// r ,Wv”i"f—’ r’r
eu se ' ‘/;/' Y gy "
2 %, '_-,."" > f_)- _J
. : 5 Y=Y, /e I~
Ay o

\ : o = %" /
A / \ ¥ -
y s (]
«

- — ~ ¥ :. N
: =

x//

f(
\%

Volume 2
Post-Treatment, Reuse, and Disposal

Syed R. Qasim
Guang Zhu

CRC Press
Taylor & Francis Group



Wastewater Treatment
and Reuse
Theory and Design Examples

Volume 2: Post-Treatment, Reuse, and Disposal



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com

Wastewater Treatment
and Reuse
Theory and Design Examples

Volume 2: Post-Treatment, Reuse, and Disposal

Syed R. Qasim

The University of Texas at Arlington

Guang Zhu
CP&Y, Inc.

In Cooperation with

CP&Y, Inc.
Consulting Engineers - Planners - Project Managers

Dallas, Texas

CRC Press
Taylor & Francis Group
Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business




CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2018 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Printed on acid-free paper
International Standard Book Number-13: 978-1-138-30094-1 (Hardback)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been made
to publish reliable data and information, but the author and publisher cannot assume responsibility for the validity of all
materials or the consequences of their use. The authors and publishers have attempted to trace the copyright holders of all
material reproduced in this publication and apologize to copyright holders if permission to publish in this form has not
been obtained. If any copyright material has not been acknowledged please write and let us know so we may rectify in any
future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or utilized
in any form by any electronic, mechanical, or other means, now known or hereafter invented, including photocopying,
microfilming, and recording, or in any information storage or retrieval system, without written permission from
the publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http://
www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA
01923, 978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety of users.
For organizations that have been granted a photocopy license by the CCC, a separate system of payment has
been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for iden-
tification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com


http://www.copyright.com
http://www.copyright.com/
http://www.copyright.com/
http://www.copyright.com/
http://www.taylorandfrancis.com
http://www.taylorandfrancis.com
http://www.taylorandfrancis.com
http://www.taylorandfrancis.com
http://www.crcpress.com
http://www.crcpress.com
http://www.crcpress.com
http://www.crcpress.com

Contents

Pre aCe . .ottt XV
Acknowledgment . ........oooiiiii xxi
AUTNOTS « o ettt e xxiii

VOLUME 1 Principles and Basic Treatment

1 Introduction to Wastewater Treatment: An OVeIVIEW ...............c.ovvuvensn.. 1-1
1.1 Historical Development .. ..........ueueeeutiitiieiieiiiiiieiitiitiiiiiniiaiiaaiaannnn. 1-1
12 Current Status .....uiiiet it s 1-1
1.3 Future Directions...........cooiiiiiiiiiiii i 1-3

1.3.1  Health and Environmental Concerns................oooeiiiiiiiiineiiinn... 1-3
1.3.2  Improved Wastewater Characterization and Sidestreams...................... 1-4
1.3.3  Rehabilitation of Aging Infrastructure ..............coooviiiiiiiiiiiiinia.... 1-4
1.34  Energy Reduction and Recovery from Wastewater ............................ 1-5
1.3.5  Building, Retrofitting, and Upgrading POTWs ...........ccociiiiiiiiin.... 1-5
1.3.6  Process Selection, Performance, Reliability, and Resiliency .................... 1-5
1.3.7  Reduction in Sludge Quantity, Nutrients Recovery, and Biosolids Reuse...... 1-6
1.3.8  Effluent Disposal and ReUSe ...........eeiviiiiiiiiiiiiiiiiiiiiiiiinniinnnnnn. 1-6
1.3.9  Control of Combined Sewer Overflows and Stormwater Management ........ 1-7
1.3.10 Decentralized and On-Site Treatment and Disposal ........................... 1-8
1.3.11 Technology Assessment and Implementation .................oooeiiiiii... 1-8
1.4  Wastewater Treatment Plants ..............ooviiiiiiiiiiiiiiiiiiiiiininnnnnn.n, 1-8
1.5 Scope of This BOOK . ... ...ttt e 1-9
Discussion Topics and Review Problems .............ooo i 1-9
LSS 5 (=10 U - 1-9

2 Stoichiometry and Reaction Kinetics...............c.o.ouirerinrariearineanann... 2-1
2.1 Chapter OBJECHVES . ....oetetttt ettt 2-1
2.2 Stoichiometry. ... ..o 2-1

2.2.1  Homogeneous Reactions................oooiiiiiiiiiii i 2-1
2.2.2  Heterogeneous Reactions ... 2-2
2.3 Reaction Rates and Order of Reaction...............ooiiiiiiiiiiiiiiiieaas 2-4
2.3.1  Reaction Rates ............oiiiiiiiii i 2-5
2.3.2  Saturation-Type or Enzymatic Reactions ......................o 2-8
24  Effect of Temperature on Reaction Rate................oooiiiiiiiiiiiiiiiiiii 2-11



vi

Contents

2.5  Reaction Order Data Analysis and Design ................cooooiiiiiiiin, 2-12
251  Zero-Order Reaction...............ooeiiiiiiiiiiiiiiiiiiiiiiiiiii .. 2-12
2.52  First-Order Reaction ..., 2-15
2.53  Second-Order Reaction ..............eeeiiiiiiiiiiiiiiiiiiiiiiiiiiiiininn... 2-26
Discussion Topics and Review Problems ............oooouiiiiiiiiiiiiiiiiii .. 2-33
REfEIEICES . ...t 2-35
Mass Balance and Reactors...............ooiiiiiiiiiiiiii i 3-1
3.1 Chapter ObJectiVes ........ooiiiiiiiiiiii i e 3-1
3.2 Mass Balance Analysis.........ooooiiiiiiiiiiiiiiiiiii e 3-1
3.21  Procedure for Mass Balance Analysis................ooooviiiiiiiii, 3-2
3.22  Combining Flow Streams of a Single Material .......................... ... 3-3
3.2.3  Combining a Conservative Substance and Flow ........................ooL. 3-6
3.24  Mass or Concentration of Nonconservative Substances in Reactors .......... 3-13
3.3 Flow Regime. . ....oooiiiiii i 3-16
34 Types of REACOIS. .. .oooviiiiiii ittt 3-16
341  Batch Reactor..........ooooiiiiiiiiiiiiiiiiiiiii e 3-16
342  Continuous-Flow Stirred-Tank Reactor ....................ooiiiiiiiiiinn.. 3-18
343  Plug Flow Reactor ........oooiiiiiiiiiiiiiiiiii e 3-34
344  Comparative Performance of a PFRand CFSTR ......................o . 3-39
3.4.5  Performance of CFSTRs in Series (Cascade Arrangement) ................... 3-44
3.4.6  Graphical Solution of Series CESTRS .......ooviiiiiiiiiiiii i, 3-52
3.5  Plug Flow Reactors with Dispersion and Conversion.....................ooooviinnn... 3-56
3.5.1  Flow Regime and Dispersion of Tracer...............ccooiuiiiiiiiiunnnnnnn. 3-56
3.52  Performance Evaluation of Sedimentation Basin ............................. 3-56
3.53  Dispersion with Conversion ................cooiiiiiiiiiiiinienieeeeen.. 3-62
3.6  Equalization of Flow and Mass Loadings....................ooiiiiiiiiiiiiiiiinnnnn. 3-69
3.6.1  Need and TYPeS. .....oueeeiiiiiiiii 3-69
3.6.2  Design Considerations...............ooiiiiiiiiiiiiiiiiiiiiii 3-70
3.6.3  Design Volume of Equalization Basin ... 3-71
Discussion Topics and Review Problems .............ooieiiiiiiiiiiiiiiiiiiiiee e, 3-83
REFEIEIICES . ... e et 3-85
Sources and Flow Rates of Municipal Wastewater ................ccooiviiii... 4-1
4.1 Chapter ODJECHVES ... ...ttt ettt e e ee e 4-1
42  Relationship between Municipal Water Demand and Wastewater Flow ................ 4-1
43  Components of Municipal Water Demand.................ooooiiiiiii i 4-3
4.3.1  Residential or Domestic Water Use..............coiiiiiiiiiiiiiiii ... 4-4
432  Commercial Water Use..........coouiiiiiiiiiiiiiiiiiiii i, 4-4
4.3.3  Institutional and Public Water Use..............cooooiiiiiiiiiiiii i, 4-4
434  Industrial Water Use...........oooiiiiiiiiiiiii i 4-6
4.3.5  Water Unaccounted or or Lost ...........oooeiiiiiiiiiiiiiiiiiii ., 4-6
43.6  Factors Affecting Water Use.........coviiiiiiiiiiiiiiiiiiiiiiiiiiininnnnnnnnn. 4-6
44 Wastewater Flow ...... ... 4-12
4.5  Wastewater Flow Variation................ooooiiiiiiiiiiiiii 4-13
451  Dry Weather FIOW .. .......uuuuuuuiic e 4-13
452  Infiltration and Inflow ...... ... ... o i 4-14

453  Common Terms Used to Express Flow Variations ........................... 4-15



Contents vii

Discussion Topics and Review Problems ............ooouuiiiiiiiiiiiiiiiiii i, 4-25
REfEIENCES . ... 4-27
5 Characteristics of Municipal Wastewater. ................c.oeeuieriereenannann.n. 5-1
5.1  Chapter ObJectiVes ........coviuuiiiii i 5-1
52  Physical Quality ........oooiiiiiiiiiiiiiiiiii s 5-1
52.1  TeMPEIatULC ...ttt ettt ettt et e et et e et e e e e eeann 5-1
5.2.2  Color, Turbidity,and Odor..............ooooiiiiiiiiiiiii 5-1

5.2.3  Settleable and Suspended (Non), Dissolved (Filterable), Volatile
and Fixed SOLAS .........ouuiii 5-3
53  Chemical Quality..........oooiiiiii 5-7
54  Measurement of Organic Matter and Organic Strength ................................. 5-7
5.4.1  Biochemical Oxygen Demand ...............cooiiiiiiiiiiii i, 5-7
5.4.2  Nitrogenous Oxygen Demand ..., 5-24
543  Chemical Oxygen Demand ........................ i 5-30
54.4  Total Organic Carbon ... 5-33
5.4.5  Total Oxygen Demand and Theoretical Oxygen Demand .................... 5-33

5.4.6  Relationship between BOD5 and Other Tests Used for

Organic Content....... ...t 5-33
5.4.7  Other Nonspecific and Specific Tests for Organic Contents .................. 5-35
54.8 Nonbiodegradable and Toxic Compounds................ccoiiiiiiiiiiinnnn. 5-36
5.5  Microbiological Quality......... ..ot 5-36
551 Basic CONCEPLS. ....ooiitiii e 5-36
5.52  Indicator OrganiSms..............oooiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieaas 5-38
553  Measurement TeChNIQUES. . ......cooutuutniinee ettt 5-39
5.6  Priority PollUtants...........oooiiiiiiiiiiiiiiiiiiiii 5-50
5.7 Toxicity and Biomonitoring..............ooo it 5-50
571 Toxicity Test.......ooiiiiiiii 5-51
5.7.2  Toxicity Test Evaluation...............oooiiiiiiiiiiiiiiiiiiiiiiiiiiieas 5-51
5.8  Unit Waste Loading and Population Equivalent.........................ooiiiia.. 5-57
5.9  Mass Loadings and Sustained Mass Loadings .....................ooiiiiiiiiiiiinn.. 5-60
Discussion Topics and Review Problems .............oooiiiiiiiiiiiiiiiiiiiiie ... 5-65
REFEIEICES . ... 5-69

6 Wastewater Treatment Objectives, Design Considerations, and

Treatment Processes. ..........ovviiuiiiiiiiii i 6-1
6.1  Chapter ObJECtIVES . ..o eotitttttt ittt ittt ettt ittt et 6-1
6.2  Treatment Objectives and Regulations .................oooiiiiiiiiiiiiiiiiiieaes 6-1
6.2.1  ODJECHIVES . . ..ttt 6-1
6.22  RegUIAtiONS ... ...ttt 6-1
6.3 Basic Design Considerations. ............ooouuiiiiiiiiiiiiiiiieeas 6-3
6.3.1  Initial and Design Years and Design Population............................... 6-4
6.3.2  Service Area and Treatment Plant Site Selection.............................. 6-13
6.3.3  Regulatory Requirements and Effluent Limitations ........................... 6-15
6.3.4  Characteristics of Wastewater and Degree of Treatment ..................... 6-16
6.3.5  Treatment Processes, Process Diagrams, and Equipment..................... 6-17
6.3.6  Plant Layout .........ccoiiiiiiiii 6-38

6.3.7  Plant Hydraulic Conditions. ..........cccovieiiiiiiiiiiiiiiiiiiiiiininnnnnnn. 6-39



viii

Contents

6.3.8  Plant Hydraulic Profile ............. 6-50
6.3.9  Energy and Resource Requirements and Plant Economics.................... 6-53
6.3.10 Environmental Impact ASSESSIMENt . ......uueeeettiiitiinnee it 6-53
64  Wastewater Facility Planning, Design, and Management.............................. 6-57
6.4.1  Facility Planning. ... 6-57
6.42  Design Plans, Specifications, Cost Estimates, and Support Documents........ 6-58
6.43  Construction and Construction Management ................................ 6-61
Discussion Topics and Review Problems ............oooouiiiiiiiiiiiiiiiiii .. 6-61
REFEIEICES . ... 6-63
SCIEEMINE. ..o 7-1
7.1 Chapter ObJectiVes .........ooiiiiiiiiiiiii i e 7-1
7.2 Screening Devices ....... ... i 7-1
721 COAISE SCIEEIIS ..ottt t ettt ettt ettt et eaas 7-1
7.22  Design Considerations of Coarse Screens and Installations.................... 7-2
723  FINE@ SCIEEMS ....ovvuiiiiiii i 7-31
7.24  Design of Fine Screens.............oooiiiiiiiiiiiiiii i 7-32
7.2.5  Special SCreemS. . ...ttt 7-40
7.3 Quantity, Characteristics, and Disposal of Screeings .....................oooiiine.. 7-41
7.3.1  Quantity and Characteristics.................ooiiiiiiiiii 7-41
7.32  Processing and Disposal of Screenings....................ooiiiiiiiiiiiii. 7-41
Discussion Topics and Review Problems ............ooooiiiiiiiiiiiiiiiiiii ... 7-43
REFEIEIICES . ...t 7-45
Grit Removal . .........uuii 8-1
8.1  Chapter ObJECtIVES ... .oeetttt ittt ittt ittt ettt ittt 8-1
82  Need and Location of Grit Removal Facility...................oooiiiiiiiii. 8-1
83  Gravity Settling.......ooooiiiiiiiiiiiii i 8-2
8.3.1  Types of Gravity Settling............oooiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiias 8-2
8.3.2  Discrete Settling (TypeI) ....coooiiiiiiiiiiiiiiiiiii e 8-2
84  Types of Grit Removal Facilities............ooooiiiiiiiiiiiiiiiiiiiiiiie 8-19
8.4.1  Horizontal-Flow Grit Chamber....................oooooi 8-19
842  Design of Effluent Trough ..ottt 8-36
8.4.3  Aerated Grit Chamber....................o 8-43
844  Vortex-Type Grit Chambers................. 8-51
8.4.5  Sludge Degritting .........oouiiiiiiiiiiiniiiiiiiiii e 8-55
8.4.6  Grit Collection and Removal ... 8-56
8.5  Grit Characteristics and Quality.................oooii 8-56
8.6  Grit Processing, Reuse, and Disposal ..ottt 8-57
Discussion Topics and Review Problems ...........ccoooiiiiiiiiiiiiiiiiiiia, 8-59
REFEIEIICES . ...ttt 8-60
Primary and Enhanced Sedimentation...................coooiiiiiii 9-1
9.1  Chapter ObJECHVES . .....uteitttt ettt 9-1
9.2 Flocculent Settling (Type IT).....oooiiiiiiiiiiiiiiniit e 9-1
9.3 Influent Quality of Primary Sedimentation Basin ................ccooiiiiiiiiiiiniinn.. 9-8
9.4  Types of Primary Sedimentation Basins...............ccooiiiiiiiiiiiiiiiie ... 9-11

9.41  Rectangular Basin. ... ........eueeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiininnnnannn. 9-11



Contents

10

ix
942  Circular Basins. ... 9-14
9.43  SQUAare TankKs ... ....coeuuuuuuie ettt e 9-15
9.4.4  Stacked, Multilevel, or Multitray Tanks......................oiiii.. 9-16
9.4.5  Basic Design and Performance Criteria.....................oooiiiiiiiinn.. 9-17
9.5  Enhanced Primary Treatment ..................oi ittt 9-52
9.5.1  Preaeration............cooiiiiiiiiiii 9-52
9.52  Chemical Coagulation and Precipitation.........................ol. 9-53
9.53  Effluent Neutralization..............ooiiiiiiiiiiiiiiii i, 9-60
9.54  Sludge Production ...t 9-60
9.5.5  Rapid MIXING ... .uvtiiittt 9-85
9.5.6  Slow Mixing or Flocculation.................ooooooiiiiiiii 9-91
9.6  High-Rate Clarification......... ... 9-143
9.6.1  Solids Contact Clarifiers ... 9-143
9.6.2  Inclined Surface Clarifiers ............ccooiiiiiiiiiiiii i, 9-144
9.6.3  Micro-Sand Ballasted Flocculation Process ................................. 9-147
9.6.4  Solids-Ballasted Flocculation Process ..................ooooiiiiiiiiiiiiin, 9-150
9.7  Fine Mesh Screens for Primary Treatment ..............ccooiiiiiiiiiiiiiiiiennnnnn.. 9-161
Discussion Topics and Review Problems .............oooiuiiiiiiiiiiiiiiiiiiie e, 9-166
REFEIEICES . ...ttt 9-169
Biological Waste Treatment...............ouuuuuiiiiiiiiiiiiiiiiiiiiiiiiiennnn.. 10-1
10.1  Chapter ODbjectives ...........ooiiiiiiiiiiiii i 10-1
10.2 Fundamentals of Biological Waste Treatment..................ooooiiiiiiii s 10-1
10.2.1 Biological Growth and Substrate Utilization.................................. 10-1
10.2.2  Types of Biological Treatment Processes .............cccoovveiiiiiiiininnn... 10-9
10.3  Suspended Growth Aerobic Treatment Processes ...............coovviiiiiininna... 10-19
10.3.1 Microbial Growth Kinetics in Batch Reactor.......................oooooo.. 10-20
10.3.2  Microbial Growth Kinetics in Continuous Flow Reactor .................... 10-30
10.3.3  Continuous Flow Completely Mixed Reactor...................oooviiiin 10-32

10.3.4 Determination of Biological Kinetic Coefficients in a Continuous Flow
Completely Mixed Reactor.............ooooiiiiiiiiiii i, 10-54
10.3.5 Continuous Plug-Flow Reactor ................ooooiiiiiiiiiiii 10-63
10.3.6  Operational Parameters of Activated Sludge Process ........................ 10-68
10.3.7  Activated Sludge Process Modifications. .............ccceeeiiiiiiiio .. 10-74
10.3.8  Oxygen Transfer............ccooiiiiiiiiiiiiiiii i 10-103
10.3.9  Aeration Device, Equipment, and Hardware Assembly..................... 10-142
10.3.10 Aeration System Design ... 10-144
10.3.11 Aerated LagOOm . ... ....uuuuutt e 10-172
10.3.12 Stabilization Ponds ... 10-191
10.4 Fixed-Film or Attached Growth Aerobic Treatment Processes...................... 10-209
10.4.1 Nonsubmerged Attached Growth Processes ..................coooviiiiin 10-209
10.4.2 Combined Attached and Suspended Growth Processes..................... 10-247
10.4.3 Integrated Fixed-Film Media in Aeration Basin ............................ 10-254
10.4.4 Submerged Attached Growth Systems....................oooooi 10-260
10.5 Anaerobic Treatment Processes ................oooiiiiiiiiiiiiiiiiiiiiiiiiiiiiinnn, 10-265
10.5.1 Capabilities of Anaerobic Treatment Processes..............ccccuuuuui.... 10-265
10.5.2 Fundamentals of Anaerobic Process................cooovviiiiiiiiii.L. 10-265
10.5.3 Environmental Factors...............ooooiiiiiiiiiiiiii 10-266

10.5.4  Process ANalysis . .........uuuuuuuunieei e 10-267



Contents

10.5.5 Anaerobic Suspended Growth Processes.................cooeiii.L. 10-279
10.5.6  Anaerobic Attached Growth Processes .......................ooiiii 10-290
10.6  Biological Nitrogen Removal ... 10-297
10.6.1  NIrfication. . .......uue e 10-297
10.6.2  Denitrification ... 10-337
10.7 Enhanced Biological Phosphorus Removal ... 10-371
10.7.1  Process Fundamentals ..., 10-371
10.7.2  Biochemical Reactions in Anaerobic Zone........................... ..., 10-372
10.7.3  Biochemical Reactions in Aerobic Zone .................................. 10-375
10.7.4  Overall Process Considerations ..............c.cceeeviiiiiiiiiieiaiaaieaaa... 10-375
10.7.5 Biosolids from EBPR Process ..........ooouuuiieiiiiiiiiieinniiiniieennnnnn. 10-376
10.8  Biological Nutrient Removal..............ooooiiii i 10-384
10.8.1 General Description of BNR Processes ..........couuuuiieeeieiiunnninnnn... 10-385
10.8.2  Performance of BNR Processes ..........o.uueieiiiiiiiiieiniiinieeennnnnn. 10-385
10.8.3  General Design Considerations for BNR Facilities.......................... 10-385
10.8.4 Computer Application for BNR Facility Design ............................ 10-408
10.9  Secondary Clarification ..........oouueeeeeiiiiiie et 10-412
10.9.1 Design Considerations for Secondary Clarifier......................... ..., 10-412
10.9.2 Zone or Hindered Settling (Type III) ..., 10-412
10.9.3 Design of Secondary Clarifiers..............oooeiiiiiiiiiiiiiiiiiennn.. 10-427
Discussion Topics and Review Problems ............cooouiiiiiiiiiiiiiiiin i, 10-435
RefErences .. .....uuee 10-445

VOLUME 2 Post-Treatment, Reuse, and Disposal

L1 DiSInfection ........c.orie e 11-1
I1.1  Chapter ODBJECHIVES ... ...ttt ettt ettt ettt ettt 11-1
112 Objectives and Requirements of Disinfection....................oooiiiiiiiiiiiiin, 11-1

11.2.1 Pathogens and Indicator OrganiSms...........cceeeeeeeieeeeeeeeeeeennnnnnnnn. 11-1
11.2.2  Microbial Reduction in Wastewater Treatment Processes .................... 11-3
11.2.3 Regulatory Process and ReqUirements ...........ccoeeeeeeeeeeeeeeneennnnnnnnn. 11-7
11.3  Disinfection Techniques..........cooieiiiiiiiiiiiiiiiiiiiiii i 11-7
11.3.1 Chemical Disinfection Processes. ..........c.eeeeiieiiiiieieiieiiininnnnnnnnn. 11-8
11.3.2  Physical Disinfection Processes ............cceieeiieiiiiiiiiieiiiiiininnnnnnn. 11-8
11.3.3  Suitability of Disinfection Processes ............cccoeeieiiieeiiiiiiiiiinnnnnnn. 11-8
11.3.4 Chlorine and Ozone Doses for Required Disinfection........................ 11-9
11.3.5 Disinfection By-products .............eeeeiiiiiiiiiiiiiiiiiiiiiiiiiinnnnnnnnn. 11-9
11.4 Inactivation MechaniSms ..........ooveiieiiiiiiiiiiiininninniiiiiiiiiiiiiiiaas 11-9
11.5 Inactivation Kinetics............oooiiiiiiiiiiiiiii i 11-11
11.5.1 Natural Die-Off Kinetics. ... .....uuuuuuuuiiuiiiiiiiiiie e, 11-11
11.5.2 Inactivation Kinetics for Chemical Disinfection Processes................... 11-15
11.6  ChIOTINAtION . . .. ettt ettt ettt e e ea e 11-29
11.6.1 Physical Properties of Chlorine and Hypochlorite........................... 11-30
11.6.2  Basic Chlorine Chemistry. .............uuuiuuiiiiiiiiiieeieeen.. 11-36
11.6.3 Components of Chlorination System ..............c.cceeveeieiieiiiiieiieee... 11-55
11.6.4 Other Beneficial Applications of Chlorine ........................ooooo 11-68
11.6.5 Disinfection with Chlorine Dioxide. ...........c.ccovviiiiiiiiiiiiiiiiio... 11-73
11.7  Dechlorination ...............eeueeeeee et 11-76

11.7.1 Dechlorination with Sulfur Dioxide (SO5) ......ovviiiiiiiii i eiaennn., 11-76



Contents xi
11.7.2 Dechlorination with Sodium Bisulfite (NaHSO3) .............oooiiiiiiin.. 11-77

11.7.3  Dechlorination with Other Reducing Agents ................................ 11-78

11.7.4 Dechlorination with Activated Carbon .................................... 11-78

11.7.5 Dechlorination of Chlorine Dioxide .............cccceiiiiiiiiii... 11-78

11.8  Disinfection with Ozone................ooooiiiiii i 11-81
11.8.1  Ozone ChemiStry .........uuuuuiiiiiiii 11-81

11.8.2  Properties of OZOMNe. .. .....ovettuuuii ittt 11-82

11.8.3  Ozone Dosage for Disinfection ..............ccviiiiiiiiiiiiiiiiiiennnn. 11-82

11.8.4 Ozone Generation .............cooiiiiiiiiiiiiiiiiiiiinii i 11-83

11.8.5 Ozone APPliCation. ... ...uueee ettt ettt 11-85

11.8.6  Kinetic Equations for Ozone Disinfection .....................oiiiia. 11-87

11.9 Disinfection with UV Radiation.................ooooiiiiiiiiiiiii 11-97
11.9.1 Mechanism of UV Disinfection..................oooooiiiiiiiiii. 11-97

11.9.2  Source of UV Radiation. .......ouuuueteeiiiiiii e et eaaas 11-97

11.9.3 Types of UV Reactors and Lamp Arrangements............................. 11-98

11.9.4 Microbial Repair after UV Disinfection............oooiviiiiiiiiiiiin . 11-98

11.9.5 Inactivation Kinetics for UV Irradiation................coviiiiiiieiinnn. 11-100

11.9.6 UV Transmittance, Density, Intensity, and Dose........................... 11-111

11.9.7 Major Components of Open-Channel UV Disinfection Systems ........... 11-115

11.9.8 Hydraulics of UV Channel ..o 11-116

11.10 Recent Developments in Disinfection Reactor Design..............cccovviiinie... 11-129
Discussion Topics and Review Problems ..............oooiiiiiiiiiiiiiiiiiiiiiie . 11-130
RELEIONCES . ..ottt et 11-134
12 Effluent Reuse and Disposal..............c.c.oueeriniiriniieiniieaiieaiaeanans 12-1
12.1  Chapter ObJECHIVES ... ..ttt ettt ettt ettt et 12-1
122 Major Issues Related to Effluent Reuse .................. i, 12-1
12.2.1  Quality Parameters of Reclaimed Water....................ooooiiia. 12-1

12.2.2  Treatment Technology for Reclaimed Water ......................oooiiil 12-2

12.2.3 Regulations or Guidelines Regarding Reuse of Reclaimed Water............. 12-7

123 Health Risk Analysis. . .........oooieiiiiiiii e 12-7
12.3.1  Quantitative TOXICOIOZY . ... .uuuuutreiie e 12-7

1232 Risk ASSESSIMENT . ... ...ttt 12-12

12.3.3  Assessment of Noncarcinogenic Effects.......................oooiii.. 12-13

12.3.4  Assessment of Carcinogenic Effects.....................oooon 12-16

12.4  Storage Facility for Reclaimed Water.....................ooo i 12-24
12.4.1 Enclosed Storage ReServoirs ............coooviiiiiiiiiiiiiiiiiiiiiniininn... 12-24

12.4.2  Open Storage Reservoirs...................oooiiiiiiiiiiiiii 12-25

12.5 Reclaimed Water ReUSe ............uuuuiimiiiiiiiiii i 12-27
12.5.1  Urban Water ReUSE. .......uuuuiiiiiiiiiiii e 12-27

