
Treatment Technologies for Removal of
Methyl Tertiary Butyl Ether (MTBE)

from Drinking Water:
✦ Air Stripping

✦ Advanced Oxidation Processes

✦ Granular Activated Carbon

✦ Synthetic Resin Sorbents

A Publication of:

The California MTBE Research Partnership

Edited by:

Gina Melin, National Water Research Institute

December 1999

i

A Report Written for:

The California MTBE Research Partnership

Edited by:

Gina Melin, National Water Research Institute

February 2000

SECOND EDITION



Published by the
Center for Groundwater Restoration and Protection

National Water Research Institute

NWRI-99-06

10500 Ellis Avenue ✦ P.O. Box 20865
Fountain Valley, California 92728-0865

(714) 378-3278 ✦ Fax: (714) 378-3375
www.ocwd.com/ NWRI

ii



Limitations

This document is intended for use by members of the MTBE Research Partnership
(Partnership) pursuant to the Research Partnership Agreement. The Research Partnership
does not warrant, guarantee, or attest to the accuracy or completeness of the data,
interpretations, and conclusions contained herein. Use of this document, or reliance on any
information contained herein, by any party or entity other than members of the Research
Partnership is at the risk of such parties or entities.

i



California MTBE Research Partnership

The California MTBE Research Partnership is comprised of the following individuals who
shared their technical expertise by defining and reviewing this document and providing
comments and suggestions:

ii

Steering Committee

Mark Beuhler, Chair
Metropolitan Water District

of Southern California

Ned Griffith, Lyondell Chemical Company

Tracy Hemmeter,
Santa Clara Valley Water District

Dave Smith, ARCO Products Company

Research Advisory Committee

Walter Weber, Jr., Chair
University of Michigan at Ann Arbor

Rey Rodriguez,
Chair, Source Water Protection Subcommittee
H2O R2 Consultants, Inc.

Scott Tenney,
Chair, Treatability Subcommittee
Mobil Oil Corporation

Lisa Anderson,
Metropolitan Water District of Southern California

Rich Atwater, Inland Empire Utilities Agency
Bruce Bauman, American Petroleum Institute
Ivo Bergsohn, South Tahoe Public Utilities District
Tim Buscheck, Chevron Products Company
David Camille, Tosco
Robert Cheng, Long Beach Water Department
Chi-Su Chou, Consultant
Krista Clark, Association of California Water Agencies
Mike Cooper, Placer Co.
Daniel Creek, Alpine Environmental, Inc.
Jim Crowley, Santa Clara Valley Water District
James Davidson, Alpine Environmental, Inc.
Marshall Davis,

Metropolitan Water District of Southern California
Shahla Farahnak,

State Water Resources Control Board
Amparo Flores, Malcolm Pirnie, Inc.
Jack Fraim, Chevron
John Gaston, CH2M Hill
Don Gilson, Chevron Products Co.
John Gustafson, Equilon, Inc.
Elliot Heide, McClintock, Weston, Bens

Roy Hodgen, Lyondell Chemical Company
Rick Hydrick, South Tahoe Public Utilities District
Steven Inn, Alameda County Water District
Michael Kavanaugh, Malcolm Pirnie, Inc.
Charles Kish, Riverview Water District
John Kneiss, Oxygenated Fuel Association
Sun Liang,

Metropolitan Water District of Southern California
Ronald Linsky, National Water Research Institute
Dave McKinney, Shell
Ralph Moran, ARCO Products Company
Stephen Morse,

Regional Water Quality Control Board,
San Francisco Region

David Pierce,
Chevron Research and Technology Company

Roger Pierno, Santa Clara Valley Water District
Dave Ramsden, GZA, GeoEnvironmental, Inc.
Melinda Rho,

Los Angeles Department of Water and Power
Martin Rigby, Orange County Water District
Richard Sakaji,

California Department of Health Services
Dick Sloan, Lyondell Chemical Company
Curt Stanley, Equilon, Inc.
Andrew Stocking, Malcolm Pirnie, Inc.
Paul Sun, Equilon, Inc.
Martin Varga, Kern County Water Agency
Mike Wang, Western States Petroleum Association
Christine White, Equiva Services, LLC.
Ken Williams,

Regional Water Quality Control Board,
Santa Ana Region

Jeff Wilson, Western States Petroleum Association
Dick Woodward, Sierra Environmental Services, Inc.



Acknowledgements

The California MTBE Research Partnership wishes to acknowledge the extraordinary efforts
of the many dedicated individuals who revised this document.

