the fifth day of testing. V B production was negligible, 

however the formation of a new intermediate, tribromomethane (TriBM), was observed. 

The concentration of TriBM was estimated using its Henry's Law Constant, and it was 

found to be present only in low concentrations, approximately 0.015 m g L"1 and 

disappeared shortly after. It is proposed that the reaction proceeds through the 

sequential base catalysed hydrolysis of T B E and its subsequent daughter products, as 

was found for T C A (Lorah and Voytek, 2004). However, formation of a brominated 

methane may indicate stronger and more destructive processes are also occurring. 

Although reduction at p H 13 exhibited rapid degradation of T B E and its daughter 

compounds, the highly alkaline conditions may limit the use of N a O H as an in-situ 

remediation option, and microcosms at the lower p H of 9 indicate that the method is not 

as effective at degrading TriBE and D B E under less alkaline conditions. However, high 

p H N a O H treatment may be suitable for ex-situ treatment of contaminated soil and 

groundwater and for waste soil and groundwater containing T B E and its daughter 

products. 

Based on these results it is possible that at a groundwater p H of 6.8 the enhanced 

degradation of TBE, but not TriBE, can be attributed to a combination of Fe2+ and acid 

or base catalysed hydrolysis. 
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Control - Auotclaved Distilled Water (no soil) Control - Auotclaved Groundwater (no soil) 
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Figure 3.9 Concentration of brominated organic compounds in control microcosms 
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Natural Attenuation of TriBE, DBE and VB 

The concentration versus time data for the natural attenuation of TriBE, D B E , 

and V B is shown in Figures 3.11 A to C. The natural attenuation of D B E , was split into 

its two components, cis-DBE and trans-DBE. The cw-DBE isomer was found to react 

slower than the trans-DBE isomer, half-life of 390 compared to 230 days. Less than 1 

% of the total D B E reacted was detected as V B , which accumulated in these 

microcosms and had a relatively long half- life of 200 days (Figure 3.1 IB). The lower 

than stoichiometric concentrations of V B produced indicate that natural attenuation of 

D B E occurs through a P-elimination pathway. Furthermore, the difference in cis-DBE 

and trans-DBE half-lives is also consistent with a P-elimination pathway, which favours 

reaction of frans-isomers over c/s-isomers (Roberts et al., 1996). 

Figure 3.11C shows the concentration of V B in the V B only microcosm with 

time. In this microcosm, V B was found to have a natural attenuation half-life of 240 

days. 

Natural attenuation of TriBE was low with a half-life of 96 days, as shown in 

Figure 3.11 A. The percentage of D B E produced from the TriBE changed with time, and 

became much greater in the later stages of TriBE reduction. Over the first 126 days 

there was some minor production of D B E , approximately 10 % of the TriBE degraded 

was accumulated as cis-ltrans-DBE. There was greater production of the cis- isomer 

than the trans-, with approximately 3 - 4 times more cis-DBE produced. V B was 

detected in negligible amounts, close to the detection limit of analysis (0.001 m g L 4 ) . 

This is consistent with the findings of Lee and Batchelor (2002) and Butler and Hayes 

(1999) who detected ds-DCE as a minor intermediate product, but not trans-DCE in the 

abiotic degradation of T C E via p-elimination. 

From day 126 onwards, D B E production increased from 10 % to close to 100 %. 

This affect could not be explained by assuming one reaction pathway. The low D B E 

concentrations produced in the first 126 days, indicate a reductive P-elimination 

pathway is the predominant pathway, while the greater concentrations observed in the 

latter half of the experiment implied that the process has changed to a stepwise 

hydrogenolysis process through sequential dehalogenation of TriBE to D B E . 

Samples for H P L C analysis were removed from the microcosms at the 

completion of the experiments, as per the method described in Section 2.3.2. These 

results showed that natural attenuation microcosms had lower sulfate concentrations 

than autoclaved sterile controls (60 m g L 4 ) , however sulfate was still present in 

concentrations greater than 50 m g L" . One possible explanation for the abiotic 
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degradation of TriBE in the natural attenuation microcosm, but not in autoclaved 

controls is that iron minerals and iron sulfides in the initial soil are not present in large 

enough concentrations to enable the reaction to proceed. Therefore, bacteria may be 

required in order to reduce the sulfate in the groundwater to sulfide, forming iron 

sulfides. This theory may also explain the shift from P-elimination to hydrogenolysis. 

After day 126, sulfate and iron sulfide concentrations in the batch experiments were less 

than required for efficient TriBE degradation and microbial hydrogenolysis became the 

dominant pathway. 

Bromide was measured at the conclusion of each experiment, and showed a 

bromine mass balance of close to 100 % for each of the three microcosms. This showed 

that the decrease in brominated organic concentrations was due to the degradation of 

these compounds to lesser brominated organics, acetylene, ethane, or ethane, rather than 

due to sorption or volatilisation. 

Table 3.11 Natural attenuation half-lives in soil microcosms 
Half-life (days) 

Experiment V B cis-DBE trans-DBE TriBE T B E 
Control 1 -
Control 2 
Control 3 
Control 4 
Control 5 . . . 
Natural Attenuation-TriBE 
Natural Attenuation-DBE 200 390 230 
Natural Attenuation- V B 240 
pH13 - 1.0 1.0 
Moderately Acidic 
Moderately Basic 
NaCl . . . 
FeCl2 : : -

-

>320 
>160 
> 160 
> 160 
96 

1.0 
>70 
>70 
-

> 160 

75 
<0.2 
<0.2 
<0.2 
<0.2 

-

0.2 
1.3 
0.2 
75 

<0.2 
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Figure 3.11 Natural attenuation results for TriBE, DBE and VB 

Natural Attenuation Reaction Pathway 

The expected natural attenuation pathway for the degradation of T B E and 

daughter products is shown in Figure 3.12. Under the conditions described in this study 

T B E undergoes rapid degradation to give TriBE, with a half-life of less than 0.2 days, 

due to either hydrolysis at a slightly acidic p H (6.8), reduction by Fe2+ or a combination 

of both as described in Section 3.4.6.2 The subsequent degradation of TriBE and 

daughter products follows a combination of both stepwise hydrogenolysis through D B E 

and V B to ethene and P-elimination to give acetylene. 

Conformation of this pathway and its application to computational modelling is 

described in Chapter 8. 
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Natural Attenuation Reaction Pathway 
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Figure 3.12 Pathway for the Reaction of TriBE with ZVI 
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3.3.3.2 Third Contaminated Zone 

Microcosm Natural Attenuation Experiments for Peat Soil 

Microcosms, to assess natural attenuation within the peat soil were undertaken 

for TriBE and D B E , the major contaminants present in this zone. The results of these 

experiments, change in concentration with time, are shown in Figure 3.13. These 

experiments showed significant sorption of the organics to the peat, as indicated by the 

drop in concentration between the control (no peat soil) and those microcosms 

containing peat soil. This result was as expected from the sorption studies undertaken 

in Section 3.3.4. Monitoring over 154 days showed there was negligible degradation of 

TriBE, cis-DBE and trans-DBE, with half-lives of greater than 154 days for all 

compounds. There was no detection of degradation products in these microcosms, 

adding further evidence that there was negligible natural attenuation occurring. 

To confirm that no degradation was occurring H P L C analysis for bromide was 

undertaken. Bromide concentrations in all microcosms were below the detection limit (1 

m g L 4 ) . The negligible production of bromide indicated that the decrease in cis- and 

trans- D B E and TriBE concentrations was due to sorption to the peat rather than natural 

attenuation. 

As there was little retardation of TriBE, D B E and V B , and only slow natural 

degradation in the main plume, TriBE and D B E discharging into to the drain in the 

leading edge plume was not being significantly degraded in the peat layer, rather 

sorbed. This may be problematic as once the maximum sorption loading for the peat soil 

is reached, it is possible that TriBE and D B E may begin to appear in the water in the 

drain. Therefore, in order to prevent the possible spread of contamination into the drain 

and its dispersal into a wider area, a more active remediation programme up-gradient to 

the drain may need to be implemented. 

Table 3.11 Natural attenuation half-lives in peat microcosms 

Half-life (days) 
Experiment V B cis-DBE trans-DBE TriBE 

Control - D B E - > 154 >154 ^T54 
Degradation -DBE - > 154 > 154 > 154 
Control - TriBE - > 154 > 154 > 154 

Degradation - TriBE - > 154 > 154 > 1̂ 54 

52 



Chapter 3 Elizabeth Cohen. PhD Thesis 

25 -| 

20-

15-

10-

0-

S 

TI» 

pi 
ftv\^, 

I 
I 

-*-l 

Control TriBE 

I 5S 

— ^ 1*- 1 • 1-6. 1 1 1 r^T • 
20 40 60 80 100 120 140 160 

Time(days) 

15-i 

10-

5-II 

Control DBE 

I'l I \ t t 
fi, . 
*- * y § 5 $ o 

0 - * " . * i •• i 1 — r * - > 1 . r - ^ — i — ' — i — > - * - , , 
20 40 60 80 100 120 140 160 

Time(days) 

E 15 

0-pA-i 
o 

Degradation TriBE 

60 

Time(days) 

100 120 140 160 

15-, 

— 
Lf 
o> 10-

c 
o 

Co
nc
en
tr
at
 

1 

T , 

<> <> 

, 

h '•> * 

i i 

Degradation 

T 

<> 

0 
A 

DBE 

I 
i> 

• 

o 
* 

VB 
cis-DBE 
trans-DBE 
TriBE 

1 
0 

Time(days) 

Figure 3.13 Concentrations of TriBE and DBE with peat soil with time 

3.4 Summary 

The properties measured in this chapter were useful in accurately determining 

the extent of contamination and in designing and suggesting feasible remediation 

options for effective removal of these brominated organic compounds. 

Sorption of organics to the soil in the second contaminated zone was low 

indicating that the transport compounds in the main plume should not be markedly 

retarded by sorption. Natural attenuation of T B E in the main plume was rapid with a 

half-life less than 0.2 days and close to 100 % conversion to TriBE. This reaction was 

found to be an abiotic reaction most probably due to a combination of acid/base and 

Fe2+ catalysed hydrolysis. 

TriBE, cw-DBE, trans-DBE and V B natural attenuation in the main plume was 

low, having half-lives of 96, 390, 230 and 240 days respectively. The natural 

attenuation of TriBE appeared to follow a combination of a P-elimination (via 

bromoacetylene and acetylene) and hydrogenolysis (via D B E and V B ) pathways. P-
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elimination of TriBE is possibly due to abiotic reductive debromination, resulting from 

iron sulfides produced from bacterially mediated sulfate reduction. O n the other hand, 

the hydrogenolyisis pathway of TriBE was most likely due to bacterial reductive 

debromination. These pathways for natural attenuation of TriBE are modelled in 

Chapter 8. 

Sorption of organics to the peat soil in the third contaminated zone, was high 

with the major contaminants in that area, TriBE and D B E , being significantly retarded 

in the leading edge of the plume. Furthermore, natural attenuation of these compounds 

in the leading edge of the plume was negligible, indicating that these compounds were 

retained without degrading within the high organic carbon content area discharging to 

the drain. This may be problematic when sorption capacities within the peat layer are 

reached and these compounds begin to discharge to the drain. 

Given the slow natural attenuation half-lives in both contaminated zones and the 

high sorption of brominated organics to the peat layer at the base of a large volume 

drain, natural attenuation did not seem to be a suitably rapid remediation technique for 

TriBE contaminated groundwater. Therefore, alternative remediation methods are 

further investigated in subsequent Chapters of this thesis. 
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4 Microcosm Experiments 

4.1 Introduction 

Chapter 3 illustrated the slow rates of natural attenuation for TriBE, D B E and 

V B and laboratory conditions, therefore contaminated sites of this type required 

additional remediation treatments to enhance degradation rates. This chapter discusses 

the determination of potential remediation treatments for T B E and its daughter 

compounds, via a number of small-scale screening tests of remediation methods that 

have been found to be successful for a variety of organic compounds. Treatments 

showing the greatest potential will be discussed further in Chapters 5, 6 and 7. 

As stated in Chapter One, there exists little information regarding the 

degradation of T B E and daughter compounds, therefore, experiments were designed 

according to techniques currently found effective for chlorinated ethenes, with the 

assumption that the brominated compounds will behave similarly to their chlorinated 

analogues, due to their functional and structural similarities. A number of biological 

and chemical remediation methods were investigated for possible use in the degradation 

of T B E and its daughter products. These were (i) chemical reductive debromination 

using ZVI; (ii) chemical oxidation using Fenton's reagent; (iii) chemical reduction using 

metabisulfite; (iv) biological reductive dehalogenation using molasses and ethanol; (v) 

biological oxidative dehalogenation using oxygen and an oxygen/methane mixture. 

Physical remediation methods including sorption to granulated activated carbon (GAC) 

are discussed here 

4.2 Common Techniques for Remediation of Groundwater 

Generally, soil and groundwater remediation methods are specific to site and 

contaminant type and thus extensive site characterization as well as laboratory work 

needs to be undertaken to determine the behavior of the contaminants at a particular site 

before decwions about the most appropriate remediation technology to be implemented 

can be made (Kirk-Othmer, 2006). Remediation can be undertaken either ex-situ, or in-

situ. Ex-situ techniques can be more expensive and intrusive depending on the level of 

contamination, in-situ techniques are thus often preferred when applicable (Kirk-

Othmer, 2006). A number of both physical and chemical techniques are discussed 

below. 
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4.2.1 P u m p and Treat 

Pump and treat is one of the most widely used groundwater remediation 

techniques (Kirk-Othmer, 2006). As the name suggests it involves pumping 

groundwater to the surface for treatment, making it a form of ex-situ treatment (EPA 

O R D 2004, Kirk-Othmer, 2006). This method is used to achieve hydraulic containment 

that is, preventing expansion of the contaminant by controlling the flow of groundwater, 

followed by treatment of the groundwater to reduce aqueous contamination levels, after 

which the groundwater is either re-injected or discharged to surface waters or 

wastewater treatment plants. (EPA O R D 2004; Kirk-Othmer,2006). The ex-situ 

treatment methods used will vary depending on the contamination type and therefore 

extensive studies, including site characterization and contaminant behavior, must be 

undertaken to determine the most effective and efficient method for treatment plant 

design. C o m m o n technologies for surface treatment of contaminated ground water are 

air stripping, carbon adsorption, biodegradation, and ion exchange (Kirk-Othmer, 

2006). 

Pump and treat can be a relatively long-term and on-going process, and is highly 

dependent on the levels of contamination present and the required treatment standards 

of the groundwater (Kirk-Othmer, 2006). It is often difficult to reduce contamination to 

under drinking water or appropriate environmental standards using this method (Moyers 

et al., 1997). It has been noted that in many cases over two-thirds of non-aqueous phase 

liquid (NAPL) is not extracted from the aquifer and maximum efficiencies seem to be 

between 50 to 80 % (Bedient et al., 1994). 

4.2.2 Soil Vapour Extraction (SVE) 

Soil Vapour Extraction (SVE) is an in-situ remediation technique, specifically 

for use with volatile organic compounds (Kirk-Othmer, 2006; Nyer, 1992), generally 

assumed to be those with a Henry's Law constant greater than 0.01 (EPA O R D 2004). 

A vacuum is applied through extraction wells creating a pressure/concentration gradient 

inducing volatiles to be removed from soil. The extracted vapour is then treated as 

necessary; generally being passed through activated carbon filters (Nyer, 1992) before 

the vapour is released into the atmosphere. Extraction can be used successfully at depths 

of between 1.5 and 91 meters (EPA O R D 2004). However, in areas of high 

groundwater levels, water table depression pumps may be required to offset the effect of 
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up-welling induced by the vacuum. Concentration reductions of greater than 90 % are 

difficult to achieve using this method alone (EPA O R D 2004). 

4.2.3 Permeable Reactive Barriers (PRB) 

Figure 4.1 shows an example of a Permeable Reactive Barrier (PRB), which is a 

zone of reactive material that extends below the water table to intercept and treat 

contaminated ground water (Filz et al., 2001; Kirk-Othmer, 2006). Once installed it 

takes advantage of the natural hydraulic gradient of the aquifer to maintain groundwater 

flow and bring contaminants into contact with the reactive media (Filz et al., 2001; 

Kirk-Othmer, 2006). A PRB, as a remediation method, has the potential for simple and 

cost-effective remediation, compared to more labour intensive ex-situ treatments such as 

pump and treat (Wilkin et al., 2002). The type of reactive media will vary depending on 

the type of contaminant present. Zero valent granular iron (ZVI) is an extremely 

common reactive media, being a strong reducing agent that can abiotically reduce 

dissolved contaminants (Wilkin et al., 2002). Other types of barriers may also be used, 

such as polymer tubing, in the form of mats which release electron donors into the soil 

to promote bacterial degradation of the contaminants (Patterson et al., 2002). 

Figure 4.1 Schematic of a permeable reactive barrier 

There are two basic P R B designs; these are the funnel and gate system (Figure 

4.2) and the continuous trench system (Figure 4.3). The funnel and gate system makes 

use of an impermeable wall which directs the flow of contaminated groundwater to one 
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or more gate containing the permeable barrier. As the groundwater is being directed 

through a smaller area, velocities through this type of barrier are higher than normal and 

this must be taken into account in the design. A continuous trench allows the 

contaminated groundwater to pass through the barrier under its natural gradient. 

Permeable 
. ZVI'gate' 

Figure 4.2 Funnel and gate PRB system. Powell and Associates Website (2005) 

Permeable 

. ZVI barrier 

Figure 4.3 Funnel and continuous trench PRB system. Powell and Associates Website (2005) 

In order to effectively design a barrier for field implantation the exact plume 

location, extent of contamination, groundwater flow and direction and contaminant 

concentrations must be accurately known to achieve optimal removal of contaminants 

(Kirk-Othmer, 2006; Zheng and Bennett, 1995). 
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4.3 Review of Literature Remediation Methods and A m e n d m e n t s for 

Organic Contaminants 

The persistence of many groundwater contaminants is often due to unsuitable 

biogeochemical conditions (Nyer, 2003; Ndon et al., 2000). Suitable conditions, if 

present, would allow natural attenuation to occur (Nyer, 2003). Identification of the 

biological and chemical conditions that are lacking and their subsequent modification as 

a result of the addition of amendments can lead to the removal or degradation of these 

contaminants (Nyer, 2003). To establish which amendments and their applications may 

be effective for the remediation of T B E and its daughter compounds, an extensive 

literature review was undertaken, focusing on treatments currently effective for a broad 

range of halogenated hydrocarbons, in particular the chlorinated analogues of TBE, 

TriBE, D B E and VB. 

Chemical and biological methods can be used for in-situ treatment, or as ex-situ 

in combination with other techniques such as pump and treat and SVE. Chemical 

methods require the addition of a chemical to promote removal of the contaminant. 

Biological remediation makes use of microorganisms and/or microbial processes for the 

removal of the contaminants by the relevant microbial processes. 

Physical processes, such as sorption to G A C , are another common ex-situ 

remediation method (Nyer, 2003) which will be discussed in this section. 

4.3.1 Bioremediation 

Bioremediation is a relatively inexpensive remediation option, and is generally 

non-intrusive, allowing use in situations and areas where alternative techniques would 

be highly disruptive, such as under buildings and roads (Kirk-Othmer, 2006). 

The basic principle of this technique is the use of micro-organisms to degrade 

organic compounds in order to obtain the energy they require to grow and reproduce 

(Kirk-Othmer 2006; Fetzner, 1998; Semprini, 1997). Respiration, or biological 

oxidation, uses oxygen as an electron receptor, and an organic compound as an electron 

donor. It can occur under either aerobic or anaerobic conditions and complete 

respiration gives carbon dioxide and water (Kirk-Othmer, 2006; Chen, 2004). 

Fermentation occurs under anaerobic conditions, and makes use of organic compounds 

as electron receptors, thus a reductive process, and produces methane (Kirk-Othmer, 

2006; Fetzner, 1998). 
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Respiration is generally a faster process than fermentation (Kirk-Othmer, 2006). 

This is because, for those organisms capable of aerobic and anaerobic respiration, 

aerobic respiration has a greater efficiency than the use of alternative electron acceptors, 

including nitrate, sulfate, Fe(III), Mn(IV) and carbon dioxide. However it has been 

found that some low molecular weight halogenated aliphatics are more susceptible to 

degradation under anaerobic conditions (Ndon et al., 2000; Wilson and Wilson 1985). 

W h e n a contaminant compound does not undergo biological degradation 

effectively as the contaminant compound does not provide a sufficient energy source to 

allow the appropriate micro-organism to grow, co-metabolism can be used (Kirk-

Othmer, 2006; Semprini, 1997). This involves adding another energy source, such as 

methane, resulting in the production of enzymes to metabolise the alternative energy 

source, and co-metabolise the contaminant compound. 

4.3.1.1 Biological Oxidative and Reductive Dehalogenation/Co- metabolism 

for Halogenated Organics 

Organic contaminants may undergo dehalogenation and degradation using either 

aerobic or anaerobic conditions. Oxidative dehalogenation, which occurs under aerobic 

conditions, is catalysed by the action of several mono- and dioxygenase-systems; these 

include methane monoxygenase, propane monoxygenase and toluene monoxygenase 

(Fox et al., 1990). Oxidative dehalogenation may also be the result of co metabolic 

processes (Fetzner, 1998). Aerobic methantropic bacteria have also been found to 

oxidize a wide range of chloro-, flouro-, and bromoalkenes, including tribromoethene 

(Fox et al., 1990). In the case of chlorinated compounds, which are expected to behave 

similarly to brominated compounds, methane and propane oxidizers were found to 

degrade both saturated and unsaturated chlorinated organics, however toluene oxidizers 

were able to degrade tetrachloroethene (PCE), but not other saturated organics (Chang 

and Alvarezcohen, 1995). The concentration of dissolved oxygen is a limiting factor in 

the biodegradation of organic compounds as the above enzymes require oxygen for their 

proper function (Pardieck et al., 1992). 

Reductive dehalogenation generally takes place under anaerobic, methanogenic 

or sulfate reducing conditions often using an electron donor. Successful electron donors 

studied in the literature for use in reducing P C E to vinyl chloride and ethene include 

hydrogen, methanol, ethanol, glucose, formate, acetate and lactate (Maymo-Gatell et al., 

1995; Chang et al., 1998; Schollhorn et al., 1997). Studies have shown that a lactate, 
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methanol or acetate concentration of 10 m g L 4 is sufficient for conversion, depending 

on the type of microbial species present (Ndon et al., 2000). 

The bacterial reductive dechlorination of chlorinated ethenes has been described 

in Equation 4.1 below (Tandoi et al., 1994; Semprini et al., 1994). This pathway 

consists of a series of sequential reactions where hydrogen replaces a chlorine atom, 

until ethene is formed, generally reaction rates decrease as each chlorine atom is 

removed (Freedman and Gossett, 1989). Thus the dechlorination reaction is relatively 

rapid for P C E compared to V C , generally meaning that the rate limiting step in the 

reductive chlorination reaction is the transformation of V C to ethene. 

P C E -> T C E -> mixture D C E isomers -> V C -> Ethene (4.1) 

4.3.2 Chemical Oxidation 

4.3.2.1 Hydrogen Peroxide Oxidation 

Hydrogen Peroxide (H2O2) can be used either as a direct chemical oxidant in the 

presence of enzymes (peroxidases) or metal oxide catalysts or it can be used to 

supplement the oxidizing capacity of the aquifer through the disproportion of H2O2 to 

O2 by microbial reactions or inorganic catalysts such as Fe (Fenton's reagent; Pardeik 

et al., 1992). This disproportionation can increase the concentration of dissolved 

oxygen by several orders of magnitude compared to concentrations achieved by 

saturating the groundwater with pure oxygen (Pardeik et al., 1992). 

Chemical oxidation of halogenated ethenes and ethanes has been undertaken at 

both field (Tang and Tassos, 1997; Yeh et al., 2003; Pardieck et al., 1992) and 

laboratory (Chen et al., 2001b; DeHghi et al., 2002) levels using Fenton's reagent -

(H2O2) with iron(II) sulfate (FeSO/O. Fenton's reagent can react using two types of 

processes both catalysed by iron. The first is Fenton's oxidation which is catalysed by 

soluble iron in the form of Fe2+, and the 'Fenton-like' process which does not require 

dissolved iron but rather uses iron oxyhydroxides, for instance goethite (a-FeOOH) 

already present in the substrate minerals, thus it is possible for the Fenton's reaction to 

occur in natural soils without the addition of F e S 0 4 (Yeh et al., 2003). 

In the Fenton's reaction, H2O2 undergoes a reaction with Fe2+ to produce 

hydroxyl radicals (OH«) via Equation 4.2 (Petigara et al., 2002). The O H * radical 

generated can then react further with H2O2 (Equation 4.3). If there is a large quantity of 

inorganic or organic compounds present that are capable of undergoing oxidation, then 
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the O H * radical can react with these compounds in place of the H2O2 (Equation 4.4) 

(Petigra et al., 2002). This means that the iron may act to catalyse the oxidation of 

reduced organic components, such as the brominated organic compounds, by hydrogen 

peroxide via the O H - radical intermediate. This will also lead to a decrease in the rate 

of decomposition of H 2 0 2 as well as the net production of oxygen (Equation 4.5), (Chen 

et al., 2001b; Petigara et al., 2002). 

The increase of dissolved oxygen in the groundwater, from Equation 4.5, may 

lead to enhanced biodegradation of organic contaminants as the concentration of 

dissolved oxygen is one of the limiting factors affecting aerobic bacterial degradation 

(Pardiek et al., 1992). However this disproportionation of the hydrogen peroxide must 

be carefully controlled as at too fast a rate the produced oxygen gas forms bubbles that 

decrease the dissolved oxygen available for aerobic respiration and may also lower 

aquifer permeability (Pardiek et al., 1992). 

02 + H202 -> 02 + OH- + OH (4.2) 

Fe Catalysed Haber-Weis Reaction 

OH- + H 2 0 2 -> H 2 0 + 02~ + H+ (4.3) 

OH- + organic -> H20 + 02 + H
+ (4.4) 

2H202 -> 02 + 2H20 (4.5) 

Fenton's reagent has been shown in batch experiments to successfully oxidise 

between 90 -100% of PCE, T C E and D C E with negligible production of intermediates 

(DeHghi et al., 2002; Chen et al., 2001b; Yeh et al., 2003). 

Studies on brominated methanes have found that the rate of degradation of 

brominated trihalomethanes increased with increasing number of bromine atoms (Tang 

and Tassos, 1997). The same study also found that there was no oxidative degradation 

of chloroform using the same method as for bromoform, implying that brominated 

compounds may be more susceptible to degradation using this method. This suggests 

that, Fenton's oxidation should be at least as effective for the brominated ethanes and 

ethenes as it is for their chlorinated analogues. 

H2O2 is highly useful in the remediation of contaminated sites as it is a non-

contaminating oxidant as its products are non-toxic substances and can conform to strict 
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environmental regulations (Lu et al., 1999). However, it can be toxic to micro

organisms when the concentration of H 2 0 2 exceeds 50 m M (Lu et al., 1999), although it 

has been suggested that this concentration may be as low as O.lmM (Pardeik et al., 

1992). 

Petigara et al. (2002) found that at concentrations of H 2 0 2 that were relatively 

low (2 p M to 40 pM), comparable to concentrations found in rainwater, the rate 

constants for the degradation of hydrogen peroxide were weakly correlated to the Fe 

and organic matter content of the soils rather than the concentration of H 2 0 2 or the pH. 

The Fe in the soils utilized in their experiments occurred in the forms of goethite and 

hematite. It was found that hematite was much less effective than goethite in producing 

the OH-. 

DeHghi et al. (2002) found that the addition of H 2S0 4 was required to bring the 

solutions to pH 3 and achieve optimal production of hydroxide radicals. This was also 

the case for Lu et al. (1999) who concluded that the pH should be between three and 

four to optimize the reaction. It was found that at pH greater than three the compound 

Fe(OH)3 was formed, this compound having low activity and not reacting with H2O2. 

However if the pH drops too low then FeOOH2+ forms which also inhibits the reaction 

ofH202. 