12.5.2 Industrial Water Reuse ............cooeiiiiiiiiiiiiiiiiiiin. 12-28

12.5.3  Agricultural Irrigation Reuse. ... 12-35

12.5.4 Impoundments for Recreational and Aesthetic Reuse ....................... 12-40

12.5.5 Environmental Reuse for Habitat Restoration and Enhancement............ 12-40

12.5.6  Groundwater Recharge ................oooooiiiiiiiiiiiiii 12-41

12.5.7 Augmentation of Potable Water Supply ....................oolL. 12-45

12.6  Effluent Discharge into Natural Waters ..............oooiiiiiiiiiii ... 12-48
12.6.1 Requirements of Outfall ... i 12-48

12.6.2 Water Quality Models of Surface Water.......................oooLl. 12-49

12.6.3 Design of Outfall Structures ... 12-65



Xii

13

Contents
Discussion Topics and Review Problems ............oooouuiiiiiiiiiiiiiiiiie .. 12-73
REfEIeNCes .. ..o 12-77
Residuals Processing, Disposal, and Reuse ..., 13-1
13.1  Chapter ObBJECHIVES ... ..ttt ettt ettt et ettt et 13-1
132 Conventional and Emerging Technologies for Sludge Processing ..................... 13-1
13.3  Characteristics of Municipal Sludge ... 13-2
13.3.1 Sources and Solids Content.............cooiiiiiiiiiiiiiiiiiiiiii 13-2
13.3.2  Sludge Quantity Variations and Solids and Volume Relationship ............ 13-2
13.3.3  Sludge and Scum Pumping ... 13-4
13.3.4 Preliminary Sludge Preparation Operations ..................coooivieiiiinn 13-6
13.4 Conventional Sludge Processing Systems, Process Diagrams, and
Regulatory Requirements.............ooooiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeas 13-14
13.4.1 Sludge Processing SyStems.............ooviiuiiiiiiiiiiiiiiiiiiiiieaiin. 13-14
13.4.2  SIdeStreams ..........co.uuiiiiiiiiiiiii i 13-14
1343 Process Diagrams...........ooooiiiiiiiiiiiiiiii i 13-14
13.4.4 Regulatory Requirements for Biosolids Reuse and Disposal ................. 13-14
13.5  Sludge Thickening. ... ........uuuueueeuuii e 13-22
13.5.1 Gravity Thickening .......... ... 13-22
13.5.2 Dissolved Air Flotation Thickening...................oooooiiiiii. 13-33
13.5.3  Centrifugal Thickening ...............cooooiiiiiiiiiiiii i 13-37
13.5.4 Gravity Belt Thickening ..................oooi 13-38
13.5.5 Rotary Drum Thickener ..............oooooiiiiiiiiiiiiiiiiiiiii 13-40
13.5.6 Membrane Thickener.................ooooiiiiii 13-40
13.6  Sludge Stabilization.................ueuiii i 13-41
13.6.1 Anaerobic Digestion ..............eeuiiiiiiiiiiiiiiiiiiiii 13-41
13.6.2  Aerobic Digestion. .. .........uuuuuuuiiiiiiiiiiiiii i 13-72
13.6.3 Chemical Stabilization ..................ooo 13-89
13.6.4 Heat Treatment or Thermal Stabilization.........................oooo 13-90
13.7  Sludge Conditioning. .. ...........uuuuuuuueii 13-90
13.7.1  Chemical Conditioning ...............ccceiiiiiiiiiiiiiiiii... 13-90
13.7.2  Physical Conditioning ...............cooiiiiiiiiiiiiiiiii i 13-97
13.8  Sludge DeWatering. . ... .....uuuuuueit ettt 13-97
13.8.1 Natural Dewatering Systems.............ooiiuiiiiiiiiiiiiiiiiiii e, 13-98
13.8.2 Mechanical Dewatering Systems.............ccooiiiiiiiiiiiiiiiiiieien. 13-109
13.9 Material Mass Balance Analysis ... 13-125
13.10 Emerging Technologies for Enhanced Sludge Stabilization
and Resource RecoOVery ...........ooiiiiiiiiiiiiiiiiiii e 13-134
13.10.1 Pretreatment of Sludge..............coooiiiiiii i 13-134
13.10.2 Enhanced Anaerobic Digestion Performance............................ ... 13-136
13.10.3 Resource Recovery from Municipal Sludge .....................ooooo 13-137
13.10.4 Nitrogen Removal by Partial Nitrification/Anammox
(PN /A) PrOCESS . . ettt et tee et e ettt e e e et e e e e e e iae e aneaas 13-139
13.11 Sludge Disposal and Biosolids Reuse ..............ccoooiiiiiiiiiiiiiiiiiinn. 13-147
13.11.1 CompoSting. . ....ooiiiiiiiiii et 13-148
13.11.2 Heat DIying .....ooouuiiiiiii i i i 13-159
13.11.3 Thermal Oxidations ..............oooiiiiiiiiiiiiiiiii s 13-159
13.11.4 Recalcination .............c.oiiiiiiiiiiiiiiiii 13-164

13.11.5 Land Application of BiosOlids ..........cceviiiiiiiniiiiiiiiiinee e 13-164



Contents xiii

13.11.6 Residuals Disposal by Landfilling.....................oooooiiiiiiiiiiiL. 13-176

Discussion Topics and Review Problems ............cooouiiiiiiiiiiiiiiiii i, 13-182

REFEIENCES . ... 13-186
14 Plant Layout, Yard Piping, Plant Hydraulics, and Instrumentation

and Controls ............uiiiiiii 14-1

14.1  Chapter Objectives ...........ooiiiiiiiiiiiii 14-1

142 Plant Layout.......oooiiuiiiiiiiii e 14-1

14.2.1 Factors Affecting Plant Layout and Site Development........................ 14-1

14.2.2  Construction Requirements..............oooiiiiiiiiiiiiiii i, 14-2

14.2.3 Compact and Modular Site Development..................ooooiiiiiit 14-3

1424 Plant UtHHEs ......ouuuit 14-4

14.2.5 Environmental Considerations and Security.......................ooooo 14-4

14.2.6  Occupational Health and Safety .....................o 14-5

14.2.7  Future EXpansion ..........c..iiuiiiiiiiiii i 14-5

143 Yard PIPINg. ... .uuutitttte e 14-10

14.3.1 Organizing Yard Piping...............ooooiiiiiiiiii 14-10

14.3.2  Pipe Galleries . ...ooveiuiiie ettt e 14-10

14.3.3  Considerations for Plant Upgrading....................ooooiiiiii 14-11

144 Plant Hydraulics. ... ......uuuuueni 14-11

14.4.1 Hydraulic Profile. ... 14-11

14.42 Head Losses through Treatment Units ..............cocoooiiii... 14-12

14.43 Head Losses through Connecting Conduits.....................ooooo 14-12

14.5 Instrumentation and Controls................oooiiiiiiiiiiiiiii i 14-21

14.5.1 Benefits of Instrumentation and Control Systems ........................... 14-21

14.52 Components of Control Systems. .............ccooviiiiiiiiiiiiiiiiii i, 14-21

Discussion Topics and Review Problems ...........cooouuuiiiiiiiiiiiiiiii .. 14-37

REEreNCes .. ... 14-40

15 Advanced Wastewater Treatment and Upgrading Secondary

Treatment Facility........ ..o 15-1

15.1  Chapter ODJECHIVES ... ...ttt ettt ettt et e et ete ettt 15-1
152  Application of Advanced Treatment Technologies and Upgrading of

Secondary Effluent....... ... o i 15-1

153  Natural Treatment SYSteIMS. ... ...ovetettettetttteettetetetnntnainaiaaiiiaaas 15-1

15.3.1 Terrestrial Treatment SYStEmmS . ... ...uuueruereeeeieetieieeeeeeeeeeeeneennnnnn. 15-2

15.3.2 Aquatic Treatment Systems............cooiiiiiiiiiiiiiiiiiiiiiii s 15-14

154 Advanced Wastewater Treatment Processes...............ooovviiiiiiiiiiiiinna... 15-26

15.4.1 Biological Nutrient Removal (BNR) Processes...........c.c.ccceeveeiieeiee .. 15-26

15.4.2 Chemical Coagulation and Phosphorus Precipitation........................ 15-27

15.4.3 Lime Precipitation ...........oooiiiiiiiiiiiiii 15-28

154.4 Breakpoint Chlorination for Ammonia Removal .......................... 15-28

15.4.5 Air Stripping for Removal of Dissolved Gases and VOCs ................... 15-29

15.4.6 Granular Filtration. ... 15-40

15.4.7 Surface Filtration ... 15-74

154.8  Carbon AdSOrption ............oooiiiiiiiiiiiii i 15-78

1549 Ton EXChange ...........ouuuuiiiiiiiiiii i 15-100



Xiv Contents

15.4.10 Membrane ProCesses. . ... ........uuuuuueeueeeeiiiiiiiiieiiaeaaeaaaaaaaann. 15-120
15.4.11 Concentration and Disposal of Waste Brine ................cccoooiiii.... 15-146
Discussion Topics and Review Problems ............coooiiiiiiiiiiiiiiiiiii i, 15-153
REFEIEICES . ... 15-156

Appendix A: Abbreviations and Symbols, Basic Information about Elements, Useful
Constants, Common Chemicals Used in Water and Wastewater
Treatment, and the U.S. Standard Sieves and Size of Openings.......... A-1

Appendix B: Physical Constants and Properties of Water, Solubility of
Dissolved Gases in Water, and Important Constants for Stability
and Sodicity of Water...........ooiiiiiiiiiiii B-1

Appendix C: Minor Head Loss Coefficients for Pressure Conduits and Open
Channels, Normal Commercial Pipe Sizes, and Design Information
of Parshall Flume ................ooooo C-1

Appendix D: Unit CONVEIrSIONS ... ...vueettitiiin ettt eeeas D-1

Appendix E: Summary of Design Parameters for Wastewater
Treatment Processes .............oiiiiiiiiiiiiiii i E-1



Preface

Over the last decade there have been rapid developments and changes in the field of wastewater treatment.
The emphasis has been on identification, detection, and removal of specific constituents; computer sim-
ulation and modeling; membrane processes; renovation and reuse of wastewater effluent; nutrients recov-
ery, and reduction and utilization of biosolids; energy conservation; greater understanding of theory and
principles of treatment processes; and application of these fundamentals into facility design. Environmen-
tal engineers have many responsibilities. One of the most demanding yet satisfying of these are the design
of wastewater treatment and reuse facilities. There are several books that discuss the fundamentals, scien-
tific principles, and concepts and methodologies of wastewater treatment. The actual design calculation
steps in numerical examples with intense focus on practical application of theory and principles into pro-
cess and facility design are not fully covered in these publications. The intent of the authors writing this
book is threefold: first, to present briefly the theory involved in specific wastewater treatment processes;
second, to define the important design parameters involved in the process, and provide typical design val-
ues of these parameters for ready reference; and third, to provide a design approach by providing numer-
ical applications and step-by-step design calculation procedure in the solved examples. Over 700
illustrative example problems and solutions have been worked out to cover the complete spectrum of
wastewater treatment and reuse from fundamentals through advanced technology applied to primary, sec-
ondary and advanced treatment, reuse of effluent, by-product recovery and reuse of biosolids. These exam-
ples and solutions enhance the readers’ comprehension and deeper understanding of the basic concepts.
They also serve as a good source of information for more experienced engineers, and also aid in the formal
design training and instruction of engineering students. Equipment selection and design procedures are
the key functions of engineers and should be emphasized in engineering curricula. Many practice prob-
lems with step-by-step solution provide skills to engineering students and professionals of diverse back-
ground for learning, and to master the problem-solving techniques needed for professional engineering
(PE) exams. Also, these solved examples can be applied by the plant designers to design various compo-
nents and select equipment for the treatment facilities. Thus, the book is a consolidated resource of valu-
able quick-and-easy access to a myriad of theory and practice information and solved examples on
wastewater treatment processes and reuse.

This work is divided into two volumes. Principles and basic treatment processes are covered in Volume
1, which includes Chapters 1 through 10. Volume 2 contains Chapters 11 through 15 to cover post-
treatment processes, reuse, and solids disposal.

Volume 1: Principles and Basic Treatment. Chapter 1 is an overview of wastewater treatment: past,
present, and future directions. Chapters 2 and 3 cover the stoichiometry, reaction kinetics, mass bal-
ance, theory of reactors, and flow and mass equalization. Sources of municipal wastewater and flow
rates and characteristics are provided in Chapters 4 and 5. Chapter 6 provides an in-depth coverage
of wastewater treatment objectives, design considerations, and treatment processes and process dia-
grams. The preliminary treatment processes are covered in Chapters 7 and 8. These unit processes
are screening and grit removal. Chapter 9 deals with primary treatment with plain and chemically

XV



xvi Preface

enhanced sedimentation. Chapter 10 provides an in-depth coverage of biological waste treatment and
nutrients removal processes.

Volume 2: Post-Treatment, Reuse, and Disposal. Chapter 11 covers major processes for effluent disin-
fection, while Chapter 12 deals with effluent disposal and reuse. Chapter 13 is devoted to residuals man-
agement, recovery of resources, and biosolids reuse. The plant layout, yard piping, plant hydraulics, and
instrumentation and controls are covered in Chapter 14. Upgrading of secondary treatment facility,
land application, wetlands, filtration, carbon adsorption, BNR and MBR; and advanced wastewater treat-
ment processes such as ion exchange, membrane processes, and distillation for demineralization are
covered in Chapter 15.

This book will serve the needs of students, teachers, consulting engineers, equipment manufacturers,
and technical personnel in city, state, and federal organizations who are involved with the review of
designs, permitting, and enforcement. To maximize the usefulness of the book, the technical information
is summarized in many tables that have been developed from a variety of sources. To further increase the
utility of this book six appendices have been included. These appendices contain (a) abbreviations and
symbols, basic information about elements, useful constants, common chemicals used in water and waste-
water treatment, and U.S. standard sieves and size of openings; (b) physical constants and properties of
water, solubility of dissolved gases in water, and important constants for solubility and sodicity of water;
(c) minor head loss coefficients for pressure conduits and open channels, normal commercial pipe sizes,
and design information of Parshall fumes; (d) unit conversions; (e) design parameters for wastewater treat-
ment processes; and (f) list of examples presented and solved in this book. These appendices are included
in both volumes. The numerical examples are integrated with the key words in the subject index. This gives
additional benefit to the users of this book to identify and locate the solved examples that deal with the
step-by-step calculations on the specific subject matter.

Enough material is presented in this textbook that cover supplemental material for a water treatment
course, and a variety of wastewater treatment courses that can be developed and taught from this title.
The supplemental material for a water treatment course include components of municipal water demand
(Section 4.3), rapid mix, coagulation, flocculation, and sedimentation (Sections 9.6, 9.7, and 10.9), filtration
(Section 15.4.6), carbon adsorption (Section 15.4.8), chlorine and ozone disinfection (Sections 11.6 and 11.8),
demineralization by ion exchange and membrane processes (Sections 15.4.9 and 15.4.10), and residuals
management (Sections 13.4.1 through 13.4.3, 13.5 through 13.8, and 13.11.6). At least three one-semester,
and one two-semester sequential wastewater treatment courses at undergraduate or graduate levels can be
developed and taught from this book. The specific topics to be covered will depend on time available, depth
of coverage, and the course objectives. The suggested wastewater treatment and reuse courses are:

Course A: A one-semester introductory course on wastewater treatment and reuse
Course B: A sequential two-semester advance course on wastewater treatment and reuse
Course C: A one-semester course on physical and chemical unit operations and processes
Course D: A one-semester course on biological wastewater treatment

The suggested course outlines of these courses are provided in the tables below. The information in
these tables is organized under three columns: topic, chapter, and sections. The examples are not included
in these tables. It is expected that the instructor of the course will select the examples to achieve the depth
of coverage required.

Course A: Suggested course contents of a one-semester introductory course on wastewater treatment
and reuse

Topic Chapter Section
Overview of wastewater treatment 1 All
Stoichiometry and reaction kinetics 2 2.1 and 2.2

Continued
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Topic Chapter Section

Mass balance, reactors, and equalization 3 3.1 to 3.3, and 3.4.1 to 3.4.3

Sources and flow rates of wastewater 4 All

Characteristics of municipal wastewater 5 5.1to 5.6, 5.7.1, 7.8, and 5.9

Treatment and design objectives, and 6 All

processes

Screening 7 All

Grit removal 8 8.1to0 8.3, 8.4.1 to 8.4.5, 8.5, and 8.6
Conventional and chemically enhanced 9 9.1t09.6,9.7.1,and 9.7.2

primary sedimentation
Biological waste treatment: basics, oxygen 10 10.1, 10.2, 10.3.1, 3.3.2, 10.3.4 to 10.3.8, 10.3.10, 10.3.11,
transfer, fixed film attached growth 10.4 to 10.6, 10.7.1 to 10.7.3, 10.8, and 10.9
processes, anaerobic treatment, biological

nitrogen removal, and final clarifier
Effluent disinfection 11 11.1 to 11.7
Effluent reuse and disposal 12 12.1, 12.2, 12.5, and 12.6
Residuals processing, reuse, and disposal 13 13.1 to 13.8, and 13.11
Plant layout, piping, hydraulics, and 14 All

instrumentation and control
Advanced wastewater treatment and 15 15.1 to 15.3, 15.4.5, 15.4.6, and 15.4.8 to 15.4.10

upgrading secondary treatment facility

Course B: Suggested course contents of a sequential two-semester advanced course on wastewater

treatment and reuse

Topic Chapter Section
First Semester

Overview of wastewater treatment 1 All
Stoichiometry and reaction kinetics 2 All

Mass balance, reactors, and equalization 3 All
Sources and flow rates of wastewater 4 All
Characteristics of municipal wastewater 5 All
Treatment objectives, design considerations, 6 All

and treatment processes

Screening 7 All

Grit removal 8 All
Primary and enhanced sedimentation 9 All
Biological waste treatment: fundamentals 10 10.1 and 10.2
and types

Second Semester

Biological waste treatment (cont’d): suspended, 10 10.3 to 10.10
attached, aerobic, anaerobic kinetics, oxygen

transfer, biological nutrient removal (BNR),

computer

application, and final clarifiers
Disinfection and kinetics 11 All
Effluent reuse and disposal 12 All

Continued
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Topic Chapter Section
Residuals processing, reuse, and disposal 13 All
Plant layout, piping, hydraulics, and 14 All

instrumentation and control

Advanced wastewater treatment facilities 15 All

Course C: Suggested course contents of a one-semester course on physical and chemical unit operations
and processes

Topic Chapter Sections

Overview of wastewater treatment 1 All

Stoichiometry and reaction kinetics 2 All

Mass balance, reactors, and equalization 3 All

Sources and flow rates of wastewater 4 4.4 and 4.5

Characteristics of municipal wastewater 5 5.1to 54

Wastewater treatment processes 6 6.3.5

Screening: coarse and fine screens 7 7.1,and 7.2.1 to 7.2.4

Discrete settling and grit removal 8 8.1, 8.3, 842, and 8.4.4

Flocculant settling, rapid mixing, 9 9.1, 9.2, 9.5.5, 9.6.5, 9.6.6, and 9.7.2
flocculation, and sedimentation

Zone or hindered settling 10 10.9.2

Disinfection kinetics, chlorination, 11 11.4,11.5,11.6.1, 11.6.2, 11.7.1, 11.8.6, and
dechlorination, ozonation, and UV radiation 11.94 to 11.9.6

Compression settling, dissolved air flotation, 13 13.4.1, 13.4.2, 13.5.1 to 13.5.3, 13.6.1, 13.6.2, 13.7.1,
anaerobic digestion, conditioning, and 13.8.1, and 13.8.2

dewatering

Air stripping, filtration, carbon adsorption, 15 15.4.5,15.4.6 , 15.4.8, 15.4.9, and 15.4.10

ion exchange, and membrane processes

Course D: Suggested course contents of a one-semester course on biological wastewater treatment

Topic Chapter Section
Overview of wastewater treatment 1 All
Stoichiometry and reaction kinetics 2 All
Mass balance, reactors, and equalization 3 All
Sources and flow rates of wastewater 4 All
Characteristics of municipal wastewater 5 All
Wastewater treatment processes 6 6.3.5
Biological waste treatment, biological 10 All
nutrient removal (BNR), and final clarifier
Pathogens reduction in treatment processes 11 11.2.1, and 11.5.1
and natural die-off kinetics
Anaerobic and aerobic digestion of sludge, 13 13.6.1, 13.6.2, 13.9, and 13.11.1
material mass balance, and composting
Aquatic treatment systems, and membrane 15 15.3.2, and 15.4.10

processes
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In the solutions of examples, full expressions are provided to demonstrate step-by-step calculations.
Many process and hydraulic parameters are involved in these expressions. To be more efficient, these
parameters are represented by symbols. Sometimes, in the same example, parameters are applied multiple
times to different streams or reactors. Therefore, subscripted notations are also used to identify these
parameters. Each symbol is fully defined when it appears for the first time in the solution of the example.
After that this symbol is repeated in the entire solution. This approach is helpful in (1) saving space by
replacing lengthy descriptions of a parameter, and (2) providing an identification of the numerical value
used or obtained in the expression. Additionally, these symbols provide the designers a ready reference in
their design calculations while using Mathcad or spreadsheet software.

The International System of Units (SI) is used in this book. This is consistent with the teaching practices
in most universities in the United States and around the world. Most tables in the book have dual units and
include conversion from SI to U.S. customary units in footnotes. Useful conversion data and major treat-
ment process design parameters are provided in Appendices D and E.



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com

Acknowledgment

A project of this magnitude requires the cooperation and collaboration of many people and organizations.
We are indebted to many professionals, faculty members, students, and friends who have helped and pro-
vided constructive suggestions. We must acknowledge the support, encouragement, and stimulating dis-
cussion by Michael Morrison, W. Walter Chiang, and Pete K. Patel throughout this project. CP&Y, Inc., a
multidisciplinary consulting engineering firm in Dallas, Texas provided the technical support. We grate-
fully appreciate the support and assistance provided by Michael F. Graves, Marisa T. Vergara, Gregory W.
Johnson, Ellen C. Carpenter, Barbara E. Vincent, Megan E. Martin, Gil W. Barnett, and Dario B. Sanchez.
Many students also assisted with typing, artwork, literature search, and proofreading. Among them are
Bernard D’Souza, Rajeshwar Kamidi, Neelesh Sule, Richa Karanjekar, Gautam Eapi, and Olimatou Ceesay.

Kelcy Warren established Syed Qasim Endowed Professorship in Environmental Engineering in the
Department of Civil Engineering at The University of Texas at Arlington. Funds from this endowment
helped to support students. The support of the Department of Civil Engineering at The University of Texas
at Arlington is greatly appreciated. In particular, we thank the support of Dr. Ali Abolmaali, and tireless
support of Sara Ridenour in making departmental resources available.

Finally, we must acknowledge with deep appreciation the support, encouragement, and patience of
our families.

Although the portions of this book have been reviewed by professionals and students, the real test will
not come until this book is used in classes, and by professionals in design of wastewater treatment facilities.
We shall appreciate it very much if all who use this book will let us know of any errors and changes they
believe would improve its usefulness.

Syed R. Qasim and Guang Zhu
Arlington, Texas

XX1



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com

Authors

Syed R. Qasim is a professor emeritus in the Department of Civil Engineering at the University of Texas at
Arlington. Dr. Qasim earned PhD and MSCE from West Virginia University, and BSCE from India. He
served on the faculty of Polytechnic University, Brooklyn, New York, and on the faculty of the University
of Texas at Arlington, Texas, from 1973 till his retirement in 2007. Dr. Qasim has conducted full-time
research with Battelle Memorial Institute, Columbus Laboratories, and has worked as a design engineer
with a consulting engineering firm in Columbus, Ohio. He has over 47 years of experience as an educator,
researcher, and practitioner in the related fields of environmental engineering. His principal research and
teaching interests include water and wastewater treatment processes and plant design, industrial waste
treatment, and solid and hazardous waste management. He served nationally and internationally as a con-
sultant with governmental agencies and private concerns. Dr. Qasim has written 3 books, and he is the
author or coauthor of over 150 technical papers, encyclopedia and book chapters, and research reports.
His papers, seminars, and short courses have been presented nationally and internationally. He is a life
member and Fellow of American Society of Civil Engineers, and a life member of Water Environment Fed-
eration; a member of Association of Environmental Engineering and Science Professors, American Water
Works Association, and other professional and honor societies. He is a registered professional engineer in
the state of Texas.

Guang Zhu is an associate and senior water and wastewater engineering director with CP&Y, Inc., a mul-
tidisciplinary consulting engineering firm headquartered in Dallas, Texas. Dr. Zhu has over 30 years of
consulting experience in planning, process evaluation, pilot testing, design, and commissioning of
numeral conventional and advanced water and wastewater treatment plants in the United States and
China. He had 10 years of consulting experience with Beijing General Municipal Engineering Design
and Research Institute, Beijing, China. Dr. Zhu has coauthored one textbook and many technical papers
and has translated two water and wastewater books in Chinese. He has taught several design courses as an
adjunct assistant professor at the University of Texas at Arlington. He is a registered professional engineer
in the state of Texas.

Xxiii



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com

11

Disinfection

11.1 Chapter Objectives

Wastewater contains many types of human enteric organisms that are associated with various waterborne
diseases. Disinfection is the primary mechanism for inactivation and destruction of disease-causing organ-
isms present in the wastewater, and it is one of the common steps required in wastewater treatment and
reuse. Presently, chlorination of both water supply and wastewater effluent is a widespread practice for the
control of waterborne diseases. Alternate methods of disinfection are receiving a great deal of attention
because chlorination may result in the formation of disinfection by-products (DBPs); many of which
are known carcinogens. The material presented in this chapter covers the following important issues
related to the disinfection process and facility design:

o Objectives and requirements of disinfection

 Disinfection techniques to meet the disinfection goals

* Basic design considerations for chlorination and dechlorination

e Application of alternate methods of disinfection such as ozone and ultraviolet (UV) radiation

11.2 Objectives and Requirements of Disinfection

A disinfection process should be properly selected as the final defense after the routine nondisinfection
treatment processes. The main objectives of wastewater disinfection are to protect public health from
waterborne diseases, reduce adverse side effects to the aquatic life, eliminate threats to the environment,
and comply with the regulatory requirements.

11.2.1 Pathogens and Indicator Organisms

The pathogens are normally divided into four major microbial groups: (1) bacteria, (2) virus, (3) protozoa,
and (4) helminthes. Common pathogens that may be present in domestic wastewater are summarized
in Table 11.1.""'° Because of the presence of a large number of organisms in wastewater samples, their
number is usually expressed to the base 10 of the logarithmic scale (Equation 11.1).

log concentration = log(N) (11.1)

where N = number of organism present in a specified sample volume

Itis important to specify the sample volume for the log scale. The volume of wastewater is typically 100 mL
for bacteria and virus, and 100 L for protozoa and helminthes. A general discussion on the microbiological
quality of wastewater, indicator organisms, and measurement techniques are presented in Chapter 5.

Traditional Indicator Organisms: The identification and measurement techniques for pathogens in
wastewater are neither simple nor clear-cut. For this reason, a group of indicator organisms are used to
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11-2 Volume 2: Post-Treatment, Reuse, and Disposal

TABLE 11.1 Common Pathogens Carried in Raw Domestic Sewerage

Probable Probable Median . .
. . . a . b Relative Associated
Organism (Size Range) Concentration®, Infectious Dose”, . .
Infectivity Waterborne Disease
log(N) log(Nso)
Bacteria (0.2-10 pm)
Escherichia coli 5-8 6-10 Low Gastroenteritis
(enteropathogenic)
Salmonella spp. (nontyphoid) 2-4 4-7 Low Salmonellosis
Salmonella typhi 0-4 5-7 Low Typhoid fever
Shigella spp. 0-3 1-2 Moderate  Shigellosis (dysentery)
Vibrio cholerae 1-4 3-8 Low Cholera
Viruses (0.02-0.3 pm)
Astroviruses (7 types) - <2 Gastroenteritis
Caliciviruses (Norwalk and <6 1-2 High Gastroenteritis
Sapporo)
Coronavirus - - - Gastroenteritis
Enteric viruses (72 types) 6-7 0-3 High Paralysis, gastroenteritis,
fever, herpangina
Hepatitis A virus - 0-2 High Infectious hepatitis
Parvoviruses (3 types) - - High Gastroenteritis
Rotaviruses (4 types) 4-7 <1 High Gastroenteritis
Protozoa (4-60 pm)
Cryptosporidium parvum 2-6 0-2 High Cryptosporidiosis
Entamoeba histolytica 2-8 0-2 High Amebiasis
Giardia lamblia 2-7 0-2 High Giardiasis
Helminths (20-80 pm)
Ascaris lumbricoides 2-6 0-1 High Ascariasis
(roundworm)
Schistosoma mansoni 1-2 0-1 High Schistosomiasis
Trichuris trichiura (whipworm) 2-4 0-1 High Trichuriasis

 The number of organisms (N) is typically expressed as colony forming unit (CFU) or most probable number (MPN) for bacteria, ova for
helminthes, cysts or oocysts for protozoa, and plaque-forming unit (PFU) or MPN for viruses.