Foremost, the Partnership would like to thank the Treatability Subcomittee, which is chaired
by Scott Tenney of Mobil Oil Corporation. Members include: Todd Anderson, Santa Clara
Valley Water District; Rich Atwater, Inland Empire Utilities Agency; Bruce Bauman,
American Petroleum Institute; Robert Cheng, Long Beach Water Department; Chi-Su Chou,
Consultant; Dan Creek, Alpine Environmental, Inc.; Jim Davidson, Alpine Environmental,
Inc.; Marshall Davis, Metropolitan Water District of Southern California; Amparo Flores,
Malcolm Pirnie, Inc.; Charles Kish, Riverview Water District; Michael Kavanaugh, Malcolm
Pirnie, Inc.; Sun Liang, Metropolitan Water District of Southern of Southern California;
David Pierce, Chevron Research and Technology Company; Roger Pierno, Santa Clara
Valley Water District; David Ramsden, GZA, GeoEnvironmental, Inc.; Rey Rodriguez,
H2O R2 Consultants, Inc.; Richard Sakaji, State of California Department of Health
Services; Dick Sloan, Lyondell Chemical Company; Curt Stanley, Equilon Enterprises LLC;
Andrew Stocking, Malcolm Pirnie, Inc.; Paul T. Sun, Equilon Enterprises LLC; and Dick
Woodward, Sierra Environmental Services

The Partnership extends special thanks to Revision Project Manager Rey Rodriguez of
H2O R2 Consultants, Inc.

The Partnership also wants to recognize the efforts of Gina Melin of the National Water
Research Institute and Tim Hogan of Tim Hogan Design, who edited and designed this book.

The Partnership is indebted to the authors of this book. They include:

Chapter One: Introduction
Rodriguez, R.A.1; Davidson, J.M.2; Creek, D.N.2; Flores, A.E.3; Stocking, A.J.3;
Kavanaugh, M.C.3

Chapter Two: Air Stripping
Stocking, A. J.3; Eylers, H.3; Wooden, M.3; Herson, T.3; Kavanaugh, M.C.3

Chapter Three: Advanced Oxidation Processes
Literature Review:
Kommineni, S.3; Zoeckler, J.3, Stocking, A.J.3; Liang, S.4; Flores, A.E.3; Kavanaugh, M.C.3

Technology Cost Estimates:
Rodriguez, R.A.1; Browne, T.5; Roberts, R.5; Brown, A.5; Stocking, A.J.3

Chapter Four: Granular Activated Carbon
Creek, D.N.2; Davidson, J.M.2

iii



Chapter Five: Synthetic Resin Sorbents
Flores, A. E.3; Stocking, A. J.3; Kavanaugh, M.C.3

Chapter Six: Summary of Findings and Conclusions
Flores, A.E.3; Stocking, A.J.3; Creek, D.N.2; Davidson, J.M.2; Rodriguez, R.A.1;
Kavanaugh, M.C.3

The Partnership acknowledges and appreciates the efforts of numerous peer reviewers for
both the first and second editions, including: David Bacharowski, Los Angeles Regional
Water Quality Control Board; Paul Gilbert-Snyder, State of California Department of Health
Services; Sue Kaiser, California Air Resources Board; Steven Linder, United States
Environmental Protection Agency; Ronald Linsky, National Water Research Institute;
Gordon Schremp, California Energy Commission; and Gary Yamamoto, State of California
Department of Health Services.

Special thanks are given to the following reviewers for detailed insights and critiques that
served to improve the quality of the revised report: Daniel Chang, University of California,
Davis; Rick Sakaji, California Department of Health Services; Edward Schroeder, University
of California, Davis; Neal Megonnell, Calgon Carbon Corporation; Terry Applebury, Applied
Process Technologies; Barry Clark, Northeast Environmental Products; Ron White,
Carbonair; Steve Cater, Calgon Carbon Corporation; Laura Schmidt, Rohm and Haas
Company; and Phil Hodge, American Purification, Inc.

And, finally, the Partnership would like to thank the numerous technology vendors who
provided useful and up-to-date information to complete this report. Specific vendors are
referenced in each chapter.

1 H2O R2 Consultants Inc.; 653 E. Michelle St.; West Covina, California 91790; Phone (626) 917-7747

2 Alpine Environmental, Inc.; 203 W. Myrtle St. Suite C.; Ft. Collins, Colorado 80521; Phone (970) 224-4608

3 Malcolm Pirnie, Inc.; 180 Grand Ave. # 1000; Oakland, California, 94612; Phone (510) 451-8900

4 Metropolitan Water District of Southern California; 700 Moreno Ave.; LaVerne, California 91750; Phone (909) 392-5273

5 Komex H2O Science Inc.; 550 Bolsa Ave., Suite 105; Huntington Beach, California 92649; (714) 379-1157

iv



Table of Contents

1.0 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Background and Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.1.1 Document Overview. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.1.2 The California MTBE Research Partnership . . . . . . . . . . . . . . . . . 5

