
Contents

Preface...................................................................................................................................... vii

Contributors............................................................................................................................. xxiii

1. Applications of Environmental Biotechnology
Volodymyr Ivanov and Yung-Tse Hung............................................................................ 1

1. Introduction............................................................................................................................................................................. 2
2. Comparison of Biotechnological Treatment and Other Methods........................................................................................ 3
3. Aerobic Treatment of Wastes................................................................................................................................................. 4

3.1. Aerobic Treatment of Solid Wastes............................................................................................................................... 4
3.2. Aerobic Treatment of Liquid Wastes............................................................................................................................ 6
3.3. Aerobic Treatment of Gaseous Wastes......................................................................................................................... 6

4. Anaerobic Treatment of Wastes............................................................................................................................................. 7
5. Treatment of Heavy Metals-Containing Wastes................................................................................................................... 9
6. Enhancement of Biotechnological Treatment of Wastes ..................................................................................................... 10
7. Biosensors............................................................................................................................................................................... 14
References.................................................................................................................................................................................... 16

2. Microbiology of Environmental Engineering Systems
Volodymyr Ivanov ............................................................................................................... 19

1. Microbial Groups and Their Quantification.......................................................................................................................... 20
1.1. Groups of Microorganisms............................................................................................................................................ 21
1.2. Microbiological Methods Used in Environmental Engineering.................................................................................. 24
1.3. Comparison of Physical, Chemical, Physico-chemical and Microbiological Processes........................................... 28

2. Microbial Ecosystems............................................................................................................................................................ 29
2.1. Structure of Ecosystems................................................................................................................................................. 29
2.2. Interactions in Microbial Ecosystems........................................................................................................................... 32

3. Microbial Growth and Death................................................................................................................................................. 38
3.1. Nutrients and Media....................................................................................................................................................... 38
3.2. Growth of Individual Cells ............................................................................................................................................ 40
3.3. Growth of Population..................................................................................................................................................... 42
3.4. Effect of Environment on Growth and Microbial Activities....................................................................................... 43
3.5. Death of Microorganisms.............................................................................................................................................. 45

4. Diversity Of Microorganisms................................................................................................................................................ 49
4.1. Physiological Groups of Microorganisms.................................................................................................................... 49
4.2. Phylogenetic Groups of Prokaryotes............................................................................................................................. 50
4.3. Connection Between Phylogenetic Grouping and G + C Content

of Chromosomal DNA................................................................................................................................................... 53
4.4. Comparison of rRNA-Based Phylogenetic Classification

and Conventional Phenotypic Taxonomy..................................................................................................................... 54
4.5. Periodic Table of Prokaryotes........................................................................................................................................ 60

5. Functions of Microbial Groups in Environmental Engineering Systems........................................................................... 63
5.1. Functions of Anaerobic Prokaryotes............................................................................................................................. 63
5.2. Functions of Anaerobic Respiring Prokaryotes............................................................................................................ 65
5.3. Functions of Facultative Anaerobic and Microaerophilic Prokaryotes ...................................................................... 68
5.4. Functions of Aerobic Prokaryotes................................................................................................................................. 71
5.5. Functions of Eukaryotic Microorganisms..................................................................................................................... 77

References.................................................................................................................................................................................... 78

xi



xii Contents

3. Microbial Systematics
Aharon Oren....................................................................................................................... 81

1. Introduction........................................................................................................................................................................... 82
2. Systematics, Taxonomy, and Nomenclature of Prokaryotes.............................................................................................. 83

2.1. General Definitions.................................................................................................................................................... 83
2.2. The Definition of the Prokaryote Species................................................................................................................. 84
2.3. The Number of Prokaryotes that Have Been Described.......................................................................................... 87

3. Classification of Prokaryotes............................................................................................................................................... 88
3.1. Genotypic Properties Used in Prokaryote Classification......................................................................................... 90
3.2. Phenotypic Properties Used in Prokaryote Classification....................................................................................... 92
3.3. The Polyphasic Approach Toward Prokaryote Classification................................................................................. 94

4. Naming of Prokaryotes ........................................................................................................................................................ 95
4.1. The Binomial System of Naming Prokaryotes......................................................................................................... 95
4.2. The Bacteriological Code.......................................................................................................................................... 96
4.3. The International Committee on Systematics of Prokaryotes................................................................................. 96
4.4. The International Journal of Systematic and Evolutionary Microbiology............................................................. 97
4.5. Information on Nomenclature of Prokaryotes on the Internet ................................................................................ 97

5. Culture Collections of Prokaryotes and Their Importance in Taxonomy and Identification........................................... 98
6. Small-Subunit rRNA-Based Classification of Prokaryotes ............................................................................................... 98

6.1. 16S rRNA as a Phylogenetic Marker........................................................................................................................ 99
6.2. The Differences Between Bacteria and Archaea......................................................................................................106
6.3. An Overview of the Bacteria.....................................................................................................................................109
6.4. An Overview of the Archaea.....................................................................................................................................110