® The median infectious dose (Nso) indicates the number of organisms at which 50% of an exposed population exhibit a response.

Source: Adapted in part from References 1 through 10.

measure the potential for occurrence of pathogens in the water and wastewater. The traditional indicator
organisms are the coliform bacteria of fecal origin. They have been used for a long time in establishing the
bacterial surface water quality criteria. Federal water quality criteria for primary contact recreation waters
were first established in 1968 based on fecal and total coliforms.!* Under Section 304 (a) of the Clean
Water Act of 1977, the criteria were revised by the U.S. Environmental Protection Agency in 1986 with
the recommendations for establishing water quality standards based on Escherichia coli (E. coli) for fresh
waters and Enterococci for fresh and marine waters. It was confirmed through time that E. coli and Entero-
cocci were better indicator organisms than fecal and total coliforms for predicting the gastrointestinal ill-
ness-causing pathogens.'” The characteristics of the traditional indicator organisms and the basic
measurement techniques are covered in Sections 5.5.2 and 5.5.3.

Emerging Indicator Organisms: The recent practice of wastewater reclamation and reuse has indi-
cated that use of only traditional indicator organisms may not be sufficient for predicting the safety of
wastewater against most pathogens in the disinfected effluent.'> Alternative emerging indicator organisms
have been identified and recommended for microbial quality assessment.>>'* The organisms most
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TABLE 11.2 Indicator Organisms Used in Microbial Water Quality Criteria

Characteristics Shape Probable Concentration in

Organism Indication and Size, um Raw Wastewater”, log(N)/V

Traditional Bacterial Indicator Organisms

Total coliforms Bacteria Rod 0.5-2 6-9
Fecal coliforms Bacteria Rod 0.5-2 5-8
Escherichia coli (E. coli) Bacteria Rod 1-2 5-8
Enterococci Bacteria Cocci 0.5-1 4-6

Emerging Indicator Organisms

Viruses
Enteric viruses Viral pathogen Icosahedral capsid 6-7
0.025-0.03
Coliphages Viral indicator Icosahedral protein shell 5-7
0.025-0.2
Bacteria
Clostridium perfringens Protozoa surrogate Rod spore 0.6-1.3 by 2.4-19 3-5
Protozoa
Cryptosporidium parvum Protozoan pathogen Ovoid oocyst 4-6 2-6
Giardia lamblia Protozoan pathogen Ovoid cyst 8-12 2-7

* N = number of organisms, where CFU or MPN for bacteria and viruses, and cysts or oocysts for protozoan parasites. V indicates sample
volume; 100 mL for bacteria and viruses, and 100 L for protozoa. For example, total coliform log N =6 means 10° organisms per 100 mL
sample.

Source: Adapted in part from References 2, 5, 9, and 10.

commonly used in the recent microbial water quality criteria are summarized in Table 11.2. It is expected
that the improved techniques for pathogens detection in reclaimed effluent for reuse may utilize multiple
indicators rather than a single indicator.”

11.2.2 Microbial Reduction in Wastewater Treatment Processes

In wastewater treatment practice, the removal efficiency is usually expressed by percent removal of the
most common contaminants. On account of high numbers, the efficiency as high as 99.99999% may
be required for removal or inactivation of pathogens. It is, therefore, more convenient to express the
log reduction or log inactivation for microbial removal or inactivation efficiency for wastewater treatment
processes. The log reduction is expressed by Equation 11.2.

log reduction = log inactivation = log removal = —log survival (11.2a)

log reduction = —log(N/N,) = —[log(N) — log(Np)] (11.2b)

log reduction = log(Ny/N) = log(Ny) — log(N) (11.2¢)
where

N = number of organism present in the effluent from a treatment unit
Ny = number of organism present initially in the influent

Wastewater treatment plants utilize many processes that can be selected for removal of different con-
taminants to meet the desired discharge permits or reuse criteria. Microbial reduction is achieved in most
of these processes. The probable range of microbial log reductions through different wastewater treat-
ment processes is developed and summarized in Table 11.3.>>'°"*! These ranges can be used only as
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a general guide. Actual reductions may be affected by the specific design and operating conditions at
the plants. Normally, the primary treatment has limited microbial reductions. Secondary treatment
achieves high reduction of pathogenic bacteria and enteric viruses. Removal increases with increasing
mean cell residence time (MCRT) in biological treatment processes. Membrane processes are very effi-
cient and reliable for control of pathogens. The performance of each and every predisinfection treat-
ment process in a process train influences the overall removal of pathogens. As a result, the load on the
disinfection process (which is the final step) can be greatly reduced by optimizing all components of
the process train.

EXAMPILE 11.1: LOG CONCENTRATION OF ORGANISMS

A fecal coliforms count of 12,000 MPN /100 mL was found in the filtered effluent from a wastewater treat-
ment plant. Calculate the log concentration of fecal coliforms in the filtered effluent.

Solution

Estimate from Equation 11.1, the log concentration of coliforms in filtered effluent

log concentration = log(N) = log(12,000) = 4.08 log

EXAMPLE 11.2: LOG REMOVAL OF ORGANISMS

A tertiary filtration process was evaluated for removal of Cryptosporidium parvum oocysts from treated
secondary effluent. The filter influent and effluent counts of oocysts were 100,000 and 300 per 100 L,
respectively. Estimate the removal efficiency on (1) percentage basis and (2) log reduction basis.

Solution

1. Estimate the removal efficiency on percentage basis.
The number or concentration of Cryptosporidium parvum oocysts in the filter influent

Ny = 100,000 oocysts/100 L
The number of concentration of Cryptosporidium parvum oocysts in the filtered effluent
N =300 oocysts/100 L

Calculate the removal efficiency on percentage basis.

No—N o 100% = 100,000 oocysts/100 L — 300 oocysts/100 L
No = 100,000 oocysts/100 L

Percent removal = x 100% =99.7%

The removal efficiency of Cryptosporidium parvum oocysts by the filter is 99.7%.
2. Estimate the removal efficiency on log reduction basis.
The log removal efficiency can be estimated from the following two methods.
a. Direct method.
The log removal (or reduction) is calculated directly from Equation 11.2b.

log removal = —log (N/Np) = — log(lof)ogoo) = 2.52 log
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b. Indirect method.
Calculate log concentrations in the filter influent and effluent from Equation 11.1.

log concentration per 100 L in the filter influent = log(N,) = log(100,000) = 5 log

log concentration per 100 L in the filter effluent = log(N) = log(300) = 2.48 log
Calculate the log removal from Equation 11.2c.

log removal = log(N,) — log(N) = (5 — 2.48) log=2.52log

The log removal efficiency of Cryptosporidium parvum oocysts by the tertiary filter is 2.52 log.

EXAMPLE 11.3: LOG CONCENTRATION AND MPN OF ORGANISMS AFTER
TREATMENT PROCESS

A process assessment study was conducted to determine the microbial concentration remaining in the
effluent from a tertiary plant. The process train includes primary and secondary treatment processes fol-
lowed by dual media filtration. The monitoring records indicate that the total coliform count in the raw
wastewater is 4 x 107 MPN/100 mL. The log reductions of total coliforms (MPN) by each treatment pro-
cess are given below:

Primary treatment 0.25
Secondary treatment 2.00
Dual media filtration 2.50

Estimate the number of total coliforms (MPN) in the effluents from the primary, secondary, and tertiary
treatment system.

Solution

1. Calculate the log concentration of total coliforms in the raw wastewater from Equation 11.1.

log(Ny) = log(4 x 107) = 7.60 log

2. Estimate the log concentration remaining after primary, secondary, and tertiary treatment processes.
a. Estimate the log concentration remaining in the primary effluent.
Rearrange Equation 11.2¢ and calculate the log concentration remaining after 0.25 log reduc-
tion during primary treatment.

log(N;) = log(Ny) — log reduction by primary treatment = (7.60 — 0.25) log = 7.35 log

Rearrange Equation 11.1 and calculate the MPN (or concentration remaining) in the primary
effluent.

N, = 108D = 107-%° = 22,400,000 or 2.24 x 10’ MPN/100 mL
b. Estimate the log concentration remaining in the secondary and tertiary effluents.

Apply the procedure in Step 2.a to obtain the log concentration remaining and MPNs in the
secondary and tertiary effluents, respectively.
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log(N,) = log(N;) — log reduction by secondary treatment = (7.35 — 2.00) log = 5.35 log

N, = 1082 = 10%%° = 224,000 or 2.24 x 10° MPN/100 mL
log(N3) = log(N,) — log reduction by tertiary treatment = (5.35 — 2.50) log = 2.85 log
N5 = 1089 = 10%#° = 708 or 7.08 x 10> MPN/100 mL

3. Summarize the estimation results for log concentration and MPN.

Total coliforms concentration,

Location log reduction log concentration MPN/100 mL
Raw wastewater influent - 7.60 40,000,000 or 4 x 107
Primary effluent 0.25 7.35 22,400,000 or 2.24 x 107
Secondary effluent 2.00 5.35 224,000 or 2.24 x 10°
Tertiary effluent from dual 2.50 2.85 708 or 7.08 x 10

medial filtration

11.2.3 Regulatory Process and Requirements

Under the National Pollutant Discharge Elimination System (NPDES), a site-specific effluent discharge
permit is required for all publically owned treatment works (POTWs). The discharge permit includes lim-
itations on wastewater flow, and concentrations and mass loadings of specified pollutants. The U.S. Envi-
ronmental Protection Agency has delegated the implementing authority of the NPDES to the individual
states. The delegated states are responsible to establish the standards and compliance strategy for disinfec-
tion based on site-specific discharge limitations. Specific microbial criteria and monitoring requirements
have also been established by the federal and many state governments for reuse of reclaimed eftluent for
many potential applications.

Discharge Limits: The individual states have variable and site-specific bacteria limitations based on
coliforms for discharging effluent. The ranges can be from nondetectable to 5000 MPN /100 mL for fecal
coliforms and from 2.2 to 10,000 MPN /100 mL for total coliforms. The most common standard is 200 and
1000 MPN/100 mL fecal coliforms for primary- and secondary-body contact recreation uses.

Criteria for Reuse of Reclaimed Effluent: The criteria for reuse of reclaimed effluent are much more
stringent than those for effluent discharge. The guidance on desired microbial ranges as well as the min-
imum treatment requirements for reuse of reclaimed wastewater is covered in Chapter 12.

Design and Monitoring Requirements: The disinfection is the last barrier at a plant against microbial
safety. For this reason, the design and monitoring requirements for effluent disinfection in the regulations
are based on certain parameters that are properly specified and monitored. The parameters for chemical
disinfection are based on disinfection properties of the chemical, and include the residual, contact time,
initial mixing energy input, and the hydraulic characteristics of the reactor. The most important parameter
for the UV disinfection process is the target dose. Detailed information about these parameters for major
disinfection processes are covered in several examples later in this chapter.

11.3 Disinfection Techniques

The disinfection method broadly falls into three major categories: (1) chemical, (2) physical, and (3)
radiation. Disinfection by radiation using gamma rays has been studied for a long time but is not practical
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for wastewater application. Chemical and physical processes have been successfully used for disinfection of
wastewater effluent. Limited microbial removal is also achieved by natural die-off in a lagoon. These pro-
cesses are described below.

11.3.1 Chemical Disinfection Processes

Chemical processes have been the traditional approach for disinfection of both drinking water and waste-
water effluent. A chemical is fed into the effluent to maintain a desired residual for a desired contact time.
Many chemicals are used for different disinfection applications. These chemicals include oxidants, alco-
hols, phenol and phenolic compounds, salts and heavy metals, quaternary ammonium compounds, soaps
and detergents, and alkalis and acids.*” The chemicals for disinfection of wastewater effluent are normally
limited to strong oxidants that include halogen-based disinfectants, ozone (Os), hydrogen peroxide
(H,0,), potassium permanganate (KMnO,), and peracetic acid (PAA). Hydrogen peroxide and
KMnO, have been effectively used for odor control and color removal. They are rarely used for disinfec-
tion alone. Peracetic acid (C,H,4O3) is a mixture of acetic acid (CH;COOH) and H,O,. It is a strong dis-
infectant with relatively high oxidation potential. One of the major advantages is that PAA does not react
with TOC to form DBPs. The key concern of using PAA for wastewater disinfection is adding organics in
the effluent.*>~* The halogen-based disinfectants and ozone are most commonly used for chemical dis-
infection of wastewater. Recently, new technologies have been explored to use mixed oxidants for more
effective disinfection than a single conventional disinfectant.**’

Halogen-Based Disinfectants: The chlorine-based disinfectants include liquid/gas chlorine (Cl,),
sodium hypochlorite (NaOCl), calcium hypochlorite (Ca(OCl),), and chlorine dioxide (ClO,). Chlorine
dioxide is a stronger oxidant than chlorine and does not react with natural organic matters (NOMs) to
produce trihalomethanes (THMs). However, application of chlorine dioxide is limited in wastewater dis-
infection because of its short residual life due to quick decomposition in sunlight and high costs associated
with on-site generation. Other alternative halogen-based disinfectants include bromine, bromine chloride,
and iodine. These chemicals are rarely used for general purpose of wastewater disinfection.*>***’ Liquid or
gas chlorine and sodium hypochlorite are the most widely used halogen-based disinfectants.

Ozone: Ozone is a highly effective disinfectant that has been used for odor and color control as well as
disinfection of water supply. Disinfection of wastewater effluent by ozone over chlorine is growing in
recent years because of concerns over chlorinated organics, toxicity of chlorine residual to aquatic life

in the receiving waters, and added cost of dechlorination.*>*®

11.3.2 Physical Disinfection Processes

Common physical disinfection processes include heat (pasteurization), membrane, ultrasonic, and UV
radiation. Heat or pasteurization is widely used in food processing, beverage and pharmaceutical indus-
tries, as well as medical practice. Heat is however cost prohibitive for wastewater disinfection. At a proper
intensity, ultrasonic cavitation can effectively kill organisms by rupturing the cell wall. It is however limited
to academic studies as well as small-scale applications. Membrane process for wastewater treatment is
gaining popularity in recent years. It is effective for removal of larger organisms simply because of pore
size. The application of membrane process is discussed in details in Chapter 15. UV irradiation is an excel-
lent disinfectant and is now an effective and practical technology for disinfection of wastewater effluent.
UV irradiation is discussed in Section 11.9.

11.3.3 Suitability of Disinfection Processes

The most commonly used technique for wastewater application is chlorination with or without dechlori-
nation. Dechlorination is needed to reduce the toxicity of chlorine residual on aquatic life in the receiving
water. Common chemicals used for dechlorination are sulfur dioxide and sodium bisulfite. Activated
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carbon adsorption may also be used as a physical dechlorination process. Ozone and UV irradiation are
the effective emerging technologies that eliminate adverse effects of chlorine on the environment.*’ Suit-
ability of chlorination with chlorine (Cl,) or sodium hypochlorite (NaOCl), ozonation and UV irradiation
are compared in Table 11.4.>*>*3>” The characteristics of an ideal disinfectant are availability, noncorro-
sive and nonscaling, nontoxic to higher forms of life, high solubility, homogeneity, stability, low side reac-
tions, deep penetration, and safety.

Disinfection effectiveness is usually the most important consideration to assess the suitability of disin-
fectants. Chlorine, ozone, and UV irradiation are very effective for inactivation of bacterial pathogens and
indicator organisms. Ozone is the best for inactivation of viruses, and UV irradiation for control of pro-
tozoa. A high UV irradiation target dose may be required for inactivation of some viruses and bacteria
spores, including Clostridium perfringens. Chlorination is ineffective for control of viruses and protozoa.
UV irradiation is ineffective for control of helminthes. Limited removal of helminth ova can be achieved
by chlorination or ozonation processes. Tertiary treatment need to be considered seriously if removal of
helminthes is a major concern. Probable log reduction of various organisms by chlorination, ozone, and
UV irradiation are compared in Table 11.5.>!%!3448-63

The predisinfection effluent quality is another major factor that may also affect the suitability of disin-
fection technologies, operation and maintenance (O&M), and costs. The predisinfection treatment and
effluent quality criteria recommended for effective pathogens reduction by chlorination, ozone, and UV

. . . . 9,55-57,64
irradiation are summarized in Table 11.6.

11.3.4 Chlorine and Ozone Doses for Required Disinfection

The disinfection efficiency for chlorination depends upon dosage, type and number of organisms, contact
time, chlorine residual, and nature of liquid disinfected. Organic matter, ammonia, and reducing agents
react with chlorine thus reducing its effectiveness. Suspended solids protect entrapped organisms. The typ-
ical chlorine and ozone dosages for reduction of total coliform in wastewater effluents from different pro-
cesses are compared in Table 11.7.>4>%%32-54

11.3.5 Disinfection By-products

The reaction of free chlorine with organic compounds in the effluent results in the production of many
undesirable DBPs. These are halogenated organics or total organic halides (TOX). Among these are
THMs, haloacetic acids (HAAs), haloaceticnitriles (HANs), chlorophenols, and chlorinated aldehydes,
ketones, and others. Bromate concentration may also be elevated after ozonation if high bromide concen-
tration is present in the predisinfection effluent. Many of these compounds are persistent in nature, and
their reported toxicological effects in water supply are carcinogenic, mutagenic, genotoxic, heptotoxic,
neurotoxic, and like.”?

11.4 Inactivation Mechanisms

The inactivation mechanism for disinfection may be different depending upon the types of target organism
as well as the chemical or physical agent selected. The impacts of these factors can be assessed by applicable
microbial inactivation kinetics. For nondisinfection processes, microbial removal occurs simply through
natural die-off. When disinfectants are used, different mechanisms may cause microbial inactivation.
Some disinfectants have inhibition effect on special enzymes. Some may produce radicals that oxidize
cellular material directly. Others may damage the cell wall, destroy proteins, or attack nucleic acid. The
potential mechanisms that have been suggested for different disinfectants are summarized in
Table 11.8. 242433757
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TABLE 11.4 Suitability of Common Disinfection Technologies for Wastewater Effluent

Chlorination
Application and Consideration Ozone UV Irradiation
Cl, NaOCl
Disinfection Effectiveness
Oxidation potential at 25°C, volt —1.36 1.49 (HOCI) —2.07 —
Bacteria Good Good Very good Good
Viruses Poor Poor Very good Fair
Protozoa (cysts and oocysts) Poor Poor Good Very good
System Requirements
Bulk supply Common Available Not applicable Not applicable
On-site generation Not common Common Required Required
Facility footprint Large Large Medium to large ~ Small
Equipment reliability Good Good Fair to good Fair to good
Process Concerns
Contact time Long Long Moderate Short
Stability of agent Stable Unstable Unstable Stable
Solubility Moderate High High Not applicable
Operational Concerns
Process control Well developed Well developed Developing Developing
O&M intensity Minimal Minimal High Moderate
Energy consumption Low Low High Moderate
Capital Low Low to moderate  High Moderate to high
O&M Low Low High Moderate

BOD;5; and NOM
TSS

Hardness and TDS
Alkalinity

Fe, Mn, and H,S
Ammonia

Nitrite

Odor and color control
Sludge bulking control

Removal of organics

Corrosive
Explosive/flammable
Formation of DBPs
U.S. EPA, RMP

Safety concern
Overdosing concerns
Toxicity to aquatic life

Bacteria regrowth

Impact of Predisinfection Effluent Quality

Increase demand
Moderate

Not significant
Minor, consumed
Increase demand
Reacts

Increases demand

Other Beneficial Applications

Common
Common

Moderate

Potential Adverse Effects

Yes

Yes

High

Covered chemical
High

Yes

High

Low

Increase demand
Moderate

Not significant
Minor, produced
Increase demand

Reacts

Increase demand
Moderate

Not significant
Minor

Increase demand

Reacts at high pH

Increases demand Minor

Applicable
Applicable
Moderate

Yes

No

High

Not covered
Low

Yes

High

Low

Good
Not applicable
Good

No

No

Medium

Not covered
Moderate

Minor

None

Moderate to high

Increase UV absorption
High

Fouling deposits

Affects UV absorbance
Decrease UV absorption
Minor

Minor

No
Not applicable
No

No

No

Negligible

Not covered

Low

No

None

Moderate to high
(Continued)
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TABLE 11.4 (Continued) Suitability of Common Disinfection Technologies for Wastewater Effluent

Chlorination
Application and Consideration Ozone UV Irradiation
Cl, NaOCl
Persistent by-products Yes Yes None None
Impact on TDS Increase Increase No No
Impact on pH Reduce pH Raise pH None None

Note: DBP = disinfection by-product; NOM = natural organic matter; O&M = operation and maintenance; RMP = Risk Management
Program; TDS = total dissolved solids.
Source: Adapted from References 2, 42, and 48 through 57.

One of the most important concerns when using UV irradiation for wastewater disinfection is that
certain indicator organisms and pathogens may have the capability of reversing the UV-induced DNA dam-
ages and regaining their infectivity during a critical period through the following two potential mechanisms:

o Photoreactivation using specific repairing enzymes after exposure to the visible light between 300
and 500 nm
o Photoreactivation or dark repair in the absence of light.

Due to lack of specific repairing enzymes in viral DNA, viruses may need to get the enzymes from the
host cell to perform repair and therefore their repairing process is more complicated and slower than that
of bacteria. Reactivation of pathogenic protozoa is unlikely after effective inactivation by UV irradiation.
The amount of repairs required to regain their infectivity may not occur within the critical period.

11.5 Inactivation Kinetics

Microbial removal or inactivation kinetics is expressed by the rate of kill, that is, the change in the number
of organisms with time. It is usually developed from a die-off coefficient or rate constant. For a nondisin-
fection treatment process, the microbial removal kinetics may be simply a function of time. When a dis-
infectant is involved, a residual or intensity is normally involved in the development of microbial
inactivation kinetics. The residual-based kinetic is used to express microbial inactivation by chemical dis-
infection processes. UV irradiation is a physical disinfection process where the dosage is expressed by
intensity-based kinetics.

11.5.1 Natural Die-Off Kinetics

Microbial inactivation can occur through natural die-off. The microbial die-off with time in natural water
body can be expressed by Equation 11.3.*>*

1

N=——N, 11.3
1 + kqtq ( )

where
N = number of organisms present at time = t4, number of organisms per unit sample volume
Ny = number of organisms present initially at = 0, number of organisms per unit sample volume
kq = die-off coefficient or rate constant of a given type of organism, d '
tq = average hydraulic retention time based on the flow through the water body, d

Equation 11.3 is also used to estimate the microbial reduction by enhanced die-off through a nondisin-
fection treatment processes such as natural treatment as well as primary or secondary treatment.*> Many
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TABLE 11.6 Predisinfection Treatment and Effluent Quality Criteria Recommended for Common Wastewater
Disinfection Technologies

Predisinfection Effluent Quality

Disinfection Predisinfection
Technology Treatment BODs, TSS, Turbidity, Other Parameter
mg/L mg/L NTU

Chlorination® No requirement but <15-20 <15-20 <5-10 Ammonia concentration must be
prefer at least primary assessed. High chlorine dose is
treatment required if free chlorine residual is

desired.

Ozone Usually requires <15-20 <10-15 <5 An ammonia concentration <1 mg/L
secondary treatment as NH;-N may be required to reduce
with nitrification initial ozone demand if effluent has

high pH.

UV irradiation ~ Require tertiary <15-20 <5-10 <5 Water quality parameters required to
treatment with filtration ensure effective UV irradiation and to
or membrane reduce the fouling potential due to

scaling:

e UV transmittance >50-70% or UV
absorbance <0.15-0.3 cm ™!

e Hardness <140 mg/L as CaCOs,

e Iron <0.1 mg/L as Fe, and

e Hydrogen sulfide <0.2 mg/L as
H,S.

* Includes use of either Cl, or NaOCI.
Source: Adapted from References 9, 55 through 57, and 64.

environmental factors have impact on the enhanced pathogen die-off process. These factors may include
temperature, retention time, algal toxins, predation, adsorption, sedimentation, filtration, photolysis, and
solar UV irradiation.'”'® The die-off rate constant may therefore vary significantly with actual conditions
in a given treatment process. For instance, a rate constant of 0.5 and 0.03 d~" has been reported for coli-
forms in a lagoon system under summer and winter conditions, respectively.>

TABLE 11.7 Typical Chlorine and Ozone Dosages Required to Achieve Total Coliform Reduction in Effluent from
Various Treatment Processes™”

Chlorine (Ozone) Dosage, mg/L

Total Coliform,

Effluent from Treatment Process Effluent Standard, MPN/100 mL

100 m
MPN/100 mL

1000 200 23 <22
Septic tank 10’—10° 15—40 (15—40) — - -
Raw wastewater 10’—10° 15—30 (15—40) — — -
Primary 107—10° 10—30 (10—40) 20—40 — -
Trickling filter 10°—10° 6—10 (4—10) 12—20 20—30 -
Activated sludge 10°—10° 4-10 (4—10) 10—15 (4—8) 13—20 (16—30)  (30—40)
Filtered activated sludge 10*—10° 4-8 (6—10) 5-15 (4—8)  10—20 (16—25) 13—25 (30—40)
Filtered nitrified 10*—10° 4-10 (3—6) 6—12 (3—6)  8—14 (4—15) 8—16 (15—20)
Intermittent sand filter 10°—10* 1-5 (4—8) 2-8(10—15) 5-—10 (12—20) 8—15 (16—25)
Microfiltration 10-10° 1-3 (2-6) 2—4 (2—6) 3—6 (3—-38) 4—10 (4-8)

* The contact time for chlorination is 30 min and that for ozonation is 15 min.
® Chlorine dosages are based on the disinfection requirements of using chloramine residual.
Source: Adapted in part from References 2, 42, 48, and 52 through 54.
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TABLE 11.8 Mechanisms of Common Wastewater Disinfection Technologies

Organism Chlorination Ozonation UV Irradiation
Bacteria Inhibits specific Totally or partially destroys the cell Causes photochemical damage to the
enzymes membrane and causes lysis of the cellular nucleic acids (deoxyribonucleic
cell; and attacks enzymes to interrupt acid (DNA) or ribonucleic acid (RNA))
their activities from the dimerization of pyrimidine

molecules and destroys their replication
abilities; and causes permanent damages
to proteins, enzymes, coenzymes, and
hormones through photochemical

reactions
Viruses Causes damages to Breaks viral capsid, particularly its Similar to that for bacteria
either nucleic proteins to liberate the nucleic acid
acids, the viral coat and inactivate the DNA
protein or both
Protozoa Not very effective Totally or partially destroys the cyst Similar to that for bacteria

wall and makes it more permeable;
penetrates into the cyst and damages
the plasma membrane; and attacks
the nucleus ribosomes and other
ultrastructural components

Source: Adapted in part from References 2, 42, 49, and 55 through 57.

EXAMPLE 11.4: NATURAL DIE-OFF COLIFORMS AND REMOVAL EFFICIENCY

Wastewater collected from a residential park is treated in a stabilization pond system. Based on the results
of a field study, a natural die-off rate constant of 0.4 d~' was obtained for coliforms in the lagoon system.
The initial coliform count in the raw wastewater is 10” MPN/100 mL. Estimate the number of coliforms
in the effluent from the lagoon system. Also calculate the coliform reduction efficiency of the pond system
on both percentage and log bases. The basic information about the residential area and the stabilization
pond system is summarized below:

Estimated population 600
Daily average wastewater generation rate 100 gallons per capita per day (gpcd)
Total surface area of the stabilization pond system 2 acres
Average water depth in the stabilization pond system 5 ft
Solution

1. Estimate daily average flow from the residential area.
Daily average flow = 100 gpcd x 600 persons = 60,000 gpd or 0.06 MGD

2. Calculate total volume of the stabilization pond system.

Total surface area of the pond system = 43,560 ft*/acre x 2 acres = 87,120 ft*
Total volume of the pond system = total surface area x average water depth = 87,120 ft* x 5 ft
= 435,600 ft° or 435,600 ft* x 7.48 gal/ft’> = 3260,000 gal or 3.26 Mgal
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3. Calculate average hydraulic retention time in the pond system.