1.1.3 Preliminary Evaluation or Selection . . . . . . . . . . . . . . . . . . . . . . . . 5
of Treatment Technologies

1.2 History of MTBE Use . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2.1 MTBE as an Oxygenate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2.2 Physical and Chemical Characteristics . . . . . . . . . . . . . . . . . . . . . . 7

1.2.3 Impact of MTBE on Water Supplies . . . . . . . . . . . . . . . . . . . . . . . . 9

1.3 Drinking Water Regulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.3.1 Federal Standards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.3.2 California Drinking Water Standards . . . . . . . . . . . . . . . . . . . . . . 12

1.3.3 Analytical Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.4 Integration of Technologies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.4.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.0 Air Stripping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.1.1 Air Stripping Application for MTBE Removal . . . . . . . . . . . . . . 25
from Drinking Water

2.1.2 Objectives of the Evaluation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.2 Description of Technology - Air Stripping. . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.2.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.2.2 Process Principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.2.3 Aeration Technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.3 Comparative Discussion of Air Strippers. . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.3.1 Permitting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.3.2 Flow Rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.3.3 Removal Efficiency and Flow Rate. . . . . . . . . . . . . . . . . . . . . . . . 50

2.3.4 Impact of Water Quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

v



2.3.5 Other Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.3.6 By-products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