4.3.2.2 Permanganate Oxidation 

Permanganate (MnOO in the form of K M n 0 4 or N a M n 0 4 is a powerful oxidant, 

effective over a wide pH range, and is relatively stable with readily measurable 

concentrations and little auto-decomposition via oxidation. Laboratory studies have 

shown that it is able to effectively oxidize many volatile and semi-volatile organic 

compounds (Lowe et al., 2002). In particular, the oxidation reaction has been used to 

degrade PCE and TCE to chloride and C 0 2 (Schroth et al., 2001; Hunkeler et al, 2003; 

Lowe et al., 2002). The oxidation reaction is fast, preparation of the treatment solutions 

is simple and the reagent is inexpensive (Hunkeler et al., 2003). The aforementioned 

characteristics make Mn04" suitable to in-situ remediation of many organic 

contaminants. The reaction of TCE with permanganate is given in equation 4.6 (Lowe 

etal.,2002). 

2Mn04' (aq) + C2HCI3 -> 2C02 (g) + 2Mn02 (s) + H
+
 (aq) + 3Cr(aq) (4.6) 
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Among the reaction products are M n 0 2 precipitate and C 0 2 gas. These products 

pose a number of problems for use of permanganate in the oxidative dehalogenation of 

organic compounds. The evolution of C 0 2 was found by Schroth et al. (2001) to 

occasionally cause the dislodgment and rupture of sand/soil in the sample column, an 

observation also found by Shnarr et al. (1998). The presence of M n 0 2 precipitate was 

found to decrease the porosity and permeability of the soil media (Schroth et al., 2001). 

Conrad et al. (2002) found that for treatment of a residual D N A P L pool, use of K M n 0 4 

as an oxidant lead to the formation of a M n 0 2 barrier surrounding the pools which 

limited the contact between the permanganate and the D N A P L reducing the 

effectiveness of the remediation technique. 

4.3.2.3 Chemical Reductive Dehalogenation - Zero Valent Iron (ZVI) 

According to Gillham and O'Hannesin (1994) metallic iron powder has been 

shown to degrade a wide range of halogenated organics. Degradation rates of 

halogenated organics were found to be measurable for other metals including 

galvanized iron and zinc, with others such as aluminium with brass and copper 

producing much lower rates and no reaction occurring for stainless steel. The reaction 

is believed to be a heterogenous surface reaction (Rajogopal and Burris, 1999). 

However, others state that reduction occurs via stepwise hydrogenolysis, in which two 

electrons are consumed and a halogen exchanged for a hydrogen ion, (Vogel et al., 

1987; Matheson and Tratnyek 1994; Liang et al., 1995) 

Zhang et al. (1998) described the reaction between chlorinated organics and A V I 

(Fe°) as: 

CxHyClz + zlE + zFe° -> CxHy+z + zFe
2+ + zCl (4.7) 

Matheson and Tratnyek (1994) described a similar reductive dehalogenation 

pathway for alkyl halides in the presence of iron and a proton donor such as water. 

Describing the reaction as a dissolving metal reduction reaction where the net reductive 

dehalogenation by iron is equivalent to iron corrosion with the alkyl halide serving as 

the oxidising agent. 

The corrosion reaction of ZVI is described by two main reactions, taking place 

under anaerobic (Equation 4.8) or aerobic (Equation 4.9) conditions (Matheson and 

Tratnyek, 1994). Equations 4.8 and 4.9 show the formation of hydrogen, as was also 

described by Reardon (1995) and Vikesland et al. (2003). Hydrogen evolution can be 
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problematic in closed systems as it can lead to a reduction in porosity and reduced flow 

through the reactive media (Vikesland et al., 2003). 

Fe° + 2 H 2 0 -+ Fe
2+ + H 2 + 2 0 H Anaerobic (4.8) 

2Fe° + 02 + 2H20 -> 2Fe
2+ + 40H Aerobic (4.9) 

Both reactions will result in an increase in pH, although this is more noticeable 

under aerobic conditions, as corrosion is much more rapid in the presence of oxygen 

and a greater amount of OH" is produced (Matheson and Tratnyek, 1994). This increase 

in p H can result in the precipitation of iron hydroxides as well as the production of 

carbonates via Equations 4.10 and 4.11 which in turn can result in the formation of 

carbonate precipitates. 

H2C03 + 20H" <-> C03
2 + 2H20 (4.10) 

HC03 +OH 0CO3
2+H20 (4.11) 

If these solids precipitate on the surface of the iron then they may reduce its 

effectiveness to degrade halogenated hydrocarbons, a process known as passivation. 

Alternatively the precipitation could reduce the porosity and permeability of the soil and 

thus also flow rates. 

Gillham and O'Hannesin (1994) studied the effectiveness of ZVI under 

anaerobic conditions to degrade a number of organic compounds including 

tetrachloromethane, trichloromethane, dichloromethane, tribromomethane (TriBM), 

hexachloroethane, tetrachloroethene (PCE), trichloroethene (TCE), dichloroethene 

(DCE) and vinyl chloride (VC). A number of these compounds were found to degrade 

quickly, with half-lives less than 50 hours. It is possible that this method's 

effectiveness for a wide range of chlorinated compounds as well as with TriBM mean it 

may also be applied effectively to TBE, TriBE, D B E and VB. 

Rajagopal and Burris (1999) studied D B E degradation in the presence of ZVI 

and observed rapid degradation in aqueous systems with the major products being 

ethylene and bromide ions with carbon and bromine mass recoveries greater than 95 %. 

The reaction kinetics was found to be pseudo first order and it was hypothesised that the 

reaction rate may be controlled by the chemical reaction at the iron surface (Rajogopal 

and Burris, 1999). 
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Gillham and O'Hannesin (1994) undertook both batch and column experiments. 

In the batch experiments 10 g of 0.15 m m mesh electrolytic iron powder was used in 40 

m L vials with no head space. For the columns 10 % by weight iron fillings was used in 

acrylic columns as they were shown to have lower sorption than rigid PVC. Gillham 

and O'Hannesin (1994) found that in solution containing P C E there was an initial rapid 

disappearance of P C E accompanied by an appearance of TCE, although large amounts 

of T C E did not appear to be generated as a consequence of P C E degradation. There 

was also an accumulation of small amounts of D C E and V C , although these products 

also degraded over time. 

Arnold and Roberts (2000) obtained similar results in their experiments and 

stated that 97 % of T C E degradation occurred through reductive p-elimination with 

chlorinated acetylenes as the intermediates. The remainder of T C E was reduced by 

hydrogenolysis via DC E . They stated that due to this reaction pathway and the 

preference of T C E for P-elimination, the production of V C was largely circumvented. 

The T C E reaction pathway is shown in Figure 4.4, and it is anticipated that TriBE may 

behave similarly. Rajogopal and Burris (1999) state that in the degradation of D B E 

with ZVI, V B was not detected in batch experiments, however the rate of degradation of 

V B by ZVI was low enough such that if it were produced in significant quantities as an 

intermediate it should have been detected 

TCE (CjHCy 

Chloroacetylene 
(QHCl) 

\ 

Acetylene (C^H2) 

Ethane (QH6) 

c-DCE t-DCE 1,1-DCE 
(C2H2C12) 

\ 

VC (QH3C1) 

I 
Ethene(QH4) 

Figure 4.4 Reaction pathway of TCE with ZVI. P. Chio University of Delaware Website 2003 
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The effect of p H on the ZVI reaction was studied by Chen et al., (2001a), who 

found that although lowering the p H increases the rate constant for the degradation of 

P C E the disappearance of ZVI by iron corrosion was increased, and thus the 

degradation rate of P C E is highest at p H 4.9. 

This technique has also been studied in conjunction with alcohol, surfactant and 

biological remediation techniques, specifically for P C E degradation (Lampron et al., 

2001; Loraine, 2001). In batch experiments carried out using 5 g of iron shavings per 

14.2 m L of liquid, it was found that the presence of ethanol, methanol or 2-propanol 

decrease the rate of reduction of T C E , an observation attributed to inhibited mass 

transfer to surface active sites (Loraine, 2001). Loraine (2001) also found that the 

surfactants differed in effect depending on the type of surfactant used. The anionic 

surfactant studied was found to have no effect on the reaction of P C E with the zero 

valent iron until the critical micelle concentration ( C M C ) was reached at which point 

the reactivity decreased. The non-ionic solvent was found to increase the rate of P C E 

degradation, but not of TCE. 

The interaction with biological media was investigated by Lampron et al. (2001) 

who found that elemental iron in the barrier rapidly depletes dissolved oxygen and 

nitrate in the surrounding groundwater, generating anaerobic conditions. Corrosion 

products including hydrogen, created conditions ideal for the growth of autotrophic 

anaerobes, such as methanogens. This is useful as Weathers et al. (1997) found that 

anaerobic bacteria can degrade chlorinated hydrocarbons via reductive dechlorination 

using cathodically produced hydrogen. 

Liang et al. (2000), stated that the use of in-situ granular iron barriers is a 

popular technique for the remediation of sites contaminated by halogenated organic 

compounds, as well as for the immobilisation of some metals in groundwater. Such 

barriers may also be effective in controlling the flow of contaminants from the source 

zone. ZVI was most effective, in short term studies, when plated with small amounts of 

nickel, copper or palladium (Zhang et al., 1998). Some drawbacks also outlined by 

Liang et al. (2000) include the possibility of mineral precipitates, formed from iron 

corrosion that may alter the sites natural pH, alkalinity, mineral composition and 

microbial activity. 
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4.3.3 Organic Removal by Granulated Activated Carbon ( G A C ) 

Activated carbon is a widely used method for the ex-situ removal of volatile 

organic compounds (VOCs), (Kirk-Othmer, 2006; Nyer, 1992). It is a porous material 

with a large surface area to volume ratio and contains predominantly micropores which 

provide good sites for the adsorption of organic molecules (Tai et al., 1999; Aksu and 

Kabasakal, 2004). Activated carbon is prepared from lignite, bituminous coal, coke, 

wood, or other organic materials such as coconut shells (Kirk-Othmer, 2006). 

The surface area can range up to 1400 m 2 per gram of G A C , with much of this 

surface area being internal to the material (Nyer, 1992). As shown in Figure 4.5 the 

carbon particle contains pores which allow passage of the contaminant molecules into 

the carbon particle. Many of these pores are only large enough to contain small 

molecules, thus the effectiveness of a G A C type for adsorption depends on the size of 

its surface area and the available surface areas of the pores it can enter (Nyer, 1992). 

This being the reason that adsorption properties are not only specific to the size and type 

of the compounds of interest but to the type and manufacturing process of the activated 

carbon to be used (Park and Lee, 2002), and thus it is vital to properly determine the 

adsorption properties specific to the activated carbon to be used for adequate design for 

field implementation. 

The adsorption mechanism consists of three steps: diffusion of the molecule 

through the liquid to the surface of the G A C ; diffusion of the molecules into the G A C 

pores; adsorption of the molecule to the surface. The characteristics of the adsorbed 

molecule (size, solubility, charge) determine the rate of each step (Nyer, 1992). 

Removal of organic groundwater pollutants by G A C in column experiments has 

been found to be most effective at lower p H values and higher temperatures (Chen, 

1999). Chen (1999) found that removal of trace organic compounds was increased by 

30 % by lowering the p H from 8 to 2, with removal decreasing by 10 % as the p H was 

raised from 8 to 10. G A C is most effective for removing organic compounds with low 

polarity, high molecular weight, low water solubility, and high boiling point (Kirk-

Othmer, 2006). 
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Figure 4.5 Picture of a GAC Particle (Nyer, 1992) 

4.3.4 Adsorption Capacity of Activated Carbon 

The capacity of G A C to adsorb organic compounds is dependent on the 

molecular surface attraction, the total surface area per unit weight of carbon and the 

concentration of organic in the aqueous phase (Carbtrol, 1992). The adsorptive behavior 

of carbon can be described by the Langmuir isotherm shown in Equation 4.1 (Aksu and 

Kabasakal, 2004). Sorption capacity data is important as it enables predictions of the 

mass of G A C required to remove the brominated organics in the effluent to suitable 

concentrations and the frequency of replacement for scale-up to large-scale flow-

through G A C reactors. 

Sorption capacities for moderately sorbing compounds generally range from 5 to 

30 % of the carbon by weight (50 to 300 m g g 4), highly sorbing compounds typically 

reach up to 70 % (700 m g g4) sorption capacities (Shepherd, 2001). 
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4.4 Experimental 

Ethanol (99.5 %, Univar, Ajax Chemicals) and molasses (Congo Food, Blue 

Label Molasses from Australian sugar cane) were used as amendments for the anaerobic 

biological microcosms, while methane and oxygen (CP grade, CIG)) were used to 

amend the aerobic biological microcosms. Iron filings for the ZVI amended microcosms 

were technical grade iron mesh filings 5-12 (A596) obtained from Ajax Chemicals. 

Fenton's reagent amendments were 30 % hydrogen peroxide (Univar, A P S Chemicals) 

and iron (II) sulfate (hydrated, 99 %, Univar, Ajax Chemicals). Sodium metabisulfite 

(anhydrous, 97.5 % ) for chemical reduction microcosms was obtained from Rowe 

Scientific. Sodium hydroxide (97 % ) for basic microcosms was sourced from Rowe 

Scientific while HC1 (31.5-33 % ) was from B H D Laboratory Supplies. FeCl2 (hydrated, 

99 % Ajax Chemicals), NaCl (99.5 %, Sigma) and sodium azide (99 %, B H D 

Laboratory Supplies) were used in control microcosms. 

Soil and groundwater used in the microcosm experiments was the same as for 

natural attenuation experiments, see Section 3.2.6. 

4.4.1 Microcosm Experiments 

Microcosm experiments were prepared as described in Section 3.2.6 for natural 

attenuation microcosms. Serum bottles were spiked with a range of amendments and 2.5 

m L of a T B E saturated stock aqueous solution (approximately 590 m g L 4 ) to give a 

measured aqueous T B E concentration of 16 m g L 4 (Table 4.1). A number of control 

vials were included to assess abiotic degradation, sorption and volatilization processes 

(Table 4.1). Each different amendment or control was prepared in triplicate. The serum 

bottles were stored inverted, in the dark, at 20 °C. Serum bottles were shaken daily and 

sampled for T B E and degradation products at regular intervals. Analysis of microcosm 

vials was undertaken by G C - M S using the method outlined in Section 2.7. 
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Table 4.1 Microcosms to asses enhanced degradation 

Soil 
Addition 

Water 
Addition 

Pre-treatment Amendment 

Ethanol 

Molasses 

Co-metabolism 

Oxygen 

Zero Valent 
Iron (ZVI) 

Fenton Reagent 

Chemical 
Reduction 

10 g 

10 g 

10 g 

10 g 

10 g 

10 g 

lOg 

50mLGW 

SOmLGW 

50mLGW 

50mLGW 

50mLGW 

49mLGW 

50mLGW 

Headspace flushed with 
nitrogen 
Headspace flushed with 
nitrogen 
Headspace flushed with 
oxygen/methane 
(50:50) 
Headspace flushed with 
oxygen 
Headspace flushed with 
nitrogen 

Headspace flushed with 
nitrogen 

Headspace flushed with 
nitrogen 

0.5 g ethanol 

0.5 g molasses 

Injections of 20 m L of 
oxygen/methane (50:50) 

Injections of 20 m L of 
oxygen 
10 g of iron fillings added 
prior to headspace 
flushing 
1 m L of 100 g L"1 sodium 
peroxide solution 
0.1 m L o f 2 0 g L 1 iron 
(II) sulfate solution 
1 g of sodium 
metabisulfite 

NB- G W = groundwater 

4.4.2 Sorption of Brominated Compounds to Granular Activated Carbon 

(GAC) 

4.4.2.1 Batch Sorption Experiments 

Batch experiments were used to provide unambiguous sorption isotherms, 

sorption capacity data and sorption kinetic data for TBE, TriBE, D B E and V B in 

distilled water, and selected mixtures in distilled water and groundwater to assess 

sorption competition. The only available source of V B contained tetrahydrofuran (THF) 

which may confound the interpretation of V B sorption to G A C , however without a pure 

sample of V B with which to compare results any interference could not be determined. 

Separate 120 m L serum vials containing 100 m L of autoclaved distilled water 

were spiked with either TBE, TriBE or D B E to give a final concentration of 200 m g L4. 

To this solution, 20 m g of G A C (Haycarb; H A Y C O A L Gl 1200 T8/30) was added, and 

the vials sealed with a Teflon impregnated butyl rubber stopper. 

The vials where then mixed on a roller, at 16 rpm, and destructively sampled at 

0, 0.5, 1, 2 6, 24 and 30 hours (Table 4.2). Vials were either left to stand for at least 6 

hours before a 15 m L sample was removed or centrifuged for 15 minutes, at 4,700 rpm 

and 0°C. Samples were extracted with ether and the extract analyzed in triplicate using 

GC-MS. 
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Table 4.2 Kinetic experiments with G A C 
Experiment Water G A C Contaminant 

Addition (mg) Addition (mg L"1) 

NB- D W = distilled water 

Sampling Time (hr) 

TBE 
TBE (control) 

TriBE 
TriBE (control) 

DBE 
D B E (control) 

100 mL DW 
100 mL D W 
100 mL DW 
100 mL DW 
100 mL DW 
100 mL D W 

20 
-
20 
-
20 
-

200 TBE 
200 TBE 
200 TriBE 
200 TriBE 
200 DBE 
200 DBE 

0.5, 1, 2, 6, 24, 30 
30 

0.5, 1, 2, 6, 24, 30 
30 

0.5, 1, 2, 6, 24, 30 
30 

Sorption isotherms were determined for V B , D B E , TriBE and T B E at a range of 

concentrations (Table 4.3) and constant mass of G A C (20 m g for TriBE, D B E and V B , 

10 m g for T B E ) at a constant neutral p H and temperature (20 °C). Isotherms were 

determined using a method similar to those described by Nollet et al. (2003), Asku and 

Kabasakal (2004) and Tai et al. (1999) and fitted to a Langmuir isotherm, Equation 4.1, 

to determine the sorption capacity. Mixed solutions of D B E and TriBE in equal 

concentrations were also assessed, both in distilled water and groundwater. V B was not 

included in the mixture due to the presence of THF. T B E was also not incorporated in 

the mixture due to possible complications from T B E degradation. Controls containing 

either distilled water or groundwater, and brominated compounds without G A C were 

run concurrently to correct for any sorption of organics to the glass or stoppers. Vials 

were left to equilibrate for 24 hours on a roller at 16 rpm. Vials were then left to stand 

for at least 6 hours and sampled in triplicate, extracted with ether and analysed using 

G C - M S . Average concentrations were used to determine the isotherms. Details of the 

experiment are given in Table 4.3. 

Table 4.3 G A C Sorption isotherm experiments 
Experiment 

TBE 

TBE (control) 

TriBE 
TriBE (control) 

DBE 

D B E (control) 

DBE, TriBE 
mixture 

DBE, TriBE 
mixture 

DBE, TriBE 
Mixture 

DBE, TriBE 
Mixture 

Water 
Addition 
lOOmLDW 

lOOmLDW 

100 mL DW 
100 mL DW 
100 mL DW 

100 mL DW 

100 mL DW 

100 mL DW 

100 mL GW 

100 mL GW 

GAC 
(mg) 
10 

-

20 
-
20 

-

20 

-

20 

-

Contaminant Addition (mg L"1) 

20, 50, 

20, 50, 

20, 50, 
20, 50, 
20, 50, 

20, 50, 

20, 50, 

20, 50, 

20, 50, 

20, 50, 

100, 125, 150, 175, 200 

100, 125, 150, 175, 200 

100, 125, 150, 175, 200, 250, 400 
100, 125, 150, 175, 200, 250, 400 
100, 150, 200, 250 

100, 150, 200, 250 

100, 150, 200, 250, 400 

100, 150, 200, 250, 400 

100, 150, 200, 250, 400 

100, 150, 200, 250, 400 

Sampling 
Time (hr) 
24+6 

24+6 

24+6 
24+6 
24+6 

24+6 

24+6 

24+6 

24+6 

24+6 

NB- D W = distilled water; G W = groundwater 
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4.5 Results and Discussion 

Plots of averaged triplicate results, with 95 % confidence interval errors, against 

time for TBE, TriBE, D B E and V B were constructed (Figures 4.6 to 4.8). The 

degradation half-life curves for TBE, TriBE, D B E and V B for each microcosm were 

then estimated by fitting the concentration versus time data to Equation 3.12 with 

estimated half-lives summarised in Table 4.4. 

4.5.1 Biological Microcosms 

In the molasses amended microcosms there was a slow decrease in TriBE 

concentrations (half-life of 50 days), accompanied by an increase in D B E and V B to 

maximum measured concentrations of 5.9 m g L 4 and 0.1 m g L" , respectively. The 

presence of D B E and V B were observed from the second day of testing and continued 

to increase with time. The main intermediate accumulated was D B E , again with greater 

formation of cis- than trans-DBE, (approximately 3 times). For the chlorinated 

analogues, the accumulation of D C E from T C E due to microbial degradation driven by 

a carbon amendment, has been observed by Ndon et al. (2000), Yang and McCarty 

(2002) and Schollhorn et al. (1997), indicating reasonable agreement between literature 

degradation processes for chlorinated compounds compared to the degradation observed 

for the analogue brominated compounds in these microcosm experiments using 

molasses. However, the degradation of TriBE with molasses produced D B E and V B 

which were not noticeably degraded with time. 

Despite its successes in the dechlorination of T C E (Gibson and Sewell, 1992; 

Komatsu et al., 1997; Fennell et al., 1995; 1997; Schollhorn et al., 1997; Bagley et al., 

2000; Kaseros et al., 2000) ethanol showed very little capacity to degrade TriBE, with a 

half-life of 90 days (Figure 4.6), which was comparable to that of natural attenuation. 

There was some production of both the cis- and trans-DBE isomers, again with the cis-

isomer produced 3 times more than the trans-DBE isomer. The production of D B E 

increased gradually with time, however did not exceed more than 1.2 m g L4. This 

indicated there was some reduction of TriBE, however, there was negligible production 

of V B . Furthermore, the total amount of D B E (cw-and trans- isomer combined) 

produced was fairly close to that in the natural attenuation microcosm. Therefore, the 

bacterial degradation of TriBE to D B E using electron donors already present in the 

soil/groundwater appears to be similar to the degradation using ethanol as an alternate 

electron donor. The low TriBE degradation rate using ethanol as an electron donor may 
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be due to a lack of the appropriate micro-organisms being present in the soil, or 

insufficient time allowed for these bacteria to develop a population capable of degrading 

TriBE rapidly. 

Degradation of T C E by aerobic bacteria to V C and D C E has been successful in 

other studies (Semprini, 1997; Fox et al., 1990; Fetzner ,1998). However, in this study, 

degradation of TriBE under aerobic conditions (headspaces flushed with either oxygen 

or oxygen-methane mixtures) exhibited no significant decrease in TriBE concentrations 

with time as shown in Figure 4.7. This data indicated that either bacterial degradation 

under aerobic conditions was not favoured for TriBE removal, there was a lack of 

appropriate bacteria naturally present in the soil, or the five month testing period was 

insufficient for the growth of the appropriate bacteria. 
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Figure 4.6 Concentrations of brominated compounds in anaerobic biological microcosms 
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Figure 4.7 Concentrations of brominated compounds in aerobic biological microcosms with 
time 

4.5.2 Chemical Microcosms 

4.5.2.1 Chemical Oxidation 

Microcosm experiments using Fenton's Reagent to oxidise PCE, TCE, cw-DCE 

have shown over 80 % reduction of these compound could be achieved with a single 

treatment of 20 % H 2 0 2 by mass, and up to a 99 % reduction using repeated treatments 

(Dehghi et al., 2002). Batch tests undertaken by Chen et al., (2001) have given similar 

results, showing that 93-100 % of dissolved T C E in groundwater could be oxidised. 

In this study brominated analogues gave similar results to the chlorinated analogues, 

with microcosms containing Fenton's reagent showing a rapid decrease in TriBE, (90 % 

reduction, half-life of 1 day after the first treatment), with minimal production of D B E 

(maximum concentration 0.24 m g L 4 and half-life 0.5 days) and no V B detected. Either 

V B was not produced or the degradation rate was so rapid that it could not be detected. 

Concentrations of TriBE stabilised after approximately 21 days indicating that all 

the H 2 0 2 was consumed. Subsequent addition of H 2 0 2 to the Fenton's microcosm was 

able to further reduce the remaining brominated compounds. 
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4.5.2.2 Chemical Reduction 

Chemical reduction of T B E using sodium metabisulfite showed little T B E 

degradation, with a T B E half-life greater than 55 days (Figure 4.8), significantly greater 

than the half life for natural attenuation of < 0.2 days. The presence of D B E at slowly 

increasing concentrations with time indicates that some TBE/TriBE chemical 

transformations were occurring. If TriBE was being formed as an intermediate (via 

hydrolysis or chemical reduction), the conversion of TriBE to D B E was probably 

relatively rapid, as little TriBE was detected in this microcosm. However, D B E and 

TriBE were only detected in small quantities, with less than 10 % of initial T B E 

concentrations detected over 55 days. N o V B was detected indicating that there was 

little D B E degradation. Based on this experiment, T B E does not appear to be 

susceptible to rapid chemical reduction using metabisulfite. 

Microcosms amended with ZVI showed a rapid decrease in T B E and TriBE. D B E 

was produced at relatively low concentrations, with maximum concentration 1.45 m g L 

\ (or approximately 10 % of the initial T B E concentration) and had an overall half-life 

for both isomers combined of 4 days. The cis-DBE isomer remained for a longer period 

than did the trans-, with a half-life of 10 days compared to 2 days indicating some steric 

affects for the reaction of D B E with ZVI. If the reaction occurs on the surface of the 

iron, as stated by Rajogopal and Burris (1999), this would explain the slower reaction 

rate experienced by the m-isomer, which having large bromine groups close to each 

other, is more sterically hindered. V B was also detected in the ZVI microcosm, but 

only in very low concentrations (maximum concentration 2 x IO"3 m g L 4 ) , and persisted 

only for a short time (half-life 4.3 days). The half-lives of TBE, TriBE, D B E and V B 

were 0.2, 1.0, 4.2 and 4.3 days, respectively for the ZVI microcosm. The calculation of 

half-lives for daughter products may be confounded due to simultaneous formation and 

disappearance of these compounds. Experiments in Chapter Five describe individual 

experiments for each daughter compound and compare calculated half-lives for 

mixtures of TriBE, D B E and V B and the individual compounds. 

Gillham and O'Hannesin (1994) found for ZVI that within each group of 

compounds the half-life increased as the degree of halogenation decreases, consistent 

with the expectation that those compounds with the highest reduction potential were the 

most susceptible to degradation. Half-lives for PCE, TCE, D C E and V C were 0.75, 

0.57, 1.7-1.8 and 16 days respectively (Gillham and O'Hannesin, 1994). Furthermore, 

the only brominated compound that was tested (tribromomethane half-life of 0.24 

hours) degraded much more rapidly than its chlorinated analogue (trichloromethane 
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half-life of 33 hours). The results of this study follow a similar trend to Gillham and 

O'Hannesin (1994) with half-lives increasing as the degree of bromination decreases, 

that is TriBE > DBE > VB. This is contrary to the results of Arnold and Roberts (2000) 

who stated that the reactivity of chlorinated ethylenes decreased with increasing 

halogenation. 
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4.5.3 Bromide Concentrations 

At the end of the microcosm experiments, water samples collected from the 

microcosms were analysed for bromide to assess T B E mineralization. The results of this 

analysis are given in Table 4.5. The bromide concentration of the groundwater used was 

50 m g L"1, a relatively high value, as this water was taken from near the source zone and 

the high bromide concentrations due to the natural degradation of T B E to TriBE which 

occurs in the field (Thomas et al., 2004). If all of the T B E added to the microcosms (16 

m g L"1) was converted to bromide through degradation of T B E and its daughter 

products, then this would correspond to an increase of 15 m g L"1 bromide (from 50 to 

69 m g L 4 ) . A n increase of bromide was measured in all microcosms which showed 

degradation of T B E to TriBE, with the greatest bromide increase, between 15 - 25 m g 

L"1, measured in the chemical microcosms which showed almost complete degradation 

of the brominated organics. For the other microcosms (such as the groundwater only 

control), bromide concentrations were around 55 - 60 m g L"1. This is a much smaller 

increase, which corresponds to the transformation of T B E to TriBE. More aaccurate 

mass balances could not be determined due to the high background bromide 

concentrations. Despite the high background bromide concentration, this groundwater 

was used in the microcosm experiments in an effort to potentially inoculate the 

microcosms with native T B E degrading bacteria. Subsequent non-bacterial experiments 

used up gradient groundwater with lower Br" levels which made mass balance estimates 

more accurate. 