326 Mgal

=——>—=154d
0.06 MGD

%1

4. Estimate the number of coliforms in the effluent.
Apply Equation 11.3, the number of coliforms in the effluent,

1 1
N= No = —
1+ kty 1404d! x54d

x 107 MPN/100 mL = 4.4 x 10> MPN/100 mL

5. Calculate the coliform reduction efficiency of the pond system.
a. Calculate the coliform percentage reduction efficiency.

Percent reduction efficiency = x 100%

0
(107 — 4.4 x 10°) MPN/100 mL
B 107 MPN/100 mL

X 100% = 96%
b. Calculate the coliform log reduction efficiency from Equation 11.2b.

4.4 x 10° MPN/100 mL
107 MPN/100 mL

log reduction = —log(N/Ny) = —log( ) = l.4log
Therefore, it is estimated that the coliform count in the effluent from the pond system is about
4.4 x 10> MPN/100 mL, and the coliform reduction efficiency is ~96% or 1.4 log.

11.5.2 Inactivation Kinetics for Chemical Disinfection Processes

Many important kinetic models have been developed to express the inactivation of organisms by chemical
disinfectants. These kinetic models have been developed from chlorination studies, although models have
been used for other oxidants, including ozone. These models are broadly divided into (1) first-order reac-
tion-based models, (2) empirical models, (3) rationale models, and (4) mathematical models. These mod-
els are briefly presented below. Additional information for inactivation models is also presented for
disinfection by ozonation in Section 11.8.6. The microbial inactivation equations for UV radiation are pre-
sented in Section 11.9.4.

First-Order Reaction-Based Models: During the early studies, the microbial inactivation by chlorina-
tion was assumed to follow the chemical reaction kinetics or the first-order reaction. This assumption was
well applied in the Chick’s law (Equation 11.4a). This earlier approach was then modified to include the
effects of the chlorine residual on the microbial inactivation. On this premise, the Chick-Watson model
was developed (Equation 11.4b). This equation is also recognized as the “mixed second-order” model
that utilized the basic concept of “Ct” (residual concentration x contact time), also known as Ct or CT
value. It was later confirmed that the actual microbial inactivation observed in disinfection practice devi-
ated from the results obtained from the Chick-Watson model.*”*> Many factors may be responsible for
these deviations. Major factors are listed below:

o Disinfectant residual is not constant.

o Continuous and plug-flow conditions are more realistic than the batch and complete-mix
conditions.

o Change in pH may affect reaction rate.
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 Disinfectant may also be consumed by many competitive reactions.
o Resistance to disinfectant may develop.
o Initial microbial density may have impact on disinfection efficiency.

Two simplest deviations from Chick-Watson model were identified and known as shoulder (or lag)
and tailing off. These phenomena are illustrated in Figure 11.1. The lag or shoulder effect is due to
reaction and loss of disinfectant with many constituents in the liquid. The tailing effect is due to occu-
lation, shielding, or shadowing of organisms by suspended solids. To express the nonheat-kill-related
temperature dependence, the Arrhenius correction was later integrated into the Chick-Watson model
(Equation 11.4c).

The Hom equation was developed to express these deviations and has been quite successful in des-
cribing the inactivation kinetics of a variety of pathogens, including viruses and protozoa.**>>°>% Signifi-
cant tailing off effect has been observed in disinfection by ozone in a batch mode because of rapid decay of
ozone after application. The Hom model with m <1 (Equation 10.4d) is considered better than other
models to describe ozone inactivation of parasite cysts and oocysts, including Giardia and Cryptosporid-
ium.%”%® Haas equation (Equation 10.4e) further modified Hom model to include the effect of first-order
decay of disinfectant with time on microbial inactivation.*”~”

N N
Chick’s model N=Nye ™ or —=e* or In (—) = —kt (11.4a)
Ny Ny
. —KcCrt N —KCnt
Chick-Watson N = Nje or N e (11.4b)
0

Chick-Watson with temperature correction

N=N, exp(—k/zoﬁ(szo) C"t) (11.4¢)

! N m N !~ em
Hom N = Nyexp[—k"C"t"] or N exp[—k"C"t"] (11.44)
0
A —nk.t\ "
Haas N = Noexp _<T> K'Cix|1—e m (11.4e)
nk.
e -7 ) /
_. ’

— P2 /z

z L.~ R

%ﬁ Tailing off -\’ Lo / , 4

_Ii s’ g / /7 ’

g K / 7/

—q:) ./ . 7 \

éo ’.I y ) ’ Shmiﬂder or lag

¢ -~
.l L~ < \— Chick-Watson model
=== \

Contact time, t

FIGURE 11.1 Chick-Watson model with typical deviations observed in chemical disinfection processes.
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where

k = inactivation rate constant of a given type of organism due to a disinfectant, min "

k' =modified inactivation rate constant of a given type of organism due to a disinfectant,
(L/mg)"/min

C = disinfectant residual, mg/L

n = coefficient obtained experimentally (n > 0, dimensionless. The significance of constant n in
determining the activation efficiency is as follows. If n = 1, both C and ¢ are equally important
and the product Ct is actually more important than either C or ¢; and if n > 1, C is the dominant
factor. If n < 1, t is the dominant factor.

t = contact time, min

50 = modified inactivation rate constant of a given type of organism due to a disinfectant at 20°C,

(L/mg)"/min

B = empirical temperature-dependent constant found experimentally

T = temperature in the contact basin, °C

k” = modified inactivation rate constant of a given type of organism and disinfectant, (L/mg)"/min”™

m = coefficient obtained experimentally, dimensionless. The significance of constant m on
model behavior is as follows: (a) it is identical with the Chick-Watson model when m =1,
(b) it expresses the shoulder deviation when m > 1, and (c) it expresses the tailing off deviation
when m < 1.

Co = initial disinfectant concentration, mg/L

k. =first-order decay rate of disinfectant, min~'. The disinfectant concentration with time is
expressed by equation C = Cye™! (Equation 2.15a).

Empirical Models: All first-order reaction-based models have been developed through academic devel-
opment efforts. Experimental data for inactivation of different organisms by different disinfectants under
predetermined experimental conditions have been used, including the “Ct” ranges. For a better expression
of the actual microbial inactivation observed in wastewater disinfection practice, the original first-order
model was heavily modified using actual experimental data. Developed on the basis of the “Ct” concept,
three empirical models are given by Equation 11.5.*>****73~7> It should be noted that the similar empirical
constants used in these equations may not be related to each other.*” These models have been considered
helpful design tools to estimate microbial inactivation by chlorine for disinfection of wastewater.**>*”>
Among the empirical models, the Collins equation was developed from a study of disinfection of primary
effluent. It can express a tailing phenomenon. The Selleck equation was developed for chlorine inactivation
of coliform in wastewater.

1

Collins N=Ny——"—5 (11.5a)
(1+0.23Ct)
Collins-Selleck N =N, forCt<b (11.5b)
N=N, <%> forCt > b (11.5¢)
Ct
Selleck —log(N/Np) = a log(l + Z) (11.5d)
where

a = empirical constant determined experimentally, dimensionless
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b = empirical constant determined experimentally, mg-min/L. The constant b is a threshold constant.
Microbial inactivation can occur only until Ct > b. A b value of 4 and 3 is reported for total and
fecal coliforms, respectively.

n = coefficient obtained experimentally, dimensionless. An n value of approximately 3 is typically used.

All other terms have been defined previously.

Rational Models: A rational approach has been used to develop specific kinetic models for disinfection
by ozone. In these models, the effects of initial microbial density on disinfection are included.”*””® The
Power, and Hom-Power equations are expressed by Equation 11.6.

1
x—1
1
x—1

Power law In(N/Ny) = —

In[1+ N;~'(x — DK'C"t] (11.6a)

Hom-Power law In(N/Np) = —

In[1+4 Nj~'(x — DK'C"t"] (11.6b)

where
x = coeflicient obtained experimentally (x # 1), dimensionless. The significance of constant x is as fol-
lows: it expresses the tailing off phenomenon when x > 1, and it expresses the shoulder phenom-
enon when x < 1.
n = coeflicient obtained exponentially, dimensionless

Mathematical Models: Many nonideal factors may have either favorable or adverse impacts on the
inactivation of organisms by UV irradiation. Mathematical models are suitable to deal with these nonideal
factors since matching the data set is the primary goal of this method even though it may not require the
model to be mechanistically approved.** Two mathematical expressions have been successfully established
to account for the “shoulder” behavior in chemical disinfection processes based on available laboratory
experimental or actual plant operating data.®’"®> The series-event model (Equation 11.7a) considers
that a finite number of lethal events are required to occur for inactivation. The multiple-target model
(Equation 11.7b) assumes that the microbial inactivation can only happen when multiple “target sites”
are attacked by the disinfectant. A numerical method is usually required to solve these mathematical
expressions as well as the rational models.

-1 i
kCt
Series-event N = Nye <& (Z ( C ) ) (11.7a)
=
Multiple target N = No(l -1 - e_kCt)nc) (11.7b)
where

i = the event level

k = inactivation rate constant that is mathematically obtained for the model, L/min-mg

I =a threshold for effective inactivation for an organism

n. = number of target sites that must be attacked by the disinfectant to inactivate the organisms

Inactivation Efficiency of Various Disinfectants: The inactivation efficiency of different disinfectants
and target organisms can be compared on the basis of Ct value (product of disinfectant residual and con-
tact time). Table 11.9 is developed from batch reactor data under controlled conditions to compare the
effectiveness of various disinfectants on different organisms. For example, a 3-log inactivation of bacteria
and viruses is achieved by free chlorine at Ct of 1.5—3 and 4—5 mg-min/L, respectively. This means that
free chlorine is more effective for inactivation of bacteria than for viruses. Likewise, chlorine dioxide is a
more effective disinfectant for protozoan cysts than chlorine.



Disinfection

TABLE 11.9 Ct Values Required for Inactivation of Organisms by Various Disinfectants

11-19

Ct Value Required for Log Inactivation®, mg-min/L

Organism Disinfectant
1-log 2-log 3-log 4-log

Bacteria (total coliform) Chlorine (free) 0.4—0.6 0.8—1.2 12—-1.8 1.6—24
Chloramine 50—-70 95—150 140—220 200—300
Chlorine dioxide 0.4—0.6 0.8—1.2 1.2—-1.8 1.6—2.4
Ozone 0.005—0.01 0.01-0.02 0.015—0.02 0.02—0.04
UV irradiation® 10-35 15—40 20—-70 30—-110

Viruses Chlorine (free) - 1.5—-1.8 22-2.6 3-35
Chloramine — 370—400 550—600 750—800
Chlorine dioxide — 5-55 9—-10 12.5—-13.5
Ozone — 0.25—-0.3 0.35—-0.45 0.5-0.6
UV irradiation® 20—60 25—-70 30—120 50—190

Protozoan (Giardia lamblia Chlorine (free) 20-30 45—55 70—80 —

or Giardia lamblia cysts) Chloramine 400—450 800—900 1100—1300 -

Chlorine dioxide 5—5.5 9—11 15—-16 —
Ozone 0.25—-0.3 0.45—-0.5 0.75—-0.8 —
UV irradiation® 5-10 10—-15 10—-20 15-30

Protozoan Chlorine (free) 2000—2600 4000—5000 - —

(Cryptosporidium parvum) Chloramine 4000—5000 8000—10,000 - -

Chlorine dioxide 120—150 235-260 350—400 —
Ozone 4—45 8—-8.5 12—13 —
UV irradiation” 10-15 10-15 15-25 20—40

 Applicable in filtered secondary effluent at pH 7 and temperature 20°C.
> UV dose (Dyy) = average UV irradiation intensity (I,,g) X exposure time (¢) ( Equation 11.39).

Source: Adapted in part from References 52 through 55, and 72.

EXAMPLE 11.5: CONTACT TIME FOR MICROBIAL INACTIVATION IN

CHICK'S LAW

Batch tests were conducted to determine the contact time of an effluent disinfection facility at an activated
sludge plant. At a desired chlorine residual, 99% kill of coliform organisms was achieved in 13 min.
Calculate the contact time required to achieve 99.9%.

Solution

1. Determine the inactivation rate constant k.
At 99% coliform kill, the organisms ratio N/N, remaining=1—0.99 =0.01 and t= 13 min.
Use Chick’s law (Equation 11.4a) to calculate k.

N
No

—4.6 = —kt

0

4.6 4.6
or k=—

t 13 min

N
=00l=¢* or ln<ﬁ> =1In(0.01) = —kt

= (.35 min !
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2. Determine the contact time for 99.9% Kkill.
At 99.9% coliform kill, the organism ratio N/N, remaining =1 — 0.999 = 0.001.

,_Ino0y) _ —69

= 035 — = 19.7 min ~ 20 min
= —0.35 min

EXAMPLE 11.6: CHLORINE RESIDUAL AND CONTACT TIME FOR MICROBIAL
INACTIVATION IN CHICK-WATSON MODEL

The Chick-Watson model applies to the product of chlorine residual and contact time Ct. Prove by using
numerical data that log inactivation has a linear relationship with Ct. Also prove that log reduction
decreases linearly as C increases. Assume n =1 and kK’ = 10 L/mg-min.

Solution
1. Develop the linear relationship of log reduction log(N/N,) with Ct using Equation 11.4b with n = 1.

E — e—k’cr
No

Take logarithm on both sides and rearrange the expression to have the following log reduction.

—log(i) = K'Ct x log(e) = kK'Ct x 0.434 = (0.434 K')Ct or —log(l> = §,Ct
No No

A linear relationship between —log(IN/N,) and Ct is developed with a slope S; = 0.434 k'. At k' =
10 L/mgmin the slope S; =0.434 k' = 0.434 x 10 L/mg-min = 4.34 L/mg-min is obtained for the
relationship.

Calculate —log(N/Np) at Ct= 0, 0.125, 0.25, 0.5, and 1 mg-min/L.

Ct, mg:-min/L 0 0.125 0.25 0.5 1
—log(N/No) 0.00 0.54 1.09 2.17 4.34

Plot the liner relationship in Figure 11.2a.

(@) 6 (b) 6 T T
C=2mg/L C=1mg/L
4 / 4 //
z £
2 2
g g
T, A '
C=0.5mg/L
0 0
0.0 0.5 1.0 L5 0 1 2 3
Ct, mg-min/L ¢, min

FIGURE 11.2 Log reduction expressions by Chick-Watson model using numerical data: (a) —log(N/Ny)
versus Ct and (b) —log(N/Np) versus ¢ (Example 11.6).
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2. Develop the linear expression of log reduction with ¢ for disinfection concentration C of 0.5, 1.0,
and 2.0.
Apply the Chick-Watson equation and rearrange the linear equation in Step 1.

_log<NE0> = (0.434K'C)t or —log(%) = St

A linear relationship is obtained at each given C. The slope of the line is S, =0.434 K'C or S, =
0.434 x 10 L/mg:min x C=4.34 L/mg-min x C

Calculate S, for each assumed C and -log (N/N,) values at different values of ¢.

Assume C=0.5mg/L at t =0, 0.25, 0.5, 1, and 2 min.

S; = 4.34 L/mg-min x C = 4.34 L/mg-min x 0.5 mg/L = 2.17 min™"

f, min 0 025 0.5 1 2
—log(N/No) 0.00 054 109 217 434

Assume C=1mg/L at t=0, 0.25, 0.5, and 1 min.

S, = 4.34 L/mg-min x C = 4.34 L/mg-min x 1 mg/L = 4.34 min™"

t, min 0 0.25 0.5 1
—log(N/Ny) 0.00 1.09 2.17 434

Assume C=2mg/L at t =0, 0.25, and 0.5 min.

S, = 4.34 L/mg-min x C = 4.34 L/mg-min x 2 mg/L = 8.68 min~"

t, min 0 0.25 0.5
—log(N/Ny) 0.00 2.17 434

Plot the liner relationships in Figure 11.2b.
3. Discuss the results obtained from the linear plots using numerical data.

a. Thelog reduction, expressed as —log(IN/Ny) is a linear function of Ct with a slope S; = 0.434 k'
(Figure 11.2a).

b. At a given C, the log reduction increases with f at a constant rate of S, =0.434 k'C. As C
increases the value of S, also increases. This means that log reduction at a given ¢ increases rap-
idly as C is increased (Figure 11.2b).

c. Both chlorine residual (C) and contact time (¢) are equally important for an efficient disinfec-
tion. For a given log reduction, one-half of ¢ is required when C is doubled.

EXAMPLE 11.7: CONTACT TIME AND CHLORINE RESIDUAL FOR A DESIRED
INACTIVATION EFFICIENCY OBTAINED FROM THE CHICK-
WATSON MODEL

The impact of contact time ¢ and chlorine residual C on the inactivation efficiency is evaluated using
experimental data from a bench-scale test. The experimental results indicate that the Chick-Watson
model (Equation 11.4b) is good to express the E. coli inactivation kinetics. From the experimental results,
the empirical constants were developed: k' = 10.9 (L/mg)"z/min, and n = 1.2. In order to achieve an
inactivation efficiency of 99.9% or 3-log reduction, estimate (1) the contact time required at a constant
chlorine residual of 0.2 mg/L and (2) the chlorine residual at a constant contact time of 10 min.
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Solution

1. Determine the required contact time.
Rearrange Equation 11.4b to obtain the following expression and calculate the contact time ¢
required for a log inactivation efficiency —log (N/Np) = 3 at C= 0.2 mg/L.
1

—log(N/Np)] = 3 = 4.4 mi
B N/No)] = o s (L/mg)"2/min x (0.2 mg/L)"2 o

= [
"~ log(e)k'Cn

A contact time ¢t = 4.4 min is required to achieve an inactivation efficiency of 99.9% or 3-log reduc-
tion at a chlorine residual C= 0.2 mg/L.
2. Determine the required chlorine residual.
Rearrange Equation 11.4b to obtain the following expression and calculate the chlorine residual C
required for a log inactivation efficiency —log (N/Np) = 3 at £ = 10 min.

1
1

—1 Z 1.7
€= <10g(e)k’t [Fogtv/ NO)]> - (0.434 x 10.9 (L/mg)"?/min x 10 min X 3) = 0.1 mg/L

A chlorine residual C = 0.10 mg/L is required to achieve an inactivation efficiency of 99.9% or 3-log
reduction at a contact time t = 10 min.

EXAMPLE 11.8: TEMPERATURE-DEPENDENT CONSTANT FOR THE
CHICK-WATSON MODEL

A virus disinfection study indicated that the contact time needs to be increased two fold when the tem-
perature is lowered by 10°C to achieve the same inactivation level at a constant chlorine residual. Deter-
mine the applicable temperature-dependent constant for the Chick-Watson model based on the
observations from the above study.

Solution

1. Develop the temperature-dependent 3 constant as an expression of contact time ¢ and operating tem-
perature T.

Using Equation 11.4c to express the survival number of virus N; at a chlorine residual C,, contact
time t;, and temperature T;.

Ny = Ny exp(—Ky, T 20Cr'ty)

Similarly, express the survival number of virus N, at C,, t,, and T5.

N, = Ny exp(—K,, /2720 Coty)

At the same inactivation level, N; = N,, the following expression is obtained.
Ny exp(—k/zo[}m_zo) Cit;) = No exp(—k’zoﬁ(Tl_zo) Citp)

exp(—kyf T 20 Clt) = exp(—Kyo 0 Coty)

Take natural logarithm on both sides of the equation.

_ k/zoﬁ(Tl_zo)C?tl — _k/zoﬂ(Tz_ZO)Cgtz or ﬂ(Tl—ZO)Ciltl — ﬂ(Tz—ZO)Cth
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At the constant chlorine residual, C; = C,, an expression of § as t and T is developed.

t t,\ 1 T2
‘B(T1*20)t1 — ﬁ(TZ*ZO)tZ or ﬂ(T1*Tz) :t_z or f= (t_2>
1 1

2. Estimate the temperature-dependent constant /3. ;
Since the contact time is doubled when the temperature is lowered by 10°C, t—zz 2 and

T, — T, = 10°C. Calculate the temperature-dependent constant £. !

B = ()16 = 1.072

Therefore, the applicable temperature-dependent constant 3 is 1.072. This will give twice the
contact time to achieve the same level of virus deactivation if the reaction temperature is lowered
by 10°C at a constant chlorine residual concentration.

EXAMPLE 11.9: DETERMINATION OF EMPIRICAL CONSTANTS IN HOM
EQUATION FROM EXPERIMENTAL DATA

A chlorination study was conducted to determine the inactivation of total coliforms. The batch data at
different chlorine residuals and contact times are given below:

Inactivation (1 — N/Nj) at the residual concentration (%)

Time (¢), min 1 2 4 8 16 32
C;=0.05mg/L 57 65 75 85 91 96
C,=0.1 mg/L 68 80 87 92.5 97.5 99
C;=0.2mg/L 81 88.5 94 97.5 99.3 -
Cy=04mg/L 90 95 97.9 99.5 - -

Determine the empirical constants of k”, n, and m in Hom equation (Equation 11.4a).
Solution

1. Develop the linear expression for determination of empirical constant .
Take logarithm on both sides of Equation 11.4d.

N
—log<ﬁ> = K'C"t" x log(e) = k" C"t" x 0.434 = (0.434 K"C")¢"
0
Assume z = 0.434 k' C" at a given C to obtain the following expression.

N
—log| — ) =z t"
Og(N()) z

Take logarithm on both sides to have the linear expression.

log[—log(%)] = mlog(t) + log(z)
0

In this linear relationship, m is the slope and log(z) is the intercept on Y axis.
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2. Prepare the values for linear plots from the experimental data.
At each chlorine residual, calculate log[—log(N/Ny)] and log(t), and tabulate the calculation
results below.

At C; =0.05mg/L t, min 1 2 4 8 16 32
1 — N/Ny 0.57 0.65 0.75 0.85 0.91 0.96
N/Ny 0.43 0.35 0.25 0.15 0.09 0.04
log(t) 0 0.301 0.602 0.903 1.204  1.505
log[—log(N/Ny)] —0.436 —0.341 —0.220 —0.084 0.019 0.145
At C, =0.1mg/L t, min 1 2 4 8 16 32
1 — N/N 0.68 0.80 0.87 0.925 0.975  0.99
N/Ny 0.32 0.20 0.13 0.075 0.025 0.01
log(t) 0 0.301 0.602 0.903 1.204  1.505
log[—log(N/Np)] —-0.306 —0.156 —0.053  0.051 0.205  0.301
At C3=0.2mg/L t, min 1 2 4 8 16
1 — N/N, 0.81 0.885 0.94 0.975 0.993
N/Ny 0.19 0.115 0.06 0.025 0.007
log(t) 0 0.301 0.602 0.903 1.204
log[—log(N/Ny)] —0.142 —0.027 0.087 0.205 0.333
At C4=0.4mg/L t, min 1 2 4 8
1 — N/Ny 0.9 0.95 0.98 0.995
N/Ny 0.1 0.05 0.02 0.005
log(t) 0 0.301 0.602 0.903
log[—log(N/Np)] 0 0.114 0.230 0.362

3. Plot log[—log(IN/Ny)] versus log(t).
Plot log[—log(NN/Ny)] versus log(t) data for each chlorine residual in Figure 11.3.

05
\
L~ @ C1=0.05mg/L
- .05 mg
B C2=0.1mg/L
: / A C3=02mg/L
ZO ® C4=0.4mg/L
%’o 0.0 /./ 1
% 0,
2 o At C,, log[-log(N/Ny)] = 0392 log(£) - 0.447
j=s)
3 / At Cy, log[-log(N/N,)] = 0.400 log(z) - 0.294
At Cy, log[-log(N/N,)] = 0.393 log(#) - 0.145
At C,, log[-log(N/N,)] = 0.397 log(#) - 0.0042
-0.5 : } ;
0.0 0.5 1.0 15 2.0 2.5 3.0

Log(2)

FIGURE 11.3 Plots of log[—log(N/Ny)] versus log(¢) at different chlorine residuals (Example 11.9).
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From the plots, the following relationships are obtained.

C, mg/L 0.05 0.1 0.2 0.4
Slope, m 0.392 0.400 0.393 0.397
Intercept, log(z) —0.447 —0.294 —0.145 —0.0042

Calculate the average slope or constant .
m = 0.396 ~ 0.40

4. Develop the linear expression for determination of empirical constants k” and 7.

Take logarithm on both sides of the assumption z = 0.434 k"’ C" to obtain the following expression
log(z) = n log(C) + log(0.434 k")

A plot of log(z) versus log(C) gives a linear relationship in which # is the slope and log(0.434 k”) is
the intercept.

Tabulate log(z) and log(C) from the results obtained from Step 2.

C, mg/L 0.05 0.1 0.2 0.4
log(C) —1.30 —1 —0.699 —0.398
log(z) —0.447 —0.292 —0.145 —0.0042
5. Plot log(z) versus log(C).

The linear relationship between log(z) and log(C) is shown in Figure 11.4.

0.5

/

00 |

>
/ log(z) = 0.491 log(C) + 0.194
_0‘5 /

1.5

log(z)

1.0

-05 0.0 0.5
log(C)

FIGURE 11.4 Plot of log(z) versus log(C) (Example 11.9).

From the plot, Slope, n=0.491 = 0.5

Intercept, log(0.434 k") = 0.194

Solve, 0.434 K" = 10%1

o 1017 1.56

= = 3.59 ~ 3.6 (L/mg)”’ /min®*
0.434  0.434 ? (L/mg)" /min

6. Summarize the developed kinetic coefficients.

The kinetic coefficients in Hom equation for inactivation of total coliforms with chlorine are: m = 0.4,

n=0.5,and K’ = 3.6 (L/mg)"°/min"*. The Hom equation is therefore expressed as N = Npe 36",
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EXAMPLE 11.10: MICROBIAL INACTIVATION FROM HAAS EQUATION

The Haas equation (Equation 11.4e) includes the effect of first-order decay of disinfectant. In a chlorina-
tion study of coliform kill, the following kinetic coefficients were obtained for a calibrated the Haas
equation: m = 0.4, n=0.5, kK’ =3.0, k.=0.8 min~'. Determine the log inactivation of coliform. The
chlorine dose is 0.5 mg/L and contact time is 3 min.

Solution

Rearrange Equation 11.4e and substitute the kinetic coefficients in the Haas equation to determine the
N/Nj at chlorine dose of 0.5 mg/L and contact time of 3 min.

N m m —nkt\ ™
FO = eXp|:— (n_kc> k”Cg X (1 —e m ) i|
0.4 0 05  0.5x0.8x3\ 0-4
:exp—m ><3.0><0.5'><(1—e 04 )

= exp[—(1)** x 3.0 x 0.707 x (1 — e>)**] = exp[—2.12 x (0.950)**] = exp(—2.12 x 0.980)
= 2% = 0.125

Calculate the percent inactivation.
S N
Percent inactivation = [ 1 — N x 100% = (1 — 0.125) x 100% = 87.5%
0

Calculate the log inactivation.
o N
log inactivation = —log<ﬁ> = —log(0.125) = 0.9 log
0

Therefore, the coliform inactivation at chlorine dose Cy = 0.5 mg/L and contact time ¢ =3 min is
87.5% or 0.9 log.

EXAMPLE 11.11: CHLORINE RESIDUAL TO ACHIEVE A DESIRED
COLIFORM COUNT FROM COLLINS EQUATION

Chlorination is evaluated for disinfection of treated effluent from a wastewater treatment plant. The
filtered effluent had a coliform count of 10* MPN/100 mL. The discharge requirement for coliform count
is <200 MPN/100 mL. Determine the chlorine residual required for disinfection of filtered effluent
to meet the coliforms requirement at an average contact time of 20 min. Assume that the Collins
equation applies.

Solution

Rearrange Equation 11.5a and estimate the chlorine residual (C) required to meet the coliforms require-
ment in the disinfected filtered effluent.

1 1
oo ! Ny | 1 10* MPN/100 mL)3 .
T 023t | \N " 0.23 L/mg-min x 20 min | \200 MPN/100 mL
_ 3.68—1
"~ 4.6 L/mg

! 50l 1
= 3 —
4.6 L/mg x( )

= 0.58 mg/L as Cl,



Disinfection 11-27

EXAMPLE 11.12: DETERMINATION OF EMPIRICAL CONSTANTS IN
COLLINS-SELLECK EQUATION FROM EXPERIMENTAL DATA

In an environmental laboratory class, a disinfection kinetic experiment was performed at a constant
chlorine residual of 1 mg/L. The geometric mean density of fecal coliforms is 2x10* MPN/100 mL in
the treated effluent sample. The experimental results are summarized below.