7. Sources of Information on Prokaryote Systematics...........................................................................................................111
7.1. Bergey’s Manual of Systematic Bacteriology..........................................................................................................111
7.2. The Prokaryotes .........................................................................................................................................................111

8. Identification of Prokaryote Isolates ...................................................................................................................................112
9. The Number of Different Species of Prokaryotes in Nature..............................................................................................114

10. Conclusions...........................................................................................................................................................................116
Nomenclature...............................................................................................................................................................................117
References....................................................................................................................................................................................117

4. Microbial Ecology
Nicolai S. Panikov...............................................................................................................121

1. Introduction...........................................................................................................................................................................121
2. The Major Terms, Principles, and Concepts of General and Microbial Ecology.............................................................123

2.1. From Molecule to Biosphere: The Hierarchy of Organizational Levels in Biology..............................................123
2.2. The Ecosystem Concept ............................................................................................................................................125
2.3. Environmental Factors...............................................................................................................................................132
2.4. Population Dynamics, Succession and Life Strategy Concept ...............................................................................134

3. Methods of Microbial Ecology............................................................................................................................................147
3.1. Natural Microbial Populations and “Laboratory Artifacts”....................................................................................148
3.2. “Great Plate Count Anomaly”...................................................................................................................................149
3.3. Estimation of the Microbial Numbers and Biomass in Soils and Water ................................................................151
3.4. Estimating Microbial Growth Rates In Situ.............................................................................................................153

4. Diversity of Microbial Habitats in Nature..........................................................................................................................158
4.1. Terms and General Principles (How to Classify Habitats)......................................................................................158
4.2. Atmosphere.................................................................................................................................................................160
4.3. Aquatic Ecosystems...................................................................................................................................................162
4.4. Terrestrial Ecosystems...............................................................................................................................................170

Nomenclature...............................................................................................................................................................................177
Glossary........................................................................................................................................................................................178
References....................................................................................................................................................................................188



Contents xiii

5. Microbial Metabolism: Importance for Environmental Biotechnology
Aharon Oren....................................................................................................................... 193

1. Introduction: the Metabolic Diversity of Prokaryotic and Eukaryotic Microorganisms .................................................194
2. Dissimilatory Metabolism of Microorganisms: Thermodynamic and Mechanistic Principles.......................................195

2.1. General Overview of the Metabolic Properties of Microorganisms: A Thermodynamic Approach....................195
2.2. Modes of Energy Generation of Prokaryotic and Eukaryotic Microorganisms.....................................................202

3. Assimilatory Metabolism of Microorganisms....................................................................................................................211
3.1. Carbon Assimilation..................................................................................................................................................211
3.2. Nitrogen Assimilation................................................................................................................................................213
3.3. Phosphorus Assimilation...........................................................................................................................................215
3.4. Sulfur Assimilation....................................................................................................................................................215
3.5. Iron Assimilation........................................................................................................................................................216

4. The Phototrophic Way of Life.............................................................................................................................................216
4.1. Oxygenic Photosynthesis...........................................................................................................................................217
4.2. Anoxygenic Photosynthesis ......................................................................................................................................217
4.3. Retinal-Based Phototrophic Life...............................................................................................................................219

5. Chemoheterotrophic Life: Degradation of Organic Compounds In Aerobic and Anaerobic Environments..................220
5.1. Aerobic Degradation..................................................................................................................................................221
5.2. Anaerobic Respiration: Denitrification.....................................................................................................................222
5.3. Fermentation...............................................................................................................................................................223
5.4. Anaerobic Respiration: Dissimilatory Iron and Manganese Reduction.................................................................227
5.5. Anaerobic Respiration: Dissimilatory Sulfate Reduction.......................................................................................228
5.6. Methanogenesis..........................................................................................................................................................229
5.7. Proton-Reducing Acetogens and Interspecies Hydrogen Transfer.........................................................................231

6. The Chemoautotrophic Way of Life....................................................................................................................................234
6.1. Reduced Nitrogen Compounds as Energy Source...................................................................................................234
6.2. Reduced Sulfur Compounds as Energy Source........................................................................................................236
6.3. Reduced Iron and Manganese as Energy Source.....................................................................................................238
6.4. Hydrogen as Energy Source......................................................................................................................................238
6.5. Other Substrates as Energy Sources for Chemoautotrophic Growth......................................................................239

7. The Biogeochemical Cycles of the Major Elements..........................................................................................................240
7.1. The Carbon Cycle......................................................................................................................................................240
7.2. The Nitrogen Cycle....................................................................................................................................................242
7.3. The Sulfur Cycle........................................................................................................................................................242
7.4. Biogeochemical Cycles of Other Elements..............................................................................................................242

8. Epilogue................................................................................................................................................................................245
Nomenclature...............................................................................................................................................................................245
References....................................................................................................................................................................................245
Appendix: Compounds of Environmental Significance and the Microbial Processes Responsible for Their For-

6. Microbial Ecology of Isolated Life Support Systems
Lydia A. Somova, Nickolay S. Pechurkin, Mark Nelson, and Lawrence K. Wang......257