Bromide concentrations in the Fenton's reagent microcosm are investigated 

further in Chapter 5 due to the possibility of bromate formation. Studies by Gunten and 

Oliveras (1998) have shown that bromate can be formed from bromide by a pure O H 

radical mechanism using hydrogen peroxide only, with H O B r as the intermediate. 

Bromate is a potential carcinogen with a maximum contaminant level (MCL) in 

drinking water of 20 ug L 4 ( N H & M R C , 1996; Australian Drinking Water Standards 

2006). Possible bromate formation in Fenton's microcosms is discussed in Chapter 5. 
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Table 4.5 Results of HPLC bromide analysis for microcosm experiments 
Bromide Concentration (mg L') 

Sample (±2) 

Groundwater Sample from site 50 

Autoclaved Soil & Groundwater Control 60 

Autoclaved Groundwater Control 55 

Distilled Water Control 3 

Soil & Groundwater Control with Azide 61 

Natural Attenuation 66 

Ethanol Amended 63 

Molasses Amended 69 

Oxygen Amended 60 

Oxygen/Methane Amended 60 

Fenton' s Reagent Amended 69 

Iron Filings Amended 75 

4.5.4 C o m p a r i s o n of Half-lives 

Table 4.6 below shows a comparison of the average half-lives for chemical 

degradation using Z V I stated in the literature for T C E and its daughter products as 

compared to those calculated for TriBE and its daughter compounds from Z V I 

microcosm experiments. Values for T B E and T C A are based on degradation at p H 7 

and room temperature. Rates for biological degradation have not been included as they 

vary greatly depending on the type and quantity of bacteria present in the samples. 

A s can be seen in Table 4.6, there is reasonable agreement given the differences 

in experimental technique, methods of calculation and surface area to volume ratios of 

the granulated iron. This data suggests similar degradation mechanisms m a y occur for 

both TriBE and T C E , and m a y provide added surety that a TCE-based field remediation 

option would be suitable. 

Table 4.6 Comparison of average half-lives in days of brominated and corresponding chlorinated 
compounds. 

Compound 

VB 
DBE 
TriBE 
TBE 

Half-life (Days)" 

1.8-11 
1-4 

< 0.2 - 0.8 
<0.2 

Analogue 
Chlorinated 
Compound 

VC 
DCE 
TCE 
TCA 

Half-life 0>ays) 

15.58° 
1.7-18° 
0.6° 

102-172c 

a Calculated half-lives 
0 Gillham and O'Hannesin (1994) 
c Cooper et al., 1987, Joens et al., 1995 

4.5.5 Granulated Activated Carbon Batch Experiments 

The concentrations of brominated compounds, with time (as a percentage of 

initial solution concentration) are shown in Figure 4.9. Initial concentrations were 
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based on control vials containing distilled water and no activated carbon to account for 

sorption to the glass or stoppers. As can be seen from Figure 4.9 the brominated 

compounds reached equilibrium after approximately 10 hours, when rolled at 16 rpm. 

Based on this information a mixing time of 24 hours was used for sorption isotherm 

experiments. The kinetic data was also used to select the concentrations for the isotherm 

experiments which would cover both the linear and non-linear sections of the isotherm 

curves, values given in Table 4.7. 

A comparison of centrifuged and non-centrifuged (left to stand for at least 6 

hours) samples undertaken at this stage showed that there was no difference between the 

concentrations for each method. Therefore to reduce complications from centrifuging, 

vials were left to stand for at least 6 hours prior to being analysed, rather than collecting 

sub-samples and centrifuging. 

Figure 4.9 Concentrations of brominated compounds removed by GAC, with time (as a percentage of 
initial solution concentration) when rolled at 16 rpm 

4.5.6 Granulated Activated Carbon Isotherm Experiments 

For each concentration assessed, results of equilibrated aqueous brominated 

compound concentrations and control sample concentrations were used to determine 

G A C sorbed concentrations. The data was then fitted to the linearised Langmuir 
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Equation (Equation 4.2) by graphing the aqueous brominated compound concentration 

(mg L 4 ) over the G A C sorbed concentration (mg g4) (Ceq/q) against the aqueous 

concentration (Ceq) for each compound in distilled water (Figure 4.10) and compound 

mixtures in distilled water or groundwater (Figure 4.11). As can be seen in Figures 4.10 

and 4.11 the data is approximately linear indicating a high degree of fit to the Langmuir 

isotherm. This also implies that the assumptions outlined in Section 4.3.1.1 associated 

with the Langmuir isotherm are valid in this case. 
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Figure 4.10 Langmuir isotherms for each compound in distilled water with GAC 
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Figure 4.11 Langmuir Isotherms for mixtures of each compound in distilled water and groundwater with 
GAC 

A summary of the Langmuir constants are given in Table 4.7. N o significant 

differences in sorption capacity for the mixtures between distilled water and 

groundwater were observed for D B E and TriBE. Therefore, groundwater chemistry 

effects such as salting-out effects had little impact on sorption capacity. 

Table 4.7 Langmuir constants determined from fitting a Langmuir isotherm to the graphed data 
Compound 

TBE 
TriBE 
DBE 
VB 
DBE 
TriBE 
DBE 
TriBE 

Experiment 
Mixture of Compounds 

No 
No 
No 

Yes (VB in THF) 
Yes (DBE: TriBE) 
Yes (DBE: TriBE) 
Yes (DBE: TriBE) 
Yes (DBE: TriBE) 

Medium 
Distilled water 
Distilled water 
Distilled water 
Distilled water 
Distilled water 
Distilled water 
Groundwater 
Groundwater 

Langmuir 
b(gkg1) 
1800 
1800 
1000 
550 
300 
1100 
400 
1600 

Constants 
KLC L K R 1 ) 

4.75 
0.057 
0.034 
0.11 
0.50 
0.21 
0.081 
0.062 

Sorption capacity (b) for TBE, TriBE and D B E were all relatively high, 

indicating that removal by G A C may be a feasible technique for the ex-situ treatment of 

groundwater contaminated by these compounds. The high sorption capacity data also 
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reflect the combined effects of the compound's high molecular weights, and relatively 

small molecular sizes. 

For V B , the sorption capacity was lower than that of TBE, TriBE and D B E . The 

presence of T H F with the V B may have resulted in competition for sorption sites and 

reduced the sorption capacity of V B to the G A C . This lower value may also be 

attributed to the lower molecular weight of V B , having only one bromide atom. 

TriBE sorption capacity for a single component solution in distilled water (1800 

m g g4) was similar to the combined sorption capacity of the TriBE and D B E mixture in 

distilled water (2000 m g g 4), suggesting competitive sorption onto the G A C for these 

compounds. 

4.6 Summary 

Attempts at enhancing biological degradation with ethanol were unsuccessful, 

with no significant decrease in degradation half-lives compared to the natural 

attenuation microcosm, TriBE degradation half-life of 96 days. The molasses amended 

microcosm showed gradual decline in TriBE concentrations, with a degradation half-life 

of 50 days. While TriBE degradation rates were slower using molasses compared to 

chemical treatments there is some possibility that these rates may increase with time if 

the population of dehalogenating bacteria increases. The substantial accumulation of 

D B E , which did not appear to degrade using molasses, however is a major factor which 

would detract from using a biological based remediation strategy in the field. Due to 

these potential difficulties and also as the experimental half-life for the degradation of 

TriBE using molasses was still quite long (50 days), especially when compared with 

other chemical methods (< 1 day), molasses addition may not be a suitable in-situ 

remediation technique for T B E contaminated sites. 

The chemical microcosms showed the most significant TriBE reduction, with half-

life degradation rates less than 1 day. Significant quantities of D B E ( > 1 m g L 4 ) were 

detected only in the ZVI microcosm, and this concentration decreased with time. A half-

life degradation rate for D B E was found to be four days for the ZVI microcosm, with 

half lives for the brominated compounds increasing as the degree of bromination 

decreased. 

Of the chemical microcosm experiments undertaken, the N a O H treatment may not 

be practical as an in-situ groundwater remediation treatment due to the high pHs 

required, however as an ex-situ treatment and for the remediation of contaminated waste 
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soil from a site it may be highly effective. Fenton's reagent while highly effective may 

not be suitable as a treatment method for brominate organics due to the production of 

Br03_, unless coupled with a down- gradient BriV removal system, such as G A C or 

ZVI. The ZVI treatment may have the greatest potential for in-situ groundwater 

remediation of T B E and daughter compounds. 

TriBE and D B E degradation results from the microcosm experiments appear to be 

reasonably consistent with literature data for their chlorinated analogue compounds 

T C E and D C E . This data may suggest a similar degradation mechanism occur for both 

TriBE/TCE and DCE/DBE, and may provide added surety that a TCE-based field 

remediation option is a suitable starting point when assessing strategies for remediation 

of soil and groundwater contaminated with T B E and its daughter compounds. 

It is expected that removal by G A C will be a feasible ex-situ remediation 

technique for contaminated groundwater as the sorption capacity for the G A C studied 

was quite high. 
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5 Microcosm Study of Promising Remediation Methods -
Fenton's Reagent and Zero Valent Iron (ZVI) 

5.1 Introduction 

Of the amendments studied in the microcosm experiments (Chapter 4), 

amendments of ZVI and Fenton's Reagent appeared to show the most promise as 

possible remediation methods for T B E and daughter products. Both were shown to give 

degradation half-lives of TriBE significantly less than natural attenuation, (half-lives 

less than 1 day compared to 96 days), and are established remediation techniques for 

use with chlorinated solvents (Arnold and Roberts, 2000; Gillham and O'Hannesin, 

1994; Rajogopal and Burris, 1999; Tang and Tassos, 1997; Yeh et al., 2003; Pardieck et 

al., 1992; Chen et al., 2001b; DeHghi et al., 2002). These two amendments as 

remediation methods are examined further in this Chapter, with the investigation into 

the potential advantages and disadvantages for application in the field and a 

conformation of the half-lives measured in Chapter 4. 

5.2 Fenton's Reagent 

5.2.1 Bromate Production - bromide in the presence of hydrogen peroxide 

A product of the TriBE degradation by Fenton's reagent is bromide (Br). This is 

evidenced by increased levels of Br" measured by H P L C analysis in the microcosms 

which had undergone degradation (Section 4.3.5). Studies of disinfection treatment 

methods of water with ozone and ozone/hydrogen peroxide mixtures have shown that 

the presence of bromide in water leads to the formation of hypobromous acid and 

hypobromite and for longer oxidation contact times bromate (Gunten and Oliveras, 

1998; Camel and Bermond, 1998; Acero et al., 2001). 

Generally the use of hydrogen peroxide along with ozone can decrease but not 

eliminate the production of bromate via oxidation by hydrogen peroxide of the 

intermediate HOBr/OBr" before the bromate is produced (Gunten and Oliveras, 1996). 

However, Gunten and Oliveras (1998) have shown that bromate is still formed by a pure 

O H - radical mechanism using hydrogen peroxide only, with H O B r as the intermediate. 

The production of bromate as a by product of the Fenton's reaction with 

brominated alkanes and alkenes, may limit its applications as an in-situ treatment for the 

aqueous and D N A P L phases as bromate is listed as a potential carcinogen with a 
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maximum contaminant level (MCL) in drinking water of 20 ug L 4 ( N H & M R C , 1996, 

Australian Drinking Water Standards). 

5.2.2 Methods of Bromate Removal 

If bromate is produced then coupling Fenton's reagent remediation with a down-

gradient method that removes bromate may be one remediation option. A number of 

methods have been used to remove bromate from drinking water. These include ZVI 

and granulated activated carbon (GAC). 

Westerhoff (2003) found that ZVI in water can remove oxo-anions such as nitrate, 

bromate and chlorate by reduction to ammonia, bromide and chloride. The rate of 

removal increased as nitrate less than chlorate which is less than bromate. 

Bromate can also be removed using G A C (Bao et al., 1999; Yamada, 1993; 

Kirisits et al., 2000; Siddiqui et al., 1996). Yamada (1993) conducted batch experiments 

and concluded that Br03_ was first adsorbed and then reduced to Br" and that the 

adsorption of BrOs" was critical to Br03" removal. Siddiqui et al. (1996) stated that 

bromate removal was a surface reduction reaction to bromide, through a HOBr/OBr" 

intermediate. They hypothesised that the reaction pathway followed that shown in 

Equations 5.1 and 5.2, where = G A C represents the G A C surface. 

= G A C + Br03" -> BrO" + = G A C - 0 2 (5.1) 

= G A C + 2BrO" ->2Bf + = G A C - 0 2 (5.2) 

Kristis et al. (2000) found that the presence of anions naturally occurring in the 

groundwater can significantly reduce the effectiveness of G A C . It was found that 

breakthrough times in distilled water were much longer than for natural waters. 

Furthermore, it was observed that in spite of differences in size and charge equivalent 

molar concentrations of chloride, sulfate, and nitrate impacted the removal of bromate 

similarly, while the presence of bromide had a somewhat greater effect. This is 

consistent with Bao et al. (1999), who found that the presence of Br" in solution, either 

in the influent water or produced by the reaction of bromate, decreased the reactive rate 

of the bromate, indicating there was competitive sorption between bromate and bromide 

in solution (Bao et al., 1999). This was most obvious in batch tests where accumulated 

bromide can not escape as opposed to column tests where the bromide can be removed 

from the system (Bao et al., 1999). 
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Decreasing the p H of the system can result in an increase of the bromate removed 

(Siddiqui et al., 1996). Most types of G A C have a negative charge at high p H due to the 

presence of negatively charged carboxylate anionic surface functional groups. As the 

p H decreases these functional groups become protonated resulting in an overall positive 

charge, which allows increased sorption of the negatively charged bromate and thus an 

increase in the quantity reacted. Siddiqui et al. (1996) also found that the amount of 

natural organic matter can mask or compete with the bromate for reactive sites, so soil 

and water with a high organic content will potentially affect the efficiency of G A C 

sorption in the field. 

5.3 Zero Valent Iron 

5.3.1 Zero Valent Iron Reductive Pathways 

Chapter 4 established the use of ZVI as an effective method for the degradation of 

TriBE, D B E and V B . However, the basic screening level microcosms utilized in 

Chapter 4 did not provide sufficient information on the reactive pathways and products 

of the reaction of ZVI with T B E as well as with its individual daughter products. 

Degradation rates estimated in preliminary microcosm experiments, Table 4.2 using 

T B E only may have been confounded by daughter product formation and 

disappearance. In order to correctly elucidate pathway information additional 

microcosm experiments using separate TriBE, D B E and V B only solutions were 

conducted. 

Campbel et al. (1997) found that the major reaction products of T C E degradation 

in iron powder columns were ethane and ethene, with minor amounts of methane and 

acetylene also being detected. Furthermore, reduction of ethene by ZVI was negligible 

and 75 % carbon recovery and 104 % chlorine recovery were obtained. In P C E 

solutions, Gillham and O'Hannesin (1994) and Arnold and Roberts (2000) found that 

there was an initial rapid disappearance of P C E accompanied by an appearance of TCE, 

although this amount was not equivalent to the amount of P C E reacted. With 

degradation of TCE, there was accumulation of small amounts of D C E and V C also. 

However, D C E and V C also degraded with time and were much less than expected 

based on stoichiometry and the quantity of T C E reacted (Arnold and Roberts, 2000; 

Campbell et al., 1997). 

Rajogopal and Burris (1999) state that in the degradation of D B E with ZVI V B 

was not detected in batch experiments. However, the rate of degradation of V B with 
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ZVI was slow enough such that if it were produced in significant quantities as an 

intermediate it would have been detected. 

Roberts et al. (1996) has found cis- and trans-DCE react to give ethane, with some 

acetylene as a reactive intermediate. Also, a significantly higher yield of V C was 

obtained with cw-DCE as opposed to trans-DCE, roughly seven times greater, 

indicating that the predominant pathway for the cis compound was hydrogenolysis. This 

implies that the reaction is more rapid for those compounds following a p-elimination 

pathway over those with a cis-a and p-hydrogen/halogen pair which undergo hydrolysis, 

such as cis-DCE and V C . (See Section 5.3.2 for an explanation of a p-elimination 

reaction). 

Roberts et al. (1996) stated that the trans-DCE reacts approximately 10 times 

faster than the cis-DCE in the absence of a headspace. However, when a headspace is 

present these effects are lessened due to the higher Henry's Law constant for trans-

DCE. The higher Henry's Law constant meaning that in the presence of a headspace 

there is greater partitioning of the cis-DBE than the trans-DBE into the headspace, 

reducing the contact of trans-DBE with the ZVI. Results from microcosm experiments 

in Chapter 4 showed that the reaction of the cw-isomer was five times slower than that 

of the trans (half-life of 10 days compared to 2 days). Due to the presence of a 

headspace in these samples, and the higher Henry's Law constant for trans-DBE the 

actual difference in reactivity may be even greater than this. 

According to Liang et al. (1997), the reaction of 5 m g L 4 of T C E with ZVI can 

lead to the persistence of V C at approximately 0.14 m g L 4 for as long as 70 days. 

Approximately 87 % PCE, 97 % of T C E degradation, 94 % cis-DCE and 99 % trans-

DCE degradation is thought to occur through this pathway, while the remainder occurs 

via sequential hydrogenolysis producing V C (Arnold and Roberts, 2000). Thus the 

production of V C , a problematic and persistent compound for other degradation 

methods, may be largely circumvented by use of ZVI. 

5.3.2 ^-Elimination Reaction 

Elimination reactions involve the removal of two atoms or functional groups, 

which results in the formation of a double bond, as shown in Figure 5.1. These types of 

reactions favour elimination of trans substituents over cis (Roberts et al., 1996). 
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\ r \ / 
— C - C — >- C=C + HBr 

H ' N 

Figure 5.1 Elimination reaction for a brominated alkane (Wikipedia 2006, website). 

The reaction for brominated ethanes is shown in Figure 5.1, the atoms 

eliminated are those attached to adjacent carbon atoms. The atom with the bromine is 

known as the a-carbon atom and the one next to it the P-carbon. Thus the type of 

elimination shown in Figure 5.1 is known as P-elimination reaction. 

The reaction pathway is shown in Figure 5.2. A reactant, generally a 

nucleophile or base, attacks the P-hydrogen on the opposite side to the leaving group, 

the formation of a partial O-H bond releases the C-H bonding electrons to form a new 

C-C bond, the C-Br bond breaks at the same time forming a transition state with four 

partial bonds and an overall negative charge. 

?A -
H © * 

HOI-1 

Br " 
1 

\ : 
— c — c — 

i 

.HO' 

o 

transition state 

\ / 

/ \ 

* H23 + Br9 

Figure 5.2 ̂ -Elimination pathway for a brominated ethane (Wikipedia 2006, website) 

5.4 Experimental 

5.4.1 Bromate Production 

To assess if bromate was a by-product of the degradation of brominated 

compounds using Fenton's reagent, two additional microcosm experiments were 

conducted. T w o separate 120 m L serum vials with either 80 m L of distilled water or 

up-gradient groundwater (low in Br") were prepared and saturated with a solution of 

TBE, TriBE and D B E . To these vials 10 m L of a 20 g L 4 iron (II) sulfate solution was 

added followed by 10 ml of a 30 % H 2 0 2 solution. After 1 week, sub-samples were 

collected in a 20 m L sample vial without a headspace and analysed for bromate by the 

Chemistry Centre of W A using ion chromatography. 
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5.4.2 Bromate Removal Using Granulated Activated Carbon 

A kinetic experiment was undertaken using nine 120 m L serum vials containing 

50 m L of 90 m g L 4 of sodium bromate and 20 m g of G A C (Haycarb; H A Y C O A L Gl 

1200 T8/30). Vials were destructively sampled with time (0, 1, 6, 24, 48, 96, 144, 168, 

180 hours) by removing 5 m L sub-samples which were analyzed for bromate and 

bromide using HPLC. A bromate in distilled water control, containing no G A C , was 

also sampled to account for any degradation of the bromate or sorption onto the glass or 

stopper. 

5.4.3 Bromate Removal Using Zero Valent Iron 

Experiments to determine the degradation of bromate by ZVI where undertaken 

similarly to those for G A C . Eight 120 m L serum vials were filled with 50 m L of a 

distilled water solution containing 100 m g L 4 of sodium bromate and 10 g of iron mesh 

filings (Technical Grade, 5-12, A596, Ajax Chemicals). A control vial containing 

bromate only was also sampled to account for any loses in bromate not due to the ZVI. 

Samples (5 m L ) were then removed from each vial after 0, 1, 3, 6, 10, 14, 18 and 24 

days and analyzed for bromate and bromide using H P L C analysis. 

5.4.4 Zero Valent Iron Half-Life Validation and Pathway Elucidation 

Additional microcosm experiments were conducted to confirm degradation rates 

and to elucidate degradation pathway information, using separate TriBE, D B E and V B 

only solutions in uncontaminated groundwater. Each microcosm experiment was 

prepared in triplicate as per the method outlined in Section 4.3.2. Soil was added to the 

experiments so results were comparable and consistent with those obtained in earlier 

microcosm experiments. Details of these additional microcosm experiments are 

summarized in Table 5.1. 

Additional larger (1000 m L ) batch experiments were undertaken to asses the 

formation of gaseous products such as methane, ethane, ethene and acetylene from the 

reaction of TriBE, D B E and V B with ZVI. Furthermore, these experiments were used to 

better study minor products such as VB, and cis- and trans-DBE at high concentrations. 

A description of these experiments is given in Table 5.1. These experiments were 

undertaken in 1000 m L glass vials and 50 m L gas samples were removed using a 60 m L 
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plastic syringe at a series of time intervals. A n additional 50 m L of nitrogen was then 

injected into the headspace to maintain a constant pressure. Samples were then 

analysed using G C as described in section 2.3.1.1 Water (100 uL) was also removed 

and diluted to 5 m L in distilled water in samples vials (8 m L ) which were then analysed 

using G C - M S headspace analysis (Section 2.3.1.1) in order to provide additional data 

for pathway elucidation. 

Table 5.1 Additional ZVI microcosm experiments 
Contaminant 
Addition 

20 mg L ' DBE 

20 mgL"1 TriBE 

1 mg L"1 VB 

2,0000 mg L"1 DBE 

2,000 mgL"1 TriBE 

100 mg L"1 VB 

Soil 
Addition 

10 g 

10 g 

10 g 

-

-

-

Water 
Addition 
50 m L 

GW 
50 m L 

GW 
500 m L 

GW 
500 m L 

GW 
500 m L 

GW 
500 m L 

GW 

Pre-treatment 

Headspace flushed 
with nitrogen 

Headspace flushed 
with nitrogen 

Headspace flushed 
with nitrogen 

Headspace flushed 
with nitrogen 

Headspace flushed 
with nitrogen 

Headspace flushed 
with nitrogen 

Amendment 

10 g iron filings 

10 g iron filings 

10 g iron filings 

50 g iron filings 

50 g iron filings 

50 g iron filings 

NB: G W = groundwater 

5.5 Results and Discussion 

5.5.1 Bromate Production 

Results of the bromate microcosm experiments confirmed the presence of bromate 

in both groundwater and distilled water prepared samples at concentrations between 1.4 

m g L 4 (distilled water sample) and 18 m g L 4 (groundwater sample). As these 

concentrations were 2 to 3 orders of magnitude greater than drinking water standards, 

the use of Fenton's reagent to remediate brominated contaminated soil or groundwater 

is problematic and may require combined use of Fenton's reagent to remediate a source 

zone, coupled with a down-gradient groundwater treatment to reduce bromate. 

5.5.2 Bromate Removal using Granulated Activated Carbon 

The conversion of bromate to bromide was observed in the GAC-amended 

microcosms (Figure 5.3), compared to non-GAC amended microcosm controls which 

showed no bromate decrease. The decrease in bromate concentrations corresponded 

well to the increase in bromide concentrations (Figure 5.3), suggesting that bromate was 

being converted to bromide rather than simply being sorbed to the G A C . There was a 
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slight lag observed between the decrease of bromate, which occurred almost 

immediately, and the increase of bromide concentrations after approximately 6 hours. 

This difference, although small under these experimental conditions, lends support to 

the hypothesis by Yamada (1993) and Siddiqui et al. (1996) that bromate is first sorbed 

and then reduced to bromide. 

While the G A C was effective at reducing bromate concentrations, the rate of 

bromate reduction was low. Fitting the bromate concentration versus time data to 

Equation 3.12 gave a degradation half-life of 18 days. Therefore, bromate remediation 

using G A C may not be suitable as an ex-situ remediation option, as required reaction 

times were more likely to be in the order of hours rather than days. 

Figure 5.3 Bromate and bromide concentrations with GAC 

5.5.3 Bromate Removal using Zero Valent Iron 

Bromate degraded to give bromide in the presence of ZVI (Figure 5.4). Fitting 

the bromate degradation curve to Equation 3.12 gave a degradation half-life of bromate 

under these conditions of 6 days. Bromide was produced stoichiometrically as bromate 

degraded, and a bromine mass balance of 98.7 % was obtained indicating that bromide 

was the only product of this degradation. These results suggested that if Fenton's 

reagent was implemented as a treatment for either the aqueous brominated ethane 

plume, or for treatment of source zone D N A P L a down-gradient ZVI barrier may be 

suitable to reduce bromate to below drinking water standards. 
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Figure 5.4 Bromate removal by ZVI 

5.5.4 Zero Valent Iron 

In Section 4.3.4.2 it was noted that there were some differences in the 

accumulation and degradation of cis- and trans-DBE isomers in the reaction of ZVI 

with TriBE, further discussion and explanations are given below. Degradation half-lives 

were determined by fitting the concentration versus time data to Equation 3.12. 

5.5.4.1 Half-life Verification and Determination of Reaction Products 

The microcosm spiked to give 20 m g L 4 TriBE only gave a TriBE half-life of 2 

days and a maximum total D B E (cis- and trans- combined) concentration of 4 m g L 4 or 

30 mole % of TriBE. In addition to this, it was observed that the cis- and trans-isomers 

accumulated in differing amounts, with the quantity of the cis-DBE isomer 

approximately five times greater than the trans-, the compounds again having different 

half-lives, 5 and 20 days for the trans- and ci's-isomers respectively. V B was not 

detected in this microcosm. 

The microcosm spiked to give 20 m g L 4 D B E only, gave an estimated total 

D B E degradation half-life of 11 days. The degradation rates for the cis- and trans-

isomers were found to be different with the trans-isomev reacting more rapidly, half-life 

of 7 days as opposed to 30 days for the cw-isomer. V B was detected in this D B E 
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microcosm at concentrations below 2 % of the initial D B E concentration, and had a 

half-life of 10 days (Figure 5.5). The half-life of V B is long enough such that if it were 

produced in significant quantities then this would have been detected at greater 

concentrations, indicating that the majority of D B E degradation occurred through p-

elimination, rather than hydrolysis producing V B . 

Roberts et al. (1996) state that reduction of the cis-DCE isomer gives seven 

times more V C than the trans, indicating that reaction of the ds-isomer undergoes 

hydrogenolysis to a greater extent than the trans-DBE. The cw-isomer undergoing 

hydrogenolysis to a greater extent than the trans-DBE isomer, may also explain the 

longer half-lives observed for ds-DBE than trans-DBE, with Roberts et al. (1996) 

stating that the P-elimination pathway was more rapid than the hydrogenolysis route. 

The concentration versus time data for the microcosm spiked with 1 m g L" V B 

only is shown in Figure 5.5. The degradation of V B by ZVI under these conditions gave 

a degradation half-life of 6 days. 