Time (¢), min 5 10 20 30 40
Coliform count (N), MPN/100mL ~ 3200 390 50 14 5

Determine the empirical constants n and b, and validate the Collins-Selleck equation for disinfection
of treated effluent using chlorine.

Solution

1. Develop the linear expression.
Assume that the Collins-Selleck equation (Equation 11.5¢) is applicable (Ct > b). Take the loga-
rithm on both sides of the equation and rearrange the expression.

—log<%) = n log(Ct) — n log(b)

A plot of —log(N/Ny) versus log(Ct) gives a linear relationship in which # is the slope and -7 log(b)
is the intercept.
Tabulate calculation results at C= 1 mg/L and Ny =2 x 10* MPN/100 mL.

t, min 5 10 20 30 40

Ct, mg:min/L 5 10 20 30 40
log(Ct) 0.699  1.00 1.30 1.48 1.60
N/100 mL 3200 390 50 14 5

N/N, 0.16 0.0195  0.0025  0.00070  0.00025
—log(N/Ny) 0.796 1.71 2.60 3.15 3.60

2. Plot —log(N/Ny) versus log(Ct).
The linear relationship between —log(N/Nj) and log(Ct) is shown in Figure 11.5.

4 /
2 /
2 y’
=3
=1s)
S . -log(N/N,) = 3.08 log(Ct) - 1.37
-2
0.0 0.5 1.0 15 2.0

log(Ct)

FIGURE 11.5 Plot of —log(N/N,) versus log(Ct) using Collins-Selleck equation (Example 11.12).
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3. Determine 7 and b from the plot.

From the plot, Slope, n=3.08
Intercept, —n log(b) = —1.37 or n log(b) = 1.37

1.37 1.37

Solve, b=10» = 10308 = 10°*** = 2.79 mg-min/L

4. Validate the equation.
Calculate the minimum value of Ct,,;, at C= 1 mg/L and ¢ = 5 min (the shortest contact time used
during the experiment).

Ctmin = 1 mg/L x 5 min = 5 mg-min/L > b = 2.79 mg-min/L

Therefore, the experimental results indicate that the Collins-Selleck equation is applicable to express
the kinetics of disinfection. The empirical form of Collins-Selleck equation for Ct > 2.79 mg-min/L is
given below:

Ct —3.08
N = No( — or N = 23.6Ny(Ct)—>%
2.79

EXAMPLE 11.13: CONTACT TIME AND CHLORINE RESIDUAL ON MICROBIAL
SURVIVAL FROM SELLECK EQUATION

The experimental results indicate that the Selleck equation applies to express the total coliform inactiva-
tion kinetics. The empirical constants are: a = 2.1 and b = 0.1 mg-min/L. Describe the effect of chlorine
residual (C) and contact time (¢) on the log reduction of total coliforms (—log(N/Np)).

Solution
1. Develop the log reduction of total coliforms (—log(N/Ny)) as a function of Ct.
Apply Equation 11.5d —log(N/No) = a log(1 + %) at a=2.1 and b= 0.1 mg:min/L to calculate
—log(N/Ny) at several assumed Ct values.

Ct, mg-min/L 0 0.125 0.25 0.5 1 2
—log(N/Ny) 0.00 0.74 1.14 1.63 2.19 2.78

Plot —log(N/N,) versus Ct in Figure 11.6.
2. Develop the log reduction of total coliforms (—log(N/Np)) as a function of t for a given chlorine
concentration C.
At C=0.5mg/L, 1 mg/L, and 2 mg/L, apply Equation 11.5d at a =2.1 and b = 0.1 mg-min/L to
prepare a table of —log(N/Np) at different contact times ¢ =0, 0.25, 0.5, 1, 2, and 4 min.

0.25 0.5 1.0 2.0 4
0.74 1.14 1.63 2.19 2.78
1.14 1.63 2.19 2.78 =
1.63 2.19 2.78 = =

Contact time ¢, min
—log(N/Ny) at C=0.5 mg/L
—log(N/Np) at C=1mg/L
—log(N/Ny) at C=2mg/L

o o o O

Plot —log(N/Ny) versus ¢ at different C in Figure 11.7.
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Ct, mg-min/L

FIGURE 11.6 Plot of —log(N/N,) versus Ct using Selleck equation (Example 11.13).

/0
]

—log(N/Ny)

i1/
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t, min

—— C1 =0.5mg/L
—&— C2=1mg/L
—— C3‘= 2 mg/L

FIGURE 11.7 Plot of —log(N/Np) versus t at different C values using Selleck equation (Example 11.13).

3. Describe the effect of Ct, C, and ¢ on log reduction of organisms.
a. The log reduction, that is, —log(N/Np) is a nonlinear function of Ct in a tailing off trend. The
increasing rate of log reduction is reduced with an increase in Ct.

b. Cand f are equally important for an efficient disinfection. For a given log reduction, C should
be doubled if the contact time ¢ is halved, and vice versa.

c. When Cis a constant, the log reduction shows also a tailing off trend with t.
d. In general, the log reduction efficiency is improved when Cis elevated at a given contact time ¢.

11.6 Chlorination

Chlorination is achieved by using liquid or gaseous chlorine (Cl,), sodium hypochlorite (NaOCl),
calcium hypochlorite (Ca(OCl),), or chlorine dioxide (ClO,). Dechlorination is used to trim chlorine
residual to meet the residual limit in the effluent for final discharge. The most common chemicals for dech-
lorination are sulfur dioxide (SO,) and sodium bisulfite (NaHSO3). The physical, chemical, and disinfec-
tion properties of Cl, and NaOCI are presented below.
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11.6.1 Physical Properties of Chlorine and Hypochlorite

Chlorine: Chlorine is an elemental compound that normally occurs as Cl,. It can be present in either
gaseous or liquid states. At standard conditions (0°C and 1atm), chlorine is present as an elemental
gas. Liquefied chlorine is available from commercial suppliers in pressure vessels. When its pressure is
reduced enough, the liquid vaporizes rapidly to a gas that is ready for use. On-site generation systems
are also available to produce chlorine gas (99%) directly from a sodium chloride solution using a
membrane-based electrolytic process. Important physical properties of chlorine, chlorine dioxide, and
sulfur dioxide are summarized in Table 11.10.*>**7°%%85 Additional information about disinfection
with chlorine dioxide and dechlorination with sulfur dioxide may be found in Sections 11.6.5 and 11.7,
respectively.

Gaseous chlorine is almost 2.5 times heavier than air. It accumulates at the lowest point after being
released to the atmosphere. Liquefied chlorine is about 1.5 times heavier than water. One liter (0.26
gal) of liquid chlorine weights about 1.5 kg (3.2 Ibs) and can produce ~460 L (16 ft®) of chlorine gas at
0°C and 1 atm. In the chlorination process, a chlorine solution is usually prepared from the chlorine
gas and then fed at the application point. Chlorine is soluble in water with a maximum solubility of
~10,000 mg/L or 1% near 10°C (50°F) and 1 atm. Its solubility decreases rapidly with increase in temper-
ature. To avoid excessive emission of gaseous chlorine from the solution, a maximum concentration limit
of 3500 mg/L or 0.35% is practically used to prepare the chlorine solution through a vacuum injector. Nor-
mally, the chlorine concentration may range from 1000 to 2500 mg/L in the solution. Chlorine is a highly

TABLE 11.10 Physical Properties of Chlorine, Chlorine Dioxide, and Sulfur Dioxide

Value for Chemical

Property
Chlorine Chlorine Dioxide Sulfur Dioxide

General

Molecular weight, g 70.9 67.5 64.1

Chemical form in use Gas, liquid, or Gas or solution Gas, liquid, or solution

solution
Odor Distinct and Acrid Pungent
irritating

Color of gas Greenish-yellow  Yellow to reddish  Colorless
Vapor

Specific gravity at 0°C (32°F), 1 atm and dry air=1, 2.49 1.86 2.26

dimensionless

Density at 0°C (32°F) and 1 atm, l(g/m3 (Ib/ft) 3.21 (0.201) 2.40 (0.150) 2.93 (0.183)

Specific volume at 0°C (32°F) and 1 atm, m3/kg (f/Ib)  0.311 (4.99) 0.417 (6.67) 0.342 (5.47)

Solubility at 20°C (68°F) and 1 atm, kg/m3 (Ib/gal) 7.3 (0.061) 70 (0.58) 100 (0.83)
Liquid

Specific gravity at 0°C (32°F) and water = 1, 1.47 - 1.44

dimensionless

Density at 20°C (68°F), kg/m” (Ib/gal) 1410 (11.8) - 1380 (11.5)

Specific volume at 20°C (68°F), L/kg (gal/lb) 0.71 (0.085) - 0.72 (0.087)

Gas yield at 0°C (32°F) and 1 atm

Yield per unit liquid volume, m’/L (ft/ gal) 0.46 (61) - 0.49 (65)
Yield per unit liquid weight, m*/kg (ft*/Ib) 0.31 (5.0) - 0.34 (5.4)

Note: 1 atmosphere (atm) = 101.325 kPa = 760 mm Hg = 14.696 psi 1 kg/m> = 0.06243 Ib/ft> = 0.008346 Ib/gal.
Source: Adapted in part from References 42, 48 through 55, 84, and 85.
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toxic substance that poses potential health risks to the plant personnel and off-site general publics. There-
fore, a special risk management program (RMP) must be implemented under the federal regulations to
ensure safe design and operation of chlorination process when the usage of liquid chlorine is exceeding
a threshold quantity at the plant.

Sodium Hypochlorites: Sodium and calcium hypochlorites are hypochlorite salts. Their chemical
formulas are NaOCl and Ca(OCl),. Calcium hypochlorite is available as powder, granules, and
pellets. Calcium is the hardness causing component and tends to clog pipes and filters. It reacts
with carbon dioxide and produces calcium carbonate precipitate. Also, it is not highly soluble in water.
For all these reasons, its use is limited to on-site disinfection and disposal of effluent, in swimming
pools, and as bleaching powder. On account of safety reasons, there has been a trend of replacing chlo-
rine gas with sodium hypochlorite solution for disinfection at many larger plants in the populated
urban areas.

Chlorine Content of Sodium Hypochlorite: Sodium hypochlorite is a strong oxidant and is obtained from
commercial suppliers in solutions of many strengths. The chlorine content of the chemical is expressed as
either actual or available chlorine.

The weight percent actual chlorine in a chlorine-containing disinfectant is obtained from Equation
11.8a. It is a simply measurement of chlorine content of the compound by weight.*

wcl

(Weight % Cl)chemical = x 100% (11.8a)
MW chemical
where
(Weight % Cl)chemicas = Weight percent actual chlorine (Cl) of the pure chemical, % by wt
wal = weight of chlorine per mole chemical, g Cl/mole
MW chemical = molecular weight of the pure chemical, g/mole

Since the measurement of actual chlorine does not provide direct information about the effectiveness
in the disinfection process, the strength of the compound is typically measured by the available chlorine.
It is a measure of the equivalent oxidizing or disinfection power of the chemical in comparing with that of
Cl,. The half oxidation reaction for Cl, to chloride ion (Cl ) is shown in Equation 11.8b. In this reaction,
the chlorine valance changes from 0 to —1 by accepting one electron (e™). Therefore, the each chlorine
element (Cl) in Cl, has an oxidizing power of accepting one (1) electron.

ChL+2e —2ClI” (11.8b)
NaOCl+2 e~ + H™ — Nat + ClI” + HO™ (11.8¢)

The half oxidation reaction for NaOCl to chloride ion (Cl7) is shown in Equation 11.8c. In
this reaction, the chlorine valance changes from +1 to —1. As a result, each chlorine element in
NaOCl molecule has an oxidizing power of accepting two (2) electrons. Therefore, the oxidizing
power of chlorine in NaOCI is double that of chlorine. The chlorine equivalent of NaOCl, eqq=2g
Cl,/g NaOCIL. The weight percent available chlorine of the chemical is expressed by Equation 11.8d
or 11.8¢.*

(Welght % ClZ)chemica.l =eqc X (Welght % Cl)chemical (118d)
(Weight % Cla)emical = o O x 100% (11.80)
MW chemical

where
(Weight % Cl,)chemical = Weight percent available chlorine (Cl,) of the pure NaOCI, % by wt
eqc = chlorine equivalent of the pure chemical, g Cl,/g NaOCI
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Therefore, the weight percent actual and available chlorine of pure NaOClI are:

35.5g Cl/mole NaOCl
74.4 g/mole NaOCl
= 47.7% or 0.477 g Cl/g NaOCl

x 100%

(Weight % Cl)y,0q (from Equation 11.8a) =

(Weight % Cl,)naoc1 = 2 X 47.7% (from Equation 11.8d) = 95.4% or 0.954 g Cl, /g NaOCl

2 g Cl,/g Cl x 35.5 g Cl/mole NaOCI
74.4 g/mole NaOCl
= 95.4% or 0.954 g Cl, /g NaOCl

(Weight % Cl,)\,o (from Equation 11.8e) = x 100%

The molecular weight, chlorine equivalent, and weight percent actual and available chlorine in different
chlorine-containing chemicals are given in Table 11.11,*84%31754848>

Concentration of Sodium Hypochlorite: The concentration of sodium hypochlorite solution may be
expressed as either available chlorine or sodium hypochlorite.

As a common practice, the available chlorine concentration in a chemical solution is typically expressed
by (a) weight percent, (b) trade percent, or (c) grams per liter (gpl) available chlorine. The weight percent
available chlorine is the grams of available chlorine per gram of the chemical solution. The trade percent
available chlorine is the weight of available chlorine (g/L as available Cl,) over the weight of water per
same unit volume (1000 g/L as H,0). The gpl available chlorine is expressed as the grams of available chlo-
rine per liter of the chemical solution. The relationships between these available chlorine concentrations
are given by Equation 11.9a when the specific gravity of a chemical solution is known.*®

(Trade % ClZ)solution _ CCIZ,SOluﬁOn

= x 100% (11.9a)
SP. 8r.solution Pwater X SP- 8T solution

(Welght % ClZ)solution =

where
(Weight % Cl,)solution = Weight percent available chlorine of the chemical solution, % by wt
(Trade % Cl,)solution = trade percent available chlorine of the chemical solution, % by wt

SP. 8l-solution = specific gravity of the chemical solution at water = 1, unitless
Cciz.solution = gpl available chlorine of the chemical solution, g/L (kg/ m?)
Prwater = density of water, g/L (kg/m")

Similar to the available chlorine, the strength of sodium hypochlorite solution may also be directly
expressed by the concentration of NaOCl in the solution. The relationships between sodium hypochlorite

TABLE 11.11  Actual and Available Chlorine Contents of Chlorine-Containing Chemicals

Molecular Chlorine Weight Percent Weight Percent
Chlorine-Containing Chemical Weight Equivalent Actual Chlorine Available Chlorine
(mw), g/mole  (eqc)), g Clo/g Cl  ((Weight % Cl)chemicat)> % (Weight % Clo)chemical)s %

Chlorine, Cl, 70.9 1 100 100

Sodium hypochlorite, NaOCl 744 2 47.7 95.3

Calcium hypochlorite, Ca(OCl), 143 2 49.6 99.2
Hypochlorous acid, HOCI 52.5 2 67.5 135

Chlorine dioxide, ClO, 67.45 5 52.6 263
Monochloramine, NH,Cl 51.5 2 68.9 138
Dichloramine, NHCI, 85.9 2 82.5 165

Source: Adapted in part from References 48, 49, 51-54, 84, and 85.
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and available chlorine concentrations are expressed by Equations 11.9b and 11.9¢.%

(Weight % Clz)solution

Weight % NaOCl)¢jution = 100% 11.9b
( €1gl 0 INa! )solutlon (Welght % Clz)NaOCl X 0 ( )
CNaOCl solution = CClZ,solution x 100% (11.9C)
’ (Welght % Clz)NaOCl
CraOClsolution = Puater X SP- 8T solution X (Weight % NaOCl)o1ytion (11.94d)
where

(Weight % NaOCl)opution = weight percent NaOCI of the solution, % by wt

(Weight % Cl)naoci = weight percent available chlorine (Cl,) of the pure NaOCI, 95.3 % by wt
CNa0Clsolution = gpl NaOCI concentration of the solution, g/L (kg/m’)

Sodium hypochlorite solution is heavier than water and can be obtained from commercial supplies
at a trade percent or trade content between 4% and 20% for available chlorine. At a trade percent
of 12%, the specific gravity of the solution is about 1.17. The density of the solution is therefore
1170 kg/m> (9.8 Ibs/gal) and the weight percent available chlorine is 10.3%. The trade percent is a
very convenient practice to use in wastewater disinfection practice since 1gal of 12% trade solution
provides ~11b of available chlorine (9.8 Ibs/gal x 0.103 1b Cl,/1b solution = 1.01 1b Cl,/gal = 11b Cl,/gal
solution). See Example 11.15 for conversion calculations between different concentrations of a NaOCl
solution.

Sodium hypochlorite is a strong oxidant, and is very reactive with many compounds and reducing sub-
stances. As an unstable weak base, an increase in acidity can cause a rapid breakdown of the hypochlorite
in the presence of metallic ions. To improve its stability, excess caustic soda (NaOH) up to 10 g/L is nor-
mally added into a commercial sodium hypochlorite solution to raise the pH in the range of 11-13.5.
Decomposition of sodium hypochlorite solution is accelerated significantly upon exposure to heat and
UV from sunlight. These characteristics need to be considered thoroughly and properly during transpor-
tation, storage, and use of sodium hypochlorite solution. Important physical properties of NaOCl at typical
trade percent available chlorine are summarized in Table 11.12,34951 548486

TABLE 11.12  Physical Properties of Sodium Hypochlorite at Typical Trade Percent Available Chlorine

Typical Value at Different Trade Percent Available Chlorine

Parameter ((Trade % Cly)solution)
4% 8% 12% 16%

SP. 8l-solution at Water = 1 at 20°C (68°F), unitless 1.06 1.12 1.17 1.21
Available chlorine concentration

(Weight % Cly)solution> % 3.8 7.1 10.3 13.2

Cciz,solution> 8/L or kg/m3 (Ib/gal) as available Cl, 40 (0.33) 80 (0.67) 120 (1.00) 160 (1.33)
NaOClI concentration

(Weight % NaOCl)otution> % 40 7.5 10.8 13.9

CNaoCl solutions 8/L or kg/m3 (Ib/gal) as NaOCl 42 (0.35) 84 (0.70) 126 (1.05) 168 (1.40)
Density, kg/m3 (Ib/gal) as solution 1058 (8.8) 1118 (9.3) 1168 (9.7) 1208 (10.1)
Specific volume

L/kg (gal/Ib) as available Cl, 25 (3.0) 12.5 (1.5) 8.3 (1.0) 6.3 (0.75)

L/kg (gal/Ib) as solution 0.95 (0.113) 0.89 (0.107) 0.86 (0.103) 0.83 (0.099)

Note: A water density of 998.2 g/L at 20°C is used (Table B.2 in Appendix B).
Source: Adapted in part from References 48, 49, 51-54, 84, and 86.
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EXAMPLE 11.14: VOLUME OF LIQUID CHLORINE STORAGE FACILITY

A chlorine storage facility is designed for storage of 100,000 lbs (45,400 kg) of liquid chlorine. Estimate the
bulk storage tank volume required at the facility.

Solution
1. Determine the volume requirement for the liquid chlorine.
The Chlorine Institute guidelines suggest that the chlorine tank volume shall be at least 192.2 gal for
each ton of liquid chlorine stored.*” Calculate the Cl, storage volume requirement (reqc;,) using a
conservative value of 200 gal/ton.

1 ton x 2000 Ib/ton

= 3
200 galjton 0 1b/gal (1200 ke/m)

reqcp =

Note: The guidelines of Chlorine Institute suggest that bulk tank should be able to hold the design
quantity of liquid chlorine with only ~95% full at a temperature of 122°F (50°C). There should be no
release of chlorine from a pressure relief device set at 255 psig.*”

2. Calculate the total liquid chlorine volume and select the tank volume.
Calculate the total volume required to store the design quantity wcj, = 100,000 Ibs.

wae 100,000 Ibs
Ver = =

= = = 10,000 gal (38 m®
reqci 10 1b/gal gal (38 m’)

Provide two bulk storage tanks, each tank of capacity Vi, = 5000 gal (approx. 19 m?).
3. Determine the limit for bulk shipment.
The maximum storage capacity of each tank (wy,p)-

Wiank = reqciz Viank = 10 1b/gal x 5000 gal = 50,000 Ibs or 25 tons (22,700 kg)
Calculate the maximum shipment limit at a safety factor of 1.25.

Wiank 25 tons
Wshipment = SF = 1.25

= 20 tons (18,100 kg)

Note: A safety factor of 1.2 is provided in the guidelines of the Chlorine Institute, Inc.*” For safe
operation the tank truck should be less than 20 tons to receive and hold the entire shipment. This limit
is within the typical range of 15-22 tons for the chlorine tank truck capacities in North America.*”
A larger storage tank volume may be required if the shipment size used by the local chemical suppliers
exceeds this limit.

EXAMPLE 11.15: AVAILABLE CHLORINE IN SODIUM HYPOCHLORITE
SOLUTION

Commercial sodium hypochlorite solution is used for effluent disinfection at a wastewater treatment
facility. The solution has a trade percent available chlorine of 12%. At a solution temperature of 20°C,
estimate (a) the weight percent available Cl,, (b) gpl available chlorine concentration, (c) weight percent
NaOCl, (d) gpl NaOCl concentration, (e) density of the solution, and (f) specific volume of the solution.

Solution

1. Estimate the weight percent available chlorine, (Weight % Cl,)solution in the solution.
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From Table 11.12, a typical specific gravity sp. gr.solution = 1.17 is obtained for the sodium hypochlo-
rite solution at (Trade % Cly)solution = 12%. Apply Equation 11.9a to calculate (Weight % Cl,)solution-

Trade % CI. ; 12%
(Weight % CL,)sojution = M — 22 10.3%
SP. 8I.solution 1.17

2. Estimate the gpl available chlorine concentration (Cgy, solution) in the solution.
The water density pyater at 20°C = 998.2 g/L (Table B.2 in Appendix B). Rearrange Equation 11.9a
and calculate the gpl available chlorine concentration Ccya solution-

(Trade % Cly)olution 12%
CClZ,solution = Tsouto X Pwater = m X 998.2 g/L =120 g/L or 120 kg/m3

3. Estimate the weight percent NaOCl (Weight % NaOCl)solution in the solution from Equation 11.9b.

(Weight % Clz)solution % 100% — 10.3%

Weight % NaOCl)so1ution =
( elg 0 INal )solutlon (Weight%Clz)NaOCI 95.3%

x 100% = 10.8%

4. Estimate the gpl NaOCI concentration (Cnaocisolution) il the solution from Equation 11.9c¢.

CClZ,solution % 100% = 120 g/L

100% = 126 g/L
(Welght % Clz)NaOCl 95.3% x ’ g/

CNaOCl,solution =

5. Estimate the density of the solution (Osolution)-
The density of the solution can be calculated from sp. gr.oiution = 1.17 and pyarer = 998.2 g/L.
Prolution = SP- &l-solution X Pyater = 1.17 X 998.2 g/L = 1168 g/L or 1168 kg/m’>

6. Estimate the specific volume of the solution (sp. vol.sojution)-
The specific volume is the invert of the density of the solution.

1

Sp. VOl.solution = X 103g/kg = 0.86 L/kg

T 1168 g/L

Psolution

EXAMPLE 11.16: PERCENT LOSS OF AVAILABLE CHLORINE DUE TO
DEGRADATION OF SODIUM HYPOCHLORITE SOLUTION

The available chlorine content of sodium hypochlorite solution is continuously monitored in a
bulk storage tank. The results indicate that the available chlorine concentration is 107 g/L as Cl, in
the solution after a storage period of 2 weeks. What is the percent loss of available chlorine due to decom-
position if the initial trade percent available chlorine was 12%? Ignore the change in density with
temperature.

Solution
1. Determine the initial weight percent available chlorine concentration of the NaOCl solution as g/L.
The initial gpl available chlorine concentration Ccp, solution,initial = 120 g/L is obtained from
Example 11.15, Step 2.
2. Estimate the percent loss of available chlorine at the end of storage period.
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Calculate the percent loss of Cl, at the end gpl available chlorine concentration Ccp, solution,end =
107 g/L after 2-week storage.

CCIZ,solution,initial - CCIZ,solution,end % 100% — (120 - 107) g/ L

x 100% = 11%
Cciz solution,initial 120 g/L

Percent loss Cl, =

Comments: Considerable decomposition of high strength NaOCI solution may occur during storage. For
this reason, the storage period is typically <15 days for NaOCI solution with a strength >10%. For high
strength NaOH solution, residual chlorine analyzer or oxidation-reduction potential (ORP) monitor can
be provided in the tank. An automatic feed control system can also be used to compensate for the loss of
strength due to decomposition.

EXAMPLE 11.17: SODIUM HYPOCHLORITE SOLUTION FEED RATE REQUIRED
AT A DESIRED CHLORINE CONSUMPTION RATE

A NaOCl solution with 12% trade percent available chlorine concentration is used to disinfect a secondary
effluent. Estimate (a) the daily quantity of NaOCI solution required to meet a chlorine consumption rate
of 454 kg/d (1000 Ibs/d) and (b) the set point for each pump if four identical chemical feed pumps are
provided to deliver the desired chemical feed rate.

Solution

1. Determine the initial weight percent available chlorine concentration from feed of NaOCI solution
as g/L.
The gpl available chlorine concentration Cga solution = 120 g/L or kg/m3 (1.01b/gal) is obtained
from Step 2 of Example 11.15 for a trade percent Cl, of 12%.
2. Determine the daily total quantity of solution required.

454kg/d

d
— = — 3 _ 3 3 3 _
120kg/m3_378m /d(looogpd) or Qa1 =3.78 m /XmO L/m X2 —158L/h(42gph)

Qtotal = 4h

To meet a chlorine consumption rate of 454 kg/d (1000 Ibs/d), a total flow of 158 L/h (42 gph)
NaOClI solution is required at the plant.
3. Determine the set point for each pump.

_ Qtotal _ 158 L/h
Npump 4 pumps

Qpump ~ 40 L/h (10.5 gph) per pump

To meet the desired chlorine consumption rate of 454 kg/d (1000 Ibs/d), the operators need to set
each chemical feed pump at a flow of ~40 L/h (10.5 gph).

11.6.2 Basic Chlorine Chemistry

Many important reactions occur during chlorination or hypochlorination. The elemental chlorine (Cl,)

dissolves in water to make a chlorine solution. Hydrolysis reaction will then occur to form hypochlorous
acid (HOCI) that is the desired disinfectant. HOCI will partially dissociate to hypochlorite ion (OCI™).

After
reacts

the chlorine solution is fed into wastewater, the following reactions may occur: (1) HOCI
with inorganic and organic compounds causing an initial chlorine demand; (2) in the presence

of ammonia or organic nitrogen, further reactions of HOCI occur to form chloramines or other



Disinfection 11-37

nitrogen-containing compounds; and (3) HOCI may also react with other reducing contaminants in the
wastewater or process chemicals added during treatment processes.

Dissolution of Gaseous Chlorine: When gaseous chlorine is mixed in water, the dissolution of chlorine
occurs first. The dissolution of molecular chlorine in water is driven by the equilibrium between gaseous
phase and solution phase, as given by Equation 11.10a.

Clz(g) <> Clz(aq) (11.10a)

The dissolution phenomenon of gaseous chlorine can be described by the Henry’s law. The empirical
expression for mole fraction based Henry’s law constant (H) is presented by Equation 10.84b.>> Two
practical expressions are also given derived by Equations 11.10b and 11.10c.

Cl
=B o L) = HyPay (11.10b)
Pcpp
Cen
Ho=-%2 or Cep=HPwp (11.10¢)
P
where

H,, = mole-concentration-based Henry’s law constant, mole/L-atm

[Cl,] = dissolved gaseous chlorine concentration, mole/L

Pc), = partial pressure of chlorine or total pressure in gas phase, atm. When a nearly pure chlorine gas
is applied, the mole fraction of chlorine is close to 1 so the partial pressure of chlorine is the
same as the total pressure in the gaseous phase.