2.3.7 Cost Effectiveness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

2.4 Off-gas Treatment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

2.4.1 Vapor Phase GAC Adsorption . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

2.4.2 Thermal and Catalytic Oxidation. . . . . . . . . . . . . . . . . . . . . . . . . . 74

2.4.3 Biological Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

2.5 Evaluation and Screening of Off-gas Treatment Technologies. . . . . . . . . . 81

2.5.1 Permitting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

2.5.2 Flow Rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

2.5.3 Removal Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

2.5.4 Other Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

2.5.5 By-products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

2.5.6 Cost Effectiveness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

2.6 Optimization of Air Stripping Technologies . . . . . . . . . . . . . . . . . . . . . . . . . 93

2.6.1 Introduction and Design Equations . . . . . . . . . . . . . . . . . . . . . . . . 93

2.6.2 Design Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

2.6.3 Operating Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

2.6.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

2.7 Conclusions and Recommendations for Future Research. . . . . . . . . . . . . 101

2.7.1 Recommended Technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

2.7.2 Recommendations for Future Research . . . . . . . . . . . . . . . . . . . 103

2.8 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

3.0 Advanced Oxidation Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

3.1 Background and Objectives of Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . 111

3.2 Process Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

3.3 General Process Principles and Implentability Issues . . . . . . . . . . . . . . . . 115

3.3.1 Water Quality Impacts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

3.3.2 General Advantages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

3.3.3 General Disadvantages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

3.3.4 AOP Technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

3.4 Established Technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

vi



3.4.1 Hydrogen Peroxide/Ozone (H2O2/O3) . . . . . . . . . . . . . . . . . . . . 133

3.4.2 UV Systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

3.5 Emerging Technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

3.5.1 E-beam Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

3.5.2 Cavitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

3.5.3 TiO2-catalyzed UV Oxidation (TiO2/UV) . . . . . . . . . . . . . . . . . 163

3.5.4 Fenton’s Reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

3.6 Comparative Discussion of AOPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

3.6.1 Permitting. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

3.6.2 Flow Rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

3.6.3 Removal Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

3.6.4 Other Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

3.7 Cost Evaluation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

3.7.1 Overall Costs of AOP Systems . . . . . . . . . . . . . . . . . . . . . . . . . . 181

3.7.2 Evaluation of Cost Estimates for Specific AOP Technologies . . 189

3.7.3 Sensitivity Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

3.8 Conclusions and Recommendations for Future Research. . . . . . . . . . . . . 197

3.8.1 Recommended Technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

3.8.2 Recommendations for Future Research . . . . . . . . . . . . . . . . . . . 197

3.9 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

4.0 Granular Activated Carbon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

4.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211

4.1.1 Nature of Problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211

4.1.2 Objectives. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211

4.2 General Evaluation of GAC Technology . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

4.2.1 Description of Technology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

4.2.2 Benefits and Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218

4.2.3 Key Variables and Design Parameters . . . . . . . . . . . . . . . . . . . . 221

4.2.4 Carbon Vendors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226

4.2.5 Level of Development of Technology. . . . . . . . . . . . . . . . . . . . . 226

4.2.6 Technical Implementability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228

4.2.7 Permitting. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228

vii



4.2.8 Current Usage of Technology. . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

4.2.9 Summary of Ongoing Research. . . . . . . . . . . . . . . . . . . . . . . . . . 231

4.3 Detailed Evaluation of GAC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233

4.3.1 Computer Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233

4.3.2 Flow Rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237

4.3.3 Removal Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238

4.3.4 Other Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240

4.3.5 Cost Estimates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243

4.3.6 Sensitivity Analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249

4.4 Conclusions and Research Recommendations . . . . . . . . . . . . . . . . . . . . . . 253

4.4.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253

4.4.2 Recommendations for Future Research . . . . . . . . . . . . . . . . . . . 253

4.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255

5.0 Synthetic Resin Sorbents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261

5.1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261

5.1.2 Objectives of the Evaluation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261

5.2 Process Principles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263

5.2.1 Equilibrium Sorption Models. . . . . . . . . . . . . . . . . . . . . . . . . . . . 264

5.2.2 Sorption Rates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 266

5.3 Application of Synthetic Resins to Water Treatment. . . . . . . . . . . . . . . . . 269

5.3.1 Resin Production. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269

5.3.2 Physical and Chemical Properties of Resins . . . . . . . . . . . . . . . 271

5.3.3 Results of Bench-scale Studies . . . . . . . . . . . . . . . . . . . . . . . . . . 274

5.4 Key Variables in the Design of Synthetic Resin Sorbent Systems . . . . . 293

5.4.1 Type of Synthetic Resin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 293

5.4.2 Background Water Quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 293

5.4.3 Process Flow Configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 294

5.4.4 Regeneration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296

5.4.5 Operating Parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299

5.4.6 Manufacturers and Resin Unit Costs . . . . . . . . . . . . . . . . . . . . . 300

5.5 Pilot-scale/Field Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 303

viii



5.5.1 Major Oil Refinery in Bakersfield, California . . . . . . . . . . . . . 303

5.5.2 World Oil Service Station . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 303

5.5.3 BP Oil Company. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 303

5.5.4 Gas Station in Bellingham, MA. . . . . . . . . . . . . . . . . . . . . . . . . . 304

5.5.5 Charnock Well Field in Santa Monica, CA . . . . . . . . . . . . . . . . 304

5.6 Economic Analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 307

5.6.1 Objective and Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 307

5.6.2 Cost Scenarios. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 308

5.6.3 Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 309

5.6.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 309

5.6.5 Conclusions and Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 324

5.7 Recommendations for Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325

5.8 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327

5.9 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 329

6.0 Conclusions and Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 335

6.1 Summary of Key Findings and Conclusions. . . . . . . . . . . . . . . . . . . . . . . . 337

6.1.1 Air Stripping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 337

6.1.2 AOPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 339

6.1.3 GAC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 340

6.1.4 Synthetic Resin Sorbents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 342

6.2 Comparative Discussion of Different Technologies . . . . . . . . . . . . . . . . . . 345

6.2.1 Permitting. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 345

6.2.2 Reliability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 346

6.2.3 Flexibility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 347

6.2.4 Adaptability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 347

6.2.5 Potential for Modifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348

6.2.6 Cost Effectiveness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348

6.3 Recommendations for Future Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351

6.3.1 Air Stripping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351

6.3.2 AOPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351

6.3.3 GAC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 352

6.3.4 Resins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353

ix



Appendices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 355

Appendix 2A-1 Cost Assumptions for Packed Tower Aeration . . . . . . . . . . 357

Appendix 2A-2 Cost Assumptions for Low Profile Aeration. . . . . . . . . . . . 359

Appendix 2B 9/1/98 La Crosse, Kansas Trip Report . . . . . . . . . . . . . . . . . 361

Appendix 2C Air Stripping Equipment Vendors. . . . . . . . . . . . . . . . . . . . . 367

Appendix 2D Off-gas Treatment Equipment Vendors . . . . . . . . . . . . . . . . 369

Appendix 3A Assumptions for AOP Economic Analysis . . . . . . . . . . . . . 371

Appendix 4A Cost Estimates for GAC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 383

Appendix 5A Filtrasorb 600 Isotherm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 403

Appendix 5B Assumptions for Synthetic Resin Sorbents . . . . . . . . . . . . . 405
Cost Estimates

x



List of Tables

Table 1-1 Physical and Chemical Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
of BTEX Compounds and MTBE

Table 2-1 Description of Air Stripping Treatment Technologies . . . . . . . . . . . . . . . . . 30
and Their Advantages and Disadvantages

Table 2-2 Packed Tower Design Variables. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

Table 2-3a Air Stripping Permitting Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

Table 2-3b Off-gas Treatment Permitting Requirements. . . . . . . . . . . . . . . . . . . . . . . . . 49

Table 2-4 Typical Maximum Hydraulic Capacities . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
for Commercially Available Systems

Table 2-5 Problematic Iron and Hardness Concentrations . . . . . . . . . . . . . . . . . . . . . . 51
for Air Stripping Technologies