For the TriBE microcosm the accumulation of D B E was less than would be 

predicted assuming all of the TriBE reacted to give these two compounds, consistent 

with results from similar chlorinated systems (Gillham and O'Hannesin, 1994; Arnold 

and Roberts, 2000). For chlorinated ethanes and ethenes, the majority of degradation 

was found to occur through reductive P-elimination with chloroacetylene as the 

intermediate rather than hydrogenolysis via D C E (Arnold and Roberts 2000; Gillham 

and O'Hannesin, 1994). Arnold and Roberts (2000) also state that intermediate 

acetylenes and the chlorinated acetylenes are highly reactive with ZVI and have rapid 

degradation rates (an order of magnitude greater than the halogenated organics), which 

may explain why acetylene or the brominated acetylenes were not detected as 

intermediates or reaction products in this study. Given these observations and the 

similarities between the chlorinated and brominated ethanes and ethene reactions with 

ZVI, it is reasonable to hypothesise that the brominated compounds may also follow a 

similar reductive P-elimination pathway as described by Arnold and Roberts (2000) for 

TCE. 
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Figure 5.5. ZVI amended individual batch microcosm experiments in 120 mL Serum Vials 

5.5.4.2 Determination of Reaction Products in Concentrated Solutions 

Reactions with ZVI in distilled water for highly concentrated individual 

solutions of TriBE, D B E and V B were analysed to determine gaseous reaction products, 

and to further elucidate the D B E and V B reaction pathways as these compounds were 

produced in quite low concentrations in other ZVI microcosms. 

Figure 5.6 shows the rapid degradation of TriBE, with a half-life of 5 days, 

consistent with pervious experiments even at concentrations 100 times greater than 

those in smaller microcosms. There is greater accumulation of the cw-DBE, maximum 

concentration 20 % of the initial TriBE concentration, compared to trans-DBE, with a 

maximum concentration of 1 % of initial TriBE concentrations. Like previous 

microcosms the cw-DBE also gave a significantly longer degradation half-life compared 

to the trans-DBE, 20 days compared to 5 days. There was very limited production of 

V B in this microcosm, less than 0.05 % of TriBE concentrations. 

The main gaseous product from the reaction of TriBE with ZVI was ethane (130 

m g L 4 ethane- as carbon (C)) (Figure 5.6) as was the case for T C E Arnold and Roberts 

(2000). Trace concentrations of methane and no acetylene were detected. Lower 

quantities of ethene were detected after around 60 days of monitoring (8 m g L 4 ethene 
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- C). Dissolved ethane concentrations were stable once all of the TriBE, D B E and V B 

had been removed from the system. 

The results for the large scale reaction of D B E with ZVI are given in Figure 5.6. 

As can be seen there was a greater initial quantity of cis-DBE than trans-DBE. The 

trans-DBE reacted with a half-life of 6 days, while cis-DBE took significantly longer, 

having a half-life of 25 days. Both of these half-life values are consistent with previous 

experiments, as well as with the hypothesis that the faster p-elimination reaction, occurs 

more readily for the trans-DBE configuration. V B was detected from the 8th day of 

testing in very low quantities, less than 0.1 % of the total D B E concentration. 

As for TriBE, the main gaseous reaction product detected in the D B E only 

experiment was ethane (85 m g L 4 ethane-C) (Figure 5.6). Similarly, there were trace 

quantities of methane and no acetylene detected and lower quantities of ethene were 

produced (5 m g L 4 ethene-C). 

The degradation of V B was slightly slower for the larger microcosms with a 

half-life of 10 days compared to 5 days. The decreased rate of V B removal here may be 

due to its higher Henry's Law constant leading to increased partitioning into the 

headspace causing reduced contact with the ZVI. Loss due to removal of gas samples 

was accounted for in these results, with the calculations for the expected loss in aqueous 

concentration given in (Appendix I). 

For the V B microcosm (Figure 5.6) the main gaseous reaction product detected 

was ethane (22 m g L 4 ethane-C) with methane and ethene concentrations below the 

detection limit. 

The low stoichiometric quantities of D B E and V B produced in these 

experiments add further weight to the hypothesis that the reaction of TriBE with ZVI 

proceeds through a P-elimination pathway. Furthermore, the production of ethane in 

large amounts, rather than ethene is further evidence that both TriBE and D B E proceed 

through this pathway (Roberts et al., 1996). 

Bromide mass balances for each of the three experiments were good, 90, 89 and 

86 % for TriBE, D B E and V B respectively. The carbon mass balance for V B was 95 

%, however, mass balances for TriBE and D B E were slightly lower, 76, 60 % 

respectively. The lower mass balances for carbon for D B E and TriBE may be attributed 

to the formation of higher mass alkanes and alkenes which were not detected in the 

analysis method. It is hypothesised that the degradation of both D B E and TriBE 

proceeds in the majority, through acetylene and bromoacetylene. These compounds 

have been found to degrade to ethane with only 80 - 85 % mass recovery (Arnold and 
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Roberts, 2000), with coupling reactions of acetylene to form C4 hydrocarbons 

accounting for this mass difference. 
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5.5.5 Reaction Pathway 

The accumulation of cis- and trans-DBE from the degradation of TriBE was less 

than predicted assuming all of the TriBE reacted to give these two compounds, 

consistent with results from similar chlorinated systems (Gillham and O'Hannesin, 

1994; Arnold and Roberts, 2000). For chlorinated ethanes and ethenes, the majority of 

degradation was found to occur through reductive p-elimination with chloroacetylene as 

the intermediate rather than hydrogenolysis via D C E (Arnold and Roberts 2000; 

Gillham and O'Hannesin, 1994). Arnold and Roberts (2000) also state that intermediate 

acetylenes and the chlorinated acetylenes are highly reactive with ZVI and have rapid 

degradation rates, with studies finding that they never accumulate above detection limits 

(Arnold and Roberts, 2000). This explains why acetylene or the brominated acetylenes 

were not detected as intermediates or reaction products in this study. Given these 

observations and the similarities between the chlorinated and brominated ethanes and 

ethene reactions with ZVI, it is reasonable to hypothesise that the brominated 

compounds may also follow a similar reductive P-elimination pathway as described by 

Arnold and Roberts (2000) for TCE, Figure 5.7 (adapted for TriBE). 

Tribromoethene (CjHBr.,) 

p -Elimination ^ S N . Hydrogenolysis 

Bromoacetylene (C2HBr) ̂  ^ c,t Dibromoethane (C2HBr2) 

1 Acetylene (C2H2) < ^ ^ vjny| Bromide (C2H3Br) 

Ethane (C2H6) *^ ^^ Ethene (C2HJ 

Figure 5.7 Hypothesised reaction pathway for TriBE with ZVI based on the reaction pathway 

elucidated for PCE by Arnold and Roberts (2000) 

Combining all of data for TriBE allows the determination of the reactive 

pathway given in Figure 5.8. In summary, approximately 100 % of T B E reacts via 

hydrolysis to give TriBE. TriBE then reacts by both hydrogenolysis (30 % ) to give cis-

and trans-DBE in a 1 : 5 ratio, and P-elimination (70 % ) to give dibromoacetylene (not 

detected). It is hypothesised that cis-DBE, with its less favourable configuration 

undergoes hydrogenolysis to give V B , assuming all V B is a result of the hydrogenolysis 

of cis-DBE approximately 2 % of ds-DBE follows this pathway. It is anticipated that 
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V B undergoes reaction via a P-elimination pathway, as evidenced by the production of 

more ethane in the reduction reaction with Z V I than ethene, the hydrogenolysis reaction 

product (Roberts et al., 1996). This reaction pathway was confirmed, and modified in 

kinetic model which is described in Chapter 8. 

Zero Valent Iron Pathway 

2-3 days 

10 days 

2-3 days 

70% 

Figure 5.8 Pathway for the reaction of TriBE with ZVI 
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5.6 Summary 

The production of bromate from Fenton's reagent reactions with T B E and 

daughter products is a major barrier to its effectiveness for use as a remediation 

technique for these compounds. In order for it to be successful, additional treatment 

would be required to remove the bromate. Bromate removal using G A C is relatively 

slow, making it unsuitable for bromate removal given the theoretical concentrations of 

bromate that would be produced. Bromate removal using ZVI, is quite rapid and may 

be a suitable down-gradient groundwater treatment method, where Fenton's reagent is 

to be employed for treating either the aqueous plume or the source zone D N A P L . 

The reaction of TriBE with ZVI is rapid, with half-life less than 5 days, and 

evidence here suggests that it follows a P-elimination pathway, through the brominated 

acetylenes to ethane (similar to the pathway described for T C E ) thereby reducing the 

production of toxic degradation products such as V B . The rapid reaction of TriBE and 

daughter products, cis-DBE (less than 30 days), trans-DBE (less than 7 days) and V B 

(less than 10 days), as well as the production of harmless degradation products, ethane, 

ethene and bromide, suggest that ZVI would be suitable as a potential remediation 

technique. The degradation pathway of TriBE with ZVI is modelled in Chapter 8. 
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6 Large-Scale Column Experiments with ZVI 

6.1 Introduction 

Chapters 4 and 5 have shown remediation of TBE , TriBE, D B E and V B by ZVI is 

a highly feasible option for site implementation. The next stage in investigating this 

technique was a more extensive literature review followed by large-scale experiments in 

order to better simulate field conditions and provide a more accurate assessment of the 

techniques feasibility for in-situ application. To this end, large-scale column 

experiments using specific soil and groundwater from the site along with the Australian 

sourced iron filings (Master Builders) and sand were undertaken. 

The basic theory behind reduction of halogenated organic contaminants using ZVI 

has been outlined in Sections 4.3 and 5.3. This Chapter will focus on theory specific to 

the installation and reactivity of a ZVI barrier wall in the short term. A n assessment of 

longer-term changes within a ZVI barrier is provided in Chapter 7. 

The batch tests undertaken in Chapters 4 and 5 provided an indication of half-

lives and reaction products, however large-scale column tests, using flow systems are 

much more indicative of field conditions than batch tests and should provide more 

accurate data for barrier design. 

6.2 A Review of Zero Valent Iron Permeable Reactive Barrier Chemistry 

Reviews of data from field sites utilising ZVI barrier walls have shown that there 

are few consistent trends in groundwater chemistry (Liang et al., 2000). At some sites 

p H increased from 7.5 to greater than 9, while at others the p H remained near neutral. 

Total alkalinity, Ca2+, and S04" concentrations rapidly decreased along the reactor flow 

path (Liang et al., 2000). Liang et al. (2000) also stated that oxidation/reduction 

potential (Eh) was one of the few consistent parameters across sites with values between 

-400 and -600 m V within the ZVI medium. 

Further, Liang et al. (2000) found that at some sites iron and carbonate precipitates 

accounted for a 14 % reduction in porosity over a few months, causing pressure 

increases from 0.5 to 9 psi, however other sites showed only a 0.5 % annual porosity 

reduction. 
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6.2.1 Precipitation Reactions 

Precipitation within the ZVI barrier can be one of the major causes of porosity 

losses in a P R B (Liang et al., 2000). Precipitates from within the reactive media fill the 

pore spaces, which over time can lead to reduced permeability. Further precipitants also 

adhere to the reactive sites of the ZVI surfaces thus reducing the reactivity of the ZVI 

(Liang et al., 2000). Generally they occur at the entrance to the systems (Phillips et al., 

2003) where the reaction of dissolved oxygen with the iron forms ferric oxyhydrides 

which can bridge or cement iron particles together blocking a large fraction of the pore 

spaces (MacKenzie et al., 1999). The most common iron precipitates are iron oxides and 

hydroxides, iron sulfides and iron carbonates (Liang et al., 2000; Phillips et al., 2003). 

Calcium carbonate is also likely to be a significant precipitant. 

Iron oxides and iron hydroxides (Equations 6.1 to 6.3) under certain p H and 

redox potentials can precipitate. These conditions, such as high p H and low redox 

potential (Eh), are shown in the Pourbaix Diagram in Figure 6.1. Under anaerobic 

conditions and high p H green rust materials are expected to form (Wilkin et al., 2002). 

Green rusts are layered iron(II)-Iron(III) hydroxides with anionic interlayer. They have 

the general formula: 

[FeII(6.x)Fe
III

x(OH)12]
x+[(A)x/n..yH20]

x-

Where x is between 0.9 and 4.2 and A is an n-valent anion, such as CO3", CI", 

Br" or SO4" (Bourne et al., 2004). These types of compounds are highly transient and 

unstable when exposed to oxygen, however their presence has been noted in field 

studies of permeable ZVI barriers (Wilkin et al., 2002; Roh et al., 2000). 

Iron carbonates are formed via the reactions shown in Equations 6.1 to 6.3 

(Jeen et al., 2004). At the high p H caused by the oxidation of Fe° this type of reaction is 

likely to occur 

Fe° + 2 H 2 0 ̂ F e 2+ + H2(g) + 20H" (6.1) 

HCO3" + OH" -> C 0 3
2 + H 2 0 (6.2) 

2Fe2+ +20H" + CO32" -• Fe2(OH)2C03(S) (6.3) 

Iron sulfides are produced by the reaction of iron with sulfides present either 

naturally or from the reduction of sulfate by the ZVI, or by sulfate reducing bacteria 

within the iron. 
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Figure 6.1 Pourbaix Diagram for an iron water system at 25 °C (EVTEK Website, 2006) 

6.2.2 Gas Production 

In the field, the production of hydrogen within an iron wall may reduce 

groundwater hydraulic conductivity through the permeable reactive barrier iron wall 

(Reardon, 1995). A reduction in groundwater hydraulic conductivity is more likely to 

occur within iron walls installed in a funnel and gate configuration, rather than a 

continuous wall configuration (Jeen et al, 2004). Studies have shown that porosity 

losses due to gas production remain constant throughout operation at around 20 % (Jeen 

et al., 2004). 
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6.2.3 Sulfate Reduction 

Sulfate reduction may occur either chemically by direct reaction with the ZVI or 

through a bacterially mediated process (Prescott et al., 1999; Liang et al., 2000). The 

general chemical reaction follows Equation 6.4 (Prescott et al., 1999). 

8H+ + 8e + S04
2" -> S2" + 4H20 (6.4) 

Studies have shown that hydrogen produced from the oxidation of ZVI 

(Equation 6.1) can be used for the growth of microorganisms (Liang et al., 2000; G u et 

al., 1999). The bacterially mediated sulfate reduction process, using hydrogen as the 

electron donor follows Equation 6.5, and produces HS", which in turn forms hydrogen 

sulfide gas (H2S). This type of reaction may be problematic as it will lead not only to 

increased precipitation of ferrous sulfide, but also fouling and clogging of the barrier 

due to microbial biomass. 

H+ + 4H2 + SO4
 2" -» HS" + 4H20 (6.5) 

6.2.4 Nitrate Removal 

Nitrate removal using ZVI has been studied in conjunction with other oxo-

anions and found to degrade to give ammonia with close to 100 % conversion 

(Westerhoff, 2003). Nitrate removal by ZVI is accompanied by a p H increase, D O 

decrease and a soluble iron increase. As shown in Equation 6.5 (Westerhoff and James, 

2003), the reaction of nitrate consumes 10 protons for every nitrate ion reacted, and in 

turn produces Fe2+. As outlined in Section 6.1.3, Fe2+ at high p H conditions can react to 

form insoluble hydroxides which can cause a reduction in porosity. As such reactive 

iron barriers in contact with groundwater containing high nitrate concentrations will 

have a shorter lifespan than those with lower nitrate concentrations. 

N03" + 10 H+ + 4Fe° -> NH4
+ + 3H20 + 4Fe

2+ (6.6) 

In some cases nitrate removal via bacterial denitrification may also be a 

significant process in the removal of NO3" from the columns within the ZVI layer 

(Liang et al., 2000). There are a number of electron or carbon donors which can be 

utilized for bacterial transformation of nitrate. The general equation for this reaction is 

given in Equation 6.7 (Prescott et al., 1999). 
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2N03" + 10e + 12H
+ -> N 2 + 6 H 2 0 (6.7) 

There is however evidence that denitrification proceeds via the multi-step 

reaction shown in Equation 6.8 (Prescott et al., 1999). 

N03" ^N02" ^NO ^N20 ^N2 (6.8) 

Nitrate may also be transformed into ammonia by some bacteria (Prescott et al., 

1999). Equation 6.9 describes bacterial denitrification using hydrogen produced from 

the oxidation of the ZVI, as an electron donor (Liang et al., 2000). 

2H+ + 4H2 + N03" -> NH4
+ + 3H20 (6.9) 

6.3 Experimental 

6.3.1 Materials 

Soil for the columns was sourced from drilling spoils collected from bore 

locations MB07A, MB07B, M B 0 4 A and MB04B, whilst groundwater was collected 

from an uncontaminated, up-gradient bore. The groundwater composition, determined 

from field measurements of groundwater from the above bores is given in Table 6.1. 

Iron filings were sourced from Master Builders Australia (40 mesh) which have been 

found to be approximately 95 % Fe°, magnetite (Fe304) and carbon, with the remaining 

5 % being other metals and silicon (Roh et al, 2000). Sand for the columns was coarse 

sand from Cook Industrial Materials. Bromide in the water is due to the hydrolysis of 

T B E which was added to simulate groundwater conditions in the main plume. 

Table 6.1 Influent groundwater composition 

Component 

pH 
Br 
N03 
SO42 

cr 
co3

2 

Fe2+ 

Mg2+ 

Ca2+ 

K+ 

Na+ 

Concentration 
(mgL1) 
6.86 

20 
0-40 
50 
100 
100 
1 
22 
60 
2 
70 
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6.3.2 C o l u m n Set-up 

Four anodized aluminium columns were constructed, each 2 meters in length and 

with a 14 cm internal diameter, Figure 6.2. The first column was a control column and 

contained only soil from the site. The next three columns were designed to simulate 

different iron barrier compositions. Column 2 (20 % iron layer) was filled with soil 

from the site to a depth of 42 c m from the base of the column, followed by a 1.0 m layer 

of iron/sand (1:5 v/v). Above this layer, the column was then filled with soil from the 

site. Columns 3 and 4 were packed similarly to column 2, with different ratios of iron 

and sand. Column 3 contained 50 % by volume iron and 50 % by volume sand, while 

column 4 contained 100 % iron. Sample ports were labelled A through M , with depth 

and locations shown in Figure 6.2. 

The collected groundwater was spiked with TBE/TriBE and D B E to simulate 

contamination conditions immediately prior to the expected location of an iron barrier. 

Columns were run in a saturated up-flow mode to avoid air entrapment problems, with 

the groundwater flow through the columns controlled by a peristaltic pump on the 

effluent discharge lines (Figure 6.2). Groundwater flow through the columns was 0.25, 

2.5 or 25 m L min"1, giving a groundwater flow velocity through the columns of 26, 260 

or 2,600 m y"1 respectively (based on a porosity of 0.28, Appendix II). Column 

experiments were conducted at a low (1 - 2 m g L"1) and high (10 - 30 m g L"1) 

brominated compound influent concentrations. Details of groundwater velocities and 

influent organic concentrations are given in Table 6.2. 

Table 6.2 Influent groundwater brominated compound concentrations and flow rates 

Dates 

10/11/03 to 9/2/04 
9/2/04 to 18/3/04 

18/3/04 to 15/4/04 
15/4/04 to 20/6/04 
21/6/04 to 21/6/04 

Groundwater 
Velocity (m y'1) 

26 
260 

260 
26 

2,600 

DBE 
1.8 
0.90 

15 
25 
50 

Influent Concentration (mg L"1) 
TriBE T B E 
1.3 0.6 
1.2 <0.1 

50 20 
65 4 
80 10 
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TBE and DBE 
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groundwater 
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effluent 
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soil from site 
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Start of Iron Layer 

soil from site 

Figure 6.2 Schematic of column set-up 

6.3.3 C o l u m n Sampling 

Groundwater samples were collected from the columns in glass syringes for 

organic analysis or plastic syringes for all other analysis. Samples were analysed for 

brominated compounds using the headspace G C - M S analysis, as described in Section 

2.3.1. Bromide, nitrate and sulfate were analysed using H P L C ion chromatography 

(Section 2.3.2). The pH, dissolved oxygen and redox potential were determined using 

selected electrodes (Section 2.3.3). Dissolved iron was also measured using A A S 

(Section 2.3.4), and gaseous products were collected from the effluent lines of the 

columns and analysed as described in Section 2.3.5. 
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6.4 Results and Discussion 

6.4.1 Changes in Brominated Organic Concentrations 

6.4.1.1 Control Column 

T B E removal was rapid, occurring in the first 150 m m of the soil layer, (half-life 

of < 0.3 days) consistent with values obtained in microcosm experiments (Chapter 4). 

Concentration profiles stabilised within a week of any change in conditions, therefore 

average values for each flow rate and concentration are presented (Figures 6.3 to 6.7). 

Degradation half-lives for the brominated compounds were determined using Equation 

4.1, and are shown in Tables 6.3 and 6.4. N o substantial natural degradation was 

observed in the control column, with degradation half-lives greater than 28 days (the 

column retention time) for the lower flower rate (25 m y"1). There was some minor 

production of V B (0.02 m g L"1) at the final sampling port (Port M ) . This is expected as 

observations from the site, as well as experiments outlined in Chapter 3 show some 

natural degradation, albeit it at relatively long half-lives (95 - 390 days) (Thomas et al., 

2004). 
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Figure 6. 3 Brominated compound concentrations along the length of the columns at a velocity of 26 m y 
1, influent brominated compound concentrations 1-2 mg L 
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Figure 6.4. Brominated compound concentrations along the length of the columns at a velocity of 26 m y 
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Figure 6.5. Brominated compound concentrations along the length of the columns at a velocity of 260 m 
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Figure 6.6. Brominated compound concentrations along the length of the columns at a velocity of 260 m 
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Figure 6.7. Brominated compound concentrations along the length of the columns at a velocity of 2,600 
m y'1, influent brominated compound concentrations 50 - 80 mg L'1 
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6.4.1.2 Iron Amended Columns 

At a groundwater flow velocities of 26 m y"1 (representative of field 

conditions), the columns amended with 20, 50 and 100 % ZVI showed similar results, 

with rapid decreases in TriBE and D B E concentrations within the first 100 m m of the 

iron layer (Figures 6.3 and 6.4). This made estimation of the half-lives difficult as 

brominated compounds were only detected at a small number of ports, located relatively 

close together, the minimum distance between ports was 50 m m , which equates to 0.7 

days (17 hours) at 26 m year"1. 

Therefore, the groundwater flow rate was increased by an order of magnitude to 

260 m y"1 (Figures 6.5 and 6.6), in the hope that the organic depletion profiles would 

extend further into the iron layer, giving a greater number of measurements, thus 

allowing more accurate half-life determination. This order of magnitude increase did not 

result in degradation occurring at a substantially greater distance into the iron layer. As 

such, an additional step change in ground water flow velocity to 2,600 m y" was 

applied (Figure 6.7). At this fast flow rate there was noticeable migration of the 

organics into the iron layer. Degradation half-lives (Table 6.3 and 6.4), decreased with 

increasing flow rate suggesting greater mixing or increased contact between the 

organics and the ZVI or improved accuracy in determining half- lives due to the greater 

number of sampling ports showing contamination. 

V B was produced at low concentrations, less than 0.02 m g L"1, within the iron 

layer, between 470 and 770 m m from the base of the column. The V B was removed 

well within the iron layer, having relatively rapid half-lives (Tables 6.3 and 6.4 b). 

These half-lives are much faster than those observed in previous batch experiments 

(Chapters 4 and 5). This is most likely due to the differences in surface are of the iron, 

however it may also be due to half-life calculations being based on a very limited 

number of sample points and thus underestimated, or V B , which is quite volatile, being 

removed with the gas produced within the ZVI layer. 

There was very little observed difference in the reaction rates of the brominated 

compounds in the different ZVI amended columns over the range of concentrations and 

flow rates assessed. The 20 % column showed very slightly higher half-lives in 

comparison to the 50 % and 100 %, however, these differences were very small. This 

may be due to the increased production of gas or precipitants in the 50 % and 100 % 

columns reducing contact between the contaminated water and the ZVI. This would 

counteract any increase in reaction rates from the use of a higher iron to sand ratios. 
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The estimated degradation half-lives for the ZVI columns (Table 6.3 and 6.4) 

were substantially greater than those determined in the batch microcosm experiments 

(Chapters 4 and 5). Again, this is possible due to difference in surface area of the iron, 

but the improved contact and mixing in the continuously flowing columns as opposed to 

the daily mixed microcosms may also be a factor. Furthermore, degradation rates were 

specific to iron type (Roh et al., 2000) thus the iron used in the batch experiments 

(technical grade iron mesh filings 5-12 (A596), Ajax Chemicals) will likely produce 

different degradation rates to the iron used in the columns (Master Builders, Australia). 

Table 6.3 Degradation half-life estimation for column experiments with low brominated compound 

concentrations (1 - 2 m g L"1) ___ 

Control 
20% 
50% 
100% 

Groundwater Velocity 
26 m y 1 

Half life 
(days) 

VB DBE TriBE TBE 

ND 
0.70 

1.40 

<0.35 

>28 
1.05 

0.35 

0.35 

>28 
0.70 

<0.35 

0.35 

Groundwater Velocity 
260 m y'1 

Half life 
(days) 

VB DBE 

N D = not determined (concentrations below detection, unable to determine half life values) 

TriBE T B E 

ND 
ND 
ND 
ND 

ND 
0.35 

0.21 

0.18 

>2.8 

0.070 

0.070 

0.070 

>2.8 
0.070 

0.035 

0.070 

ND 
ND 
ND 
ND 

Table 6.4 Degradation half-life estimation for column experiments with high brominated compound 
concentrations (15 - 80 m g L'1) 

Groundwater Velocity 
26 m y 1 

Groundwater Velocity 
260 m y 1 

Groundwater Velocity 
2600 m y 1 

Halflife(days) Half life (days) 

Control 

20% 
50% 
100% 

VB 
ND 
0.7 

<0.35 

1.35 

DBE 
>28 
0.70 

0.35 

0.35 

TriBE 
>28 
0.70 

0.35 

0.35 

TBE 
<0.35 
ND 
ND 
ND 

VB 
NA 
0.035 

0.84 

0.35 

DBE 
>2.8 
0.10 

0.035 

0.070 

TriBE 
>2.8 
0.07 

0.035 

0.070 

TBE 
0.35 

<0.035 

0.035 

<0.035 

VB 
ND 
0.039 

0.020 

0.060 

DBE 
>0.28 
0.039 
0.040 

0.030 

TriBE 
>0.28 
0.013 

0.007 

0.004 

TBE 
0.0040 
0.0070 

0.0070 

0.0070 

N D = not determined (concentrations below detection, unable to determine half life values) 

6.4.2 Physical Properties and Inorganic Concentrations 

Concentrations of gas, nitrate, sulfate and bromide as well as pH, Eh and D O 

values stabilized within one week, for each flow rate, therefore average values are 

presented here. 

6.4.2.1 Hydrogen Gas Production 

Production of hydrogen gas at volumes of between 100 and 300 m L day" was 

observed in all three ZVI columns. The effects of gas production, in particular a reduced 

flow rate, were greatest in the low groundwater velocity experiments (26 m year"1) as 
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the volume of hydrogen produced was similar to the effluent groundwater volume. The 

100 % ZVI column produced the most substantial quantity of gas, between 250 and 300 

m L day"1, and effluent lines were monitored and gas purged every 2-3 days as the flow 

was significantly impacted if the gas was allowed to build up. This effect was less in the 

50 % column, which produced around 200 m L day"1 of gas, and less again in the 20 % 

column which produced volumes of 100 m L day" . 

As the production of hydrogen has been noted as a significant issue in large 

scale experiments, if this method were to be utilised in the field then installation of a 

continuous trench permeable reactive barrier would possibly be the better option, 

compared to a funnel and gate system to reduce complications from hydrogen 

production. Additionally, 'venting' of the reactive iron barrier may be required. 