H. = mass-concentration-based Henry’s law constant, mg/L-atm

Cc, = dissolved aqueous chloride concentration, mg/L

Useful empirical equations are further derived for H,, and H. by Equations 11.10d and 11.10e.

H,, = 1000s(meo)=B+D o pr - 1B+ (11.10d)

H. = 1000 mwcpH, or H. = 1000 mwcy, 1008+ (11.10e)
where

ngpo = mole concentration of water, 55.6 mole H,O/L

B = constant, B =B — log(nm20)

mwcy, = molecular weight of chlorine, 70.9 g/mole

T = temperature, °K (T (°K) = 273.15+ T (°C))

A and B are defined in Equation 10.84b. See Example 11.18 for derivation of expressions of Hy, and H..
Equations 11.10b through 11.10e are applicable for chlorine as well as other gaseous chemicals used for
disinfection of wastewater. Estimated constants for these chemicals are summarized in Table 11.13. See
Example 11.19 for calculating H, H,, and H, for chlorine at 20°C. Also, see Section 15.4.5 and Examples
15.10 through 15.14 for applications of Henry’s law in air-stripping process design.

Hydrolysis Reactions: The generalized hydrolysis reactions of gaseous chlorine and sodium hypochlo-
rite are given by Equations 11.11a and 11.11b.

Cl, + H,0 - HOCl+ H" +Cl” or Cl,+OH  — HOCl+ Cl~ (11.11a)

NaOCl + H,0 — HOCl + Na* + OH™ (11.11b)
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TABLE 11.13 Henry’s Law Constants for Gaseous Chemicals Used for Disinfection

Empirical Constant® Henry’s Law Constant”
Chemical
A B B/ H, atm H,,,, mole/L-atm H,, mg/L-atm
Ammonia, NH; 1887.12 6.315 4.570 0.754 73.7 1,300,000
Chlorine, Cl, 875.69 5.75 4.005 579 0.0960 6800
Chlorine dioxide, ClO, 1041.77 6.73 4.985 1500 0.0370 2500
Ozone, O; 1268.24 8.05 6.305 5290 0.0105 504
Sulfur dioxide, SO, 1207.85 5.68 3.935 36.3 1.53 98,000

* See Reference 53 for constants A and B for other dissolved gases.
® The constants are estimated at a gas pressure of 1 atm and solution temperature of 20°C (or 293.15°K).
Source: Adapted in part from Reference 53.

The most important product of these reactions is hypochlorous acid, HOCIL. The hydrolysis reaction
of gaseous chlorine is described by the hydrolysis constant Kj, expressed by Equation 11.11c.

[HOCI[H*][Cl™]

= N (11.11c)
where
Ky = hydrolysis constant, mole?/L*
[HOCI] = hypochlorous acid concentration (mole/L) (Equation 11.12a) for dissociation reaction
of HOCI
[H"] = proton concentration, mole/L
[CI7] = chloride ion concentration, mole/L

An experimental expression of hydrolysis constant has been developed for chlorine and is
expressed by Equations 11.11d and 11.11e where T'is in °K.>* At a water temperature of 20°C, Kj, is about
3.8 x 10~ * mole*/L and pK;, = 3.4.%

Ky, = 104118152 (11.11d)

1121.32
PKy =

—0.4118 (11.11e)

where pKj, = —log(K},)

The hydrolysis reactions convert the dissolved gaseous chlorine into hypochlorous acid and chloride
ion. The dissolved gaseous chlorine concentration is reduced which favors dissolution of additional
gaseous chlorine. As a result, the overall chlorine solubility may be increased. See Example 11.21 for
estimating the effect of hydrolysis on chlorine solubility.

In an aqueous solution, the pH is depressed by adding chlorine gas (Equation 11.11a) while the pH is
raised by feeding sodium hypochlorite (Equation 11.11b). To form 1 g of hypochlorous acid as available
chlorine, the expected changes in alkalinity are given below:

1. An alkalinity consumption of 0.70 g as CaCO; occurs when 1 g of gaseous chlorine as available
chlorine is hydrolyzed (Equation 11.11a).

2. An alkalinity addition of 0.70 g as CaCO3 occurs when 1 g of sodium hypochlorite as available
chlorine is hydrolyzed (Equation 11.11b).

The ratio of 0.70 g CaCO;/g Cl, is calculated below:

Eq. wt. of CaCO3; 50 g/eq. as CaCOs
Eq. wt.of Cl; ~  71g/eq.asCl,

= 0.70 g CaCOs/g Cl,
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Dissociation Reaction of Hypochlorous Acid: As a weak acid, hypochlorous acid has a tendency to
form hypochlorite ion and hydrogen ion due to partial dissociation (or ionization). The dissociation of
HOCI and the dissociation constant are expressed by Equations 11.12a and 11.12b.

HOCI < H™ + 0Cl~ (11.12a)
Ht 1~
K, — HIOC] (11.12b)
[HOCI]
where
K, = dissociation constant for weak acid (proton reaction), mole/L

[OCI™] = hypochlorite ion concentration, mole/L

The hydrolysis constant is primarily a function of water temperature. An empirical expression of this
constant for hypochlorous acid is expressed by Equations 11.12¢ or 11.12d.**

3000
K, = 1010A06867T—0.0253T (11.120)

3000
pK, = - +0.0253 T — 10.0686 (11.12d)

where pK, = —log(K,)

In dissociation reaction of HOCI, K, is about 2.6 x 10~ mole/L and a PK, of 7.6 at a water temperature
of 20°C. The chlorine residual created by hypochlorous acid is defined as the free chlorine residual. The
free chlorine residual may be in the form of HOCI, OCI~, as well as a small amount of Cl,. HOCl is a stron-
ger oxidant and more desirable disinfectant than OCl ™. At a given free chlorine residual, the effectiveness
of disinfection is therefore affected by the percentage of HOCI at the equilibrium of the dissociation reac-
tion. The percentage of HOCI can be predicted from the degree of dissociation reaction as a function of
pH and K,. An expression of percent HOCI in equilibrium is given by Equations 11.12e and 11.12f.

[HOCI] 1

% HOCl = —————————— % 100% % HOCl = ———  x 100% 11.12

’ [HOCI +[oCl ]~ ° 7 T+K, x 108 07 (1112¢)

1
% HOCI = W x 100% (1112f)
where

% HOCI = molar percentage of HOCI in water, %
pH = pH of water

The percent HOCl in solution varies with pH and temperature. The percent HOCI concentration with
respect to pH at three temperatures is shown in Figure 11.8. HOCI is normally the predominant species
after hydrolysis reaction when pH is below 7.5. A noticeable decrease of HOCI percent may be experienced
when the total dissolved solid (TDS) concentration in the wastewater is higher than 300-500 mg/L.
Since protons are produced during dissociation reaction (Equation 11.12a), 0.70 g of alkalinity as
CaCOj is consumed when 1 g of HOCI as available chlorine is dissociated into OCI™.

Reactions with Ammonia Nitrogen: Ammonia nitrogen concentration in raw domestic wastewater is
typically in a range of 20-40 mg/L as NH;-N. Total ammonia nitrogen consists of ammonium ion (NH;")
and unionized ammonia (NH3) in an equilibrium reaction. Partial dissociation of ammonium ion is
expressed by Equation 11.13a.

NH] < NH; + H* (11.13a)
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FIGURE 11.8 Percent HOCI versus pH.

The dissociation constant for the equilibrium reaction is expressed by Equations 11.13b
through 11.13d.*®

K, = [HTINH;) (11.13b)
[NH{]
K, = 10700001827 (11.13c)
pK, = 0.09018 + @ (11.134d)
where

[NHZ] = ammonium ion concentration, mole/L
[NH;] = undissociated ammonia concentration, mole/L

The percent NHJ in equilibrium is determined from Equation 11.13e.

% NH; =&x 100% or % NHf=— 1 100%
* 7 [NH; ]+ [NH;] 4 T 14K, x 100H (11.13¢)

1
+ _
or % NH4 = W x 100%

where % NH, = molar percentage of NH{ in water, %
For dissociation reaction of NH at a water temperature of 20°C, K, is about 4.0 x 10~'° mole/L and

pK, = 9.4. AtapH <8, NHj is normally the predominant species ( >90%) in water. At pH below 7, <1%
of ammonia nitrogen is present in the form of NH;.

Hypochlorous acid reacts with ammonia nitrogen to form various chloramines: monochloramine
(NH,CI), dichloramine (NHCl,), and trichloramine (NCl;). Generalized chloramines formation reac-
tions are expressed by Equations 11.14a through 11.14d.

Monochloramine:
HOCI + NH} — NH,Cl + H,0 + H" (11.14a)

HOCI 4+ NH; — NH,Cl + H,0 (11.14b)
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Dichloramine:

HOCI + NH,Cl — NHC, + H,0 (11.14¢)

Trichloramine:

HOCI + NHClz — NC13 + Hzo (11.14d)

The chloramines are usually formed by step reactions. The formation of different chloramine species is
affected by factors such as the chlorine-to-ammonia nitrogen (Cl,:NH;-N) weight ratio, pH, contact time,
and temperature. Under the normal wastewater disinfection conditions, the Cl,:NH;-N weight ratio is the
most significant factor. At a low to medium ratio, monochloramine formation is predominant from initial
reaction of HOCI with ammonia nitrogen (Equation 11.14a or 11.14b). The stoichiometric consumption
rate of HOCl and ammonia nitrogen is 5.07 g (or approx. 5) as available CL, per g of ammonia nitrogen as
NH;-N (see Equation 11.26).

As the Cl:NH;-N weight ratio increases, the extra HOCI provides favorable conditions for other side
reactions. These reactions are affected by many factors such as the initial ammonia nitrogen concentration,
initial Cl,:NH;-N weight ratio, pH, alkalinity, temperature, as well as other wastewater quality parameters.
The nitrogenous end products from these side reactions may include dichloramine (Equation 11.14c), tri-
chloramine (Equation 11.14d), and nitrate (NO3'). Generalized nitrate formation reactions from ammonia
is given by Equation 11.15a or 11.15b. Nitrate may also be formed from oxidation of nitrite by HOCL**

4 HOCl + NH; — NO; + H,O+ 6 H" + 4 CI~ (11.15a)
4 HOCl+ NH; — NO; + H,O+5H" + 4 CI~ (11.15b)

At a high weight ratio, the formation of significant amount of dichloramine leads to a breakpoint
phenomenon; that is a breakdown or destruction of chloramines. The mechanism for this phenomenon
is not clearly understood and defined. A combination of main breakpoint reaction and other side
reactions is considered the major phenomenon. The main reaction is considered a direct breakdown of
ammonia nitrogen to nitrogen gas (N,). Generalized overall breakpoint reaction is given by Equations
11.15¢ or 11.15d.

3HOCl+2NH] — Ny + +3H,0+5H" +3Cl~ (11.15¢)
3 HOCl+ 2 NH; — Ny 1t + 3 H,0+3 H" +3 Cl™ (11.15d)

The chlorine residual curve obtained from the reactions of hypochlorous acid with ammonia nitrogen is
illustrated in Figure 11.9. Three typical zones are distinguished in the curve.

Zone I: Combined Chlorine Residual: NH,Cl and NHCI, are the major species, and NH,Cl is typically
the predominant species in the pH range of 6.5-7.5 at Cl,:NH;3-N weight ratio below 3:1. The chlorine
residual due to chloramines is called the combined chlorine residual. Being a weaker oxidant than free chlo-
rine, chloramines have lower disinfection power than HOCI. This property allows combined chlorine
residual to last much longer than HOCI residual. Typically, the combined chlorine residual increases lin-
early with increase of the applied Cl,:NH;-N weight ratio in Zone I operation. Stoichiometrically, the peak
combined chlorine residual is reached at a ratio of 5:1. At peak combined chlorine residual, usually NH,Cl
is about 60-90%.

During initial formation of NH,Cl, proton reduction occurs (Equation 11.14a), and 0.70 g of alkalinity
as CaCOj is consumed when HOCI reacts with ammonia nitrogen to form 1 g of NH,Cl as residual Cl,. No
additional change in alkalinity is expected for further formation of either NHCI, or NCl;.
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FIGURE 11.9 Example chlorine residual curves due to reactions of hypochlorous acid with ammonia nitrogen.

Zone II: Destruction of Combined Chlorine Residual: The combined chlorine residual is destroyed when
the applied Cl,:NH;-N weight ratio exceeds 5:1. Usually, a linear decrease in the combined chlorine resid-
ual is observed with increase in the weight ratio until the breakpoint is reached at the dip. Zone II operation
should be avoid in wastewater disinfection practice. Stoichiometrically, the breakpoint is reached at a Cl,:
NH;-N weight ratio of 7.6:1 if nitrogen formation is the only reaction and other side reactions are negli-
gible (Example 11.28 for determination of this ratio). In the presence of side reactions, the breakpoint may
shift to a weight ratio in a range of 7.6:1-10:1. Trichloroamine (NCl;) is the predominant species of the
combined chlorine residual at the breakpoint.

Zone I1I: Free and Combined Chlorine Residual: Once the breakpoint is reached, the free chlorine resid-
ual begins to appear. Beyond this point, the free chlorine residual increases as the applied chlorine dose
increases. The sum of free and combined chlorine residuals is the total chlorine. In wastewater disinfection
practice, Zone III operation is used when free chlorine residual is desired.

Generalized Oxidation Reactions and Initial Chlorine Demand: HOCI is a very reactive oxidant. It
quickly reacts with many inorganic and organic compounds in the wastewater. These compounds may
include H,S, organic contaminants, Fe*", Mn”>*, and other easily oxidizable organic compounds. The
chlorine consumption in these reactions is called the initial chlorine demand. A generalized reaction
due to initial chlorine demand is expressed by Equation 11.16. In this reaction, HOCI is reduced
to CI”. Many other beneficial applications of chlorination process are covered in Section 11.6.4.

HOCI + Chlorine demand — Oxidized compound + H* + CI~ (11.16)

Typical chlorine residual curves in wastewater treatment are illustrated in Figure 11.10. The combined
chlorine in the presence of ammonia nitrogen appears after the initial demand is met. The combined chlo-
rine residual is about 0.7-0.8 mg/L as available Cl, per mg/L of excess chlorine dosage fed. Free chlorine
residual is obtained after the breakpoint is reached at Cl,:NH;-N weight ratio of 8:1-12:1.

An alkalinity consumption of 0.70 g as CaCO; occurs when 1 g of HOCI as available Cl, is reduced to
CI™. An overall alkalinity usage of 1.41 g as CaCOj is required when 1 g of gaseous chlorine (Cl,) is hydro-
lyzed and then reduced to Cl™. There is no change in alkalinity when NaOCI is hydrolyzed and used
completely. For the disinfection of the effluent from a secondary or tertiary treatment, the initial chlorine
demand is relatively low. The initial alkalinity of effluent is 150-250 mg/L as CaCO;. The change in alka-
linity and pH after chlorination or hypochlorination is small and is normally ignored.
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TABLE 11.14

Increase in Total Dissolved Solids during Breakpoint Chlorination

11-43

Chemical

Ratio of TDS Increased to NH4-N Consumed, g TDS/g NH,-N

Chlorine gas
Sodium hypochlorite

Chlorine gas with lime (CaO) for neutralization

Chlorine gas with caustic (NaOH) for neutralization

6.2
7.1
12.2
14.8

Source: Adapted in part from Reference 53.

In wastewater treatment practice, alkaline chemicals may also be used for pH adjustment or other treat-
ment purposes. A generalized reaction of HOCI with alkaline chemical in the form of HCOj5 is expressed
by Equation 11.17. These reactions do not change the total amount of available Cl, but may cause
dissociation of HOCI to OCl™ when pH is raised. This may influence the effectiveness of the disinfection

process.

HOCI + HCO; — OCI™ 4 CO, + H,O

(11.17)

Dissolved Solids Buildup at Breakpoint Chlorination: Destruction of ammonia and chlorine at break-
point chlorination adds significant amounts of dissolved solids. Depending upon the chemicals used, the
major anions and cations are CI~, NO;, SO3~, Ca**, Na*, and K*. The ratios of TDS per unit weight of

NH,-N destructed by different chemicals as breakpoint chlorination are provided in Table 11.14.

EXAMPLE 11.18: DERIVATION OF HENRY’S LAW CONSTANTS FOR

DISSOLUTION OF GASEOUS CHLORINE

Derive the mole- and mass-concentration-based Henry’s law constants H,, and H. expressed by

Equations 11.10d and 11.10e. Apply the empirical expression of mole-fraction-based constant (H) given

by Equation 10.84b.
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Solution

1. Develop the basic relationship of the mole-fraction-based Henry’s law constant (H).
Based on the generalized relationship given by Equation 10.84a, a simplified equation is obtained
for mole fraction of gaseous chlorine in solution. The mole fraction of gas is close to 1 since nearly
pure chlorine gas is applied in the gas phase (Equation 11.18a).

P P
% or H=-% (11.18a)

Xcl2

Xcl =

where
Xcrz = mole fraction of gaseous chlorine in the solution, mole chlorine/mole solution
Pcip = total pressure above the liquid surface, atm

The mole-fraction-based Henry’s law constant (H ) in atm has been defined by Equation 10.84a. The
expression H = 1078 obtained from Equation 10.84b is also applicable to the dissolution of pure
gaseous chlorine.

2. Derive the mole concentration chlorine gas based on Henry’s law constants (H,,).

The generalized relationship given by Equation 10.84c also applies to the mole fraction of gaseous
chlorine in the solution. This equation can be simplified to Equation 11.18b since
Y g + nmo A nmo as explained in Example 10.119.

[CL] _[Ch]

XK=~ (11.18b)
Mg+ nmo Mo
Substitute xc), from Equation 11.18b in Equation 11.18a to obtain Equation 11.18c.
n Cl
H20 _ [CL] (11.18¢)
H  Pap

NH20

1
and obtain the relationship Hy, = [}?—2]

Assume H,, =
11.18c.
Apply H = 10(-+B) (Equation 10.84b) to the assumption of Hy,, = 7420 and develop below expres-

(Equation 11.10b) from Equation
cl2

sion that is also the first relationship Equation 11.10d.

% — lolog(ru—xzo) X 10(%—B) — 10(108(”H20)7B+ %)
10T

m =
Assume B’ = B — log(n1,0) and substitute B’ into the above expression to obtain below expression
that is also the second relationship in Equation 11.10d.

Ay = 10(_(B—10g(”1120))+ AT) _ 10(_Br+ %)

3. Derive the mass concentration based on Henry’s law constants (H.).
The mass concentration of gaseous chlorine in the solution is estimated from the mole concentra-
tion given by Equation 11.18d.

C
Cop = 1000 mwep[ClL,] or [ClL]=——2 (11.18d)
1000mwcy,
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Substitute Equation 11.18d into Equation 11.10b to obtain a new relationship expressed by
Equation 11.18e.

Cen Cen
= or —=

e ———— = 1000 mwcp, H, 11.18e
1000 mwep P Pan oz Hm ( )

m
Assume H, = % to obtain below expression that is also the first relationship in Equation 11.10e.

H. = 1000 mwcp, Hy,

Apply the second relationship in Equation 11.10d to obtain below expression that is also the second
relationship in Equation 11.10e.

H. = 1000 mwcy, 108+

EXAMPLE 11.19: APPLICATION OF HENRY’S LAW CONSTANTS FOR
DISSOLUTION OF GASEOUS CHLORINE

Apply the Henry’s law constants for dissolution of gaseous chlorine in water at a gas pressure of 1 atm and
solution temperature of 20°C. Determine (a) the mole-fraction-based constant (H ), (b) mole-concentra-
tion-based constant (H,,), and (c) mass-concentration-based constant (H,).

Solution

1. Estimate the value of H.
Obtain from Table 10.13 the constants A and B for Cl,: A = 875.69 and B = 5.75.
Estimate the value of H for Cl, from Equation 10.84b at T = (273.15 + 20)°K = 293.15°K.

875.69

H = 1078 = 10(=35%+575) = 579 atm

2. Estimate the value of H,,,.
Calculate B’ from n31,0 = 55.6 g/mole for water.

B = B — log (m120) = 5.75 — log (55.6) = 4.005

Calculate H,,, from Equation 11.10d.

;A 875.69
Hpy = 10(*B+ 7 = 10(‘4‘°°5+z93‘15) = 0.0960 mole/L-atm

3. Estimate the value of H..
H. is calculated from Equation 11.10e. Calculate B’ from mwcj, = 70.9 g/mole for Cl,.

LA 875.69
H. = 1000 mwc1210(_B+T) = 1000 mg/g x 70.9 g/mole X 10(_4‘005+293-15) mole/L-atm
= 6800 mg/L-atm

EXAMPLE 11.20: CONCENTRATION OF DISSOLVED GASEOUS CHLORINE

The gaseous chlorine is induced by an injector at an operating pressure of 0.5 atm. Estimate the dissolved
gaseous chlorine concentration in the chlorine solution at a water temperature of 20°C. Ignore the initial
chlorine demand and the effect of hydrolysis on chlorine concentration in the solution.
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Solution

The chlorine concentration may be calculated from either Henry’s law constant provided in Table 10.13.
In this example, Equation 11.10c is used to estimate the chlorine concentration. H. = 6800 mg/L-atm at
Pcj, = 0.5 atm and water temperature = 20°C.

Ccz = Hc Pcp = 6800 mg/L-atm x 0.5 atm = 3400 mg/L as Cl,

EXAMPLE 11.21: EFFECT OF HYDROLYSIS ON SOLUBILITY OF
CHLORINE IN WATER

A chlorine solution is prepared from gaseous chlorine. The gaseous chlorine is dispersed into deioni-
zed water with negligible initial chlorine demand, buffering capacity, and chloride ion. The solubi-
lity of chlorine with effect of hydrolysis can be estimated from an empirical relationship expressed
by Equation 11.19.> Calculate the chlorine solubility at a pressure of 0.5 atm and water temperature
of 20°C.

1
Scizm = PcpHm + (KyPcinHi )3 (11.19)

where Scip.m = mole-concentration-based chlorine solubility with effect of hydrolysis (mole/L) as
available Cl,
Other terms have been defined previously.

Solution

1. Determine the value of H,,,.
H,, = 0.0960 mole/L-atm at 1atm and 20°C is obtained from Table 11.13. The calculation
procedure of H,, is also presented in Example 11.19.
2. Determine the value of Kj;, from Equation 11.11d at T'= (273.15 + 20)°K = 293.15°K.

Ky = 10004118=152) 1 (04118-5552) — 3 86 x 10~ mole? /L2

3. Determine the mole-concentration-based solubility of chlorine (Scj,,,,) from Equation 11.19 at a
pressure Pcp, = 0.5 atm.
1
Scizm = P Hm + (KnPcioHi )3
1
=0.5atm x 0.0960 mole/L-atm -+ (3.86 x 10~*mole?/L? x 0.5 atm x 0.0960 mole/L-atm)3

=0.0745 mole/L

4. Determine the mass-concentration-based solubility of chlorine.
Calculate the mass-based concentration Scj, from mwc;, = 70.9 g/mole for Cl,.

Sciz = 1000 mwcpz Sciz,m = 1000 mg/g x 70.9 g/mole x 0.0745 mole/L
= 5280 mg/L as Cl,

Note: The chlorine concentration estimated in Example 11.20 is 3400 mg/L as Cl,. The solubility of
gaseous chlorine based on Henry’s law constant is 5250 mg/L as CL,.
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EXAMPLE 11.22: PERCENT OF HOCL IN FREE CHLORINE RESIDUAL

Free chlorine residual is applied for disinfection of wastewater effluent. Estimate the percent of HOCI at
equilibrium, and at 15°C and pH 7.2.

Solution

1. Determine the value of pK, for chlorine at 15°C.
From Equation 11.12c, calculate the dissociation constant K, at temperature T = (273.15 + 15)°K =

288.15°K.
3000 _ _ 3000 __
K, = 10100686— S~ —0.0253 T _ 110.0686 50575 —0.0253x288.15 _ 5 33 . 108 mole/L

Calculate pK,, pK, = —log(K,) = —log(2.33 x 1078) = 7.63
The value of pK, can also be calculated directly from Equation 11.12d.

K. —3OOO+00253T 10.0686 = 3000
Pfa =7 ’ ’ ~ 288.15

+0.0253 x 288.15 — 10.0686 = 7.63

2. Determine the percent of HOCI at pH 7.2.
From Equation 11.12e, calculate the percent of HOCL

1 1
o, — o/ o/ — 0,
% HOCI = T 106F—5 x 100% = [T 10027 x 100% = 73%

Therefore, at 15°C and pH 7.2, the equilibrium concentration of HOCI is ~73% of free chlorine
residual (Cl,). HOCI is the most effective species of chlorine for disinfection.

EXAMPLE 11.23: DETERMINATION OF UNIONIZED AMMONIA
CONCENTRATION IN THE EFFLUENT

Unionized ammonia (NH3) is much more toxic species to aquatic life than ionized ammonium ion
(NH;). The total ammonia nitrogen concentration in the effluent from an activated sludge system is 3

mg/L. Estimate the unionized ammonia concentration in the effluent at a pH of 8.2 and temperature
of 15°C.

Solution
1. Determine the pK, for ammonia nitrogen at 15°C.
At the temperature T = (273.15 + 15)°K = 288.15°K, calculate the pK, from Equation 11.13d.

K, = 0.09018 + 2220 — 0.09018 4+ >0
Pe =t T 288.15

=9.57

2. Determine the NH;-N concentration.
The NH] concentration is calculated from Equation 11.13e at pH 8.2.

1 1
[ + o/ o/ 0,
% NH, = T 10PH—7K x 100% = T+ 1062957 x 100% = 95.9%

% NH; = 100% — % NHF = 100% — 95.9% = 4.1%
Calculate NH3 concentration at the given total ammonia concentration Cro nu,~ = 3 mg/L.
CNH3-N =% NH3 X CTotal NH;-N — 41 % x 3 mg/L NH3-N =0.12 mg/Las NH3-N

Therefore, the NH; concentration is 0.12 mg/L as NH;-N under the field conditions.
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EXAMPLE 11.24: EFFECT OF PH ON UNIONIZED AMMONIA CONCENTRATION

Determine the total ammonia concentration remaining in the effluent if the pH is lowered from 8.2 to 7.2.
The total ammonia nitrogen concentration and temperature of the effluent are 3 mg/L and 15°C.

Solution
1. Determine the value of pK, for total ammonia nitrogen.

In Example 11.23, the pK, = 9.57 was calculated for ammonia nitrogen at 15°C in Step 1.
2. Determine the unionized NH;3-N concentration.

Calculate the NH{ concentration from Equation 11.13e at pH 7.2.

1
% NH} = 100% = ~——— o5 X 100% = 99.58%

1
W X 1+ 10(72-9.57
% NH; = 100% — % NH = 100% — 99.58% = 0.42%

Calculate NH; concentration at Crogalnm,-n = 3 mg/L.

CNH3—N =% NH3 X CTotal,NH;—N =0.42% x 3 mg/L NH3—N = 0.013 mg/L as NH3—N

Note: In comparison, the concentration of ammonia is 0.12 mg/L as NH;3-N at pH 8.2 (Example
11.23. The NH; concentration is reduced nearly 90% to 0.013 mg/L as NH;-N when the pH is
lowered to 7.2.

EXAMPLE 11.25: EFFECT OF TEMPERATURE ON UNIONIZED AMMONIA
CONCENTRATION

The discharge limit of unionized ammonia concentration in the effluent is set at <0.025 mg/L as NH;-N
to avoid toxicity to the aquatic life. Determine the maximum allowable concentrations of total ammonia
nitrogen in the effluent at pH of 7.6 under the critical temperatures of 25°C and 10°C in the summer and
winter conditions, respectively. Comment on the calculated results.

Solution

1. Determine the unionized NH;3-N concentration under the summer conditions.
Calculate the pK, from Equation 11.13d at the temperature T'= (273.15 + 25)°K = 298.15°K.
K, = 0.09018 + 2730 = 0.09018 + 2730
PRa =0 T 298.15

Calculate the NH concentration from Equation 11.13e at pH 7.6.