1. Introduction...........................................................................................................................................................................258
2. Functional and Regulator Role of Microbial Populations .................................................................................................259

2.1. Microalgae and Bacteria Communities as Bioregenerators in Life Support Systems...........................................259
3. Microecological Risks for Human Life Support Systems.................................................................................................266

3.1. Man and His Microflora as a Single Ecosystem......................................................................................................266
3.2. Environmental Microflora in Different Types of LSS.............................................................................................271
3.3. Unsolved Problems and Prospects............................................................................................................................276

4. The Indicator Role and Monitoring of Microorganisms in LSS .......................................................................................278
4.1. Microbial Diagnostics Method..................................................................................................................................279
4.2. The Use of Skin Bacteria and Bactericidal Activity to Estimate Immune Responsiveness..................................279

mation and Degradation.......................................................................................................................................................248



xiv Contents

4.3. The Use of Microecosystem Response to Indicate Human Health.........................................................................280
4.4. The Estimation of the “Health” and Normal Functioning

of LSS and Its Links ..................................................................................................................................................281
5. Conclusion............................................................................................................................................................................282

References....................................................................................................................................................................................283

7. Environmental Solid-State Cultivation Processes and Bioreactors
David Alexander Mitchell, Nadia Krieger, Oscar Felippe von Meien, Luiz
Fernando de Lima Luz Júnior, José Domingos Fontana, Lorena Benathar
Ballod Tavares, Márcia Brandão Palma, Geraldo Lippel Sant’Anna Junior,
Leda dos Reis Castilho, Denise Maria Guimarães Freire, and Jorge Alfredo
Arcas.....................................................................................................................................287

1. Definition of Solid-State Cultivation Processes .................................................................................................................288
2. Classification of Environmental Applications of Solid-State Cultivation Processes.......................................................290

2.1. General Scheme for Classifying Solid-State Processes Used in Environmental Biotechnology..........................290
2.2. Examples of Environmentally-Related Processes that Use Solid Residues...........................................................291

3. Classification of Process Types ...........................................................................................................................................299
4. The Functions that the Solid-State Cultivation Bioreactor Must Fulfill...........................................................................301
5. Classification of Bioreactors Used in Environmentally-Related Solid-State Cultivation Processes...............................304

5.1. Group I Bioreactors: Not Aerated Forcefully and Not-Mixed................................................................................304
5.2. Group II Bioreactors: Aerated Forcefully but Not-Mixed.......................................................................................305
5.3. Group III Bioreactors: Not Aerated Forcefully but Mixed......................................................................................307
5.4. Group IV Bioreactors: Aerated Forcefully and Mixed............................................................................................307

6. Design of Bioreactors for Environmentally-Related Solid-State Cultivation Processes .................................................310
6.1. General Considerations for the Selection and Design of Bioreactors ....................................................................310
6.2. The Importance of Characterizing the Growth Kinetics of the Microorganism....................................................315
6.3. Design of Group I Bioreactors..................................................................................................................................316
6.4. Design of Group II Bioreactors.................................................................................................................................319
6.5. Design of Group III Bioreactors ...............................................................................................................................326
6.6. Design of Group IV Bioreactors...............................................................................................................................331

7. Associated Issues That Must Be Considered in Bioreactor Design..................................................................................333
7.1. A Challenge in all Bioreactor Types: Design of the Air Preparation System........................................................333
7.2. Monitoring and Control Systems for Bioreactors....................................................................................................334

8. Future Perspectives...............................................................................................................................................................337
Acknowledgments .......................................................................................................................................................................338
Nomenclature...............................................................................................................................................................................338
References....................................................................................................................................................................................339

8. Value-Added Biotechnological Products from Organic Wastes
Olena Stabnikova, Jing-Yuan Wang, and Volodymyr Ivanov........................................343

1. Organic Wastes as a Raw Material for Biotechnological Transformation........................................................................344
2. Biotechnological Products of Organic Waste Transformation..........................................................................................344

2.1. Solid-State Fermentation for Bioconversion of Agricultural and Food Processing Waste into Value-
Added Products..........................................................................................................................................................345

2.2. Production of Enzymes..............................................................................................................................................350
2.3. Production of Organic Acids.....................................................................................................................................353
2.4. Production of Flavors.................................................................................................................................................358
2.5. Production of Polysaccharides..................................................................................................................................361
2.6. Mushroom Production...............................................................................................................................................363
2.7. Production of Biodegradable Plastics.......................................................................................................................364
2.8. Production of Animal Feed.......................................................................................................................................366
2.9. Use of Organic Waste for Production of Fungi Biomass for Bioremediation........................................................368

2.10. Dietary Fiber Production from Organic Waste.........................................................................................................368
2.11. Production of Pharmaceuticals from Organic Waste...............................................................................................369



Contents xv

2.12. Production of Gibberellic Acid.................................................................................................................................371
2.13. Production of Chemicals ...........................................................................................................................................371
2.14. Production of Fuel......................................................................................................................................................374