6.4.2.2 Dissolved Oxygen and Redox Potential 

The dissolved oxygen (DO) and redox potential (Eh) in the columns were 

measured at 50, 370 (immediately prior to the iron layer) and 1370 m m (at the very end 

of the iron layer) from the base of the column. The influent groundwater was relatively 

aerobic, and values were constantly between 2 - 3 m g L"1. This value declined for all 

columns to below detection limits (< 0.5 m g L"1) by 370 m m and remained at this value 

at the 1370 m m sample point. There was no difference in D O between the control and 

iron amended columns, and these values were independent of flow. The decrease in D O 

to below 0.5 m g L"1 at 370 m m before it entered the iron layer was important as Liang et 

al. (2000) stated that a D O concentration of 2 m g L"1 can generate as much as 9 m g L"1 

of ferric hydroxide, which over time could reduce the permeability of the iron barrier 

and therefore its effectiveness. 

The Eh values were consistent along the length of the control column with 

values between 60 and 120 m V , and appeared to be independent of flow rates also. 

Within the iron amended columns, Eh values showed a rapid decrease once the 

groundwater entered the iron layer. Values at 50 m m and 370 m m (before the ZVI 

barrier) were similar to those in the control column (around 100 m V ) however this 

value declined to between -200 and -300 m V at 1370 m m indicating strongly reducing 

conditions. These values are consistent with other field studies who found redox 

potentials around -400 m V (Liang et al., 2000). There did not appear to be any 

significant differences between the reducing conditions in the different iron amended 

columns, and there was also no variation with flow rate. 
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6.4.2.3 p H 

Influent p H was relatively constant at values between 6.5 and 7.5 for the 

duration of experiments. Similarly, p H along the length of the control column remained 

constant at close to neutral values (Figure 6.8). 

Conversely the three iron amended columns showed a sharp increase in p H 

(Figure 6.8) from between 6.5 - 7.5 to 8 - 11 once within the ZVI barrier layer (420 

m m ) . These values generally remained high, even after exiting the iron layer, (1420 

m m ) . There was very little difference between the p H within the ZVI barrier for the 20, 

50 and 100 % columns. The increase in p H is likely to be due to the oxidation of ZVI as 

described in Equation 6.8, where under anaerobic conditions two hydroxyl ( O H ) ions 

are produced for every Fe° oxidized. 

According to the Eh-pH diagram for iron (Figure 6.1) at high p H (greater than 9) 

and low Eh (approximately -200 m V ) the major iron precipitants within the iron layer 

were expected to be Fe203.H20 (hematite) and Fe 3 0 4 (magnetite). Both are insoluble 

precipitants formed from Fe2+due to the reaction of ZVI with water (Equation 6.1). 
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Figure 6.8 pH variation along column length 
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6.4.2.4 Bromide 

At the low brominated solvent influent concentrations influent bromide 

concentrations ranged from less than 1 to 2 m g L"1. Similar concentrations were 

observed along the length of the control column. In the ZVI amended columns, bromide 

concentrations showed marginal increases along the length of each column (up to 7 m g 

L"1). The theoretical bromide increase for complete mineralization of brominated 

compounds in the influent groundwater was approximately 5 m g L"1, which was similar 

to the observed increase. 

Switching to higher brominated solvent influent concentrations made mass 

balances for bromide more reliable as the change in concentrations between the control 

and ZVI amended columns was much greater than the analysis detection limit (1 m g L" 

[). Bromide concentrations in the influent groundwater for these experiments were 

approximately 20 m g L"1 and concentrations were consistent at this value along the 

length of the control column. The ZVI amended columns showed bromide levels also at 

20 m g L"1 until the groundwater reached the ZVI layer when bromide concentration 

increased to a maximum of 65 to 130 m g L"1 (depending on influent concentrations) 

within the iron barrier. This increase corresponded well to the region of reduction of 

TriBE and D B E in the systems. Theoretical bromide increases for complete 

mineralization of brominated compounds in the influent groundwater was 

approximately 50 to 100 m g L"1, which correspond well to the observed increase. 

To confirm the brominated organics were removed by reduction with ZVI rather 

than by sorption or volatilization a bromine mass balance was performed. The results of 

the mass balance are given in Table 6.5. The influent bromide concentrations were 

taken as an average of the influent and Port A (50 m m ) values, while effluent 

concentrations were based on the average of Port L and M concentrations (1670 and 

1820 m m ) . 

Data for the control column showed bromine mass recovery of between 88 and 

100 %. However, in the ZVI columns, between Ports H to K there was a decrease in 

measured bromide of between 15 and 40 % from the maximum observed bromide 

concentrations, found at Ports E and F. This decrease was noted for both the high and 

low flow rates. Other systems using ZVI to reduce brominated compounds (Rajagopal 

and Burris 1999; Westerhoff ,2003) have not observed any decrease in the concentration 

of bromide and in fact have stated that carbon and bromine mass recoveries of greater 

than 95 % were obtained. 

115 



Chapter 6 Elizabeth Cohen. P h D Thesis 

Table 6.5 Bromine mass balance data 
Flow Rate 26 m y'1 

Control Column 
Bromine Concentration (mg L'1) 

Influent 
(Port A, Influent) 

Effluent 
(Ports L,M) 

Bromide 

Organics-Br 

Total Br 

21.0 

72.6 

93.5 

19.6 

74.4 

94.0 

20 % Iron Amendment Column 

Bromine Concentration (mg L"1) 

Bromide 
Organics-Br 

Total Br 

Influent 
(Port A, Influent) 

20.2 

73.9 

94.1 

Effluent 
(Ports L,M) 

60.8 

0 

60.8 

50 % Iron Amendment Column 

Bromine Concentration (mg L"1) 

Bromide 

Organics-Br 

Total Br 

Influent 
(Port A, Influent) 

20.7 

70 
90.7 

Effluent 
(Ports L,M) 

71.1 
0 

71.2 

Ratio 
Effluent/Influent 

(%) 

100.5 

Ratio 
Effluent/Influent 

(%) 

64.6 

Ratio 
Effluent/Influent 

(%) 

78.5 

100 % Iron Amendment Column 

Bromine Concentration (mg L'1) 

Bromide 

Organics-Br 

Total Br 

Influent 
(Port A, Influent) 

20.3 

71.1 

91.4 

Effluent 
(Ports L,M) 

53.0 

0 

53.0 

Ratio 
Effluent/Influent 

(%) 

58.1 

Flow Rate 260 m y"1 

Control Column 

Bromine Concentration (mg L'1) 

Bromide 

Organics-Br 

Total Br 

Influent 
(Port A, Influent) 

17.6 

50.9 

68.5 

Effluent 
(Ports L,M) 

18.1 

48 

66.1 

Ratio 
Effluent/Influent 

(%) 

96.5 
20 % Iron Amendment Column 

Bromine Concentration (mg L'1) 

Bromide 

Organics-Br 

Total Br 

Influent 
(Port A, Influent) 

16.0 

54.9 

70.9 

Effluent 
(Ports L,M) 

51.5 

0.2 
51.7 

Ratio 
Effluent/Influent 

(%) 

72.9 
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50 % Iron Amendment Column 
Bromine Concentration (mg L'1) 

Bromide 

Organics-Br 

Total Br 

Influent 
(Port A, Influent) 

17.6 

53.3 

70.9 

Effluent 
(Ports L,M) 

63.7 

0.1 

63.8 

Ratio 
Effluent/Influent 

(%) 

89.9 

100 % Iron Amendment Column 

Bromine Concentration (mg L'') 

Bromide 
Organics-Br 

Total Br 

Influent 
(Port A, Influent) 

14.2 

53.3 

67.5 

Effluent 
(Ports L,M) 

48.1 
0 

48.1 

Ratio 
Effluent/Influent 

(%) 

71.2 

n o w Rate 2,600 m y"1 

Control Column 
Bromine Concentration (mg L"1) 

Bromide 
Organics-Br 

Total Br 

Influent 
(Port A, Influent) 

28.4 

123.1 

151.5 

Effluent 
(Ports L,M) 

29.4 

103.9 

133.3 

Ratio 
Effluent/Influent 

(%) 

88.0 

20 % Iron Amendment Column 

Bromide 
Organics-Br 

Total Br 

Bromine Concentration (mg L'1) 

Influent 
(Port A, Influent) 

26.1 
123.2 

149.3 

50 % Iron Amendment Column 

Effluent 
(Ports L,M) 

85.0 
2.8 

87.8 

Ratio 
Effluent/Influent 

(%) 

58.8 

Bromine Concentration (mg L"') 

Bromide 
Organics-Br 

Total Br 

Influent 
(Port A, Influent) 

26.9 

113 

139.9 

100 % Iron Amendment Column 

Bromide 

Organics-Br 

Total Br 

Effluent 
(Ports L,M) 

83.3 

2.2 

85.5 

Bromine Concentration (mg L"1) 

Influent 
(Port A, Influent) 

26.7 

148.3 

175.0 

Effluent 
(Ports L,M) 

79.5 

0 

79.5 

Ratio 
Effluent/Influent 

(%) 

61.1 

Ratio 
Effluent/Influent 

(%) 

45.4 

It was hypothesised that the low bromine mass balance may be due to bromide 

removal in the column between ports F (570 m m ) and K (1370 m m ) , either as a 

precipitate or a complex within the iron. Uncontaminated groundwater (containing no 

bromide) was flushed through the iron amended and control columns at a flow velocity 
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of 260 m y"1. After 6 pore volumes of uncontaminated groundwater had passed through 

the iron amended columns, bromide was still detected at concentrations between 5 and 

10 m g L"1 in groundwater collected from the iron layer and the sand layer immediately 

down gradient. Bromide concentrations were below detection in the influent and 

immediately prior to the iron barrier section, as well as along the entire length of the 

control column (Figure 6.9). 

The data suggests that bromide was desorbing from either the ZVI or precipitants 

within the iron layer. Studies using T C E have found that chlorides have precipitated in 

the ZVI layer as green rusts and others have noted a decrease in chloride concentrations 

across iron barriers (Roh et al., 2000; Wilkin et al., 2002). Therefore, it is hypothesised 

that the lower than expected bromide mass balance was due to bromide precipitating as 

bromide green rust ([Fe3(II)Fe(III)(OH)8Br]). 
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Figure 6.9 Groundwater bromide concentrations after flushing the columns with 6 pore volumes of 
uncontaminated groundwater 

6.4.2.5 Nitrate 

Nitrate concentrations in the influent groundwater to the columns were between 

0 and 70 m g L"1 (0 and 15 m g L ^NOs-N). Influent water was collected from the same 

site bore every 2 months, suggesting some seasonal fluctuation in nitrate concentrations. 

Nitrate values decreased along the length of the control column (Figure 6.10), with half 

lives shown in Table 6.6. The rate of nitrate removal increased over the course of the 

experiments and was independent of the changes in influent concentration. This increase 

may be due to the development of denitrifying bacteria within the soil. 
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Once nitrate entered the iron layer, concentrations were rapidly reduced, half-life 

of (< 1 day; Figure 6.10). It is expected that this nitrate was removed by either, or both, 

bacterial and chemical degradation. Chemical reaction with ZVI can reduced nitrate to 

ammonia (not analysed) (Westerhoff, 2003), while bacterial nitrate reduction, possibly 

using hydrogen utilizing bacteria would produce both nitrogen as well as some 

ammonia. Westerhoff and James (2003) also found that nitrate removal produced a pH 

increase in ZVI columns due to the consumption of protons via Equation 6.6, which 

may be an additional factor to explain the high pHs obtained in the iron columns. 
9+ 

Further to this, Equation 6.1 also shows that corrosion (the production of Fe ) must 

also occur if nitrate is to be removed by the ZVI. Therefore, high nitrate concentrations, 

like those observed in groundwater used in these experiments may reduce the life of a 

ZVI barrier. 

Table 6.6 Denitrification half-lives 

26 m y 1 

Experimental Conditions 

260 m y 260 m y- 26 m y 2,600 m y' 

Influent 
Brominated 
Compound 

Concentration 

Low Low High High High 

Date 10/11/03 to 
9/2/04 

9/2/04 to 
18/3/04 

18/3/04 to 
15/4/04 

15/4/04 
20/6/04 

21/6/04 to 
21/6/04 

Column 

Control 
20% 
50% 
100% 

Soil Iron 
Layer Layer 
>28 
>5.9 
>5.9 
>5.9 

1.0 
0.3 
0.3 

Denitrification Half Lives (Days) 
Soil Iron 
Layer Layer 
>2.8 
>0.6 
>0.6 
>0.6 

0.1 
0.02 
0.04 

Soil Iron 
Layer Layer 
>2.8 
>0.6 
0.04 
0.2 

0.1 
<0.03 
<0.03 

Soil Iron 
Layer Layer 
<0.3 
ND 
<0.3 
<0.3 

ND 
<0.3 
<0.3 

Soil Iron 
Layer Layer 
<0.003 
ND ND 

<0.003 ND 
0.006 ND 

N D - half lives were not determined as initial concentrations were too low or insufficient data points were 

available. 
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Figure 6.10 Nitrate concentrations in column experiments 

6.4.2.6 Sulfate 

Influent sulfate concentrations were relatively consistent at between 25 and 35 

m g L"1 sulfate (8.3 - 12 m g L"1 SO4-S). Contrary to nitrate there was no sulfate 

reduction observed in the control column over the course of the experiment and sulfate 

concentrations remained stable, Figure 6.11. Sulfate reduction however did occur in 

those columns amended with ZVI with half-lives between 0.8 and 17 days, via chemical 

or biological sulfate reduction. Liang et al., (2000) states that the presence of sulfate 

reducing bacteria may cause fouling and clogging from mineral precipitation (as iron 

sulfides) as well as from the growth of the bacteria an aspect which could reduce the 

barrier effectiveness. 

Estimated half-life sulfate reduction rates are given in Table 6.7. Of the three 

ZVI amended columns, the 20 % ZVI amended column generally showed the fastest 

rates of sulfate reduction for the different experimental conditions evaluated. 
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Table 6.7 Sulfate reduction half-lives 
Experimental Conditions 

Influent 
Brominated 
Compound 

Concentration 
Column 
Control 

20% 
50% 
100% 

26 m y 1 

Low 

>28 
8.4 
17 
14 

260 m y'1 26 m y1 260 m y"1 

Low High High 

Sulfate Reduction Half-Lives (Days) 
>2.8 >28 >2.8 
0.9 6.0 0.8 
1.6 6.6 1.1 
>2.8 4.0 1.4 

2,600 m y'1 

High 

>0.28 
>0.28 
>0.28 
>0.28 

Control 2 0 % Iron Filings Ammended 

Iron Barrier 

200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000 
Oistance(mm) 
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Figure 6.11 Sulfate concentrations in column experiments 

6.4.2.7 Dissolved Iron 

Dissolved iron in the influent was measured to be approximately 1 m g L"1. This 

value decreased rapidly for all columns including the control, before the ZVI barrier 

(Figure 6.12). This decrease is most probably due to the precipitation of iron oxides as 

the D O decreases, as explained in Section 6.3.2.2, and is evidenced by the red-brown 

precipitate observed at groundwater collected at ports A (50 m m ) and B (150 m m ) of all 

columns. Alternatively, the soil contained some clay material, from thin clay layers in 
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the aquifer, therefore, the decrease in iron concentrations maybe also due to sorption of 

the iron to the clay within the soil. 

There was no Fe2+ production observed within the ZVI layer or immediately 

down gradient of the iron barrier, indicting that at the high pH, high Eh and low D O 

conditions the Fe2+ formed was all precipitated as either iron hydroxides or carbonates 

or as iron sulfides from the sulfide produced from sulfate reduction. 
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Figure 6.12 Average dissolved iron concentrations with distance 

6.4.2.8 Methane, Ethene and Ethane Production 

The ZVI columns produced methane, ethane and ethene gases. Concentrations in 

the effluent lines are shown in Table 6.8. Analysis of the control effluent groundwater 

showed no dissolved methane or ethane and only trace quantities of ethene (< 1 m g L"1). 

The composition of the gas varied between the ZVI columns, despite all having similar 

pHs, brominated compound degradation half- lives and redox potentials. The 

concentrations of gas produced are variable between the columns due to the difference 

in gas production volumes in the columns, with the 100 % column producing the largest 

gas volume, followed by the 50 % and then the 20 %. All ZVI amended columns 

produced methane, possibly due to oxidation of carbon present in the soil, groundwater 

or ZVI. The ratio of methane produced thus varies as the columns contained different 

amounts of ZVI leading to different amounts of organic carbon which could react to 

form methane. 

As was found here for TriBE and D B E , studies on T C E and D B E degradation 

found the major products of degradation were anticipated to be ethane and ethene 
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(Arnold and Roberts, 2000; Rajagopal and Burris, 1999; Gillham and O'Hannesin, 

1994). 

A carbon mass balance (Table 6.8) was undertaken for the groundwater flow 

rate of 26 m y" (assuming all methane produced was from the reaction of organic 

carbon present in the groundwater, soil and ZVI) with the three ZVI columns showing 

carbon recoveries between 73 - 86 %. This was similar to observations made by 

Campbell et al. (1997) who found carbon mass recoveries of approximately 75 % for 

the reaction of T C E with ZVI. The low carbon mass recoveries may be attributed to the 

production of higher mass alkenes as well as acetylene, which were not measured in 

these experiments. Campbell et al. (1997) also state that the lower mass recoveries may 

be due to stripping of the volatile constituents caused by the hydrogen gas generated as 

well as other unknown products from the reaction of acetylene with the ZVI. 

The presence of ethane as the main gaseous reaction product was evidence that 

the reaction of brominated ethenes with ZVI follows a P-elimination reaction pathway. 

Table 6.8 Gas composition in ZVI columns 
20 % 50% 100 % 
Average Concentration in 

Effluent (mg I/1) 
Methane—C 
Ethane -C 
Ethene -C 

Ratio Effluent -C 
/Influent -C (%) 

3.1 
6.7 
6.0 

79 

7.9 
4.57 
1.91 

73 

18.2 
2.98 
0.5 

86 

6.5 Summary 

In the large scale column experiments there was no substantial natural 

degradation of TriBE or D B E (half-lives < 28 days), however, the presence of V B at the 

last sample port of the column indicated that there may be some minor natural 

degradation occurring. 

The 20, 50 and 100 % ZVI amended columns all showed rapid decreases in the 

concentration of brominated organics with half-lives between 0.004 and 1.0 days, 

depending on the groundwater velocity used in the experiments. There did not appear to 

be any substantial differences in the reactivity of the different ZVI and sand 

amendments. 

Degradation half-life estimates from the brominated organics from the column 

experiments were significantly less than those obtained from batch experiments. This 
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may be due to a combination of greater mixing and contact between the brominated 

organics and the ZVI or differences in the type of iron used for the batch and column 

experiments, including variations in the surface area to volume ratio. 

The mass balance bromine data indicated that there was some precipitation or 

sorption of bromide occurring within the iron layer, resulting in low bromine recovery 

for the iron amended columns. However, bromide mass balances from the control 

column were consistently high. Bromide may be reacting to form complexes with iron 

hydroxides to form green rusts, or sorbing to other precipitants within the ZVI layer. 

Denitrification occurred in the soil segments of all columns with half-lives 

decreasing over time suggesting the establishment of denitrifying bacteria within the 

soil layer in the control column and immediately prior to the iron barrier in the other 

three columns. Groundwater from the field contained high nitrate concentrations which 

can contribute to elevated p H and may also reduce the longevity of the barrier wall. 

Sulfate reduction in the soil layers and the control column was slow, with half-

lives greater than 28 days in the control column. However, sulfate reduction within the 

ZVI layer, either by either or both chemical or biological methods was rapid. Reduction 

of sulfate can also lead to the precipitation of iron sulfides and the presence of sulfate 

reducing bacteria within the iron layer can lead to fouling and clogging from bacterial 

growth both of which would lead to a reduced barrier life. 

Eh and D O values within the ZVI amended columns were consistent with time 

and showed little variation between the different ZVI and sand amendments. 

Conditions within the barrier were generally highly reducing (Eh of approximately -200 

m V ) and anaerobic (DO less than 0.5 m g L"1), providing conditions for the formation of 

insoluble iron hydroxide precipitants. 

Hydrogen gas production within the ZVI amended columns was significant 

enough to effect flow rates at the lower flow velocities tested (25 m year"1), and this 

may prove problematic in a field situation. The impacts of hydrogen production in the 

field however may be minimised by use of the continuous trench P R B system. 

Preliminary results indicate that the use of a ZVI P R B system would be 

successful in reducing the concentration of brominated organics in the field. Further 

investigation of this system and any changes in reactivity in the longer term has been 

undertaken in Chapter 7. 
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7 Assessment of Long-Term Changes in Groundwater 
Geochemistry for Zero Valent Iron Column Studies 

7.1 Introduction 

The purpose of this Chapter is to assess possible long-term difficulties of using 

ZVI to remediate a site contaminated with brominated organics. This section compares 

monthly column data over a 22 month period of operation, at a fixed flow rate (26 m y" 

) and influent composition, in order to determine any changes in ZVI barrier efficiency. 

Hydraulic conductivity measurements between the three different iron amended 

columns were assessed. Also the type of precipitants within the iron barrier was 

identified using X-ray diffraction (XRD) and scanning electron microscopy (SEM). 

7.1.1 Formation of Iron Minerals 

The highly reductive conditions within the ZVI layer can lead to the formation 

of a number of precipitants. As discussed in Section 6.1.3, these generally occurred at 

the entrance to the system (Phillips et al., 2003) where the reaction of dissolved oxygen 

with iron formed amorphous ferric oxyhyrides which can bridge or cement iron particles 

together blocking a large fraction of the pore spaces (MacKenzie et al., 1999). 

Amorphous precipitants of FeS as a coating on mineral surfaces have also been 

observed under alkaline conditions (pH 7.5 - 9.9) (Roh et al., 2000; Phillips et al., 

2003). The most commonly observed precipitants are given in Table 7.1, these being 

various forms of iron hydroxides, iron carbonates, calcium carbonates and iron sulfides. 

Of particular interest to this study is the presence of green rusts which have been 

detected within iron barriers both under field and laboratory conditions (Philips et al., 

2003; Roh et al., 2000; Wilkin et al., 2002). They have been found in areas where more 

highly oxidized iron minerals such as lepidocrocite, goethite, mackinawite and siderite 

were not detected. The higher oxidation conditions in the areas where these compounds 

are present may hamper the formation of green rust or cause the rusts to be below X R D 

detection (Phillips et al., 2003). Studies on iron barrier walls and T C E reduction have 

identified the presence of green rust I -chloride form (GRI - chloride) after only 3 days 

at 4 m L min"1 using both Master Builders and Peerless ZVI (Roh et al., 2000). It was 

thought that the decrease in bromide concentrations observed in these column studies 

could be due, in part, to precipitation of G R I - bromide form within the iron layer. 
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Some of the precipitates in Table 7.1, in particular green rusts have been found 

to reduce a number of pollutants including N 0 3 " into N H / , Se(VI) into Se(IV), Cr(VI) 

into Cr(III) and to dechlorinate organic compounds in groundwater (Hansen et al., 1994; 

Erbs et al., 1999; Genin et al., 2001). The increased reductive capacity due to the 

presence of these precipitants may be able to counteract the reduced reduction capacity 

of the ZVI due to cementation and porosity losses. 

Table 7.1 Types of mineral precipitates commonly found in iron barrier walls 
Mineral Name Formula 
Akaganeite p-FeOOH 
Goethite a-FeOOH 
Lepidococite y-FeOOH 
Magnetite Fe304 

Maghemite Y"Fe203 
Green Rust I: Chloride form [Fe3(II) Fe(III)(OH)8Cl] 

Carbonate form [Fe4(III)Fe2(II)(OH)12][C03.2H20] 
Green Rust II: Sulfate form [Fe4(III)Fe3(II)(OH)12][S04.2H20] 
Amorphous iron sulfide FeS 
Mackinawite FeSi_x 
Aragonite CaC0 3 

Calcite CaC0 3 

Siderite FeCQ3 

Green rust consists of sheets of Fe(OH)2. In these sheets some of the Fe(II) is 

oxidized to Fe(III), and in order to compensate for the excess charge an interlayer of 

hydrated anions is formed. This interlayer makes green rusts a potentially strong 

adsorbents as the interlayer can easily hold and exchange anions as well as polar 

molecules (Erbs et al., 1999). Green rusts can be found as corrosion products of iron 

metal or as precipitates in anaerobic soils and sediments. 

There are two types of green rusts, green rust I (GRI) and green rust II (GRIT). 

G R I is rhombohedral in structure and consists of small spherical or planar anions in the 

interlayer, for instance CI" and CO32". GRII is triagonal and contains large tetrahedral 

anions, such as SO42" in the interlayer. Figures 7.1 (A to E) show S E M pictures of green 

rust and other iron mineral precipitants. Figures 7.1 A, E and F, show the hexagonal 

shaped crystals typical of green rusts, while figures C and D show the needle like 

crystal structures typical of C a C 0 3 in the form of aragonite. Finally Figure 7.1 B shows 

a rounded crystal, typical of siderite, FeC03. 
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Figwre 7.7. A) Green rust (Phillips et al., 2003) B) siderite (Phillips et al, 2003), C) goethite 

with elongate aragonite crystal (Phillips et al., 2003) D) aragonite from an unsieved whole sample. 

(Phillips et ai, 2003) E) Hexagonal shaped green rust particle that has reduced U(VI) to U(PV) in the 

form ofuraninite nanoparticles (small black dots on the edges ofGR particle) (O'Loughlin et al, 2003) 

F) hexagonal crystals present in green rust - orfougerite (INF Press release May 2004) 

Under oxidizing conditions, green rusts rapidly oxidize and they are unstable in 

air. As Fe(II) is oxidized to Fe (III), the green rust structure becomes unstable and the 

excess charge in the iron layers can not be balanced by the anion interlayers and the 
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green rust transforms into magnetitie, or goethite, akagenetite, magehemite, 

lepidocrocite. M g (II) has a similar ionic radii to Fe(II), 0.078 n m compared to 0.072 

nm, and thus substitution of Mg(II) into the layers in place of Fe(ni) can stabilize the 

structure, forming a mineral of the formula given in Equation 7.1. Thus the formation of 

green rust can often be characterized by a decrease in aqueous M g (II) concentrations. 

[Fe2+!.x Fe
3+
X (OH)2]

x+[xOH".mH20]
x" (7.1) 

Where m is less than or equal to 1 minus x, and x is between 1/3 and 2/3. 

7.1.2 Microbiological Impacts 

The presence of a large amount of iron as well as hydrogen and anaerobic 

conditions provides a suitable environment to support the metabolic activity of some 

types of bacteria (Wilkin et al., 2002). Bacterial activity within the iron layer may 

enhance reductive degradation occurring as bacteria capable of reducing the organic 

contaminates may become established, or through metabolism of the inactive hydrogen 

layer surrounding iron particles (Gu et al., 1999). However, bacterial growth may also 

lead to faster corrosion, greater precipitation and biofouling of the permeable reactive 

barrier. 

ZVI barriers are usually anaerobic environments due to the rapid reduction of 

dissolved oxygen. Measurements taken in Chapter 6, show column experiments 

undertaken here contain very low dissolved oxygen (less than 0.5 m g L"). 

Furthermore, the hydrogen observed to be produced may be used to promote bacterial 

growth (Wilkin et al., 2002). Studies have found the presence of sulfate reducing, 

anaerobic bacteria present within the iron barrier which have lead to a build up of 

biomass on the iron surface resulting in decreased barrier efficiency (Wilkin et al., 

2002; Liang et al., 2000). 

Studies have also identified the presence of iron oxidizers, iron reducers, 

methanogens, metal reducers and T C E degrading bacteria within the iron media (Liang 

et al., 2000). Other studies have shown no bacterial growth within the iron barrier layer, 

even after periods of up to one year (Matheson et al., 1994). Chemical reactions which 

may be occurring within the iron barrier were outlined by Liang et al. 2000 and are 

shown in Reactions 7.2 - 7.5. As can be seen, methane is a possible product of bacteria 

residing within the columns, and may account for some of the methane production 
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observed in Chapter 6, and continuously through out the study of the long term changes 

in the column experiments. 