=9.25

1 1
+ _ — —
% NH; = L 10%H—7KD X 100% = 1+ 107695 x 100% = 97.8%

% NH; = 100% — % NH} = 100% — 97.8% = 2.2%

Calculate the allowable total ammonia concentration to meet the unionized NH;3-N limit Cyy, -y =
0.025 mg/L

CNH, - 0.025 mg/L as NH,-N
Crotal,NH;-N = NH N s 100% = 8/ 3

% NH; 2.2%

x 100% = 1.14 mg/L as NH3-N

Under the summer conditions, the maximum discharge limit for total ammonia nitrogen should be
below 1 mg/L as NH;-N.
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2. Determine the unionized NH3-N concentration under the winter conditions.
Following the similar calculation procedure, the allowable total ammonia concentration is
calculated below.

T=(273.15+ 10)°K = 283.15°K

K, = 0.09018 + 2730 =9.73
PRa="5 283.15
1
+ __ —
%NH4 —WX 100% = 99.26%

% NH3 = 100% — 99.26% = 0.74%

0.025 mg/L as NH3;-N
0.74%

Crotal NH;-N = x 100% = 3.38 mg/L as NH;3-N

The discharge limit should be set below 3 mg/L as NH;-N. This includes proper safety factor for the
winter conditions.

3. Summarize and comment on the results.

Seasonal discharge limits are typically used for ammonia concentration in the final effluent. In this
example, the maximum allowable total ammonia concentrations should be below 1 and 3 mg/L as
NH;-N under the summer and winter conditions, respectively. The dilution factor and background
ammonia nitrogen concentration in the receiving stream may also be considered in evaluation of
the allowable ammonia nitrogen concentration in the discharge limit.

EXAMPLE 11.26: MONOCHLORAMINE FORMATION STOICHIOMETRY

Monochloramine is the desired species for disinfection of wastewater effluent at a treatment facility. The
total ammonia concentration in the treated effluent is 1 mg/L as NH;-N. Determine the HOCI con-
centration required based on stoichiometric weight ratio of Cl,:NH;-N for monochloramine formation.
Assume the pH is relatively stable in the effluent.

Solution

1. Determine the stoichiometric weight ratio of Cl,:NH;-N.
Apply Equation 11.14a to calculate the stoichiometric weight ratio of Cl,:NH;3-N for monochlor-
amine formation using technical data provided in Table 11.11.

HOCl + NH} — NH,Cl + H,0+H"

52.5 as HOCI o 51.5 as NH,Cl
70.9 as Cl, 1}188251\]1\;1};[‘_‘1\] 70;Sas Clzz
1 mole HOCI  70.9g HOCI as available CI1
ReNm, N = = : 2~ 5gCl,/g NH,-N

~ 1moleNH;  14gNHj as NH;-N

The stoichiometric weight ratio of Cl,:NH;-N is approximately 5:1 for NH,Cl formation. It means
that a stoichiometric HOCI concentration of 5 mg/L as available Cl, is required per mg/L of total
ammonia nitrogen as NH;-N consumed.
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2. Determine the HOCI concentration required based on the stoichiometric weight ratio.

Partial dissociation of ammonium ion does not affect the ratio. In accordance with Equation 11.13a,
the reversal reaction will shift toward left when NHJ is consumed in reaction with HOCL. At a rela-
tively stable pH, NH will react continuously with H' to form NH; until all ammonia nitrogen is con-
sumed in the reaction with HOCI. Calculate the HOCI concentration required at a total ammonia
nitrogen concentration Crotal Na,-N = 1 mg/L as NH3-N.

Crocl = Rcing,-N X Crotal Na;-N = 5 mg Cl,/mg NH3-N x 1 mg/L as NH3-N = 5 mg/L as Cl,

At a HOCL concentration of 5 mg/L as Cl,, a 5 mg/L of NH,Cl as available Cl, is also produced,
Cnmzal = Crocr = 5 mg/L as Cl,.

EXAMPLE 11.27: DEVELOP BREAKPOINT CHLORINATION CURVE

The residual chlorine and chlorination data from a batch test are given below. Plot the chlorination
curve and obtain the breakpoint chlorination dose. Determine the following points from the bench
test data: (a) initial demand, (b) maximum combined chlorine residual, (c) breakpoint, and (d) operating
point to provide a free chlorine residual of 1.2 mg/L. Calculate also the daily chlorine usage and overall
demand at a flow of 1800 L/s.

Chlorine dosage, mg/L as Cl, 1 2 3 4 5 6 7 8
Chlorine residual, mg/L as Cl, 0 105 195 075 15 23 32 40

Solution

1. Plot the chlorination curve in Figure 11.11.

5 T T
=~ Point B: ‘ ‘
Ug 0l CC,. = 2 mg/L | Point D L
5 at Dosep = 3 mg/L operating point
5 t D =5.6 mg/L
= Point A: / chlorine residual
= initial demand (FC =12 mg/L)
4 2 Tat Dose, = 1 mg/L, " "-'--F---T------‘i' Total
e / / bined —chlorine residual
& Combine (TC = 1.95 mg/L)
ES 1 i ___ _Y__ [ chlorine residual
O CCyp = 0.75 mg/ 1 (CC=0.75mg/L)
0 at Posec = 4 mg/]r v | | Y

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Chlorine dosage (mg/L) as Cl,

FIGURE 11.11 Plot of chlorine residual curve (Example 11.27).

2. Determine the initial chlorine demand.
The initial chlorine demand is ~1 mg/L at Dose, = 1 mg/L (Point A).
3. Determine the maximum combined chlorine residual.
The maximum combined chlorine residual CC,,,,=2mg/L is achieved at Dosey =3 mg/L
(Point B). From the difference in dosage between Points B and A, the ammonia concentration
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(Cnp,-n) is estimated at the stoichiometric Cl,:NH;3-N ratio of 5:1. (Other side reactions are ignored.)

(Dosep — Dosep)max (3 — 1) mg/L as Cl,
Reinm, N ~ 5 mg Cl,/mg NH;-N

Cnmy N = = 0.4 mg/L as NH3-N

Calculate the overall Cl,:NH;-N ratio at Point B.

D 3 L as Cl
_ Doses _3mg/LasCh _ o 0 Cl/mg NH,N
CNHS-N 0.4 mg/L as NH3-N

Rg

4. Determine the breakpoint.
The breakpoint is identified at Point C that has a combined chlorine residual CCgp = 0.75 mg/L at
Dosec = 4 mg/L. Calculate the overall Cl,:NH;3-N ratio at Point C.

__ Dosec 4 mg/L as Cl,

Rc = =
c CNH3-N 0.4 mg/L as NH3—N

= 10 mg Cl,/mg NH;3-N

Note: The estimated ratio is within the typical range of 8-10:1.
5. Determine the operating point.
Assume the combined chlorine residual CC= CCgp=0.75 mg/L when the breakpoint is
exceeded. Calculate the total chlorine residual (TC) required to reach a desired free chlorine residual,
FC=1.2 mg/L.

TC = CC + FC = (0.75 + 1.2) mg/L = 1.95mg/Las Cl,

From the curve, the operating point is identified at Point D that gives a total chlorine residual TC =
1.95 mg/L at Dosep = 5.6 mg/L. Calculate the overall Cl,:NH;-N ratio at Point D.

D 5.6 mg/Las Cl
_ Dosep | _SEmg/LasCh _ 1ol /mg NH;-N

Rp = =
L CNH3-N 0.4 mg/L as NH3—N

6. Summarize the chlorination information.
The chlorination information estimated from the bench test data is summarized below.

Point A Point B Point C Point D
Maximum
Parameter Initial Combined STt Operating
Demand Chlorine reakpol Point
Residual
Dosage (mg/L) as Cl, 1 3 4 5.6
Overall Cl,:NH;-N ratio, mg Cl,/ N/A 7.5 10 14
mg NH;-N
Chlorine residual (mg/L) as Cl,
Combined (CC) 0 2 0.75 0.75
Free (FC) 0 0 0 1.2

Total (TC) 0 2 0.75 1125
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7. Determine the daily chlorine usage and demand.
Calculate the total chlorine usage at the chlorine dosage Dosep, = 5.6 mg/L.

Usage = 5.6 mg/L x 1800 L/s x 86,400 s/d x 10~® kg/mg = 871 kg/d as Cl,

Calculate the total chlorine residual TC at Point D by assuming CC= CCgp = 0.75 mg/L.

TC = CC + FC = (0.75 + 1.2) mg/L = 1.95 mg/L as Cl,

Calculate the overall chlorine demand concentration at Point D.

Cbemand = Dosep — TC = (5.6 — 1.95) mg/L = 3.65 mg/L as Cl,

Calculate the daily overall chlorine demand.

Demand = 3.65 mg/L x 1800 L/s x 86,400 s/d x 10~° kg/mg = 568 kg/d as Cl,

EXAMPLE 11.28: BREAKPOINT CHLORINATION STOICHIOMETRY

Ammonia nitrogen is destroyed at breakpoint chlorination. Determine the stoichiometric weight
ratio of chlorine to ammonia nitrogen at the breakpoint chlorination and the HOCI concentration
required if ammonia nitrogen concentration in the effluent is 1.4 mg/L. Also calculate the dosage
required, and evaluate the alkalinity destruction if gaseous chlorine or NaOCI is used for ammonia
nitrogen removal.

Solution

1. Determine the stoichiometric weight ratio of Cl,:NH;-N.
Apply Equation 11.15c¢ to calculate the stoichiometric weight ratio of CL,:NH;-N for the breakpoint
chlorination.

3HOCI + 2NH; — Nygt+3H0+5H"+3Cl"
3x52.5 as HOCI +
3%70.9 as Cl, 218 as NHy
2x14 as NH;-N

~ 3 mole HOCl 3 x 70.9 g HOCI as available Cl
" 2mole NHf = 2 x 14 gNHjas NH;-N

Rel,NH;-N 2~ 7.6 g Cly/g NH;-N

The stoichiometric weight ratio of Cl;:NHj3-N is ~7.6 for the breakpoint chlorination. In practice,
the actual ratio is 8:1 to 10:1 due to side reactions.
2. Determine the HOCI concentration required for breakpoint chlorination.
Calculate the HOCI concentration required at a total ammonia nitrogen concentration Croal NH,-N =
1.4 mg/L as NH;-N.

CHOC] = RC]ziNHj-N X CTmal NH;-N = 7.6 mg Clz/mg NH;-N x 1.4 mg/L as NH;-N
= 10.6 mg/L as Cl,

3. Determine the chemical dosages.
The required chemical dosages are calculated using the available chlorine information in
Table 11.11. The HOCI concentration required for break point chlorination Cyyoc) = 10.6 mg/L as Cl,.
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a.  Chlorine dosage.
For chlorine (gas), the weight percent available chlorine (Weight % Cl,)c, = 100% or 1 mg
Cl,/mg Cl,.

Choal _ 10.6 mg/L as Cl,

- = 10.6 mg/L as Cl
(Weight % Cl,), 1 mg Cl,/mg Cl, mg/Las Cla

Dosecp, =

b. NaOClI dosage.
For NaOCl (Weight % Cl,)naoci = 95.3% or 0.953 mg Cl,/mg NaOCL

C 10.6 L as Cl
Dosenaoct = ——10g = mg/LasCh_ _ 11.1 mg/L as NaOCl
(Weight % CL)\.0q 0-953 mg Cl,/mg Cl,

4. Evaluate the alkalinity destructions.
The overall reaction for alkalinity destruction is the hydrolysis and breakpoint reactions. The overall
alkalinity destruction is calculated for each reaction.
a. Alkalinity destruction from gaseous chlorine.
A general expression for breakpoint reaction with gaseous chlorine is given by Equation 11.20a.
This equation is developed by combining Equations 11.11a and 11.15c. Calculate the stoichiomet-
ric alkalinity destruction from Equation 11.20a.

3Cl, +2NHj — Nyt +8H'+6CI™ (11.20a)
3x70.9 as Cl, 218 as NHI 8x1 as H*
2x14 as NH3;-N

8 moles of H' are produced when 2 moles of NH; are oxidized by 3 moles of available CL,.
Calculate the weight ratio of H* to NH;-N.

8 mole H' 8§ x lgH"t N
RyNg,-N = = =0.286 g H" /g NH;-N
’ 2 mole NH;-N 2 x 14 g NH;-N

Calculate the weight ratio of alkalinity to NH3-N from eq. wt. of H" = 1 g/eq. wt. and eq. wt. of
CaCO; =50 g/eq. wt.

eq.wt. of CaCOs 9 _ 50g/eq. wt. as CaCO;
eq.wt. of Ht PN N T o jeq. wt. as HY

= 14.3 g alkalinity as CaCO; /g NH3-N

RalNm; N = x 0.286 gH' /g NH;-N

Calculate the alkalinity destruction at Crotal n,-n = 1.4 mg/L as NH;-N.

Alknp,-N = RaikNt;-N X Crotal NH;-N
= 14.3 mg al kalinity as CaCO3;/mg NH3-N x 1.4 mg/L as NH;-N
= 20 mg/L as CaCO;

b. Alkalinity destruction from NaOCI.
Equation 11.20b is developed for breakpoint reaction with NaOCI. This equation is developed
by combining Equations 11.11b and 11.15c. Calculate the stoichiometric alkalinity destruction
from Equation 11.20b.
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3NaOCl ~ +2NH] — Npyt +2H"+3H,0+3Nat +3Cl” (11.20b)
3x74.4 as NaOCl 2%18 as NH* 2x1 as H*
3x709asCh 0 NH;N 2x1 as HT

2 moles of H' are produced when 2 moles of NH are oxidized by 3 moles of NaOCI. Calculate
the weight ratio of H* to NH;-N.
2 mole H* 2x1gH"

RNH, N = = =0.0714 gH" /g NH;-N
HNHN =5 ole NH; N 2 x 14 g NH; N gH' /g NH;

Calculate the weight ratio of alkalinity to NH;-N.

50 g/eq. wt. as CaCOs

1 g/eq. wt. as H
= 3.57 g alkalinity as CaCOs/g NH3-N

RalkNH;-N = x 0.0714 gH' /g NH;-N

Calculate the alkalinity destruction at Cro1 nu,-~ = 1.4 mg/L as NH;-N.

Alknp,-N = RalieNH;-N X Crotal NH;-N
= 3.57 mg alkalinity as CaCO3;/mg NH;-N X 1.4 mg/L as NH3-N
= 5.0 mg/L as CaCOs

c. Comment on alkalinity destruction by breakpoint chlorination.
The alkalinity destruction from gaseous chlorine is 20 mg/L as CaCO;. The alkalinity destruc-
tion from NaOCl is 5 mg/L as CaCOs3. The alkalinity destruction with gaseous Cl, is significantly
larger than that from NaOCL.

EXAMPLE 11.29: INCREASE IN TDS AND ALKALINITY FROM
BREAKPOINT CHLORINATION

A small biological wastewater treatment facility is designed to provide well-nitrified effluent. The ammo-
nia nitrogen limit is 1 mg/L. During peak sustained flow conditions, the effluent ammonia nitrogen con-
centration exceeds the limit. Breakpoint chlorination is proposed to control the nitrogen. Estimate the
required chlorine dose and daily feed rate to reduce the NH,-N concentration from a maximum of 6
mg/L to the required limit. Also calculate the alkalinity destruction as mg/L CaCO; and kg/d, and
increase in TDS concentration if lime (CaO) is used to neutralize the acid formed. Assume the stoichio-
metric weight ratio of 7.6 mg Cl,/mg NH;-N applied. The peak sustained flow is three times the average
design flow of 4000 m?/d.

Solution
1. Determine the maximum Cl, requirements for ammonia destruction.
Calculate the maximum HOCI concentration required at Rep.nu, .~ = 7.6 g Clo/g NH3-N.
Cuocl = Rezng, -~ X (6 — 1) mg/L as NH3-N = 7.6 mg Cl,/mg NH3-N x 5 mg/L as NH3-N
= 38 mg/L as Cl,
Since the weight percent available chlorine (Weight % Cl,)c;, = 100%, the gaseous chlorine dosage

Dosecj, = Croc1 = 38 mg/L or 38 g/ m?> as CL,. Calculate the maximum daily chlorine feed rate at the
design flow Q = 4000 m?/d and a peaking factor PF= 3.

wci, = Dosec, PF Q = 38 g/m3 as Cl, x 3 x 4000 m*®/d x 1073 kg/g = 456 kg/d as Cl,
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2. Determine the alkalinity destruction from ammonia oxidation.
A weight ratio of alkalinity to NH3-N, Rajeng,-n = 14.3 mg alkalinity as CaCO5;/mg NH3-N for
removal of ammonia nitrogen from gaseous chlorine (Example 11.28, Step 4.a). Calculate the alkalinity
destruction from ammonia removal.

AlkNH3_N = RA]k:NH;-N X (6 — 1) mg/L as NH3-N
= 14.3 mg alkalinity as CaCO3/mg NH3-N x 5 mg/L as NH;-N
= 71.5 mg/L as CaCO;

Calculate the maximum daily amount of alkalinity destruction from ammonia removal.
walk = AlkcpPF Q = 71.5g/m® as CaCO; x 3 x 4000 m®/d x 107> kg/g = 858 kg/d as CaCO;

Note: The destruction of alkalinity is significant, so effluent neutralization is required to produce
stable effluent.
3. Determine the buildup of TDS concentration from ammonia removal followed by effluent
neutralization.
An TDS increase rate Rrpsnm,n=12.2mg TDS/mg NH;-N destroyed is obtained from
Table 11.14, if CaO is used for neutralization of acid produced.

TDSNu,-N = Rrpsnmy-N X (6 — 1) mg/L as NH3-N = 12.2 mg TDS/mg NH3-N x 5 mg/L as NH3-N
= 61 mg/L as TDS

11.6.3 Components of Chlorination System

A chlorination system for efficient disinfection of wastewater effluent consists of four major components:
(1) chlorine supply, storage and safety, (2) chlorine feed and application, (3) control systems, and (4) mix-
ing and contact. These components are described below.

Chlorine Supply, Storage and Safety: For small- to medium-sized treatment facilities, the chlorine gas
is typically supplied in pressure vessels that can be 45 and 70 kg (100 and 150 1b) cylinders, and 900 kg
(1-ton) containers. The tank trucks with capacities between 13,600 and 20,000 kg (15 and 22 tons) are
the most common method for bulk supplies to stationary storage tanks at medium to large plants. Rail
cars with typical capacity in a range from 50,000 to 81,000 kg (55 to 90 tons) may also be transported
via railroad to the site and parked near the application point at large facilities.

The chlorine supply and storage facilities should have scales, pipe headers, pressure gauges, pressure
reducing valves, pressure relief valves, excess-flow valves, liquid chlorine expansion chambers, high-
and low-pressure indicating switches with alarm, and shut-off valves.

Chlorine storage and chlorinator equipment must be housed in a separate building with adequate
exhaust ventilation and leak detection device. Chlorine gas is heavier than the air. Therefore, the leak
detection device should be at a maximum height of 0.3 m (1 ft) above the floor level. The facility
should have temperature control and protections from fire hazards, containers from direct sunlight
and equipped with appropriate emergency kit. Forced air mechanical ventilation fan should be 0.3
m (1 ft) below the ceiling (maximum), and the fan control should be located outside the room
entrance. Personal protection equipment (PPE), including adequate type of self-contained breathing
apparatus (SCBA) should be located outside chlorination buildings. The facilities should also meet
the risk-based performance standards. Chlorine-handling equipment and safety procedures are cov-
ered in References 42, 48, 49, 51 through 54, and 85 through 91. All chlorination systems should
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conform to the standards of the Chlorine Institute (see References 85 through 90 for important guid-
ance materials).

Chlorine Feed and Application: The chlorine feed and application system consists of three main pro-
cess areas: (1) chlorine feed, (2) rate control, and (3) application. Brief descriptions about the major com-
ponents in these three areas are provided in Table 11.15,*>*88587.8890
Control Systems: Chlorine feed can be controlled either manually or automatically. Manual control

may be used by operators during startup and shutdown, and in situations of almost constant flow and

TABLE 11.15 Major Components of Chlorine Feed and Application Systems

Component Description

Chlorine feed

Chlorine Cylinders are stored and used in upright position for gas withdrawal only. Containers are placed

withdrawal horizontally and two outlet valves must be aligned in vertical position for gas withdraw from top valve and
liquid withdraw from the bottom valve. For gas withdraw, the ambient temperature should be maintained
between 15°C and 20°C (60°F and 68°F). The maximum continuous gas withdraw rates are up to 19 kg/d
(421b/d) from a 150-Ib cylinder and 180 kg/d (4001b/d) from a ton container. A manifold system with
multiple ton containers can provide a chlorine gas withdrawal rate in a range of 180—700 kg/d (400—1500
1b/d). If the desired withdrawal rate is >700 kg/d (1500 Ib/d), liquid withdraw with evaporator should be
used. The maximum liquid withdraw rate is usually set at 4000 kg/d (9000 Ib/d) for ton containers. Use of
stationary storage tanks is more convenient for the facilities where the continuous withdrawal rates are
>1200—1800 kg/d (2500—4000 Ib/d).

Evaporator ~ The typical evaporator capacity ranges from 180 to 4500 kg/d (400 to 10,000 Ib/d). A hot water bath, jacket, or
kettle is typically used to provide heat of vaporization. The hot water can be supplied by (1) an external heat
exchanger, (2) an electrical heater, or (3) direct steam injection. Proper pressure relief systems, including an
expansion chamber on liquid side and rupture disc on gas side are essential for preventing piping from
damages. An automatic shut-off valve on the evaporator outlet should close instantaneously when abnormal
operating conditions occur in the evaporator. This is necessary to prevent the liquid chlorine from entering
the vacuum regulator or chlorinator. Cathodic protection and effective insulation are also essential.

Vacuum For vacuum-operated feed rate controllers, a vacuum regulator is required. It reduces the chlorine gas from

regulator pressure to vacuum and allows the gas to flow through the device only if a vacuum condition is presented on
the outlet side. It prevents pressured gas entering the controller. A drip leg with heater is usually required at
the inlet of the device to prevent recondensed liquid chlorine from entering the vacuum regulator.

Automatic ~ When multiple pressure vessels are manifolded in banks, an automatic switchover (or changeover) device is

switchover used to transfer the gas supply from the bank of empty vessels to the bank in full. The switchover system is
of two types: vacuum and pressure. The automatic switchover is essential for unattended chlorination
facilities.
Rate control The feed rate can be controlled by (a) a simple manually adjusted rotameter or (b) a complex automatic

chlorinator. The chlorinator receives chlorine gas from the storage container or evaporator and regulates
the flow to the ejector. They work either under pressure or vacuum. The pressure-operated chlorinators
provide chlorine gas to the application point directly. The vacuum-operated chlorinators control the
chlorine feed flow rate by either (a) maintaining a constant vacuum differential or (b) achieving a sonic
flow. They may also be installed in forms of wall panels or floor cabinets. The capacity categories of
chlorinators cover a wide range from 45 to 4500 kg/d (100 to 10,0001b/d). A typical remote vacuum
chlorinator consists of an inlet pressure-reducing valve, a rotameter, a variable orifice, and a vacuum
differential regulating valve.

Application The application system consists of the following major components: (1) the operating water supply, (2) an
injector (or ejector), (3) a pressure or vacuum chlorine gas line from the chlorinator, (4) a solution
discharge line, and (5) a diffuser at the application point with a static, mechanical or hydraulic mixing
device. The injectors are of two types: (a) pressure feed and (b) vacuum feed. The pressure injector poses
the risk of gas escaping. In a vacuum feed injector, a vacuum is created by running pressurized water to
draw chlorine gas from the supply source to the injector. The chlorine is mixed with water and is carried to
the point of application as a solution of HOCIL.

Source: Adapted in part from References 42, 48, 85, 87, 88, and 90.
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demand. Automatic feed control is required under unattended situations with varying flows and
demands. The automatic control system consists of (1) chlorine residual analyzer, (2) flow measure-
ment device (meter or flume), (3) control system with programmable logic controller (PLC) to receive
both flow and chlorine residual signals, (4) chlorinator with automatic chlorine feed function, and
(5) compatible chlorine injection system. Two basic modes used for automatic chlorine feed control
are (1) residual control and (2) flow pacing. The automatic residual control mode uses closed-loop con-
trol with a feedback element. It is more suitable for maintaining adequate residual under slow flow
change conditions. On the other hand, the flow pacing control mode is an open- or single-loop control
since no feedback is involved in the control system. It is capable of providing disinfection with rapid
changes in flow rate. A compound-loop-control-based automatic chlorine feed control strategy is also
available. This technique can be integrated with these two basic modes for maintaining a relatively
constant chlorine residual near the preset value with both variable flow and demand. The details of
control loops are presented in Section 14.5.*>*> Alarms also serve as essential functions for automatic
control system for timely response for safety and emergency situations. These situations may include
high and low pressures in storage vessels, low quantity (or weight) in on-line vessels, chlorine leaks,
high and low injector vacuum, high and low temperatures of evaporator water bath, low pressure of
utility water supply, and high and low chlorine residuals.

Mixing and Contact: Adequate mixing of chlorine solution into effluent followed by a desired contact
time in a basin is essential for effective disinfection. The chlorine solution may be mixed by (1) mechanical
means, (2) baffle arrangement, or (3) hydraulic jump created by a downstream weir, venturi flume, or Par-
shall flume. To satisfy the mixing requirement, a velocity gradient G above 500 s~ is essential. The velocity
gradient may be calculated from Equation 9.30c.*>*>** Many examples for the determination of G from
turbulence created by mixer, weir outfall, hydraulic jump, nozzle jet, baftled flocculators, and pneumatic
mixer are discussed in Sections 9.5.5 and 9.5.6. Examples 9.32 through 9.35, 9.40 through 9.44, 11.32, and
11.33 cover the numerical aspects.

The purpose of the chlorine contact basin is to provide sufficient reaction time for chlorine to
contact and reduce the number of living organisms to an acceptable level. The contact time may
range from 15 to 30 min; and at least 15 min is typically required at peak design flow. The design
objectives are to (1) minimize short circuiting and dead spaces, (2) maximize mixing for better con-
tact, and (3) reduce solids settling in the basin. Chlorination improves the settling characteristics of
the solids. These solids, if settled in the contact tank will exert chlorine demand. Anaerobic condi-
tion may also develop in the blanket and gasses may rise and carry the solids in the effluent. In a
typical chlorine contact basin, there are normally two to four passes separated by longitudinal baftles
connected by around-the-end turns. Such designs simulate a long narrow channel with a length-to-
width ratio > 20:1, and a depth-to-width ratio < 1:1. A near- plug-flow regime is achieved in the
channel.*?

Chlorine Dosages: Proper chlorine dosage is essential for desired disinfection. The dosage is usually
estimated from (a) initial chlorine demand, (b) chlorine decay during contact period, and (c) the required
chlorine residual. Examples 11.35, 11.37, and 11.38 give the procedure for obtaining the desired chlorine
dosage. As discussed previously in Section 11.6.2, an initial chlorine demand is typically required
depending upon the organic and inorganic constituents in the effluent. A chlorine decay of 1-4 mg/L
is normally expected when the contact time is in a range of 30-60 min. The chlorine residual required
to achieve the desired effluent disinfection standards can be estimated from the disinfection inactivation
kinetics (Section 11.5.2), and chlorine dosage required for desired disinfection is presented in Example
11.35. Typical dosages for disinfection of effluents from different processes are summarized in
Table 11724485334

Hypochlorination with Sodium Hypochlorite: Transportation, storage, and handling of liquid chlo-
rine are associated with potential hazards. For this reason, hypochloration process using sodium hypo-
chlorite (NaOCI) solution is used at many treatment plants in urban areas. Hypochlorination, however,
is more expensive, high corrosive, and less stable in storage.
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The most commonly used sodium hypochlorite solutions are in a range of 8-16 trade percent as
available chlorine. It is commercially available in 200-L (55-gal) drums or 1100-L (300-gal) totes for indus-
trial or small municipal applications. Large quantity is normally delivered by bulk tank trucks from 4 to
100 m (1000 to 30,000 gal). The HOCI solution is stored in vertical or horizontal cylindrical tanks on the
application sites. The storage tank is to have a volume at least 120% of the expected delivery truck capacity.
The common construction materials for tank are rubber-line steel, fiberglass, or high density polyethylene
(HDPE). An ORP probe is typically required to monitor the chemical decay in the tanks if high strength
HOCl is stored. Commercial solution can be applied without further dilution. The HOCI solution may be
withdrawn from the tank by (a) pumps, (b) gravity if the storage tanks are elevated, or (c) vacuum created
by an educator system.