Table 2-6 Comparison of Air Stripping Technologies . . . . . . . . . . . . . . . . . . . . . . . 53-54

Table 2-7 Sample Calculation of Capital, Annual, and Unit Treatment Costs. . . . . . 57
for a 600 gpm Packed Tower, 2,000 to 20 ug/L MTBE

Table 2-8 Initial Capital Expenses for Air Stripping Systems . . . . . . . . . . . . . . . . . . . 58

Table 2-9 Annual O&M Costs for Air Stripping Systems . . . . . . . . . . . . . . . . . . . . . . 58

Table 2-10 Estimated Labor Hours for Maintenance and Sampling . . . . . . . . . . . . . . . 59
of Air Stripping Systems in Hours per Week

Table 2-11 Sampling Requirements for Air Stripping Systems . . . . . . . . . . . . . . . . . . . 59
and Off-gas Treatment: No. of Samples Collected Weekly

Table 2-12 Total Amortized Operating Costs ($/1,000 Gallons Treated) . . . . . . . . . . . 61
for Air Stripping Systems

Table 2-13 Expense Summary for Air Stripping Systems - Spray Tower. . . . . . . . . . . 62

Table 2-14 Expense Summary for Air Stripping Systems - Packed Tower . . . . . . . . . 63

Table 2-15 Expense Summary for Air Stripping Systems - Low Profile . . . . . . . . . . . 64

Table 2-16 Expense Summary for Air Stripping Systems - Bubble Aeration . . . . . . . 65

Table 2-17 Expense Summary for Air Stripping Systems - Aspiration . . . . . . . . . . . . 66

Table 2-18 Sensitivity Analysis for Air Stripping Systems - Packed Tower. . . . . . . . . 67

Table 2-19 Sensitivity Analysis for Air Stripping Systems - Low Profile . . . . . . . . . . 68

Table 2-20 MTBE Air Stripper System Off-gas Removal Rates . . . . . . . . . . . . . . . . . . 70
Required to Meet 1 lb/day Discharge Limit

Table 2-21 Description of Off-gas Treatment Technologies . . . . . . . . . . . . . . . . . . . . . . 71

Table 2-22 GAC Design Variables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

xi



Table 2-23 Initial Capital Expenses for Off-gas Treatment Systems. . . . . . . . . . . . . . . 83

Table 2-24 Annual O&M Costs for Off-gas Treatment Systems. . . . . . . . . . . . . . . . . . 84

Table 2-25 Total Amortized Operating Costs ($/1000 Gallons Treated). . . . . . . . . . . . 85
for Off-gas Treatment

Table 2-26 Air Stripper Exit Concentrations Initiating Off-gas Treatment . . . . . . . . . 86

Table 2-27 Comparison of Off-gas Treatment Technologies . . . . . . . . . . . . . . . . . . . . . 87

Table 2-28 Cost Summary for Off-gas Treatment Technologies at 5 ppmv MTBE . . 90

Table 2-29 Cost Summary for Off-gas Treatment Technologies at 0.5 ppmv MTBE . . 91

Table 2-30 Design and Operating Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

Table 2-31 Air Stripping and Off-gas Technology Combination Recommendations . . 104

Table 2-32 Cost for Technology (Air Stripping and Off-gas Treatment) . . . . . . . . . . 104

Table 3-1 Hydroxyl Radical Rate Constants, k, for MTBE and Its By-products . . 120

Table 3-2 Brief Descriptions, System Components, Advantages, . . . . . . . . . . . 122-124
and Disadvantages of Established and Emerging AOP Technologies

Table 3-3 Reactions, By-products, Interfering Compounds, . . . . . . . . . . . . . . . 125-126
and Oxidant Hierarchy

Table 3-4 Summary of AOP Pilot and Field Studies . . . . . . . . . . . . . . . . . . . . . . 127-129

Table 3-5 Summary of Vendor Information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130-131

Table 3-6 Characteristics of Typical Low Pressure (LP), . . . . . . . . . . . . . . . . . . . . . . 140
Medium Pressure (MP), and Pulsed-UV (P-UV) Lamps

Table 3-7 Range of AOP Reactor Capacities and MTBE Removal Efficiencies . . . . 174

Table 3-8 Comparative Analysis of Various AOPs. . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

Table 3-9 Cost of Hydrogen Peroxide Removal and Oxidation By-product Removal . . 184

Table 3-10 Costs of H2O2/O3 System for MTBE Removal . . . . . . . . . . . . . . . . . . . . . 185

Table 3-11 Capital Costs of AOPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

Table 3-12 Annual O&M Costs of AOPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

Table 3-13 Total Amortized Operating Costs (per 1,000 Gallons Treated) for AOPs. . . 188

Table 3-14 Estimated By-product Formations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
and Residual Oxidant Concentrations for H2O2/MP-UV System