Reaction Type Reaction 

Sulfate Reduction H* 44H 2 + S04
2" -» HS" + 4 H 2 0 (7.2) 

Methanogenic Reaction H+ +4H 2 + H C 0 3 " ̂ C H j + 3 H 2 0 (7.3) 

Reduction leading to weak acids H+ +4H 2 + 2HC0 3 " ̂ C H 3 C O O " + 4 H 2 0 (7.4) 

Nitrate Reduction 2H+ -h4H2 + N 0 3 -»NH4 + + 3 H 2 0 (7.5) 

7.1.3 Clay minerals 

Silicate based minerals are common in the soil phase and have been identified as 

minerals occurring within ZVI iron barriers, or as coatings on the ZVI particles, 

possibly having been transported into the barrier as fine particles carried in the 

groundwater (Phillips et al., 2003; F R T R Report 2002). 

Silicates are either described as primary or secondary silicates, primary silicates 

being those minerals formed during the cooling of liquid magma, they generally make 

up the sand and silt-sized fractions (Essington, 2004). Secondary silicates are formed 

through weathering reactions and are principally found in the clay fractions and are 

responsible for the reactivity of soils. The silicate minerals are divided further into the 

silicate classes based on the degree of polymerization of the silica (S04 ") tetrahedral 

unit. 

Isomorphic substitution is a process governed by the Pauling Rules. This process 

occurs during mineral formation when one atom in a crystal structure is replaced by 

another atom of similar size, without changing the structure of the crystal. For instance 

Al3+ substitutes for Si4+ in tetrahedral coordination, and Mg 2 +, Fe2+ and Fe3+ will 

substitute for Al3+ in octahedral coordination (Essington, 2004). The resulting 

phenomena, isomorphism, is thus two or more minerals having different chemical 

compositions, but nearly identical structures. 

The main secondary silicates in soils are the phyllosilicates or aluminosilicate 

minerals and are also known as layer or sheet silicates (Essington, 2004). Generally clay 

materials are defined as the phyllosilicates and the metal oxides, hydroxides, 

oxyhydroxide, and soil organic matter associated with them, or as any mineral material 

with less than 2 p m in diameter. Field data states the weight percentage of soil less than 
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2 p m in diameter is 30 %, making the soil used for the column experiments 

approximately 30 % by weight clay minerals. 

Table 7.2 shows the chemical structure and classification of the phyllosicilate 

minerals (Essington, 2004). As many of the c o m m o n phyllosilicate minerals contain 

silicon and aluminium, due to isomorphic substitution as described above, the presence 

of Al and Si together is often indicative of clay in S E M analysis. 

Table 7.2 Composition of common Phyllosilicate minerals (Essington 2004) 

Group 

Kaolinite 

Serpentine 

Prophyllite-talc 

Mica 

Smectite 

Species Example 

Dickite 

Kaolinite 

Antigorite 

Amesite 

Pyrophyllite 

Talc 

Muscovite 

Lepidolite 

Beidellite 

Structural Formula 

Al2Si205(OH)4 

Al2Si205(OH)4 

(MgFen)3Si205(OH)4 

[(MgFe")2Al] (SiAl)05(OH)4 

Al2Si2O10(OH)2 

Mg3Si4O1 0(OH)2 

KAl2(Si2Al)O10(OHF)2 

K(LiAl)3 (SiAl)4 O 1 0 (OHF) 2 

Nao.5Al2(Si3.5Alo.5)010(OH)2.nH20 

7.1.4 Hydraulic Conductivity 

Hydraulic conductivity (K) is a measure of a mediums ability to conduct water by 

movement through its pore spaces or fractures. K is dependent on the soil grain size, 

the soil matrix surface (pore size distribution, pore shape, specific surface area, 

porosity) as well as the type of soil fluid (fluid density, fluid viscosity, soil permeability 

and level of saturation) and can be described using Darcy's L a w (Equation 7.6) 

q = -K(dH/dx) (7.6) 

Where q is Darcy's velocity or average velocity of the soil fluid through a geometric 

cross section (m y"1) and dH is the hydraulic head difference in meters (m) over a 

distance in the soil (dx) also in meters (m). Usual values for K are illustrated in Table 

7.3. 

Hydraulic head can be measured using a piezometer, a non-pumping well or 

sample port of small diameter, for measuring the elevation of water (US-EPA 

Definitions 2006). 
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Table 7.3 Typical K values in soil 
Soil Type K (m y1) 
Gravel 1 x IO4-1 x IO7 

Sand 1 x IO2 - 1 x 10s 

Silty Sand 1 x IO1- 1 x IO4 

Silt 1 x IO"2 - 1 x IO2 

7.2 Methodology 

7.2.1 L o n g T e r m C o l u m n Experiments 

The experimental set up has been described in Section 6.2.1 and 6.2.2 with 

columns being run at a flow rate of 25 m y"1 and at an influent composition given in 

Table 7.4. Groundwater samples were collected and analyzed as described in Section 

5.2.3, with additional samples collected for M g analysis using A A S (Section 2.3.4). 

Table 7.4 Influent concentration for long-term column study 
Compound Concentration 

(mgL1) 
TBE 
TriBE 
DBE 
VB 
Br 
N03 

S04
2 

C03
2 

Fe2+ 

Mg2+ 

Ca2+ 

Na+ 

CI 
PH 

0 
20-35 
5-10 
0 
20 

4 -40 
50 
100 
2 
15 
60 
70 
100 

6.8 - 7.2 

7.2.2 Core Sampling and S E M Analysis. 

Core samples were taken using 2 m long, 5 c m i.d aluminum pipe cores. These 

were forced through the centre of the columns from top to bottom. The cores were then 

sectioned into 5 or 10 c m segments. Samples for S E M analysis where collected from the 

centre of these cores and placed in 5 m L glass vials, with Teflon impregnated butyl 

rubber stoppers and aluminium crimp caps. The headspace of these vials was purged 

with nitrogen to ensure the ZVI samples remained anaerobic. S E M analysis was 

undertaken at CSIRO Australian Resource Research Centre, Kensington, Perth. 
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7.2.3 Hydraulic H e a d Analysis 

Sample ports in the large-scale 2 m columns became blocked very easily with 

fine clay particles from the soil, and therefore it was not possible to obtain natural flow 

from these ports for use in piezometer. As such, 1 m column core samples in 5 c m i.d. 

aluminium pipes with end-caps were used. Sample ports were placed at intervals along 

the length of the column core with each sample port being connected to a piezometer 

tube, as shown in Figure 7.2. Groundwater was then pumped through the cores and the 

water in the piezometer tubes allowed to equilibrate. Once equilibrium was reached the 

hydraulic head was recorded for each sample point, and Darcy's Law (Equation 7.6) 

applied to calculate the hydraulic conductivity along the length of the column core. 

Piezometer 

:TT" HJ 

Tubing 

JL ' 

Column 

1000 mm 

Sample Ports 

Influent 

Peristaltic 
Pump 

Figure 7.2 Hydraulic conductivity experimental set-up 
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7.3 Results 

7.3.1 Control C o l u m n 

The control (soil only) column reached equilibrium within one month and gave 

very stable results over the 22 month experiment. There was no change in the observed 

natural attenuation half-lives for TriBE and D B E to those described in Chapter 6. V B 

was detected near sample ports K to M in very small quantities. As V B was not detected 

at any other locations in the column it is likely that the accumulation of V B at the top of 

the column is due to small amounts of V B produced during the slow TriBE and D B E 

natural attenuation process. 

Nitrate reduction increased, suggesting the development of denitrifying bacteria 

within the soil. However, sulfate reduction did not occur (Figure 7.3 and 7.4). 

pH, D O and bromide concentrations were all consistent with time for the control 

column at the values outlined in Chapter 6. There was no measurable hydrogen, 

methane, ethane or ethane gas production in the control column. 

7.3.2 Zero Valent Iron Columns 

There was no noticeable migration of the reactive front further into the iron layer 

over the 22 month period of operation. Furthermore, the calculated half-lives for TriBE, 

D B E and V B were consistent with those determined in Chapter 6, over this period 

suggesting that there was no loss in ZVI reactivity within the first 5 - 10 c m of the ZVI 

layer. Similarly, the bromide production results did not change significantly with time 

from those outlined in Chapter 6. 

Hydrogen, methane, ethane and ethene gas volumes were stable at 

approximately 50, 200 and 250 m L day"1 for the 20 %, 50 % and 100 % columns 

respectively. 

The degradation rates for nitrate were found to increase with time, Figure 7.3, 

possibly due to the development of dentitryfing bacteria within the ZVI layer or in the 

soil layer prior to the ZVI. As outlined in Section 7.1.2 and Equation 7.5 these types of 

bacteria can utilize the hydrogen produced by the reaction of the ZVI with water to 

promote and increase their growth. 

Rates for sulfate reduction within the ZVI layer also increased (Figure 7.4). 

Sulfate reduction does not usually occur until around -250 m V a value very close to the 

levels seen within the ZVI barrier. Also, certain types of bacteria are amenable to 
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metabolism utilizing hydrogen (Equations 7.2 and 7.3). It is possible that the increase in 

the rate of sulfate reduction, as well as a percentage of the production of methane may 

be due to development of methanogenic and sulfate reducing bacteria. 

-| 1 | 1 | 1 | 1 | I | 1 | 1 | I | 1 | 1 | r — Y < r 

50 100 150 200 250 300 350 400 450 500 550 600 650 700 

Sample Time (days) 

Figure 7.3 Nitrate reduction half- lives over time 
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Figure 7.4 Sulfate reduction half- lives over time. NB - The gap in sample data from 200 to 300 days, 
corresponds to the period where reaction half-lives where determined at 260 and 2,600 m y~' as described 

in Chapter 6. 

7.3.2.1 M g Results 

Magnesium concentrations in the control column were constant at 15 mg L"1 

for the entire 22 months (Figure 7.5). Magnesium in the ZVI amended columns 

decreased with distance for all of the ZVI amended columns, from 15 to 2 mg L"1 as 
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soon as groundwater entered the ZVI layer (Figure 7.5). These values did not change 

with time. The decrease in M g may be due to the formation of magnesium mineral 

precipitants such as dolomite, or of green rusts, where magnesium undergoes 

isomorphic substitution with Fe (II). 

The presence of green rusts was not confirmed by S E M analysis, however 

modeling undertaken in Chapter 8, supports the theory that, at least in part, the decrease 

of magnesium concentrations may be explained by the isomorphic substitution of Fe(II) 

by M g in green rusts. 
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Figure 7.5 Average Mg concentrations in control and ZVI amended columns over 22 months 

7.3.2.2 Hydraulic Head 

The hydraulic conductivities (K) measured at each sample port along the 

column are shown in Table 7.5. A difference in hydraulic conductivity is present in all 

three ZVI amended columns which corresponds to the start of the iron layer, 

approximately 400 m m , with this difference being most pronounced in the 100 % ZVI 

column. 

Although observations indicate that there was some passivation of the iron in 

this area, this was not observed in the columns. This could be due to the effects of 

precipitation being masked by the significantly reduced flow through the columns 

caused by hydrogen gas production. 
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In a field type situation passivation and changes in hydraulic conductivity over 

time resulting in reduced flow and reactivity may be problematic. However, in this 

study, using Master Builders Iron over 22 months of operation the effects of passivation 

and changes in hydraulic conductivity were not observed to impact reaction rates and 

due to the production of large amounts of hydrogen gas, were not the major factor 

affecting flow rates through the ZVI layer. 

Table 7.5 Hydraulic conductivity of ZVI amended columns 
20 % ZVI Column 

Distance 
(mm) 

100 - 200 
200 - 300 
300 - 400 
400 - 500 
500 - 600 
600 - 900 

K (m year *) 

5.7 x IO"3 

4.8 x IO'3 

9.1 xlO"3 

1.7xl04 

1.6xl04 

1.8 xlO"4 

50 % ZVI Column 
Distance 
(mm) 
50 -150 
150 - 250 
250 - 350 
350 - 450 
450 - 550 
750 - 850 

K (m year' 
l) 

1.65 x IO"3 

1.32 xlO"3 

7.16 xlO"3 

8.17 xlO"3 

3.66 xlO"3 

1.06 xlO"4 

100 % ZVI Column 
Distance 

(mm) 
100 - 200 
200 - 300 
300 - 400 
400 - 500 
500 - 600 
600 - 900 

K ( m year ) 

5.57 x IO"3 

5.89 x IO"2 

1.82 xlO"2 

7.69 x IO"2 

2.29 xlO"3 

1.34 xlO"4 

7.3.2.3 Precipitation Formation, S E M Analysis 

During coring of the columns, in particular the 100 % ZVI column a cemented 

zone of approximately 5 cm thick and across the entire width of the column was 

observed at the start of the granulate iron layer (approximately 420 m m ) , (Figure 7.6). 

This cemented material even adhering to the inner anodized aluminium walls of the 

column. A cemented zone of this nature was not observed in the 50 % and 20 % 

columns. 
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Figure 7.6 Section of the cemented ZVI found in the 100 % column 

Figure 7.7 A comparison of the A) Cemented layer and B) Up-gradient ZVI particles in 100 % 

ZVI column 
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A sample of this cemented section was taken for S E M analysis. Figure 7.7 

shows a comparison of this material with iron from further up the column (1200 m m ) at 

the same magnification. It can be clearly seen that the ZVI particles form an 

agglomeration. 

S E M analysis of samples taken from within this layer showed the presence of 

needle like crystals of C a C 0 3 (either as calcite, or aragonite, both have similar needle

like crystals) (Figure 7.8) as well as an amorphous deposit of FeS, over the surface of 

the iron particles, often encapsulating the C a C 0 3 crystals (Figure 7.9). 

CaK 

SHE 
O K AIK 

I CaK 

TiK 
FeK 

IBMHHM TiK 
FeK 

-A-191 180 2.70 3.60 ISO 5.41 6 30 7 20 III 9 00 

Figure 7.8 SEM ofCaC03 needle-like crystals in the 100 % ZVI cemented zone 
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Figure 7.9 CaC03 needle-like crystals and amorphous FeS in the 100 % ZVI cemented zone 

The presence of clay mineral fines within this layer was also identified, again 

they formed a coating over the surface of the ZVI particle, leading to complex S E M 

spectra, in which distinguishing individual precipitants was impossible (Figure 7.10). 
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Figure 7.10 CaC03 FeS and clay deposits in the 100 % ZVI cemented zone 

Thus the agglomeration formed by the cementing of iron particles, was not only 

due to the precipitation of FeS and CaC0 3, but also due to clay mineral fines. It is 

anticipated that these clay fines moved into the iron layer with the groundwater flow 

from the soil layer immediately prior to the start of the ZVI layer. 

S E M samples taken from the reactive zone of the 50 % and 20 % columns 

showed similar results to those obtained in the 100 % column, amorphous coatings of 

FeS, needle-like C a C 0 3 crystals and to a much lesser extent clay deposits (Figure 7.11). 
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These precipitants formed not only on the surface of the ZVI but on the surface of the 

sand grains within the layer. 

A possible explanation for the absence of an obvious cemented layer in the 50 % 

and 20 % columns may be due in part to the presence of less clay and mineral fines due 

to the sand added to these columns acting as a better medium through which to conduct 

these particles, however this has not been established conclusively. 

It was hoped that green rusts could be observed as precipitants within the ZVI, 

however these hexagonal shaped crystals were not present. Although all efforts were 

undertaken to ensure that core samples remained anaerobic, it is possible that some 

oxidation of these unstable compounds may have occurred during sampling and/or 

transport. Computer modeling of precipitation reactions undertaken in Chapter 8 has 

been used to confirm the possible presence of these compounds. 

Figure 7.11 CaC03 and FeS precipitation and clay on a ZVI particle in the 50 % ZVI column 
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7.4 Summary 

The use of a ZVI reactive barrier to treat a plume contaminated with brominated 

organics appears to be a viable treatment method over a period of at least 22 months, as 

all three ZVI amended columns showed no decrease in reactivity. Brominated 

degradation rates where constant and reaction profiles did not migrate any further in to 

the ZVI layer. Nitrate and sulfate half-lives increased with time, indicating the possible 

development of nitrate and sulfate reducing bacteria within the iron layer, possibly 

utilizing the hydrogen gas produced in these columns as an electron donor. The 

fluctuating nitrate concentrations present in the field site here could be problematic as 

levels of nitrate are often quite high (40 m g L"1), and in order for nitrate reduction to 

take place, iron must be reduced. 

Hydrogen, methane, ethane and ethene gas production in the ZVI columns was 

constant over the course of the study, at between 150 and 300 m L day"1. The production 

of hydrogen gas appears to be the major contributor to reduced flow through the ZVI 

columns, and as such reduced flow due to gas production was most significant in the 

100 % column which produced the highest volume of gas. 

Hydraulic conductivity changes were noticed in the ZVI amended columns, with 

flow being reduced in the first 5 - 10 c m of the ZVI layer, with the 100 % column 

having the largest change. 

The change in hydraulic conductivity was likely due to precipitation of C a C 0 3 

(as calcite or aragonite) and iron sulfide which occurred in all ZVI amended columns, 

and which were detected by S E M analysis over this layer. There was also a cemented 

layer consisting of clay minerals as well as calcite and iron sulfides present in the 100 % 

column. This agglomeration of clay and precipitants was present in the 20 and 50 % 

columns also, however no noticeable cemented layer was observed in these columns, 

indicating that the presence of sand may be useful in reducing conductivity losses due to 

precipitation. Despite the precipitation observed, the major impact on groundwater flow 

in the flow of columns was the production of hydrogen gas, which was produced in 

significant quantities. 

The use of 20 % or 50 % columns in the field may be more practical than a 100 

% ZVI column. These mixtures of ZVI and sand produce lower volumes hydrogen gas 

and precipitants which are the major factors leading to reduced flow through the barrier. 
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8 Modelling of Natural Attenuation and ZVI Reaction 
Pathways 

8.1 Introduction 

To better understand the reduction of TriBE by natural attenuation and ZVI and 

to evaluate the proposed reaction pathways described in this thesis in a quantitative 

context numerical modelling was undertaken. 

The numerical modelling required the definition of a conceptual hydro-chemical 

model (hypothesis) of the reaction pathways. The comparison of the simulation results 

with experimentally determined data was used to determine reaction rate parameters and 

to assess the feasibility and, if needed, the improvement of the proposed conceptual 

model. 

The ability to accurately quantify coupled transport and biochemical reactions at 

sites where natural attenuation of contaminants takes places can be an important tool to 

provide evidence for the occurrence of these natural attenuation reactions. It may also 

play a role for the identification of the need for additional remediation techniques and 

potentially assist in the design of these remediation techniques. 

Similarly, the ability to quantify transport and geochemical reactions that take 

place with ZVI can be important for the design and efficient operation of possible field-

scale remediation applications of this technique. 

The limited availability of information on these brominated compounds has been 

mentioned previously in this study, and due to this no prior numerical modelling has 

been undertaken on these compounds for either natural attenuation or ZVI. 

However, numerical modelling of ZVI reactions with T C E has been undertaken 

(Shafer et al., 2003; Prommer et al., 2004), using the P-elimination reaction scheme 

described by Arnold and Roberts (2000) and assuming first-order reaction rate 

equations to describe the degradation of TCE , D C E and V C . 

As halogenated organics have to adsorb to the reactive sites on the ZVI surface, 

there may be competition between the TriBE, D B E and V B , as was found by Shafer et 

al. (2003) for T C E and D C E , where rates of degradation for cis-DCE decreased 

significantly when T C E was added. 

Natural attenuation of T C E was modelled by Clement et al. (2000) assuming 

first order degradation. The pathway was a combination of what was termed 'aerobic' 

and 'anaerobic' degradation. The anaerobic pathway was the sequential dechlorination 
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of TCE, while the aerobic pathway was the complete dechlorination of each compound 

to give chloride and a mixture of other products which were not defined. 

8.1.1 Reactive Transport Modelling - Theory and Concepts 

The terms 'modelling' or 'simulation' refer to use of computer-based numerical 

methods to obtain approximate solutions to partial differential equations for solute 

transport or reaction concentrations (Zheng and Bennett, 1995). 

The main methods of transport are advective transport, diffusion and mechanical 

dispersion. The first step in evaluating these transport methods is an understanding of 

Darcy's Law (Equation 8.1; Zheng and Bennett, 1995), where Q is the flow rate, K is 

the hydraulic conductivity, and A is the area, h represents the head values at locations 1 

and 2, which are separated by length x. 

Q=-KA(h2-hl)^_KAdh (81) 

x dx 

The Darcy velocity is often used to simplify Equation 8.1, with the Darcy 

velocity, q, being defined as (Zheng and Bennet ,1995): 

? = ̂  = - * f (8.2) 
A ox 

Advective transport can be studied through a mass balance approach where, for 

a fixed area, the difference between the inflow and outflow concentrations represents 

the mass retained in that area. In one dimension, and assuming that Darcy's Law is 

obeyed, this relationship between the mass of a solute, at concentration C (in mass of 

solute per volume of water) is given in Equation 8.3 (Zheng and Bennet, 1995), where 

Q m is the mass flux. 

e.= T =oc (8.3) 
area x time 

For a three dimensional model this equation can be re-written for a constant 

control volume (V) as shown in Equation 8.4 (Zheng and Bennet, 1995). 

M=_yte te te 

dt x dx y dy l Bz 

Diffusion is governed by Fick's Law of Diffusion, Equation 8.5 (Zheng and 

Bennett, 1995). Where F is the diffusion mass flux, and D, is the diffusion coefficient. 

Transport by diffusion occurs in the presence of a concentration gradient, and is 

generally quite small compared to movement by advective transport, it can however, 
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become significant when groundwater flow velocities are very small (Zheng and 

Bennett, 1995). 

F = -D— (8.5) 
dx 

Dispersive transport occurs when solute particles are spread over a greater area 

than would be anticipated solely from groundwater flow velocities. Dispersive 

transport is made up of two directional components, longitudinal (in the direction of 

groundwater flow) and transverse (perpendicular to groundwater flow) dispersion, and 

is described in Equation 8.6 (Prommer et al., 2003). 

ac n a
2c _ a2c n d

2c , 
^ = D X ^ + D y ^ + D Z ^ ( 8 6 ) 

The advection-dispersion equation (Equation 8.7; Zheng and Bennett, 1995) 

combines advection (Equation 8.4) and dispersion (Equation 8.6) to describe flow. Here 

vi is the pore water velocity in direction / and 0 is the soil porosity. Included in this 

model are also internal sinks or sources, having a concentration Cs and volumetric flow 

rate qs. 

dt dxt " Bxj oV 0 ' 

For transport involving chemical reactions a reaction term must be added to the 

advection-dispersion equation, giving the advection-dispersion-reaction (ADR) equation 

(Equation 8.8). The reactive term represents the rate of change in a solute mass of the 

kth component due to N chemical reactions. 

dct a ,n dcks a . _. , q 'k _ ̂ ^•)-4-(vtck)+^c; +±Rk (8.8) 
dt dxt 'J dxj dx{ 0 h=l 

A general equation for the reaction term of the Ath component can be written as 

shown in Equation 8.9 (Fogler, 1999), where k is the degradation rate constant, and a is 

the reaction rate order. 

dCA 'A = -ktC" (8-9) 
dt 

The majority of biochemical and geochemical reactions follow a first order 

reaction pathway (Clement et al., 2000), thus having an a value of 1. 
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8.2 Method 

8.2.1 Development of the Conceptual Model for the Natural Attenuation of 

TriBE 

Chapter 3 outlined a possible reaction pathway for the natural attenuation of 

TriBE, cis- and trans-DBE and V B under laboratory conditions, the compounds having 

long half-lives of 96, 230, 390 and 240 days respectively. This pathway was found to 

be a combination of p-elimination, which dominated in the earlier stages of the 

experiment, whereas hydrogenolysis became the dominant reaction pathway after about 

day 126. Data from the individual batch experiments undertaken in Chapter 3 were used 

to define the conceptual model and to translate this model into a reaction network to be 

used by the numerical model. 

Calibration of the reaction model in PHREEQC-2 was undertaken by fitting the 

model to the experimentally determined half-lives for the batch experiments for V B , 

D B E and TriBE, described in Chapter 3. The kinetic parameters where then varied until 

a good model fit was obtained. 

8.2.2 Development of the Conceptual Hydrochemical Model for 

Degradation of TriBE, D B E and V B by Z V I 

The experimental results in Chapters 4 and 5 indicate that the degradation of 

TriBE with ZVI follows a P-elimination reaction pathway, with the predominate 

intermediates being brominated acetylenes and acetylene, rather than D B E and VB. 

Individual small-scale experiments showed rapid degradation, with half-lives for 

TriBE less than 5 days. Differences in the production of cis- and trans-DBE isomers 

were found, with the cis-DBE isomer produced in great quantities, (5 times) than trans-

DBE, and having a longer reaction half-life, 20-30 days compared to 5-7 days. 

The reaction pathway determined in the individual small-scale batch experiments 

was used to create a conceptual model, which was applied to mixed solutions of TriBE 

and D B E and the modelled data compared to experimental data. 

This conceptual model was then adapted to a 1-D flow model in order to model 

reactions in large-scale and column experiments. This model was modified to 

incorporate precipitation within the ZVI layer, nitrate and sulfate reduction as well as 

pH changes. The model was set-up to model the reactions occurring in the 100 % ZVI 

amended column described in Chapters 6 and 7, at a flow rate of 26 m year"1. 
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Calibration of the ZVI reaction model was undertaken by fitting the model to the 

experimental data for the individual batch experiments for V B , D B E and TriBE, 

described in Chapter 5. Reaction rates were then varied until the modelled data matched 

the observed data to an acceptable level. 

8.2.3 Numerical Models Used 

P H R E E Q C - 2 (Parkhurst and Appello, 1999) and P H T 3 D (Prommer et al., 2003) 

were used for the numerical model simulations. PHREEQC-2 is a geochemical code 

that may be used to simulate geochemical reactions, such as complex reactions 

(speciation), acid-base reactions, redox reactions, dissolution/precipitation reactions and 

mineral and gas phases and solubility. Both equilibrium and kinetic reactions are 

defined in a reaction database which can be modified and appended by the model used. 

In that way it is also possible to incorporate user defined kinetic reactions using a 

database of reactions built into the model. PHREEQC-2 is also able to incorporate and 

solve user defined kinetic reactions using BASIC (Parkhurst and Appelo, 2003; 

Prommer et al., 2003). In this study PHREEQC-2 was used to simulate the kinetic 

reactions that have occurred in batch experiments, while P H T 3 D was used to simulate 

the column experiments which involved groundwater flow. P H T 3 D combines 

PHREEQC-2 with M T 3 D M S (Zheng and Wang, 1999), a numerical model for 

advective-dispersive transport in saturated porus media, through a split operator 

technique. 

A pre-requisite for P H T 3 D simulations is the prior computation of groundwater 

flow. M O D F L O W (McDonald and Harbaugh, 1984), a flow model developed by the 

U.S. Geological Survey (USGS) was used for this task. P H T 3 D output was processed 

and graphed using M A T L A B 6.4. 

8.2.4 Description of Reaction Network 

The reaction network for the natural attenuation of TriBE is based on the 

reaction scheme and half-lives outlined in Chapter 3. The kinetic and equilibrium based 

reactions already provided within the PHREEQC-2 database were used with only the 

kinetic reactions of TriBE, D B E and V B included. 

For the degradation of TriBE, D B E and V B by ZVI, a similar approach was 

taken, with the kinetic reactions incorporated based on those described in Chapter 5, 
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however, additional kinetic reactions were added to the P H R E E Q C - 2 database 

provided, including ZVI corrosion and mineral precipitation reactions. 

8.2.4.1 Kinetics of Brominated Organic Reactions 

The reaction pathways determined in the individual microcosm experiments for 

natural attenuation of TriBE (Chapter 3) and the reaction of Z V I with TriBE, D B E and 

V B (Chapter 5) were used as a base for development of a numerical model. This model 

assumed a closed system and 1st order reaction kinetics (Equation 8.10), where C is the 

concentration (moi L"1) at time (t in seconds), C0 is the initial concentration (moi L") 

and k is the reaction rate constant (s1). The half-lives stated in Chapters 3 and 5, were 

converted to reaction rate constants (k), using Equation 8.11 (See Appendix II for 

derivations), where tm is the half-life converted to seconds. 

I n — = -kt (8.10) 

8.2.4.2 Mineral Dissolution and Precipitation Reactions 

Mineral precipitation reactions within a ZVI barrier have been discussed in 

Chapters 6 and 7 are often found to be one of the major factors influencing ZVI barrier 

performance. As such simulation of mineral precipitation reactions was included in this 

model. 