3. Value-Added by-Products of Environmental Biotechnology............................................................................................380
3.1. Composting.................................................................................................................................................................380
3.2. Aerobic Intensive Bioconversion of Organic Wastes into Fertilizer.......................................................................383
3.3. Recovery of Metals from Mining and Industrial Wastes.........................................................................................383
3.4. Recovery of Metals from Waste Streams by Sulfate-Reducing Bacteria...............................................................384
3.5. Recovery of Phosphate and Ammonia by Iron-Reducing and Iron-Oxidizing Bacteria.......................................386

References....................................................................................................................................................................................388

9. Anaerobic Digestion in Suspended Growth Bioreactors
Gerasimos Lyberatos and Pratap C. Pullammanappallil ...............................................395

1. Introduction...........................................................................................................................................................................396
2. Fundamentals of Anaerobic Bioprocesses..........................................................................................................................397

2.1. Microbiology and Anaerobic Metabolism of Organic Matter.................................................................................398
2.2. Stoichiometry and Energetics....................................................................................................................................401
2.3. Kinetics.......................................................................................................................................................................403

3. Effect of Feed Characteristics on Anaerobic Digestion.....................................................................................................408
3.1. Anaerobic Biodegradability.......................................................................................................................................409
3.2. Inhibition and Toxicity...............................................................................................................................................409
3.3. Availability of Nutrients ............................................................................................................................................410
3.4. Flow-Rate Variations .................................................................................................................................................410

4. Reactor Configurations.........................................................................................................................................................411
4.1. Conventional Systems................................................................................................................................................411
4.2. High-Rate Systems.....................................................................................................................................................412
4.3. Two-Stage Systems....................................................................................................................................................415
4.4. Natural Systems .........................................................................................................................................................415

5. Suspended Growth Anaerobic Bioreactor Design..............................................................................................................416
5.1. Operating Parameters.................................................................................................................................................416
5.2. Sizing Bioreactors......................................................................................................................................................419
5.3. Biogas Collection and Exploitation..........................................................................................................................422
5.4. StartUp and Acclimation...........................................................................................................................................422

6. Control and Optimization of Anaerobic Digesters.............................................................................................................423
6.1. Monitoring..................................................................................................................................................................423
6.2. Process Control ..........................................................................................................................................................424
6.3. Optimization...............................................................................................................................................................424

7. Applications..........................................................................................................................................................................426
7.1. Anaerobic Sludge Digestion......................................................................................................................................426
7.2. Comparison Between UASB and CSTR for Anaerobic Digestion of Dairy Wastewaters....................................427
7.3. Biogas Production from Sweet Sorghum.................................................................................................................430
7.4. Anaerobic Digestion of Solid Wastes.......................................................................................................................431

Nomenclature...............................................................................................................................................................................432
References....................................................................................................................................................................................434

10. Selection and Design of Membrane Bioreactors in Environmental Bioengineering
Giuseppe Guglielmi and Gianni Andreottola................................................................439

1. Introduction........................................................................................................................................................................440
2. Theoretical Aspects of Membrane Filtration...................................................................................................................443

2.1. Membrane Classification........................................................................................................................................445
2.2. Types of Packaging of Membranes........................................................................................................................447
2.3. Membrane Technologies.........................................................................................................................................449
2.4. Factors Affecting Membrane Processes.................................................................................................................452
2.5. Mathematical Models for Flux Prediction.............................................................................................................456



xvi Contents

3. Membrane Biological Reactors for Solid/Liquid Separation .........................................................................................458
3.1. Process Configurations ...........................................................................................................................................458
3.2. Fouling in MBRs.....................................................................................................................................................460
3.3. Commercial Membrane..........................................................................................................................................470

4. Design of the Biological Tank for COD and Nitrogen Removal....................................................................................477
4.1. Introduction.............................................................................................................................................................477
4.2. Influent COD and TKN Fractioning......................................................................................................................480
4.3. Impact of Environmental Conditions on the Bacterial Growth

and the Substrate Removal .....................................................................................................................................482
4.4. Design Procedure....................................................................................................................................................488
4.5. Design Example......................................................................................................................................................497

Nomenclature............................................................................................................................................................................509
References.................................................................................................................................................................................514

11. Closed Ecological Systems, Space Life Support and Biospherics
Mark Nelson, Nickolay S. Pechurkin, John P. Allen, Lydia A Somova,
and Josef I. Gitelson.........................................................................................................517

1. Introduction........................................................................................................................................................................518
2. Terminology of Closed Ecological Systems: From Laboratory Ecospheres to Manmade Biospheres........................519

2.1. Materially-Closed Ecospheres................................................................................................................................520
2.2. Bioregenerative Technology...................................................................................................................................520
2.3. Controlled Environmental Life Support Systems.................................................................................................520
2.4. Closed Ecological Systems for Life Support.........................................................................................................521
2.5. Biospheric Systems.................................................................................................................................................521