Table 3-15 Effects of TOC on AOP Treatment Costs . . . . . . . . . . . . . . . . . . . . . . . . . . 194

Table 3-16 Effects of Additional BTEX Contamination. . . . . . . . . . . . . . . . . . . . . . . . 195
on AOP Treatment Costs

Table 3-17 Effects of Design Life on AOP Treatment Costs . . . . . . . . . . . . . . . . . . . . 195

Table 4-1 Summary of MTBE Isotherm Data for Activated Carbons . . . . . . . . . . . 222

xii



Table 4-2 Vendor Information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227

Table 4-3 Estimated Carbon Usage Rates for Full-scale Systems. . . . . . . . . . . . . . . 230

Table 4-4 Results of AdDesignS Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236

Table 4-5 Results of AdDesignS Modeling for Sensitivity Analyses . . . . . . . . . . . . 242

Table 4-6 Predicted Carbon Usage Rates and Breakthrough Times . . . . . . . . . . . . . 245
Using In-series Operation

Table 4-7 Summary of Cost Estimates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246

Table 4-8 Cost Estimates for Sensitivity Analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . 250

Table 5-1 Steps in the Process of Sorption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267

Table 5-2 Largest Manufacturers of Polymeric and Carbonaceous Resins . . . . . . . 269
Used for the Removal of Organic Compounds

Table 5-3a Physical and Chemical Properties of Polymeric Sorbents . . . . . . . . . . . . 272

Table 5-3b Physical and Chemical Properties of GAC and Carbonaceous Resins . . . 273

Table 5-4 MTBE Isotherm Studies and Their Associated . . . . . . . . . . . . . . . . . . . . . 279
Experimental Conditions and Freundlich Parameters

Table 5-5 Chemical Properties of MTBE, m-Xylene, and TBA . . . . . . . . . . . . . . . . 284

Table 5-6 Manufacturer Information and Unit Costs . . . . . . . . . . . . . . . . . . . . . . . . . 301

Table 5-7 Option 1 (Series Operation): Capital, O&M, Regeneration, . . . . . . . . . . 311
and Total Costs

Table 5-8 Option 2 (Carousel Operation): Capital, O&M, Regeneration, . . . . . . . . 312
and Total Costs

Table 5-9a Regeneration Capital Costs for Option 1 (Series Operation) . . . . . . . . . . 313

Table 5-9b Regeneration Capital Costs for Option 2 (Carousel Operation). . . . . . . . 314

Table 5-10a Regeneration O&M Costs for Option 1 (Series Operation) . . . . . . . . . . . 315

Table 5-10b Regeneration O&M Costs for Option 2 (Carousel Operation). . . . . . . . . 316

Table 5-11 Regeneration Totals ($/1000 Gallons) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317

Table 5-12 Time to Column Exhaustion for MTBE vs. TBA . . . . . . . . . . . . . . . . . . . 322

Table 5-13 Sensitivity Analysis of Cost Estimates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323

Table 6-1 Summary of Total Amortized Costs ($/1,000 Gallons) . . . . . . . . . . . . . . . 338
for Recommended Air Stripping Technologies

Table 6-2 Summary of Total Amortized Costs ($/1,000 Gallons) . . . . . . . . . . . . . . . 338
for Recommended Off-gas Treatment Technologies

Table 6-3 Summary of Total Amortized Costs ($/1,000 Gallons) . . . . . . . . . . . . . . . 340
for Recommended AOP Technologies

xiii



Table 6-4 Summary of Total Amortized Costs ($/1,000 Gallons;) . . . . . . . . . . . . . . 342
for Recommended GAC Systems

Table 6-5 Summary of Total Amortized Costs ($/1,000 Gallons) . . . . . . . . . . . . . . . 343
for Recommended Synthetic Resin Systems

Table 6-6 Summary of Total Amortized Costs ($/1,000 Gallons) . . . . . . . . . . . . . . . 350
for Various Recommended Treatment Systems

xiv



List of Figures

Figure 2-1 Estimated vs. experimental data for MTBE’s Henry’s constant . . . 28
as a function of temperature.

Figure 2-2 An illustration of a packed tower system manufactured by. . . . . . . 31
Carbonair® (1995).

Figure 2-3 An illustration of a low profile system manufactured by. . . . . . . . . 36
Carbonair® (1995).

Figure 2-4 Components of an aspiration system (Maxi-Strip®) . . . . . . . . . . . . . 44
maufactured by Hazelton Environmental (1998).

Figure 2-5 Cost of off-gas treatment technologies as a function . . . . . . . . . . . . 69
of air flow rate.

Figure 2-6 Effects of increasing the removal efficiency on . . . . . . . . . . . . . . . . 95
the packing volume as a function of inlet water temperature.