This study makes use of two different assumptions for mineral precipitation 

reactions. The first assumes that the reaction is sufficiently fast and reversible such that 

equilibrium can be assumed to be reached within the residence time for each locality. 

The second reaction group are those where the reaction time is not fast enough and/or 

the reaction is irreversible. The latter group requires reactions described by kinetic rate 

expressions, while equilibrium reaction expressions can be used for the former. For the 

purposes of this study mineral precipitation reactions (Table 8.1) were assumed to be 

governed by equilibrium rate expressions, while the corrosion of iron metal was deemed 

to be a kinetic reaction. 
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Table 8.1 Mineral equilibrium reactions used in PHREEQC-2 
Mineral Reaction 

Hematite FezOa + 6H+ ̂ 2Fe+3 + 3H20 

Pyrite FeS2 + 2 H
+ + 2 e" -Fe+2 + 2 HS 

FeS FeS + H+^Fe+2 + HS 

Magnetite F e ^ + 8H+ ̂ 2Fe+3 + Fe+2 + 4H20 

Siderite FeC03 -Fe
+2 + C03"

2 

Calcite CaC03 -C0 3
 2 + Ca+2 

Mg-Ferrite MgFe204 + 8H
+ -Mg+2 + 2Fe+3 + 4H20 

Dolomite CaMg(C03)2 -Ca
+2 + Mg+ 2 + 2 C 0 3

 2 

8.2.4.3 ZVI Corrosion Reaction 

The kinetic rate expression for the corrosion of iron metal (Equation 8.12) was 

developed by Prommer et al. (2004), and successfully applied, for a case involving the 

reduction of T C E with ZVI. 

dFe\s) V f C 
= k +£t . L^ii (8.12) 

°* IChs,Ba,i +L^Ea,i 

Where kcorr and kEa,i are the rate constants for the reduction of water and for the 

ith electron acceptor (eg oxygen, nitrate or sulfate) and khs,Ea,i is the half-saturation 

constant for the ith electron acceptor. 

To calibrate ZVI corrosion for use in the M T 3 D M S model, the model was run 

with no initial brominated compounds present, and compared to experimental results 

from the ZVI column with no brominated organics in the influent. The kinetic 

parameters used by Prommer et al., 2004 were then changed until predicted p H values 

were matched to those measured experimentally for uncontaminated groundwater flow 

8.2.5 Flow and Transport Model Set-up 

8.2.5.1 Spatial Discretisation 

The 2 m long experimental column was represented in the numerical model by a 

one-dimensional grid consisting of 40 grid cells, each 50 m m in length (Figure 8.1). To 

simulate a ZVI layer beginning at 420 m m , the initial concentration of Fe metal was set 

to an arbitrary value of 0.1 moi L"1 for the grid cells between 420 and 1420 m m . 

The estimated effective porosity was 0.28, based on the average retention time 

of bromide within the 100 % ZVI column, with an estimated bulk density of 1590 kg m 
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3. For the purpose of this modelling changes in porosity and bulk density from soil to 

ZVI were ignored. The retention time simulated for a bromide tracer flowing through 

this model grid was 29.5 days, which corresponded well to the retention time calculated 

for the ZVI column of 28 days. 

Direction of 
Groundwater Flow Iron Barrier 

200 400 600 800 1000 1200 1400 1600 1800 2000 
Distance (mm) 

Sample Ports Grid Cell 

Figure 8.1 Model grid discretisation for ZVI in MODFLOW 

The influent groundwater composition is given in Table 8.2, these values are 

those obtained from field measurements of the influent groundwater with concentrations 

converted to moi L"1. A charge balance simulation for this solution composition was 

undertaken using P H R E E Q C - 2 before these concentrations were used in the P H T 3 D 

model. This ensures that the measured solution compositions is in fact charge 

balanced, and allows for the addition of an appropriate d u m m y species to achieve this. 

This groundwater was spiked with brominated organics to give average influent 

concentrations of 9.5 x IO"5, 2.1 x IO"5 and 2.3 x IO"6 moi L"1 of TriBE, cis-DBE and 

trans-DBE respectively. 

Table 8.2 Column influent groundwater composition 

Component Concentration (moi L") 
pH 

Br 

N03 

S04
2 

CI" 

CO, 
Fe 2+ 

2+ Mg 

Ca2+ 

K+ 

Na+ 

6.86 

2.5 x IO"4 

4.8 x 10 4 

5.2 x IO"1 

2.8 x IO"3 

1.7 xlO"3 

1.1 x 105 

6.2 x 10 4 

1.5 xlO"3 

7.7 x 10s 

3.0 x IO"3 
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The seasonal changes observed in nitrate concentrations described in Chapter 6 

were ignored for the purposes of this study, as rates of denitrification did not appear to 

be impacted by these fluctuations (Chapter 6). As such, average nitrate values were 

used. 

8.2.6 Modelling of Microcosm Experiments 

Mixed TriBE and D B E microcosm experiments were undertaken for comparison 

of model simulated results to experimental results. These microcosm experiments were 

undertaken in sealed 120 m L serum vials, containing 50 m L of groundwater, with 10 g 

of iron filings and headspaces purged with nitrogen. Microcosm vials were then spiked 

with TriBE or D B E , as show in Table 8.3. Headspace samples (50 uL) were removed at 

periodic intervals and analysed in triplicate using G C - M S headspace analysis, as 

described in Section 2.3.1 

These experimentally determined results where then compared to results 

predicted using the P H R E E Q C - 2 model, with the same initial concentrations as the 

batch experiments. 

Table 8.3 Additional mixed DBE and TriBE with ZVI microcosm experiments 

Contaminant Water Pre-treatment Amendment 
Addition Addition 

20 mg L"1 D B E 50 m L G W Headspace flushed with 10 g Iron filings 

20 mgL"1 TriBE nitr°gen 

8 mgL"1 D B E 50 m L G W Headspace flushed with 10 g Iron filings 

15 mgL'TriBE n i t r 0 S e n 

8.3 Results 

8.3.1 Natural Attenuation of TriBE 

Using the experimentally determined half-lives in Chapter 3, the model fitted 

well for individual component microcosms (Figure 8.2). However, when D B E and V B 

were present with TriBE the model and experimental data did not correlate well, with 

D B E concentrations under-predicted (Figure 8.2). The inflection points obvious in 

Figures 8.2 and 8.3 can be explained by the two reaction pathways described in Section 

3.3.3.1 which describes the p-elimination pathway being more dominant in the early 

stages of the reaction, and the hydrogenolysis pathway dominating after day 126. 
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0.00E+00 

Figure 8.2 Model fit assuming degradation of DBE 

In order to calibrate the natural attenuation model for mixtures of TriBE, D B E 

and V B it was necessary to assume, for the hydrogenolysis pathway, that degradation of 

lesser brominated organics did not occur until all of the higher brominated alkenes had 

been removed. That is, D B E and V B do not degrade until all of the TriBE is removed, 

and V B does not degrade until all of the D B E is removed. Making this assumption gave 

the predicted results shown in Figure 8.3. These showed good correlation with 

experimentally observed results. 
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Figure 8.3 Calibrated model fit for natural attenuation batch experiments 

A possible explanation for this sequential degradation process is that, as found 

by (Freedman and Gosset 1989), the more highly substituted haloalkenes are the 

preferred electron donors, and therefore they are consumed in preference to the less 

substituted haloalkenes during hydrogenolysis, the dominant natural attenuation 

pathway after 126 days. The calibrated reaction rates and stoichiometry along with the 

experimental values are given in Table 8.4. 

Table 8.4 P H R E E Q C - 2 model input - natural attenuation batch experiments 

Reaction Experimental 
Rate (k) 

(S1) 

TriBE - ̂ -elimination Dominated Pathway < 126 days 

C2HBr3 + HT + 3.8e"^0.07C2H2Br2 + 0.03C2H2Br2 + 0.9 C 2 H 2 + 2.8Br" 

7.2 x 10° 

TriBE - Hydrogenolysis Dominated Pathway >126 days 

C2HBr3 + H
+ -» 0.7 C2H2Br2 + 0.3C2H2Br2 + Br" 

C2H2Br2 + 0.02H
+ + 2e-> 0.02C2H3Br +0.98 C 2H 2 + 1.98 Br 

C2H3Br + H
+^ 0.25C2H2 + 0.5C2H4 + 0.25C2H6 + Br" 

4.0 x 10" 

cis- 2.6 x IO"3 

trans- 4.3 x 10' 
3 

4.2 x IO"3 

Calibrated 
Rate (k) 

(a"1) 

8.5 x 10"J 

4.0 x 10"' 

cis- 1.9 x IO"3 

trans- 3.2 x IO"3 

4.5 x IO"3 
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8.3.2 Degradation of TriBE, D B E and V B by Z V I 

Calibrated and experimental reaction rates and stoichiometry are given in Table 

8.5. Model fits for TriBE, cis- and trans-DBE and V B using the calibrated model are 

shown in Figure 8.4. The calibrated model simulation was a good fit to the 

experimentally determined data for V B , D B E and TriBE in both mixed and individual 

solutions fitting not just for degradation of these compounds, but formation as well. 

Table 8.5 PHREEQC-2 model input - ZVI batch experiments 

Equation Experimental Calibrated 
rate (k) Rate (k) 
(sl) fr1) 

C2HBr3 + 0.41H+ + Fe
u -» 0.35C2H2Br2 + 0.06C2H2Br2 + 0.59C2HBr Fe

i+ 3.8 x 10" 2.1 x 10"' 
+ 1.59Br" 

C2H2Br2 + 0.02H
+ + Fe° -» 0.02C2H3Br + 0.98C2H2 + 1.98Br" + Fe

2+ 

C2H2Br2 + Fe° -» C2H2 + 2.0Br" + Fe
2+ 

C2HBr + H
+ + Fe° -» C2H2 + Br" + Fe

2+ 

C 2 H 2 +3.6H
+ + 1.8Fe°->0.8C2H6 +0.2C2H4 + 1.8Fe

2+ 

C2H3Br +'2.6H
+ + 1.3Fe° -> 0.2C2H4 + 0.8C2H6 + 1.3Fe

2+ +Br" 

N D = not determined (compounds were not detected) 

4.0 x 10" 

1.2 xlO"6 

ND 
ND 

8.0 x IO"7 

cis-

5.3 x IO"6 

trans

it x IO"6 

8.02 x IO"6 

8.02 x IO"6 

1.7 xlO"7 
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Figure 8.4 Calibrated ZVI reaction model for A) TriBE, B)DBEand C)VB 
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8.3.3 Mixed Solution Batch Experiments 

The calibrated PHREEQC-2 model, described in Section 8.3.2.1 was used to 

model mixed solutions at differing concentrations of TriBE and D B E . The modelled 

results were compared to experimentally determined data (Figures 8.5 and 8.6). The 

simulated and experimental data correlated well suggesting that the model determined 

from individual reactions with ZVI provides a good description of the reactions 

occurring in the batch system. There was no evidence for competition between TriBE 

and cis- and trans-DBE, for example reduced reaction rates in mixed solutions, like that 

described by Shafer et al., (2003) for the reaction of T C E and cis-DCE with ZVI. 

O.E+00 

0 P C\A 
£..C.-\J£* 

•T 1E-04 -
_i 

o 

Co
nc
en
tr
at
io
n 
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o
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20 mg L" 

i \ \ ^ 

l M)K IK 1 1 , • 

TriBE and DBE 

TriBE-Model 
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-trans- DBE-Model 

• trans-DBE - Experimental 
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• cis-DBE- Experimental 

— VB-Model 

x VB - Experimental 

i - • 
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4.E+06 5.E+06 6.E+06 

Figure 8.5. Comparison of experimental and model results for a mixture of 20 mg L'1 DBE and TriBE 
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Figure 8.6 Comparison of experimental and model data for a mixture of 15 and 8 mg L~ TriBE and DBE 

8.3.4 Reactive Transport Model for the Reaction of Z V I with TriBE 

The reaction network component was expanded from that used to describe batch 

experiments to include iron corrosion, precipitant formation, nitrate and sulfate 

reduction, p H and a number of other inorganic compounds commonly found in 

groundwater, such as Na, K and Mg. The model input data is given in Tables 8.1 and 

8.7. 

This model was based on one created by Prommer et al. (2004), which was 

designed to model degradation of chlorinated ethenes by ZVI. This model assumes a 

steady state, ID, constant-flow system. Reaction definitions for mineral and 

precipitation reactions are given in Appendix III. The corrosion reaction definition for 

ZVI included in this model was not changed significantly from that described by 

Prommer et al., (2004). 
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8.3.4.1 Calibration of Z V I Corrosion rates 

Fitting simulated results for ZVI corrosion, by modifying the kinetic rate 

parameters used by Prommer et al. (2004) to fit observations of pH, nitrate and sulfate 

gave the results shown in Figure 8.7. These kinetic parameters for ZVI, based on the 

definition given in Equation 8.11, are given in Table 8.6. They are 20 % higher than 

those obtained by Prommer et al., (2004). This is likely due to the different types of iron 

used. This study used Mater Builders Iron (Australia), while Prommer et al. (2004), 

used Gotthart Maier G m b H Iron (Germany). 

Table 8.6 Kinetic parameters for ZVI corrosion 

Compound 
Oxygen 

Sulfate 

Carbonate 

kBa.i 

7.5 x 10 

7.5 x 10 

4x10 

7T 
-9 

-11 

ihs.Ea.i 

1 X 10 

1 X 10' 

1 X 10' 

1 x 10s 

1 x IO"8 

1 x IO"8 

x10" Nitrate 
1 1 1 1 1 1 1 1 i 
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Figure 8.7 Model and Experimental pH, nitrate and sulfate values for ZVI corrosion calibration 

with no brominated organics in influent 

o = Experimental value, - Model value 
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8.3.4.2 Comparison of Experimental and Simulated Results for the ZVI 

Conceptual Flow Model 

A comparison of experimentally derived results, for the 100 % ZVI amended 

column at a flow rate of 26 m year"1, to those obtained from the model developed is 

given below. Half-lives used in this flow model were slightly different from those used 

in batch experiments. This was because a different type of ZVI was used in these large 

scale experiments (Master Builders ZVI), therefore having a different surface area to 

volume ratio, and also because of the different rates of mixing and contact times in 

column experiments compared to batch experiments. However, the reaction rates did 

follow similar trends, and the same reaction stoichiometry was used. 

Table 8.7 PHREEQC model input - column experiments 

C2HBr3 + 0.41H
+ + Feu 

Fe2+ + 1.59Br" 

C2H2Br2 + 0.02H
+ + Fe° 

C2H2Br2 + Fe° -» C2H 2 

C2HBr + H
+ + Fe° -» 

C 2H 2 + 3.6ft + 1.8Fe° 

Equation 

-» 0.35C2H2Br2 + 0.06C2H2Br2 + 0.59C2HBr 

-> 0.02C2H3Br + 0.98C2H2 + 1.98Br" +Fe
2+ 

+ 2.0Br" +Fe2+ 

C 2H 2 + Br + Fe
2+ 

->0.8C2H6 +0.2C2H4 + 1.8Fe
2+ 

C2H3Br +2.6H
+ + 1.3Fe° -> 0.2C2H4 + 0.8C2H<; + 1.3Fe

2+ +Br" 

N D = not determined (compounds were not detected) 

Experimental 
Rate (k) 
(s1) 

2.3 x 10" 

2.3 x IO"6 

2.3 x IO"6 

ND 

ND 

5.9 x IO"6 

Calibrated 
Rate (k) 
(s-1) 

2.1 x Iff* 

cw-1.7xl0"6 

trans- 1.9 x 10" 
6 

8.02 x Iff6 

8.02 x IO"6 

1.6 x IO"6 

8.3.4.3 pH, Nitrate and Sulfate 

Influent p H was relatively constant at values between 6.5 and 7.5 for the 

duration of the experiments. Similarly, p H along the length of the control column 

remained constant at close to neutral values. In the iron amended column, a sharp 

increase in p H from 6.5 - 7.5 to 8 - 11 was observed within the ZVI layer (420 - 1420 

m m ) , probably due to the corrosion of the ZVI. This p H change was virtually identical 

to that obtained in the model due to iron corrosion (Figure 8.8). 

Similarly nitrate and sulfate degradation due to ZVI corrosion is consistent with 

that predicted by the model (Figure 8.8) 
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Figure 8.8 Model and experimental pH, nitrate and sulfate values with brominated compounds 

in the influent 

o = Experimental value, = Model value 

8.3.4.4 Brominated Compound Degradation and Bromide Production 

The brominated compound degradation half-lives used in the model were 

slightly faster than those for batch experiments. This is expected as the column 

environment was faster flowing, better mixed and contained iron from a different source 

from the microcosm experiments. However the reaction pathway definitions and ratio of 

products to reactants remained unchanged from batch experiments. The degradation 

half-lives used in the column model accurately represented the experimentally derived 

organic degradation data (Figure 8.9). 

Bromide concentrations in the influent were approximately 20 m g L"1 and the 

ZVI amended columns showed bromide levels at this value until the groundwater 
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reached the ZVI layer when bromide concentration increased to 65 m g L"1 

corresponding to theoretical bromide increases for complete mineralization of TBE, 

TriBE, D B E and V B in the influent groundwater. Bromide concentrations in the model 

corresponded well to experimental values, as well as to the location of brominated 

organic degradation, both in the model and observed (Figure 8.9). 

As outlined in Chapter 6, the bromine mass balance for the 100 % ZVI column 

at 26 m year"1, was low due to a decrease in measured bromide of between 15 and 20 % 

from the maximum observed bromide concentrations. This was not observed in the 

model. This decrease was possibly attributed to the formation bromide green rusts 

(Section 6.4.2.4). 

Bromide green rust formation was not included in the model simulation. 

However, an indicator of the presence of green rusts is a decrease in the amount of 

aqueous magnesium (Mg (II)) concentrations as M g (II) is able to undergo isomorphic 

substitution for Fe2+ in the lattice crystal structure (Essington 2004). The experimental 

data shows a greater decline in M g (II) concentrations within the iron layer than the 

model predicts for the formation of dolomite and other M g minerals (Figure 8.11). This 

suggests that there may be some green rust formation within the iron layer, which in 

turn could be responsible for the reduction in observed bromide concentrations. 

161 



Chapter 8 Elizabeth Cohen, P h D Thesis 

x10 -4 

0(10 ̂r 

Q< 10" 

c 
o 
CO 

c 
o U 
g Q<10 
o 4 

1 

0.5 

0 

1 

0.5 

0 

0(10 7T 

0(10" 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

Tribe 

cisQBE 

io o^~— e a i 
transfJBE 

VB 

te-e— —^e „e 
Brorpide 

O O 

a ' «-

1.5 

1.5 

1.5 

Total Bromide 1.5 

O o o o 

1 
Distance (m) 

1.5 

u ' a i —' 

1.5 

cj) ' a B 

Figure 8.9 Model and Experimental brominated organic and bromide concentrations 

o = Experimental value, = Model value 

8.3.4.5 Gas Production 

The production of hydrogen gas at volumes of between 250 and 300 m L day" 

were observed in the Z V I column. Effluent lines were monitored and gas purged every 

2-3 days as the groundwater flow through the column was significantly impacted if the 

gas were allowed to build up. The majority of this gas production was observed between 

Ports F and K (800 m m and 1370 m m ) . The location of this gas production is consistent 

with the model predictions which show hydrogen gas present between 900 and 1500 

m m (Figure 8.10). 
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Ethane, ethene and methane gases were also produced, however exact volumes 

were difficult to quantify. Methane was produced in more significant quantities than in 

batch experiments, making up around 90 % of non-hydrogen gas produced, both in the 

model, and in experimental work. This is due to the oxidation of organic carbon either 

in the groundwater, or present in the ZVI, Master Builder's iron which contains around 

5 % organic carbon. The experimental ratio of ethene : ethane produced was 1:7. This 

compares well to the values determined in the model of 1:4. 
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8.3.4.6 Precipitation 

The simulation included prediction of concentrations of mineral precipitants. In 

particular C a C 0 3 and FeS, which were produced at the start of the ZVI layer, first 

C a C 0 3 at 420 to 580 m m followed by FeS from 450 to 620 m m . 

Core samples taken from the columns at the completion of the experiment were 

analysed using SEM, these results were described in more detail in Chapter 7. Results 

showed the presence of a mat of crystalline CaCC<3 at the interface of the ZVI and soil 

sections of the column (420 m m ) as well as an amorphous mixture of FeS and CaCC»3 

precipitants on the surface of ZVI particles at 420 m m . The observed location of the 

C a C 0 3 and FeS mineral precipitants correlated well to those locations predicted by the 

model (Figure 8.11). 

Figure 8.11 FeS, CaC03 andMg(II) concentrations 

o = Experimental value, = Model value 
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8.4 Summary 

The reaction pathway for TriBE, D B E and V B with ZVI can be modelled for 

batch and flow systems using PHREEQC-2 and M T 3 D M S to give simulated results 

which correlate very well with experimental data. 

Natural attenuation of TriBE, D B E and V B can be modelled for steady-state 

batch systems using PHREEQC-2. This model was then be used to successfully predict 

the concentration changes in a mixture of TriBE and D B E . To achieve this, it was 

assumed that degradation of brominated ethenes via hydrogenolysis would not occur in 

the presence of a more substituted brominated ethene must be made. 

Simulated results for the reaction of TriBE with ZVI assuming via a 0-

elimination pathway corresponded very well to experimentally observed values, both in 

batch systems using a P H R E E Q C - 2 model, and for reactive transport using a M T 3 D M S 

model. The dominant reaction pathway assumed was through brominated acetylenes 

and acetylene to give, in the majority, ethane and bromide, and largely circumventing 

the production of V B . Reaction kinetics in the calibrated model are less than 10 % 

different to those obtained from experimental data. 

The M T 3 D M S model used here was based on one used to successfully model 

the degradation of T C E with ZVI, (Prommer et al., 2004). Very few changes were made 

to the corrosion and precipitation reaction definitions in order to adapt this model to 

brominated degradation. This may indicate that the model definitions used here and by 

Prommer et al. (2003) may be relevant not just for the degradation of brominated 

organics with ZVI, but for other reactions with ZVI. 
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9 Conclusions and Recommendations for Future Work 

This study successfully identified, for the first time, some properties and the 

natural degradation rates and pathways of T B E and daughter compounds, resulting in a 

better understanding of the fate and transport of these compounds in the soil and 

groundwater. Furthermore, possible remediation methods were identified along with 

reaction by-products, rates and pathways. 

Investigations of the behaviour of the brominated organics at a known 

contaminated site showed that sorption of organics to the soil in the main contaminated 

plume zone was low indicating that the transport of these compounds in the main plume 

should not be markedly retarded by sorption. Natural attenuation of T B E in the main 

plume, was rapid with a half-life less than 0.2 days and close to 100 % conversion to 

TriBE. This reaction was found to be an abiotic reaction most probably due to a 

combination of acid/base and Fe hydrolysis. 

TriBE, ds-DBE, trans-DBE and V B natural attenuation using soil and 

groundwater from the main plume was low, having half-lives of 96, 390, 230 and 240 

days respectively. The natural attenuation of TriBE under these conditions appears to 

follow a combination of a P-elimination (via bromoacetylene and acetylene) and 

hydrogenolysis (via D B E and V B ) pathways, p-elimination possibly due to abiotic 

reductive debromination, using iron sulfides produced from bacterially mediated sulfate 

reduction. O n the other hand, the hydrogenolyisis pathway is most likely due to 

bacterial reductive debromination. 

This reactive pathway for natural attenuation was modelled using P H R E E Q C - 2 . 

However, in order to achieve a good model fit to experimental observations the 

assumption that degradation of brominated ethenes via hydrogenolysis will not occur in 

the presence of a more substituted brominated ethene was made. Using this assumption 

the calibrated model can then be used to successfully predict the concentration changes 

due to natural attenuation in a mixture of TriBE and D B E . 

Combining a flow model with the P H R E E Q C - 2 reaction model developed here 

would be an interesting exercise for future work and would allow an increased 

understanding of the fate and transport of these compounds in the main contaminated 

zone. 

Sorption of organics to the peat soil at the leading edge of the plume was high 

with the major contaminants in that area, TriBE and D B E , being significantly retarded. 

Furthermore, natural attenuation of these compounds in the leading edge of the plume 

166 



Chapter 9 Elizabeth Cohen. P h D Thesis 

was negligible, indicating that these compounds were most likely retained without 

degrading within the high organic carbon content area discharging to the drain. This 

may be problematic when sorption capacities within the peat layer are reached and these 

compounds begin to discharge to the drain. 

The slow natural attenuation half-lives in both contaminated zones and the high 

sorption of brominated organics to the peat layer at the base of the drain, natural 

attenuation did not seem to be a suitably rapid remediation technique for TriBE 

contaminated groundwater. These results were the motivator for further investigation 

into methods of enhanced natural degradation. 

Attempts at enhancing biological degradation with ethanol appeared to be 

unsuccessful, with no significant decrease in degradation half-lives compared to the 

natural attenuation microcosm (TriBE degradation half-life of 96 days). The molasses 

amended microcosm showed gradual decline in TriBE concentrations, with a 

degradation half-life of 50 days. While TriBE degradation rates were slower using 

molasses compared to chemical treatments there is some possibility that these rates may 

increase with time if the population of dehalogenating bacteria increases. The 

substantial accumulation of D B E , which did not appear to degrade, using molasses, was 

a major factor which could detract from using a biological based remediation strategy in 

the field. Due to these potential difficulties and also as the experimental half-life for the 

degradation of TriBE using molasses was long (50 days), especially when compared 

other chemical methods (< 1 day), molasses addition may not be a suitable in-situ 

remediation technique for T B E contaminated sites. 

The chemical microcosms showed the most significant TriBE reduction, with half-

life degradation rates less than 1 day. Significant quantities of D B E , (> 1 m g L"), were 

detected only in the ZVI microcosm, and this concentration decreased with time. A half-

life degradation rate for D B E was found to be four days for the ZVI microcosm, with 

half-lives for the brominated compounds increasing as the degree of bromination 

decreased. 

TriBE and D B E degradation results from the microcosm experiments appear to be 

reasonably consistent with literature data for their chlorinated analogue compounds 

T C E and D C E . This data may suggest a similar degradation mechanism occur for both 

TriBE/TCE and D C E / D B E , and may provide added surety that a TCE-based field 

remediation option is a suitable starting point when assessing strategies for remediation 

of soil and groundwater contaminated with T B E and daughter compounds. 
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Of the chemical microcosm experiments undertaken, the N a O H treatment may not 

be practical as an in-situ groundwater remediation treatment due to the high pHs 

required, however as an ex-situ treatment and for the remediation of contaminated waste 

soil from a site it may be highly effective. 

Fenton's reagent while highly effective may not be suitable as a treatment 

method for brominated organics due to the production of Br03", unless coupled with a 

down- gradient Br03" removal system. Bromate removal using G A C was relatively 

slow, making it unsuitable for bromate removal given the theoretical concentrations of 

bromate that would be produced. Bromate removal using ZVI, was quite rapid and may 

be a suitable down-gradient groundwater treatment method, were Fenton's reagent to be 

employed for treating either the aqueous plume or the source zone D N A P L . 

It is expected that removal by G A C could be a feasible ex-situ remediation 

technique for contaminated groundwater as the sorption capacity for the G A C studied 

was quite high. 

Enhanced degradation of TriBE, D B E and V B by ZVI was found to have the 

greatest potential for in-situ groundwater remediation and consequently it was 

investigated in larger-scale column experiments. 

In the large-scale column experiments there was no substantial natural 

degradation of TriBE or D B E (half-lives < 28 days) in the control column, however, the 

presence of V B at last sample port of the column indicated that there may be some 

minor natural degradation occurring. 

The 20 %, 50 % and 100 % ZVI amended columns all showed rapid decreases in 

the concentration of brominated organics with half-lives between 0.004 and 1.0 days, 

depending on the groundwater velocity used in the experiments. There did not appear to 

be any substantial differences in the reactivity of the different ZVI and sand 

amendments. 