3. Different Types of Closed Ecological Systems ...............................................................................................................522
3.1. Research Programs in the United States................................................................................................................522
3.2. Russian Research in Closed Ecosystems...............................................................................................................542
3.3. European Research on Closed Ecological Systems..............................................................................................551
3.4. Japanese Research in Closed Ecological Systems................................................................................................556

4. Conclusion .........................................................................................................................................................................559
References.................................................................................................................................................................................561

12. Natural Environmental Biotechnology
Nazih K. Shammas and Lawrence K. Wang..................................................................567

1. Aquaculture Treatment: Water Hyacinth System............................................................................................................568
1.1. Description...............................................................................................................................................................568
1.2. Applications.............................................................................................................................................................568
1.3. Limitations...............................................................................................................................................................569
1.4. Design Criteria ........................................................................................................................................................569
1.5. Performance.............................................................................................................................................................570

2. Aquaculture Treatment: Wetland System.........................................................................................................................570
2.1. Description...............................................................................................................................................................570
2.2. Constructed Wetlands .............................................................................................................................................571
2.3. Applications.............................................................................................................................................................573
2.4. Limitations...............................................................................................................................................................573
2.5. Design Criteria ........................................................................................................................................................573
2.6. Performance.............................................................................................................................................................573

3. Evapotranspiration System................................................................................................................................................576
3.1. Description...............................................................................................................................................................576
3.2. Applications.............................................................................................................................................................577
3.3. Limitations...............................................................................................................................................................577
3.4. Design Criteria ........................................................................................................................................................577



Contents xvii

3.5. Performance.............................................................................................................................................................578
3.6. Costs.........................................................................................................................................................................578

4. Land Treatment: Rapid Rate System................................................................................................................................578
4.1. Description...............................................................................................................................................................579
4.2. Applications.............................................................................................................................................................581
4.3. Limitations...............................................................................................................................................................581
4.4. Design Criteria ........................................................................................................................................................581
4.5. Performance.............................................................................................................................................................582
4.6. Costs.........................................................................................................................................................................583

5. Land Treatment: Slow Rate System.................................................................................................................................584
5.1. Description...............................................................................................................................................................584
5.2. Applications.............................................................................................................................................................586
5.3. Limitations...............................................................................................................................................................586
5.4. Design Criteria ........................................................................................................................................................588
5.5. Performance.............................................................................................................................................................588
5.6. Costs.........................................................................................................................................................................588

6. Land Treatment: Overland Flow System.........................................................................................................................590
6.1. Description...............................................................................................................................................................590
6.2. Application..............................................................................................................................................................592
6.3. Limitations...............................................................................................................................................................592
6.4. Design Criteria ........................................................................................................................................................592
6.5. Performance.............................................................................................................................................................593
6.6. Costs.........................................................................................................................................................................593

7. Subsurface Infiltration.......................................................................................................................................................595
7.1. Description...............................................................................................................................................................596
7.2. Applications.............................................................................................................................................................598
7.3. Limitations...............................................................................................................................................................598
7.4. Design Criteria ........................................................................................................................................................598
7.5. Performance.............................................................................................................................................................598

8. Facultative Lagoons and Algal Harvesting......................................................................................................................599
9. Vegetative Filter Systems..................................................................................................................................................600

9.1. Conditions for System Utilization..........................................................................................................................601
9.2. Planning Considerations.........................................................................................................................................601
9.3. Component Design Criteria....................................................................................................................................601
9.4. Specifications for Vegetation Establishment.........................................................................................................603
9.5. Operation and Maintenance Criteria......................................................................................................................604
9.6. Innovative Designs..................................................................................................................................................604
9.7. Outline of Design Procedure..................................................................................................................................605
9.8. Procedure to Estimate Soil Infiltration Rate..........................................................................................................605
9.9. Procedure to Determine Slopes..............................................................................................................................606

10. Design Example.................................................................................................................................................................607
References.................................................................................................................................................................................609
Appendix...................................................................................................................................................................................614

13. Aerobic and Anoxic Suspended-Growth Biotechnologies
Nazih K. Shammas and Lawrence K. Wang..................................................................623

1. Conventional Activated Sludge.........................................................................................................................................624
1.1. Description...............................................................................................................................................................624
1.2. Performance and Design Criteria...........................................................................................................................626
1.3. Mechanical Aeration...............................................................................................................................................627

2. High Rate Activated Sludge..............................................................................................................................................628
2.1. Description...............................................................................................................................................................628
2.2. Performance and Design Criteria...........................................................................................................................629



xviii Contents

3. Pure Oxygen Activated Sludge, Covered.........................................................................................................................629
3.1. Description...............................................................................................................................................................629
3.2. Performance and Design Criteria...........................................................................................................................630

4. Contact Stabilization.........................................................................................................................................................632
4.1. Description...............................................................................................................................................................632
4.2. Applications.............................................................................................................................................................632
4.3. Performance and Design Criteria...........................................................................................................................633