Figure 2-7 Effects of increasing the AWR on packing volume . . . . . . . . . . . . . 95
as a function of removal efficiency.

Figure 2-8 Effects of changing AWR and packing media . . . . . . . . . . . . . . . . . . 96
on packing volume for a given removal efficiency.

Figure 2-9 Effects of changing AWR and packing media . . . . . . . . . . . . . . . . . . 96
on pressure drop for fixed tower dimensions.

Figure 2-10 Effects of changing pressure drop on total brake power . . . . . . . . . 97
and the packing volume as a function of packing.

Figure 2-11 Effects of changing the AWR on pressure drop for a . . . . . . . . . . . . 98
given tower cross-sectional area.

Figure 2-12 Demonstration of air stripping flexibility . . . . . . . . . . . . . . . . . . . . . . 98
(ability to handle a variety of flow rates) for a given design.

Figure 2-13 Domains for cost-effectiveness of air strippers . . . . . . . . . . . . . . . . 102
at varying removal efficiencies.

Figure 3-1a A schematic of a conventional (continuously stirred tank reactor) . . 135
H2O2/O3 system equipped with UV lamps.

Figure 3-1b A schematic of a plug flow H2O2/O3 system . . . . . . . . . . . . . . . . . 136
manufactured by Applied Process Technology, Inc.

Figure 3-2 A schematic of a high energy electron beam system. . . . . . . . . . . 155

Figure 3-3 A schematic of a cavitation system (HYDROX). . . . . . . . . . . . . . . 161
with supplemental chemical oxidants (e.g., H2O2).

Figure 3-4 A schematic of a fluidized bed TiO2/UV system. . . . . . . . . . . . . . . 167

Figure 3-5 A schematic of a system utilizing Fenton’s Reaction. . . . . . . . . . . 170

Figure 4-1 Schematic for GAC using series operation. . . . . . . . . . . . . . . . . . . . 216

xv



Figure 4-2 MTBE isotherms for GAC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

Figure 4-3 Predicted carbon usage rate vs. influent MTBE concentration. . . 239

Figure 4-4 Estimated unit treatment costs vs. system flow capacity . . . . . . . . 247
for in-series operation.

Figure 4-5 Estimated unit treatment costs vs. influent MTBE . . . . . . . . . . . . . 248
concentration for in-series operation.

Figure 5-1 Comparison of Freundlich model and Dubinin-Astakov (DA) . . . 266
Model fits to experimental data for a carbonaceous resin
(Ambersorb 572).

Figure 5-2 Various matrices for polymeric resins. . . . . . . . . . . . . . . . . . . . . . . . 270

Figure 5-3 MTBE isotherms.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 278

Figure 5-4a & b Sorption capacities of various synthetic resins and GAC . . . . . . . 280
at aqueous concentrations of 100 and 1,000 µg/L MTBE.

Figure 5-5a & b Effects of background humic substances in Santa Monica water. . . 283
on the sorption capacities of coconut-based GAC (GRC-22)
and Ambersorb 572.

Figure 5-6 Effects of m-xylene (Co = 43.2 mg/L) on the MTBE sorption. . . 285
capacities of Filtrasorb 400, Ambersorb 572, and
Ambersorb 563.

Figure 5-7 TBA isotherms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 286

Figure 5-8a & b Effects of TBA (100 µg/L) on the equilibrium sorption . . . . . . . . 287
capacities of coconut-based GRC-22 and Ambersorb 572 resin.

Figure 5-9 MTBE vs. TBA isotherms for Ambersorb and . . . . . . . . . . . . . . . . 288
Dowex Optipore L-493 resins.

Figure 5-10 Typical process flow configuration for a resin system. . . . . . . . . . 295

Figure 5-11 Hypothetical breakthrough curve and its MTZ . . . . . . . . . . . . . . . . 296
at one point in time.

Figure 5-12 Process flow configurations for in-series operation . . . . . . . . . . . . 318
vs. carousel operation of resin systems.

Figure 5-13 Four operational models for two vessels in series. . . . . . . . . . . . . . 319

xvi



List of Appendix Tables and Figures

Table 2A-1 Packed Tower Aeration Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 358

Table 2A-2 Low Profile Aeration Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 360

Table 3A-1 Replacement Part Costs for AOPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 373

Table 3A-2 Labor Costs for AOPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 374

Table 3A-3 Analytical Costs for AOPs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 375

Table 3A-4 Chemical Costs for AOPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 376

Table 3A-5 Electrical Costs for AOPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 377

Table 3A-6 Estimated Labor Costs for H2O2/MP-UV System. . . . . . . . . . . . . . . . . . . 378

Table 3A-7 Estimated Labor Costs for H2O2/O3 System . . . . . . . . . . . . . . . . . . . . . . . 379