Degradation half-life estimates from the brominated organics from the column 

experiments were significantly less than those obtained from batch experiments. This 

may be due to a combination of greater mixing and contact between the brominated 

organics and the ZVI and the differences in the type of iron used for the batch and 

column experiments resulting in differences in reactivity and surface area to volume 

ratios. 

The mass balance bromine data indicated that there was some precipitation or 

sorption of bromide occurring within the iron layer, resulting in low bromine recovery 

for the iron amended columns. However, bromide mass balances from the control 
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column were consistently high. Bromide may be reacting to form complexes with iron 

hydroxides to form green rusts, or sorbing to other precipitants within the ZVI layer. 

Modelling of magnesium concentrations, show a decrease in experimental 

concentrations, which was less than that observed in the experimental results. As a 

decrease in magnesium concentrations can be an indicator for green rust formation, their 

presence could explain both the decrease in magnesium and in bromide concentrations. 

Definitive identification of bromide green rusts was identified as an area which may 

require future attention. 

Denitrification occurred in the soil segments of all columns with half-lives 

decreasing over time suggesting the establishment of denitrifying bacteria within the 

soil layer in the control column and immediately prior to the iron barrier in the other 

three columns. Groundwater from the field contained high nitrate concentrations which 

can contribute to elevated p H and may also reduce the longevity of the barrier wall. 

Sulfate reduction in the soil layers and the control column was slow, with half-

lives greater than 28 days in the control column. However, sulfate reduction within the 

ZVI layer, by either, or both, chemical or biological methods was rapid. Reduction of 

sulfate can also lead to the precipitation of iron sulfides and the presence of sulfate 

reducing bacteria within the iron layer can lead to fouling and clogging from bacterial 

growth, both of which would lead to a reduced barrier life. 

Eh and D O values within the ZVI amended columns were consistent with time 

and showed little variation between the different ZVI and sand amendments. 

Conditions within the barrier were generally highly reducing (Eh of approximately -200 

m V ) and anaerobic ( D O less than 0.5 m g L"1), providing conditions for the formation of 

insoluble iron hydroxide precipitants, which may reduce barrier reactivity and life-span. 

Hydrogen gas production within the ZVI amended columns was significant 

enough to effect flow rates at the lower flow velocities tested (25 m year"1), and this 

may prove problematic in a field situation. The impacts of hydrogen production in the 

field however may be minimised by use of the continuous trench P R B system rather 

than a funnel and gate system. 

The use of a ZVI reactive barrier to treat a plume contaminated with brominated 

organics appears to be a viable treatment method over a period of at least 22 months, as 

all three ZVI amended columns showed no decrease in reactivity. Brominated 

degradation rates were constant and reaction profiles did not migrate any further in to 

the ZVI layer. Nitrate and sulfate half-lives increased with time in both the soil and 

ZVI layers, indicating the possible development of nitrate and sulfate reducing bacteria 
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within the iron layer. Within the ZVI layer this bacteria may possibly be utilizing the 

hydrogen gas produced in these columns as an electron donor. The fluctuating nitrate 

concentrations present in the field site here could be problematic as levels of nitrate are 

often quite high (70 m g L 1 N03"-N), resulting in increased iron corrosion and reduced 

barrier life-span. 

Hydrogen, methane, ethane and ethene gas production in the ZVI columns was 

constant over the course of the study, at between 150 and 300 m L day"1. The production 

of hydrogen gas appears to be the major contributor to reduced flow through the ZVI 

columns, and as such reduced flow due to gas production was most significant in the 

100 % column which produced the highest volume of gas. 

Hydraulic conductivity changes were noticed in the ZVI amended columns, with 

flow being reduced in the first 5 - 10 c m of the ZVI layer, with the 100 % column 

having the greatest reduction. 

The change in hydraulic conductivity was likely due to precipitation of C a C 0 3 

(as calcite or aragonite) and iron sulfide which occurred in all ZVI amended columns, 

which were detected by S E M analysis over this layer. There was also a cemented layer 

consisting of clay minerals as well as calcite and iron sulfides present in the 100 % 

column. This agglomeration of clay and precipitants was present in the 20 % and 50 % 

columns also, however no noticeable cemented layer was observed in these columns, 

indicating that the presence of sand may be useful in reducing conductivity losses due to 

precipitation. Despite the precipitation observed, the major impact on groundwater flow 

in the flow of columns was the production of hydrogen gas, which was produced in 

significant quantities. 

The use of 20 % or 50 % mixture walls in the field may be more practical than a 

100 % ZVI barrier. These mixtures of ZVI and sand had comparable brominated 

organic degradation rates to the 100 % column, however, they produced lower volumes 

of hydrogen gas and less precipitants which were the major factors leading to reduced 

flow through the barrier. 

The reaction of TriBE with ZVI is rapid, with half-life less than 5 days, and 

evidence here suggested that it followed, in the majority, a p-elimination pathway, 

through the brominated acetylenes to ethane (similar to the pathway described for T C E ) 

thereby reducing the production of toxic degradation products such as V B . The rapid 

reaction of TriBE and daughter products, cis-DBE (less than 30 days), trans-DBE (less 

than 7 days) and V B (less than 10 days), as well as the production of harmless 
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degradation products, ethane, ethene and bromide, suggested that ZVI would be suitable 

as a potential remediation technique. 

Modelling in P H R E E Q C - 2 of the reaction of TriBE with ZVI via a p-

elimination pathway, through brominated acetylenes and acetylene to give, in the 

majority, ethane and bromide, gave simulated results that were comparable to 

experimental values. 

Combining a flow model ( M T 3 D M S ) and the reaction model (PHREEQC-2) in 

P H T 3 D allowed the prediction of results in a ID flow system that were very similar to 

experimentally observed results, indicating that this system may be accurately modelled 

on a much larger, or field scale situation. 

The P H R E E Q C - 2 reaction database used was based on one used to successfully 

model the degradation of T C E with ZVI, (Prommer et al., 2004). Very few changes 

were made to the corrosion and precipitation reaction definitions in order to adapt this 

model to brominated degradation. This may indicate that the model definitions used by 

Prommer et al., (2004) may be relevant not just for the degradation of brominated 

organics with ZVI, but for other reactions with ZVI. 

Another direction for further work could be the installation/study of a ZVI 

reactive barrier in a field situation for the remediation of brominated ethanes and 

ethenes. This would enable further development of the reactive and flow models for this 

system. Also, a study of the changes over time in this barrier could be undertaken and 

perhaps compared to other ZVI barriers in the field, including those in use for treatment 

of the chlorinated analogues of these brominated compounds. This may lead to a better 

understanding of field remediation methods for both groups of compounds. 
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Appendix I - Analytical Methods 

Al.l Comparison of Headspace and Solvent Extraction Processing 

Methods 

Typical calibration curves for the headspace and solvent extraction 

processing methods are shown in Figures Al.l and A 1.2. In general calibration data 

was good, for both the headspace and solvent extraction processing method. Analytical 

errors for the brominated compounds were calculated as a relative standard deviation 

over mean as percent (RSD) based on triplicate analysis and are shown in Table 2.3 

Analytical detection limits for the target compounds were based on a three times "signal 

to noise" ratio (Table 2.3). In general the solvent extraction processing method gave 

more reproducible data (lower error) compared to the headspace method, probably due 

to the higher gas/water partitioning variability associated with the headspace method. 
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Figure A1.2 Typical calibration curves for VB, DBE, TriBE and TBE using the micro-extraction 

processing method 

Selected laboratory column experiment and field samples were analysed for 

D B E , TriBE and T B E using the headspace and solvent extraction methods. V B was not 

analysed for as the field and laboratory samples used did not contain VB. Results for 

both methods are shown in Figure A 1.3. The data indicates reasonably good agreement 

between the two methods, suggesting either method would be suitable for the analysis 

of D B E , TriBE and TBE. 
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methods 

A1.2 Sample Blanks 

Sorption of brominated compounds to Teflon components of the gas sampling 

syringe was identified as cause of potential cross-contamination for the headspace 

analysis in early analyses. To overcome this problem the syringe was washed in 

methanol, disassembled and left to dry for 20 minutes at 40 °C before reuse, this 

reduced contamination in distilled water blanks to below detection. To confirm cross-

contamination was not occurring, blank (deionized water sample headspace) samples 

were analysed after the highest calibration standard. Additionally, when brominated 

compound concentrations were approximately known, samples were analysed from 

lowest to highest concentration to avoid potential for cross-contamination. 
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A1.3 Derivation of Half-Life Equation (Chapter 3, Section 3.2.7, 

Equation 3.12) 

For a first order reaction, where the half-life is independent of reaction 

conditions, the integrated rate law is given in equation Al.l (Silberberg 1996), where k 

is the reaction constant, C is the concentration and t is the time. 

\n^- = -kt (Al.l) 
C 

After a time of one half-life, that is t = tm the concentration, C, is equal to one 

half the initial concentration, C = V2C0. 

Therefore: 

ln-^-= -ktV2 (A1.2) 
0.5C0

 1/2 

=> In (2) = kt ,/2 = -0.693 (A 1.3) 

and: 

k==°™ (A1.4) 

Substituting this definition of k back into equation Al.l gives: 

In ([CMC]) = -0.693t/ti/2 (A1.5) 

Taking the natural log of both sides and dividing through by the initial 

concentration then gives Equation 3.12. 

-0693T 

C = C0e '"2 (3-12) 
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A1.4 Relationship between the Dimensional Henry's L a w Constant, 

KH, and the Dimensionless Henry's L a w Constant, K H * 

Henry's Law expresses the relationship between the partial pressure of a gas in 

the vapour phase and its concentration in the aqueous phase (Equation A1.6; Silberberg, 

1996). 

CL = KHPgas (A1.6) 

where Kh, (atm moi L
1) is the Henry's Law constant and is specific for each 

gas-solvent combination at a given temperature, CL is the concentration in the aqueous 

phase (usually in moi L"1) and Pgas is the partial pressure of the compound in the vapour 

phase (usually in atm). 

The Henry's Law constant, KH, can also be expressed as a dimensionless ratio 

of the concentration of the volatile compound in the gas phase to the liquid phase. This 

relationship can be derived from the Ideal Gas Law (Silberberg, 1996; Equation Al .7) 

P = !±M. (A1.7) 
VT 

where p is the partial pressure of a volatile compound in the vapour phase (atm), 

n is the number of moles of the volatile compound in the vapour phase (moi), T is the 

temperature of the volatile compound in the vapour phase, W is the temperature 

dependent volume of the vapour phase (m ), and R is the ideal gas constant (8.2056 x 

IO"5 atm m 3 moi"1 K"1). 

The concentration of the volatile compound in the vapour phase, CQ (moi m"3), 

can be described by Equation A 1.8. 

CG = £- (A1.8) 
VT 

Substituting Equation A1.2 and A1.3 gives: 

=> p = CGRT (A1.9) 
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and further substitution of Equation A 1.6 gives Equation A 1.13, which shows 

the conversion of Henry's Law constant, K H , to a dimensionless Henry's Law constant, 

K H * where C G and C L have the same units. 

=> KHCL = CGRT (ALIO) 

(Ai.ii) 
RT CL 

where: 

RT 

Therefore: 

C RT 

(A1.12) 

(A1.13) 

A1.5 Calculation of Loss D u e to Headspace Sampling of Brominated 

Organics 

To determine the percentage loss due to removal of headspace samples, the 

dimensionless Henry's Law constant was calculated, using Equation A 1.12, from the 

literature Henry's Law constants show in Table A 1.2. This gave the values in Table 

Al.l. 

Table Al.l Dimensionless Henry's Law constants for VB, DBE, TriBE and TBE 

Compound 

VB 
cis-DBE 

trans-DBE 

TriBE 

TBE 

KH (atm L moi"
1) 

1.4 x IO"2 

3.3 x IO"4 

4.9 x IO"4 

4.9 x 10 4 

1.3 x IO"5 

KH* 
3.4 x 10"1 

8.1 xlO"3 

1.2 x IO"2 

1.2 x IO"2 

3.3 x IO"4 

To make calculations easier in excel, an arbitrary value for the aqueous 

concentration of each brominated compound was chosen. This value was then converted 

to a gaseous concentration using Equation A1.13. The mass removed by taking a known 

volume headspace sample was then determined and divided by the mass in solution, 
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giving a percentage loss of brominated organics per headspace sample removed. This is 

shown in Table A 1.2 for microcosm experiments, where 50 uL of headspace is 

removed, and in Table A 1.3 for the 1 L batch experiments, where 50 m L of headspace 

was removed. 

Table A1.2 Headspace losses due to sampling in 120 mL Microcosms 

Volume Headspace 
70 m L 
Volume Liquid 
50 m L 
Volume Removed 
0.05 

VB 
cis-DBE 
trans-DBE 
TriBE 
TBE 

mL 

CL 

(mgL1) 
0.5 
12 
8 
20 
20 

Mass in Aqueous „ Mass 50 uL 
Phase G gas 
(mg) (mg/L) (mg) 
0.025 1.7x10"' 8.6 x IO"6 

0.6 9.7 x IO"2 4.8 x IO"6 

0.4 9.6 x IO"2 4.8 x IO"6 

1 2.4x10"' 1.2x10* 
1 6.6 x IO"3 3.3 x IO"7 

Percentage Loss 
(%) 

3.4 x IO"2 

8.0 x IO"4 

1.2 xlO"3 

1.2 xlO"3 

3.3 x IO"5 

Table A1.3 Headspace losses due to sampling in 120 m L Microcosms 

Volume Headspace 
750 m L 
Volume Liquid 
250 m L 
Volume Removed 
50 

VB 
cis-DBE 
trans-DBE 
TriBE 

mL 

CL 

(mgL1) 
100 
1200 
800 
2000 

Mass in Aqueous „ Mass in 50 uL 
Phase G gas 
(mg) (mg L') (mg) 
25 34.2 1.7 
300 9.7 0.50 
200 9.6 0.50 
500 23.9 1.2 

% loss of liquid 
mass 

6.9 
0.20 
0.25 
0.25 

A1.6 Calculation of Methane, Ethane and Ethene Concentrations in 

IL Batch Experiments 

Methane, ethane and ethene concentrations in the aqueous phase were calculated 

using Henry's Law from the measured gas phase concentrations. The dimensionless 

Henry's Law constants were determined from the literature dimensioned constants 

using Equation A 1.12, with values given in Table A 1.4. 
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Table A1.4 Henry's Law Constants for methane, ethane and ethene 

Compound KH (atm L moi'
1) Kj£ 

Methane 6.9 x IO"1 17 
Ethane 5.7 x IO"2 14 
Ethene 2.5 x IO2 6 

The concentrations of methane, ethane and ethene determined in the gas phase 

could then be converted to an aqueous phase concentration via Equation A 1.13, aqueous 

and gaseous concentrations where added together to obtain a total concentration value. 

In order to correct for the concentration removed in prior sampling, gas 

concentrations were converted to mass per sample removed value (mg per 50 mL). This 

value was added to the following time period's total concentration value, giving a 

cumulative concentration for methane, ethane and ethene, as described in Equation 

A1.14. 

ca0rr = caeas + 0.05C *" (A 1.14) 

Where Ca
Corr (mg L"1) is the corrected value for measurement at time a, Ca

 eas 

(mg L"1) is the total measured value (aqueous + gaseous) measured value and Ca-i
gas 

(mg L"1), is the gas concentration at the previous time value. 
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Appendix II -Physical Properties 

A2.1 Bulk Density and Soil Porosity 

Bulk density (pb) is a measure of the soil mass per unit volume (kg L"), rt 

indicates the looseness or compactness of the soil and typically has a vaue between 1.3 

and 1.6 kg L 1 (Leeper and Uren, 1993). Bulk density is defined as (Sumner, 2000): 

mass of solids A 2 l 

volume of solids + volume of pore space 

The pore space is the space not accounted for by the soil grains (Leeper and 

Uren, 1993). The pore spaces may hold either air, water or other liquids (Sumner, 

2000). W h e n the bulk density is fixed, the volume of pore paces may be defined as the 

porosity, o (Equation, A2.2; Sumner, 2000). 

volume of pore space A0 0 

Porosity(cr) = — A Z . Z 
volume of soil 

Soil porosity can be calculated using a tracer test, where the tracer is a non-

reactive tracer and does not sorb to soil particle, for example bromide (Ammann et al., 

2003; Reimus et al., 2003). Here the breakthrough time relates to the porosity via 

Equation A2.3. 

, , , Volume of Column * porosity . _ _ 
Time of Breakthrough = A2.3 

Volumetric Flow Rate 

The breakthrough time was calculated as the time at which the area under the 

concentration versus time curves (as equal to 50 % of the total area. This position of 50 

% breakthrough was calculated by fitting the bromide concentration data to a Gaussian 

function. 

For the small-scale columns (Figures 3.8A to H ) this gave a bromide 

breakthrough time of 228 hours. Therefore, for these columns, using a column volume 
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of 391 m L and a volumetric flow rate of 0.6 m L h"1 the porosity of the soil was 

calculated to be 0.34. 

In this study the bulk density measured is the dry bulk density, meaning that the 

mass of soil used in calculating this value is the dry mass. 

Soil bulk density was calculated at the completion of the column tracer 

experiments. The soil from the column was emptied into a container and oven dried at 

90 °C, with measurements being taken daily until 3 values within 5 % where obtained. 

The average of the three measurements was determined to be 406.7 g. As the soil filled 

the column, which had a volume of 391 m L the bulk density, as defined in Equation 

A2.2, could be calculated. This gave a bulk density of 1.59 kg L" . 

A2.2 Batch Kinetic Sorption Experiments 

Preliminary kinetic sorption experiments were undertaken over a range of 

sampling intervals to determine when sorption equilibrium would be reached. 

Experiments were undertaken in separate 120 m L glass serum vials, with Teflon 

impregnated butyl rubber stoppers and aluminum crimp caps. Soil (20 g) was added to 

selected vials (see Table A2.1) and vial headspaces were purged with nitrogen. A 

aqueous solution of either TriBE, D B E or V B (100 m L at a concentration of 2 m g L 1) 

in groundwater ( G W ) was then added to each vial and vials were rolled at 12 rpm for a 

range of times (see Table A2.1), before being removed from the roller and allowed to 

settle for 6 hours. A 10 m L of water sample was then removed from each vial, extracted 

with ether and analyzed in triplicate using GC-MS. 

Table A2.1 Kinetic batch sorption experiments. 
Experiment Water Addition Amendment Contaminant Sampling Time 

(mL) Soil (g) Addition (mg L!) (days) 
TriBE 100 (GW) 20 2 1,3,7, 14,21 

TriBE (control) 100 (GW) - 2 21 
DBE 100 (GW) 20 2 1,3,7, 14,21 

DBE (control) 100 (GW) - 2 21 
VB 100 (GW) 20 2 1,3,7, 14,21 

VB (control) 100 (GW) : 2 21 

The concentrations VB, DBE and TriBE as a percentage of the initial 

concentrations, with time are shown in Figure A2.1. Generally brominated compound 

concentrations reached equilibrium after being rolled at 12 rpm for approximately 5 

days. 
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Figure A2.1 Kinetic Data for Batch Sorption of VB, DBE and TriBE at 2mg L1 organics and 20 g of soil, 
when rolled at 12rpm. 

A2.3 Partition Co-efficient (Koc) 

The extent to which an organic species partitions itself between the soil and solution 

phases is defined by the adsorption coefficient, K<,c. Essentially it is the ratio of the 

amount of chemical sorbed per unit weight of organic carbon, Equation A2.4 (Lyman et 

al. 1990) 

Koc = Lie adsorbed / organic carbon (A2.4) 

fig / m L solution 

Koc is an important property used to model the transport of specific chemicals in 

soils and sediments. The degree of adsorption to the soil also impacts on processes such 

as volatilisation, hydrolysis and biodegradation. Literature values of the Koc values for 

the compounds of interest are given in Table A2.2 

According to Lyman et al. (1990) the Koc can also be determined using empirical 

relationships between a number of properties such as solubility and the octanol-water 

partition coefficient. Using the regression equation suggested for brominnated 
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hydrocarbons Equation A2.5 (Lyman et al. 1990), the Koc values can be calculated from 

the water solubility values for each compound. This estimated value can then be 

compared to the experimental estimate determined from sorption measurements using 

Equation A2.6 below to give an indication of the reliability of both methods. While 

Equation A2.6 is an empirical equation it has been shown that the values of Koc 

obtained are comparable to the measured values for a particular soil (Lyman et al. 

1990). 

logio Koc = -0.55 logio S + 3.64 (A2.5) 

where S is the solubility in m g L"1 

Koc= K n xlOO (A2.6) 
% organic carbon 

Both values can then be compared to literature values to confirm the values for use 

in modelling of the compounds fate and transport properties and for use in designing 

site remediation strategies. 

A2.4 Comparison of Literature and Experimental Koc Values 

Since K D and the solubility have been determined it was possible to estimate Koc 

from Equations A2.5and A2.6 and compare these values to the literature values. Using 

the solubilities given in Table A2.2 and a percentage organic carbon of 0.6% (external 

laboratory result) the values shown in Table A2.2 were calculated. The experimental 

Koc values determined using the solubility based regression equation, (Equation A2.5) 

using the experimental solubilities outlined in Table A2.2are in close agreement with 

literature values, however those obtained using Equation A2.6 are slightly different, 

with the most significant differences being for D B E and TriBE. 

Table A2.2 Lop K.„ for DBE, VB and TriBE 
Log 1 ^ LogK„c Average LogK„c 

Equation Equation Experimental Literature 
A2.5 A2;6 Log KQC 

~ V B 1.51 2.01 1.76 1.57 
DBE 1.95 1.27 1.61 1.78 
TriBE 2.05 131 L68 32Q_ 
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Appendix III - Modelling Parameters 

A number of parameters are required in the input of a groundwater model. 

These parameters include the flow rates, solute concentrations and porosity values 

outlined in Chapter 8, as well as a definition of the reactions occurring in the system. 

The PHREEQC-2 model developed in Chapter 8 used equilibrium reactions 

which were based on a model developed by Prommer et al., (2004) for the degradation 

of TCE by ZVI. These equilibrium reactions are defined in Table A3.1, where Keq is 

the equilibrium constant. 

Table A3.1 Equilibrium reactions used in the PHREEQC-2 model 

Reaction Log Keq 

Aqueous Species 

2H20 <-> 0 2 + 41T + 4e 

2 H+ + 2 e" H H 2 

Fe+3 + e" <-> Fe+2 

N 0 3 + 2H
+ + 2e <-> N 0 2 + H20 

2 NO3" + 12 H + + 10 e" <->N2 + 6 H20 

N03- + 10H+ + 8e- <-> NH4+ + 3H20 

C0 3
 2 + 10 H + + 8 e" <-> CH4+ 3 H20 

H20 <-> OH. + H + 

NH4+ <-> NH 3 + H
+ 

NH4+ + S04"
2<^NH4S04 

NO3 + 2 IT" + 2 e" <-> N 0 2 + H 20 

2 N03" + 12 H
+ + 10 e" <-> N 2 + 6 H20 

Mg+2 + H 20 <-> Mg O H
+ + H + 

Mg+2 + C0 3
 2 <-> MgC0 3 

Mg+2 + C0 3
 2 + H + <-> MgHC0 3

+ 

Mg+2 + S04"
2 <-> MgS0 4 

Ca+2 + H20 <-> CaOH* + H
+ 

Ca+2 + CO3"2 <^CaC03 

Ca+2 + S04
 2 <^ CaS04 

Na+ + C03"
2<^NaC03 

196 

-86.1 

-3.2 

13.0 

28.6 

207.1 

119.1 

41.1 

-4.0 

-9.3 

1.1 

28.6 

207.1 

-11.8 

3.0 

11.4 

2.3 

11.3 

3.2 

2.3 

1.3 



Appendix III Elizabeth Cohen. PhD Thesis 

Na+ + C03"
2 + H + <-> NaHC0 3 10.1 

Na+ + SO4"2 o NaS04" 0.7 

K + + SO4"2 <-> KS04" 0.9 

Fe+2 + H 2 0 o FeOlT + IT -9.5 

Fe+2 + 3H20 <-> Fe(0H)3" + 3H+ -31.0 

Fe+2 + S04"
2 <r> FeS04 2.3 

Fe+3 + H 2 0 <-> FeOH
+2 + H + -2.2 

Fe+3 + S 0 4
2 <-> FeS04

+ 2.1 

Fe+3 + 3C1" <-> FeCl3 1.1 

Fe+3 + 2H20 <-> Fe(0H)2
+ + 2H+ -5.7 

Fe+3 + 3H20 oFe(OH)3 + 3H
+ -13.6 

Fe+3 + 4H 20 <-> Fe(0H)4" + 4H
+ -21.6 

Fe+3 + 2S04"
2 <-> Fe(S04)2" 5.4 

2Fe+3 + 2H20 <-> Fe2(OH)2
+4 + 2H+ -2.9 

3Fe+3 + 4H 20 <->Fe3(OH)4
+5 + 4H+ -6.3 

C03"
2 + H + <-> HC03" 10.3 

C03"
2 + 2H+ <r* H 2 C 0 3 16.7 

S04"
2 + IT <-> H S 0 4 2.0 

H S ^ S ^ + lT -12.9 

SO4"2 + 9 H + + 8 e" <-> HS" + 4 H 2 0 33.7 

HS" + IT <-> H2S 7.0 

Mineral and Gas Phases 

Calcite -8.9 

CaC03 H C a
+ 2 + C 0 3

 2 

Dolomite -17 

CaMg(C03)2 <-> Ca
+2 + Mg + 2 + 2C03"

2 

Ferrihydrite 4.9 

Fe(OH)3 + 3H+ <-> Fe
+3 + 3H20 

Fe3(OH)8 20.2 

Fe3(OH)8 + 8H
+ <-> 2Fe+3 + Fe+2 + 8H20 

Fe2(S04)3 15.1 

Fe2(S04)3 <-> 2Fe
+3 + 3SQ4"

2 
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FeS(ppt) -5-0 

F e S + H + o F e ^ + HS" 

Pyrite "5 0 

FeS2 + 2lT +2e" <-> Fe
+2 + 2HS 

Gypsum "4° 

CaS04:2H20 <-> Ca+
2 + S04-

2 + 2H20 

Hematite ' 3 0 ° 

Fe203 + 6H+ <-> 2Fe
+3 + 3H20 

Huntite -3 0 0 

CaMg3(C03)4 <-> 3Mg
+2 + Ca+2 + 4C03"

2 

Jarosite-Na -11.2 

NaFe3(S04)2(OH)6 + 6H+ <-> Na
+ + 3Fe+3 + 2S04"

2 + 6H20 

Jarosite-K -14.8 

KFe3(S04)2(OH)6 + 6H
+ <-> K+ + 3Fe+3 + 2S04"

2 + 6H20 

Jarosite-H -12.1 

(H30)Fe3(S04)2(OH)6 + 5H
+ <-> 3Fe+3 + 2S04"

2 + 7H20 

Maghemite 6.4 

Fe203 + 6H+ <-> 2Fe
+3 + 3H20 

Magnesite -8.0 

M g C 0 3 <-> Mg
+ 2 + C 0 3

 2 

Magnetite 3.7 

Fe304 + 8H
+ <-> 2Fe+3 + Fe+2 + 4H20 

Melanterite -2.5 

FeS04:7H20 <-> Fe
+2 + S0 4

 2 + 7H20 

Siderite -10.6 

FeC03 <->Fe
+2 + C03"

2 

Lime 33.0 

CaO + 2H+ <->Ca+2 + H 20 

Portlandite 22.7 

Ca(0H)2 + 2H+ <->• Ca
+2 + 2H20 

Periclase 21.5 

M g O + 2H+ <-> Mg+ 2 + H 20 



Appendix HI Elizabeth Cohen. PhD Thesis 

Mg-Ferrite 16.8 

MgFe204 + 8H+ o Mg
+2 + 2Fe+3 + 4H20 

Lepidocrocite 1.4 

FeOOH + 3H+ <-> Fe+3 + 2H20 

CH4(g) -40.1 

CHU + 3H20 <-> C03"
2 + 8e" + 10H+ 

C02(g) -18.2 

C02 + H20<->C03~
2 + 2H+ 

OzCg) 83.1 

02 + 4H
+ + 4e" o 2H20 