5. Activated Sludge With Nitrification.................................................................................................................................633
5.1. Description...............................................................................................................................................................633
5.2. Performance and Design Criteria...........................................................................................................................634

6. Separate Stage Nitrification..............................................................................................................................................635
6.1. Description...............................................................................................................................................................635
6.2. Performance and Design Criteria...........................................................................................................................635

7. Separate Stage Denitrification..........................................................................................................................................636
7.1. Description...............................................................................................................................................................636
7.2. Performance and Design Criteria...........................................................................................................................637

8. Extended Aeration.............................................................................................................................................................637
8.1. Description...............................................................................................................................................................637
8.2. Performance and Design Criteria...........................................................................................................................638

9. Oxidation Ditch .................................................................................................................................................................638
9.1. Description...............................................................................................................................................................638
9.2. Performance and Design Criteria...........................................................................................................................639

10. Powdered Activated Carbon Treatment............................................................................................................................640
10.1. Types of PACT Systems..........................................................................................................................................640
10.2. Applications and Performance...............................................................................................................................641
10.3. Process Equipment..................................................................................................................................................643
10.4. Process Limitations.................................................................................................................................................643

11. Carrier-Activated Sludge Processes (Captor And Cast Systems)...................................................................................643
11.1. Advantages of Biomass Carrier Systems...............................................................................................................644
11.2. The CAPTOR Process ............................................................................................................................................644
11.3. Development of CAPTOR Process........................................................................................................................644
11.4. Pilot-Plant Study.....................................................................................................................................................645
11.5. Full-Scale Study of CAPTOR and CAST .............................................................................................................645

12. Activated Bio-Filter...........................................................................................................................................................653
12.1. Description...............................................................................................................................................................653
12.2. Applications.............................................................................................................................................................654
12.3. Design Criteria ........................................................................................................................................................654
12.4. Performance.............................................................................................................................................................655

13. Vertical Loop Reactor........................................................................................................................................................655
13.1. Description...............................................................................................................................................................655
13.2. Applications.............................................................................................................................................................656
13.3. Design Criteria ........................................................................................................................................................656
13.4. Performance.............................................................................................................................................................657
13.5. EPA Evaluation of VLR..........................................................................................................................................657
13.6. Energy Requirements..............................................................................................................................................658
13.7. Costs.........................................................................................................................................................................660

14. Phostrip Process.................................................................................................................................................................660
14.1. Description...............................................................................................................................................................660
14.2. Applications.............................................................................................................................................................661
14.3. Design Criteria ........................................................................................................................................................661
14.4. Performance.............................................................................................................................................................662
14.5. Cost ..........................................................................................................................................................................662

References.................................................................................................................................................................................664
Appendix...................................................................................................................................................................................670



Contents xix

14. Aerobic and Anaerobic Attached Growth Biotechnologies
Nazih K. Shammas and Lawrence K. Wang..................................................................671

1. Trickling Filter...................................................................................................................................................................671
1.1. Low-Rate Trickling Filter, Rock Media.................................................................................................................673
1.2. High-Rate Trickling Filter, Rock Media................................................................................................................674
1.3. Trickling Filter, Plastic Media................................................................................................................................676

2. Denitrification Filter..........................................................................................................................................................679
2.1. Denitrification Filter, Fine Media...........................................................................................................................679
2.2. Denitrification Filter, Coarse Media ......................................................................................................................680

3. Rotating Biological Contactor..........................................................................................................................................681
3.1. Operating Characteristics........................................................................................................................................683
3.2. Performance.............................................................................................................................................................686
3.3. Design Criteria ........................................................................................................................................................686

4. Fluidized Bed Reactor.......................................................................................................................................................687
4.1. FBR Process Description........................................................................................................................................688
4.2. Process Design........................................................................................................................................................689
4.3. Applications.............................................................................................................................................................689
4.4. Design Considerations............................................................................................................................................691
4.5. Case Study: Reno-Sparks WWTP..........................................................................................................................691

5. Packed Bed Reactor...........................................................................................................................................................692
5.1. Aerobic PBR............................................................................................................................................................692
5.2. Anaerobic Denitrification PBR..............................................................................................................................694
5.3. Applications.............................................................................................................................................................696
5.4. Design Criteria ........................................................................................................................................................696
5.5. Performance.............................................................................................................................................................698
5.6. Case Study: Hookers Point WWTP (Tampa, Florida)..........................................................................................698
5.7. Energy Requirement ...............................................................................................................................................700
5.8. Costs.........................................................................................................................................................................700

6. Biological Aerated Filter...................................................................................................................................................702
6.1. BAF Process Description........................................................................................................................................702
6.2. Applications.............................................................................................................................................................704
6.3. BAF Media..............................................................................................................................................................704
6.4. Process Design and Performance...........................................................................................................................705
6.5. Solids Production....................................................................................................................................................709

7. Hybrid Biological-activated Carbon Systems..................................................................................................................710
7.1. General Introduction...............................................................................................................................................710
7.2. Downflow Conventional Biological GAC Systems..............................................................................................710
7.3. Upflow Fluidized Bed Biological GAC System....................................................................................................712