Table 3A-8 Estimated Labor Costs for Ultrasound/H2O2 Systems . . . . . . . . . . . . . . . . . . 380

Table 3A-9 Estimated Labor Costs for TiO2/MP-UV System . . . . . . . . . . . . . . . . . . . 381

Table 4A-1 Estimated Labor Costs for GAC Systems . . . . . . . . . . . . . . . . . . . . . . . . . . 385

Table 4A-2 Estimated Labor Costs for Sensitivity Analysis . . . . . . . . . . . . . . . . . . . . . 386

Table 4A-3 Estimated Costs for Carbon Adsorption . . . . . . . . . . . . . . . . . . . . . . . 387-395

Table 4A-4 Estimated Costs for Sensitivity Analysis . . . . . . . . . . . . . . . . . . . . . . . 396-402

Figure 5A-1 MTBE isotherms for Filtrasorb 600 and PCB, . . . . . . . . . . . . . . . . . . . . . . 403
a coconut-based GAC.

Table 5B-1 MTBE Sorption Modeling Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 407

Table 5B-2 MTBE Assumptions Used in AdDesignS . . . . . . . . . . . . . . . . . . . . . . . . . . 408

Table 5B-3 Calculation of Capital, Annual, and Unit Treatment Costs. . . . . . . . . . . . 409

Table 5B-4 Labor and Analytical Assumptions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 410

xvii



xviii



List of Acronyms

ACT accelerated column test 
ACWA Association of California Water Agencies
AOP advanced oxidation process 
AQMD Air Quality Management District  
ASTM American Society for Testing and Materials 
AWR air/water ratio  
BACT best available control technologies (as defined by EPA) 
BAT best available treatment (technology) 
BTEX benzene, toluene, ethylbenzene, xylenes (o-, m-, p-xylene) 
BV bed volume; volume of a resin or GAC vessel  
CARB California Air Resources Board  
CB conduction band
Cl• chlorine radical
CO carbon monoxide
COD chemical oxygen demand 
D/DBP disinfection/disinfection by-product 
DBP disinfection by-products  
DCA dichloroethane  
DCB dichlorobenzene  
DCE dichloroethylene 
DHS (California) Department of Health Services  
DLR detection limit for the purpose of reporting  
DO dissolved oxygen 
DOC dissolved organic carbon 
E-beam high energy electron beam  
EBCT empty bed contact time 
EBRF Electron Beam Research Facility  
EE/O Electrical Energy per Order of Removal  
EPA United States Environmental Protection Agency
ETV Environmental Technology Verification  
FRP fiberglass reinforced plastic  
GAC granular activated carbon
GET Guardian Environmental Technologies  
gpm gallons per minute 
•H hydrogen atom
H2O2 hydrogen peroxide  
HAA haloacetic acid
HAP hazardous air pollutant  
HVEA High Voltage Environmental Applications 
kWh kilowatt-hours  
LP-UV continuous wave low pressure mercury vapor lamps
hυ UV radiation
MCL Primary Maximum Contaminant Level  

xix



MEK methyl ethyl ketone
MP-UV continuous wave medium pressure mercury vapor lamps 
MTBE methyl tertiary butyl ether 
MTZ mass transfer zone 
NaOCl sodium hypochlorite 
NDMA N-nitroso dimethyl amine  
NHDES New Hampshire Department of Environmental Services 
NOX oxides of nitrogen
NOM natural organic matter 
NPDES National Pollutant Discharge Elimination System  
•OH hydroxyl radicals 
O2• superoxide radical  
O3 ozone 
O3/UV ozone/UV
O&M operation and maintenance  
O&P overhead and profit 
OFA Oxygenated Fuels Association
ORC Oxygen Releasing Compound  
P-UV Pulsed UV 
PCB polychlorinated biphenyls  
PCE perchloroethylene (also known as tetrachloroethylene)  
PEE Process Equipment and Engineering  
PHG Public Health Goal  
POC particulate organic carbon  
POE point-of-entry
PSDM Pore Surface Diffusion Model  
RFG Reformulated Gasoline  
RSSCT rapid small-scale column test 
SDWA Safe Drinking Water Act  
SMCL Secondary Maximum Contaminant Level 
SOX oxides of sulfur
SOC synthetic organic chemical 
TBA tertiary-butyl alcohol  
TBF tertiary-butyl formate  
TCE trichloroethylene  
THM trihalomethanes  
TiO2 titanium dioxide  
TOC total organic carbon  
TPH total petroleum hydrocarbons
UCLA University of California, Los Angeles 
UST underground storage tank  
UV ultraviolet 
VOC volatile organic compound  
VTM volume treated per carbon mass
WSPA Western States Petroleum Association
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