References.................................................................................................................................................................................714
Appendix...................................................................................................................................................................................720

15. Sequencing Batch Reactor Technology
Lawrence K. Wang and Nazih K. Shammas..................................................................721

1. Background and Process Description...............................................................................................................................721
2. Proprietary SBR Processes................................................................................................................................................723

2.1. Aqua SBR................................................................................................................................................................724
2.2. Omniflo....................................................................................................................................................................724
2.3. Fluidyne...................................................................................................................................................................725
2.4. CASS........................................................................................................................................................................725
2.5. ICEAS......................................................................................................................................................................726

3. Description of a Treatment Plant Using SBR..................................................................................................................727
4. Applicability ......................................................................................................................................................................729
5. Advantages and Disadvantages.........................................................................................................................................729

5.1. Advantages ..............................................................................................................................................................729
5.2. Disadvantages..........................................................................................................................................................729



xx Contents

6. Design Criteria...................................................................................................................................................................730
6.1. Design Parameters...................................................................................................................................................730
6.2. Construction ............................................................................................................................................................734
6.3. Tank and Equipment Description...........................................................................................................................735
6.4. Health and Safety....................................................................................................................................................736

7. Process Performance.........................................................................................................................................................736
8. Operation and Maintenance..............................................................................................................................................738
9. Cost.....................................................................................................................................................................................739

10. Packaged SBR for Onsite Systems...................................................................................................................................740
10.1. Typical Applications...............................................................................................................................................741
10.2. Design Assumptions ...............................................................................................................................................741
10.3. Performance.............................................................................................................................................................742
10.4. Management Needs.................................................................................................................................................742
10.5. Risk Management Issues ........................................................................................................................................743
10.6. Costs.........................................................................................................................................................................743

References.................................................................................................................................................................................744
Appendix...................................................................................................................................................................................747

16. Flotation Biological Systems
Lawrence K. Wang, Nazih K. Shammas, and Daniel B. Guss.....................................749

1. Introduction........................................................................................................................................................................749
2. Flotation Principles and Process Description..................................................................................................................752

2.1. Dissolved Air Flotation...........................................................................................................................................752
2.2. Air Dissolving Tube and Friction Valve................................................................................................................755
2.3. Flotation Chamber...................................................................................................................................................756
2.4. Spiral Scoops...........................................................................................................................................................757
2.5. Flotation System Configurations............................................................................................................................758

3. Flotation Biological Systems............................................................................................................................................760
3.1. General Principles and Process Description..........................................................................................................760
3.2. Kinetics of Conventional Activated Sludge Process with Sludge Recycle .........................................................761
3.3. Kinetics of Flotation Activated Sludge Process Using Secondary Flotation......................................................764

4. Case Studies of FBS Treatment Systems.........................................................................................................................768
4.1. Petrochemical Industry Effluent Treatment...........................................................................................................768
4.2. Municipal Effluent Treatment.................................................................................................................................769
4.3. Paper Manufacturing Effluent Treatment ..............................................................................................................772

5. Operational Difficulties and Remedy...............................................................................................................................772
6. Summary and Conclusions................................................................................................................................................776

Abbreviations............................................................................................................................................................................777
Nomenclature............................................................................................................................................................................778
References.................................................................................................................................................................................779

17. A/O Phosphorus Removal Biotechnology
Nazih K. Shammas and Lawrence K. Wang..................................................................783

1. Background and Theory....................................................................................................................................................783
2. Biological Phosphorus Removal Mechanism..................................................................................................................786
3. Process Description...........................................................................................................................................................788
4. Retrofitting Existing Activated Sludge Plants .................................................................................................................790

4.1. A/O Process Performance.......................................................................................................................................793
4.2. Cost for A/O Process Retrofit.................................................................................................................................793

5. A/O Process Design...........................................................................................................................................................794
5.1. A/O Operating Conditions......................................................................................................................................794
5.2. Design Considerations............................................................................................................................................794
5.3. Attainability of Effluent Limits..............................................................................................................................797
5.4. Oxygen Requirements for Nitrification.................................................................................................................797



Contents xxi

6. Dual Phosphorus Removal and Nitrogen Removal A2/O Process.................................................................................797
6.1. Phosphorus and Nitrogen Removal with the A2/O Process.................................................................................800
6.2. Phosphorus and Nitrogen Removal with the Bardenpho Process........................................................................801
6.3. Phosphorus and Nitrogen Removal with the University of Capetown Process...................................................802
6.4. Phosphorus and Nitrogen Removal with the Modified PhoStrip Process ...........................................................803

7. Sludges Derived from Biological Phosphorus Processes................................................................................................806
7.1. Sludge Characteristics.............................................................................................................................................806
7.2. Sludge Generation Rates.........................................................................................................................................806
7.3. Sludge Management................................................................................................................................................807

8. Capital and O&M Costs....................................................................................................................................................808
References.................................................................................................................................................................................810
Appendix...................................................................................................................................................................................814

18. Treatment of Septage and Biosolids from Biological Processes
Nazih K. Shammas, Lawrence K. Wang, Azni Idris, Katayon Saed,
and Yung-Tse Hung..........................................................................................................815

1. Introduction........................................................................................................................................................................816
2. Expressor Press..................................................................................................................................................................817
3. Som-A-System...................................................................................................................................................................819
4. Centripress .........................................................................................................................................................................822
5. Hollin Iron Works Screw Press.........................................................................................................................................823
6. Sun Sludge System............................................................................................................................................................827
7. Wedgewater Bed................................................................................................................................................................828
8. Vacuum Assisted Bed........................................................................................................................................................830
9. Reed Bed............................................................................................................................................................................832

10. Sludge Freezing Bed .........................................................................................................................................................833
11. Biological Flotation...........................................................................................................................................................834
12. Treatment of Septage as Sludge by Land Application, Lagoon, and Composting........................................................835

12.1. Receiving Station (Dumping Station/Storage Facilities)......................................................................................835
12.2. Receiving Station (Dumping Station, Pretreatment, Equalization) .....................................................................836
12.3. Land Application of Septage..................................................................................................................................837
12.4. Lagoon Disposal......................................................................................................................................................838
12.5. Composting..............................................................................................................................................................839
12.6. Odor Control............................................................................................................................................................841

13. Treatment of Septage at Biological Wastewater Treatment Plants.................................................................................842
13.1. Treating Septage as a Wastewater or as a Sludge..................................................................................................842
13.2. Pretreatment of Septage at a Biological Wastewater Treatment Plant.................................................................842
13.3. Primary Treatment of Septage at a Biological Wastewater Treatment Plant.......................................................843
13.4. Secondary Treatment by Biological Suspended-Growth Systems.......................................................................844
13.5. Secondary Treatment by Biological Attached-Growth Systems..........................................................................847
13.6. Septage Treatment by Aerobic Digestion..............................................................................................................847
13.7. Septage Treatment by Anaerobic Digestion..........................................................................................................848
13.8. Septage Treatment by Mechanical Dewatering.....................................................................................................849
13.9. Septage Treatment by Sand Drying Beds..............................................................................................................849
13.10.Costs of Septage Treatment at Biological Wastewater Treatment Plants............................................................849

References.................................................................................................................................................................................850

19. Environmental Control of Biotechnology Industry
Lawrence K. Wang, Nazih K. Shammas, and Ping Wang............................................855

1. Introduction to Biotechnology..........................................................................................................................................856
1.1. Core Technologies...................................................................................................................................................857
1.2. Biotechnology Materials.........................................................................................................................................858
1.3. Drug Development..................................................................................................................................................859



xxii Contents

1.4. Gene Sequencing and Bioinformatics....................................................................................................................859
1.5. Applications of Biotechnology Information to Medicine.....................................................................................860
1.6. Applications of Biotechnology Information to Nonmedical Markets .................................................................860
1.7. The Regulatory Environment .................................................................................................................................860

2. General Industrial Description and Classification...........................................................................................................861
2.1. Industrial Classification of Biotechnology Industry’s Pharmaceutical Manufacturing......................................861
2.2. Biotechnology Industry’s Pharmaceutical SIC Subcategory Under US EPA’s Guidelines................................862

3. Manufacturing Processes and Waste Generation.............................................................................................................863
3.1. Fermentation............................................................................................................................................................863
3.2. Biological Product Extraction................................................................................................................................866
3.3. Chemical Synthesis.................................................................................................................................................867
3.4. Formulation/Mixing/Compounding.......................................................................................................................869
3.5. Research and Development ....................................................................................................................................869

4. Waste Characterization and Options for Waste Disposal................................................................................................870
4.1. Waste Characteristics..............................................................................................................................................870
4.2. Options for Waste Disposal....................................................................................................................................871

5. Environmental Regulations on Pharmaceutical Wastewater Discharges.......................................................................873
5.1. Regulations for Direct Discharge...........................................................................................................................873
5.2. Regulations for Indirect Discharge........................................................................................................................875
5.3. Historical View on Regulations..............................................................................................................................875

6. Waste Management............................................................................................................................................................876
6.1. Strategy of Waste Management..............................................................................................................................876
6.2. In-Plant Control.......................................................................................................................................................877
6.3. In-Plant Treatment...................................................................................................................................................882
6.4. End-of-Pipe Treatment............................................................................................................................................890

7. Case Study..........................................................................................................................................................................902
7.1. Factory Profiles........................................................................................................................................................903
7.2. Raw Materials and Production Process..................................................................................................................903
7.3. Waste Generation and Characteristics....................................................................................................................903
7.4. End-of-Pipe Treatment............................................................................................................................................905

Nomenclature............................................................................................................................................................................908
References.................................................................................................................................................................................908

Appendix: Conversion Factors for Environmental Engineers
Lawrence K. Wang............................................................................................................915

Index .......................................................................................................................................... 961



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