EXAMPLE 11.30: DESIGN OF A CHLORINATION FACILITY

Determine the capacities of chlorine feed and storage systems. The design data are given below. Peak 2-h
and daily average design flows are 25,000 and 8000 m>/d, respectively. The design maximum and average
chlorine dosages are 12 and 5 mg/L, respectively. The chlorination feed equipment shall be capable of
(a) delivering 1.25 times the maximum dosage under peak 2-h flow and (b) controlling separately the
chlorine feed rate to maintain a chlorine residual >1 mg/L in each of two chlorine contact basins
operated in parallel. The chlorine storage system shall provide a minimum of 15-day storage at 1.25 times
the average dosage under average flow condition. The sustained low temperature in the chlorine feed
room is 18°C. Verify the minimum turndown ratio required at the minimum flow of 5000 m*/d. Also
estimate the injector water flow rate.

Solution

1. Determine the capacity of chlorine feed system.
The chlorine feed equipment is sized to meet the chlorine feed rate required at the maximum dosage
at peak 2-hr flow.
a. Determine the maximum chlorine feed rate.

Winax = D0SemaxSF Qanpr = 12 g/m’ x 1.25 x 25,000 m*/d x 10~ kg/g = 375 kg/d as Cl,

The maximum chlorine feed rate is much higher than the typical maximum continuous gas
withdraw rate of 180 kg/d (400 1b/d) from a single ton container. A manifold system with multiple
containers is therefore required.

b. Determine the maximum chlorine withdrawal rate.

The maximum continuous gas withdraw rate (WR,,,,) from a vessel (cylinder or container) can

be estimated from Equation 11.21.%%

WRupax = (T_ Tth)WFmax (1121)
where

WRnax = maximum continuous gas withdraw rate from a vessel, kg/d (Ib/d)

T = sustained low operating temperature, °C (°F)

Tt = threshold temperature for gas withdraw, °C (°F). For chlorine gas withdraw, the typ-

ical values are —17.8°C (0°F) for vessel mounted vacuum regulator, and —12.2°C
(10°F) for manifold system at 10-15 psig pressure, respectively.

WF = maximum continuous gas withdraw factor, kg/d/°C (Ib/d/°F). For chlorine gas with-
draw, the typical ranges are 0.8-1.2 kg/d-°C (1-1.5 Ib/d-°F) for a 150-Ib cylinder, and
5-6.5 kg/d-°C (6-8 Ib/d-°F) for a ton container.
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Assume a conservative design value WF = 5 kg/d-°C for ton container. Calculate the WR .«
from Equation 11.21 for a manifold system at Ty, = —12.2°C and T = 15°C.
WRpmax =(T — Tth) WFax = (18 — (—12.2))°C x 5kg/d/°C=151kg/d ~ 150kg/d per container
c. Determine the number of containers required in service.

Wmax 375 kg/d

= = 2.5 containers & 3 containers
WRmax 150 kg/d/container

Nyessel =

Provide two banks of containers for chlorine feed. Connect three containers to the manifold in
each bank to prevent the maximum chlorine feed rate. The following components are needed in
the manifold from each bank: (a) drip leg with heater, (b) a gas filter, (c) a pressure reducing valve
(PRV), and (d) a vacuum regulator. A triple-container electronic scale with heavy-duty structure,
trunnions for securing vessel, single load cell design, and digital LCD indicator are needed to mon-
itor the total weigh of containers in each bank. An automatic vacuum switchover module is used to
switch the operation from the empty to full bank.

d. Determine the capacity of chlorinators.

Provide three vacuum-operated chlorinators with identical capacity. Under the peak flow con-
dition, two chlorinators will meet the peak demand, and the third unit will be a standby unit. This
unit may also be used for miscellaneous applications. Each designated chlorinator will deliver the
required amount of chlorine gas to the injector where the chlorine solution is prepared. The sol-
ution is transported to the point of application and then dispersed by a diffuser in the channel
prior to a contact basin.

Assume that the peak flow is evenly split between two chlorine contact basins. Calculate the
chlorine feed rate required for each chlorinator in service.

Wmax _ 375 kg/ d
Nehlorinator 2 chlorinators

= 187.5 kg/d

Wehlorinator =

design
chlorinator
diagram of the chlorine feed system is shown in Figure 11.12.

Provide two chlorinators each having a capacity of w =200 kg/d. A conceptual process
e. Determine the minimum turndown ratio requirement.
Calculate the minimum chlorine feed rate at the minimum flow of 5000 m>/d using the average
dosage of 5 mg/L. To be conservative, assume both contact basins in service.

. DoseyygQmin 5 g/m® x 5000 m*/d x 1072 kg/g
min g
Wehlorinator Nehlorinator 2 chlorinators g/das Cl;

Calculate the minimum turndown ratio requirement when both chlorinators are in use.

design
Riurnd — chlorinator — 200 kg/d —16
e ng?lrfl)rinator 12.5 kg/d

A maximum turndown ratio of 20:1 is typical for most chlorinators. Around this ratio, accurate
control of chlorine feed rate under low flow condition is achieved at this facility. A maximum turn-
down ratio up to 100:1 is also commercially available in some newer models.

f.  Estimate the injector utility water flow rate.

Provide three injectors, one for each chlorinator. Assume that the chlorine solution is prepared

at a concentration Sc, = 2000 mg/L at the design feed rate capacity of wiSE 200 kg/d.

chlorinator
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FIGURE 11.12 Conceptual process diagram of chlorine storage and feed systems (Example 11.30).

Estimate the water flow rate.

Wi o 200 kg/d

chlorinator

Sc  2kg/m?

1d

x 10° L/m3 X ————
1440 min

Qinjector = ~ 70 L/mln

A minimum utility water flow of 210 L/min may be required when all three injectors are used.
Equipment manufacturers provide detailed information that can be used for injector sizing based
on the chlorine feed rate, outlet back pressure, and injector nozzle/throat sizes.

2. Determine the storage requirement.
The chlorine storage system is sized to provide a minimum of 15-day storage. This storage does not
include the containers connected to the bank in the standby position of the manifold system.
a. Determine the average chlorine feed rate.

Wavg = Doseqyg SF Quvg = 5 g/m’ x 1.25 x 8000 m’/d x 107> kg/g = 50 kg/d as Cl,

b. Determine the chlorine quantity required for a 15-d storage.
Wstorage = Tstorage Wavg = 15d x 50 kg/d =750 kg as Cl,

c. Determine the number of ton containers in storage.

One ton container contains ~900 kg liquid chlorine. Therefore, one container is theoretically
sufficient to meet the storage requirement under average flow condition. Three containers are
attached to each chlorinator with an automatic vacuum switchover system. All three containers
from an empty bank should be replaced at the same time. Therefore, provide a storage space
for three ton containers in the chlorine storage facility. A conceptual arrangement in storage
area is also shown in Figure 11.12.
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EXAMPLE 11.31: SIZING OF CHLORINE CONTACT BASIN

Two contact basins are provided for disinfection of secondary effluent at a wastewater treatment plant.
The peak 2-h and average design flows are 0.66 and 0.22 m>/s. The design contact time at peak design
flow is 20 min. Determine the dimensions of a chlorine contact basin, and the influent and effluent

structures.

Solution

1. Determine the contact basin configuration and dimensions.

a.

Describe the selected contact basin configuration and total volume requirement.

Provide two identical and adjacent contact chambers. Each chamber shall have three passes
around-the-end-baffled flow arrangement. A definition sketch of the chamber configuration is
shown in Figure 11.13a.

Calculate the total volume required in both contact basins.

Viotal = Qanpf Ocontact = 0.66 m? /s x 20 min x 60 s/min = 792 m’

Vi 792 m?
total _ m —396m
Npasin 2 basins

3

Volume required in each contact basin, V =

Determine the contact basin dimensions.
Provide a design water depth H =2 m and calculate the surface area required in each contact
basin.

V396 m’

== =198 m?
H 2m

Provide a channel width w = 2.5 m, a total length L., = 84 m in three passes, and a length of
basin L = 28 m. The major dimensions of the contact basins are shown in Figure 11.13b.
Verify the ratios and contact time requirements.

L 84
Overall length-to-width ratio, L/w Ratio =~ — % =33.6>20
om
H 2m
Depth-to-width ratio, H/w Ratio=—=——=0.8 <1
w 25m

Actual volume of two contact basins, Vigal = Npsin Liotal HW = 2 X 84 m X 2mx
2.5m = 840 m’
Compute the actual contact time when both basins are in operation at the peak design flow.

Vtotal _ 840 m3
Qanpr  0.66 m?/s x 60s/min

econtact = = 21min > 20min

2. Determine the arrangement of the influent structure.

a.

Describe the selected influent structure and components.

The secondary treated effluent is brought from the final clarifiers to the contact basins by a 1-m
diameter pipe. The influent structure consists of (a) a 1.5 m x 1 m junction box, (b) a 1-m wide
rectangular influent channel to carry the effluent to a contact basin after the flow split, and (c)
a submerged 0.6 m x 0.6 m square orifice to feed the effluent into each basin. A sluice gate is pro-
vided over the opening to isolate one chamber from service for maintenance during the low flow
period. Set the bottom of the junction box at 0.5 m below the basin bottom. The floor of the
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FIGURE 11.13 Design details of chlorine contact basins: (a) conceptual layout, (b) plan, (c) Section AA, and
(d) Section BB (Example 11.31).

influent channel is 1 m above the bottom of the basin. A perforated diffuser is provided to apply
the chlorine solution in the junction box before the flow splits into the influent channel. The design
procedure of a perforated diffuser to provide energy for achieving a desired velocity gradient is
given in Example 11.32. The design details of the influent structure are shown in Figure 11.13b

and c.
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b. Determine the head loss through the sluice gates.
The flow to each contact basin after an even flow split is Qpasin-

Qanpt _0.66 m?/s
Noasin 2 basin

Qbasin = = 0.33 m®/s per basin

The head loss across the gate at the peak design flow is calculated from orifice equation in Equa-
tion 7.4a. Assume Cq = 0.6.

1 (Qoasin) 1 0.33 m’/s 2
hgate =5 = 7 X 5 = 0.12 m
29\ CiA ) ~2x981m/s2 " \0.6 x (0.6 x 0.6) m

Therefore, the water surface elevation in the influent channel is 0.12 m higher than that in the
contact basins at the peak design flow.
3. Determine the arrangement of the effluent structure.
a. The effluent structure consists of (a) a rectangular weir for each basin, (b) a common effluent
box, and (c) an exit channel with a Parshall flume. A standard Parshall flume with throat width
of 1.5 ft (~0.45 m) is selected to measure the flow of chlorinated effluent and to provide a tur-
bulent flow zone for mixing the chemicals. Sulfur dioxide is added in the mixing zone of the
flume to dechlorinate the effluent. The dimensions of selected standard Parshall flume are
given in Table C.3 in Appendix C. The design information about a Parshall flume and dech-
lorination facility are covered in Examples 9.38 and Section 11.7, respectively. The design
details of the effluent structure are shown in Figure 11.13b and d.
b. Determine the head over the effluent weirs.
Calculated the head over the weir hy.;, from Equation 8.10 at Qpasin = 0.33 m’/s, Cq = 0.6,
Lyeir =w=2.5m, and n=0.

L/ = Lweir —0.1nH = Lweir =25m

2/3
I _<§Xﬂ)m_ 3 088 e s =0.18m
T2 T Gllvzg 2 0.6 x2.5m x /2 x 9.81 m/s?

Head over the effluent weir A,;; = 0.18 m at the peak design flow. The weir crest elevation will
be 0.18 m below the design water surface in the basin. The weir crest height is 1.82 m above the
bottom of the basin. The bottom of the common effluent box is set 0.5 m above the basin bottom,
and the design water depth in the common effluent box is 1 m. Thus, a free fall of 0.32 m down-
stream of the weir is created at the design peak flow. The floor of eftluent channel is same as that of
the common effluent box (Figure 11.13c).

EXAMPLE 11.32: VELOCITY GRADIENT EXERTED BY PERFORATED
DIFFUSER

In Example 11.31, a perforated diffuser is provided for feeding chlorine solution in the junction box before
the flow is split into influent channels. Estimate the diameter and number of orifices required on the
diffuser to achieve G=500s""
360 L/min.

at a sustained low temperature of 15°C and chlorine solution flow of
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Solution

1. Determine the mixing energy requirements.
The chlorine injection and mixing zone (D,op.) is near the floor of influent junction box (see
Figure 11.13). The depth of D,,n. = 1.5 m. The volume in the mixing zone (V,one)

Vyone = AboxDsone = 1.5m X 1 m x 1.5 m = 2.25 m®
Calculate the mixing time at peak 2-hr flow of 0.66 m?/s.

Vione  2.25 m? _
Qanpt " 0.66 m3/s a

020“5 -

3.4s

Typically adequate mixing of chlorine in the effluent is achieved within 2—15 s in the mixing zone.
At 15°C,u = 1.139 x 107> N-s/m? is obtain from Table B.2 in Appendix B. The mixing water power
imported in the junction box is calculate from Equation 9.27 at G=500s"".

Pyater = p VG* = 1.139 x 1073 N-s/m? x 2.25 m® x (500 s !)? = 640 N-m/s

Assume the mixing efficiency of the diffuser is 50% of the hydraulic mixing power imported by the
diffuser (Pdiﬂ'user)-

Pwater

640 N-m/s
Paiffuser = x 100% — 240 N-m/s

x 100% = 1280 N-m/s or 1280 kg-m?/s>
diffuser 50%

2. Size the orifices.
Rearrange Equation 9.30a and calculate the water head loss needed through the orifices from the
discharge of chlorine solution g =360 L/min=6L/s=0.006m’/s, and p=999.1kg/m’ from
Table B.2 in Appendix B. Ignore the mixing energy delivered by the influent.

Puifruser _ 1280 kg~m2/s3 _
pgq  999.1 kg/m3 x 9.81 m/s? x 0.006 m3/s

horiﬁce = 22 m

Rearrange Equation 7.4a and calculate the total orifice area required at C4 = 0.6.

1 q L 0.006 m®/s 0.00048 m
— —_ = 0. m
Ca/2ghorifice 06 /2 x9.81 m/s? x 22 m
0.006 m’
Velocity through the orifices, v = g _ 0006 m/s =12.5m/s

A~ 0.00048 m?

High velocity through the orifices creates turbulence in the junction box for mixing the chlorine
solution with the effluent. Select the orifice diameter of dyice = 0.006 m (~1/4 in) in the perforated
diffuser. Calculate the area of each orifice and total number.

Avsificee = Z(dormce)z = 2(0.006 m)?= 0.000028 m? per orifice

A 0.00048 m?

= = 17 orifices
Noriﬁce 0.000028 mz/hole 1

The number of orifices, Nyyifice =

Provide a perforated diffuser with 16 orifices. The calculated results shall be validated with the dif-
fuser performance based on the technical data obtained from the equipment manufacturer.
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EXAMPLE 11.33: SELECT PUMP FOR MIXING CHLORINE SOLUTION BY
JET NOZZLE

A jet mixing nozzle is use to feed chlorine solution into a 50-ft> mixing well prior to chlorine contact
basins. The mixing intensity from the nozzle is such that a G of 600s™" is developed in the mixing
well. Calculate (a) the mixing power output of the injector at a 60% efficiency and (b) the pump discharge
pressure required at a solution pumping rate of 60 gpm. Assume the wastewater temperature is 60°F and

the head loss in the pump discharge piping is 7 ft.

Solution

1. Calculate the mixing power output of the jet nozzle.
At 60°F, 1 = 2.36 x 1077 Ib-s/ft* is obtain from Table B.3 in Appendix B.
Calculate the power requirement in the mixing well from Equation 9.27 at G =600s"".

Puater = p V. G* = 2.36 x 107° Ib-s/ft? x 50 ft> x (600 s~ 1)* = 425 Ib-ft/s
Calculate the power required from a single nozzle at an efficiency of 60%.

Pyater 425 Ib-ft
ster o 100% = 22108 0004 — 708 Ib-ft/s

nozzle %

Phozie =
2. Calculate the required discharge pressure of the pump.

1ft3 1 min
X

=0.134 ft’ fi
7.48 gal 60 /s (or cfs)

Pumpflow,Q = 60 gpm x

At 60°F, the approximate water density y = 62.41b/ft> is obtain from Table B.3 in Appendix B.
Rearrange Equation 9.30a and calculate the head loss through the nozzle to provide the required energy
for mixing.

P, 708 1b-ft/s

Boogde = — = =847 ft
= yQ ~ 62.41b/ft> x 0.134 f3/s

Calculate the total head loss in the pump discharge pipings and nozzle.

hdischarge = hpiping + Mnozzle = (7 + 84.7) ft =91.7 ft

Convert the pump discharge head to pressure.

2

1ft . .
Pdischarge = Vhdischarge =624 lb/ﬁ3 x 91.7 ft x m =39.7 psi~ 40 pst

Note: See also Examples 9.32 through 9.35 and 9.40 through 9.44 for additional information on cal-
culating the velocity gradients from different mixing devices.

EXAMPLE 11.34: DISPERSION NUMBER OF A CHLORINE CONTACT BASIN

A chlorine contact basin is designed for a contact time of 30 min at a design peak flow of 6000 m®/d. The
dimensions of basin as initially proposed are: width w = 1.5 m and water depth H = 3.0 m. Validate if the
required dispersion number is below the desired value of 0.015 at the operating temperature of 20°C.
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Solution
1. Determine the horizontal velocity and length of the contact basin.
Q 6000 m?/d d

Horizontal velocity, v = — = x = 0.0154 m/s
Hw 3mx15m 86,400s

60 s
Length of contact basin, Liptal = Ocontact? = 30 min x 0.0154 m/s x — = 27.7 m
min

Verify the ratios with the desired values.

IL; 27.7
Overall length-to-width ratio, L/w Ratio = —total 0 185 <20
w 1.5m
H 3m
Depth-to-width ratio, H/w Ratio=—=——=2>1
w 15m

Both ratios are not meeting the typical guidance used in designing chlorine contact basins.
2. Select the equation for calculating the coefficient of dispersion.
The coefficient of dispersion is calculated from Equation 11.22.

D = 1.01uNp*” (11.22a)
4 vR

Ng = - (11.22b)
v

where

D = coefficient of dispersion, m*/s

v = kinematic viscosity, m®/s

Ng = Reynolds number

v =velocity in the channel, m/s

R =hydraulic mean radius (R = area/wetted perimeter), m

3. Determine the coefficient of dispersion.

_ Hw _ 3mx 1.5m
" 2H+w 2x3m+15m

R = 0.6 m

Obtain v=1.003 x 10 °m?/s at 20°C from Table B.2 in Appendix B. Calculate Ny from
Equation 11.22a.

 4x0.0154 m/s x 0.6 m
™ 771,003 x 106 m?/s

= 36,800

Calculate D from Equation 11.22b.
D = 1.01 x 1.003 x 10~° m?/s x (36800)*%”° = 0.0100 m?/s

4. Determine the dispersion number.
The dispersion number is calculated from Equation 3.41.

D 0.0100 m?/s
VLiotar  0.0154 m/s x 27.7 m
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The required dispersion number for chlorine contact basin at design peak flow is 0.015 or less. The
calculated value of the dispersion number is 0.023, which exceeds the required value. The length-to-
width and depth-to-width ratios are also out of the desired ranges. Therefore, an alternate design
must be evaluated. Change the basin dimensions: w=1.75m, H= 1.6 m, and L, = 44.6 m while
maintaining the same design contact time of 30 min. Recalculate the dispersion number as well as
the ratios. Follow the procedure presented in Steps 1, 3, and 4. The recalculated results are: d =
0.0142 (< 0.015), L/w = 25.5 (> 20), and H/w = 0.91 (<1). The alternative design meets the typical
design criteria as well as the required dispersion number.

EXAMPLE 11.35: CHLORINE DOSE FOR DISINFECTION OF FILTERED
SECONDARY EFFLUENT

A filtered secondary effluent is disinfected by chlorine. The total coliform count before disinfection is 10°
MPN/100 mL. The required summer and winter effluent total coliform counts are 23 and 240 MPN/100
mL, respectively. The initial chlorine demand of the effluent is 3.5 mg/L, and the demand due to decay in
the contact basin is 2 mg/L after a required chlorine contact time of 40 min. Estimate the chlorine dose
needed to disinfect the effluent. Assume that the shoulder effect exists.

Solution
1. State the applicable inactivation kinetic equation. cA-"
Apply Collins-Selleck equation (Equation 11.5¢). N = Ny <?> for Ct > b. Use the typical values

of coefficients n=3 and b=4 for total coliforms (see Example 11.12 for determination of these
coefficients).
2. Estimate the chlorine residual required during summer (Csymmer)-
Rearrange Equation 11.5¢ and calculate Cgymmer-

1 1
b (N, 7 4 23\ 3
Csummer = ? (%Ome) = E X (W) =35 mg/L

3. Estimate the chlorine residual required during winter (Cyinter)-

1

b Nwimer _E 4 240 -
Critiiee == =— X\ =1.6 L
winter = < No 40 " \ 105 mg/

W —

4. Estimate the required chlorine dosages.
Dosesymmer = Demand + Decay + Coqymmer = (3.5 + 2 + 3.5) mg/L = 9 mg/L

Doseyinter = Demand + Decay + Cyinter = (3.5 + 2 + 1.6) mg/L = 7.1 mg/L

Note: Since the empirical constant b is a threshold constant, inactivation occurs during both
summer and winter as long as it is significantly greater than b, and the Collins-Selleck equation
is applicable. A contact time of 40 min applied in this example gives conservative chlorine
dosages. A shorter contact time may be used if truly plug-flow condition can be achieved in the con-
tact tank.
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11.6.4 Other Beneficial Applications of Chlorine

Chlorine being a strong oxidant is used for many other beneficial applications. Among these are (a) control
of sludge bulking, (b) odor control, (c) control of biological growth, (d) prevention of wastewater
decomposition, (e) removal of organics, and (f) removal of inorganics. Each application is briefly
described below.

Control of Sludge Bulking: Poor sludge settling or sludge bulking is a physical phenomenon caused by
excessive growth of filamentous bacteria. These organisms are largely dispersed in the liquid, and therefore
are more easily attacked by chlorine than are the healthy floc farming organisms that are protected within
the floc structures. The disinfectant is typically applied into the return activated sludge (RAS). An average
chlorine dose is 5—6 mg/L based on RAS flow, or daily feed rate of 0.4—0.7% by weight of VSS.”* Also,
biomass exposure to chlorine on the average should be no longer than 6—8 h during the bulking period.””*

Odor Control: Offensive odors in wastewater systems are mainly caused by hydrogen sulfide (H,S).
Chlorine is used to destroy H,S and inhibit growth of bacteria for effective odor control. Oxidation of
H,S by chlorine is a complex process. The factors affecting the process include pH, alkalinity, temperature,
and the ratio of chlorine to sulfide.”” The end products are a mixture of sulfate and sulfur. The generalized
oxidation reactions of chlorine compounds with H,S are given by Equations 11.23a through 11.23f.

4HOCl+ H,S+ 6 OH™ — SO;” +4 Cl™ + 6 H,0 (11.23a)
HOCl 4 H,S +OH™ — S | + ClI” +2 H,0 (11.23b)
4Cly + H,S + 10 OH™ — SO?™ 4+ 8 Cl™ + 6 H,0 (11.23¢)
Ch+H,S+20H  — S| +2Cl” +2 H,0 (11.23d)
4 NaOCl + H,S +2 OH™ — SO} +4 Na' +4 Cl” +2 H,0 (11.23e)
NaOCl + H,S — S | + Nat + CI™ +H,0 (11.23f)

For odor control, chlorine can be fed directly into the wastewater, or used through a wet-air scrubber.
Thorough assessment of chlorine dosage must be made to evaluate the buffering requirement, corrosion
control, and explosion prevention issues that are potentially associated with odor problems. To determine
the chlorine dosage requirement for oxidation of H,S is the chlorine demand test.”> The normal con-
centration of H,S in municipal wastewater ranges 0-5 mg/L as S, and up to 30 ppm as S in the off-gases.
Chlorine dosage may vary from 10 to 50 mg/L as Cl, for collection system and 10 to 20 mg/L for pre-
chlorination at a treatment plant."” Theoretical chlorine dosage can be estimated using a ratio of 8.83
mg/L as Cl, per mg/L H,S as S. Alkalinity consumption ratio is 15.6 mg/L alkalinity as CaCO; per
mg/L of H,S as S.

Control of Biological Growths: Excessive and desired attached biological growths over walls and other
surfaces may affect the performance of many wastewater treatment units. Biofilm growth over effluent
weirs and launders may cause uneven flow distribution, short circuiting through the final clarifiers, and
may cause compliance problems with discharge permit. The undesirable growth can be burned off by peri-
odical feeding of strong chlorine solution at proper locations. Examples are screens, effluent weirs and
launders, division boxes, ahead of filters, and other locations. The chlorine concentration in washing sol-
ution may be in a range of 1-10 mg/L.*

Prevention of Wastewater Decomposition: High microbial population is associated with rapid
decomposition rate and development of anaerobic activity and odors. Chlorine dose will reduce the micro-
bial population and decomposition rate.

Removal of Organics: Chlorine oxidizes organic compounds and BODs is redued. Example 11.39 gives
a procedure to calculate BOD; reduction from oxidation of a specific organic compound. As a general rule
for each mg/L of chlorine absorbed, there is 0.5 to 2 mg/L reduction of BODs. The generalized reactions of
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chlorine compounds with empirical expression CsH,O,N for organic matter (or VSS) are expressed by
Equations 11.24a through 11.24c.

10 HOCl + CsH;0,N + 9 OH™ — 5 CO, + NH; + 10 CI” + 11 H,0 (11.24a)
10 Cl, + CsH;0,N + 19 OH™ — 5 CO, + NH] +20 CI” + 11 H,0 (11.24b)
10 NaOCl + CsH;0,N — 5 CO, + NH; + 10 Na™ + 10 CI” + OH™ + H,0 (11.24¢)

Removal of Inorganic Compounds: Many inorganic compounds can be oxidized and removed from
wastewater by chlorination or hypochlorination. These compounds are ammonia, hydrogen sulfide, cya-
nide, iron, manganese, and nitrite. The reactions with ammonia have been presented in Section 11.6.2. The
reactions with H,S are covered earlier under odor control (Equation 11.23). The reactions with other com-
pounds are summarized below (Equations 11.25a through 11.28c).

Reactions with Cyanide (CN )

2HOCI+2CN™ +20H — 2CNO™ +2Cl” +2H,0 (11.25a)
2CL+2CN" +40H — 2CNO~ +4C +2H,0 (11.25b)
NaOCl 4+ CN~ — CNO™ + Na™ + CI~ (11.25¢)

Note: The stoichiometric dosage is 2.7 mg/L as Cl, per mg/L of CN™ oxidized.

Reactions with Iron (Ferrous, Fe*™)
HOCI + 2 Fe** +5OH™ — 2 Fe(OH), | + 5 Cl~ (11.26a)
Cl, +2 Fe’* +6 OH™ — 2 Fe(OH), | +2 Cl™ (11.26b)
NaOCl + 2 Fe** + 4 OH™ + H,0 — 2 Fe(OH), | + Nat + CI~ (11.26¢)

Note: The stoichiometric dosage is 0.63 mg/L as Cl, per mg/L of Fe*" oxidized.

Reactions with Manganese (Mn*h)
HOCI + Mn*" 43 OH™ — MnO, | + Cl~ 42 H,0 (11.27a)
Cl, + Mn*" +4 OH™ — MnO, | +2Cl” +2 H,0 (11.27b)
NaOCl + Mn** +2 OH™ — MnO, | + Na™ + Cl” + H,0 (11.27¢)

Note: The stoichiometric dosage is 1.3 mg/L as Cl, per mg/L of Mn>* oxidized.

Reactions with Nitrite (NO5)

HOCI + NO; + OH™ — NOj + Cl™ + H,0 (11.28a)
Cl, +NO; +2OH™ — NOj +2Cl™ + H,0 (11.28b)
NaOCl + NO; — NOj + Na® + ClI~ (11.28¢)

Note: The NO; —N is oxidized by Cl, at a stoichiometric dosage of 5.1 mg/L as Cl, per mg/L of
NO; as N.
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EXAMPLE 11.36: CHLORINATION FOR CONTROL OF SLUDGE BULKING

An activated sludge plant experiences sludge bulking problems due to excessive growth of filamentous
organisms. Chlorination of RAS is considered for control of sludge bulking. The operation conditions
at the plant are summarized below:

Daily average influent flow to aeration basin Q = 1.0 MGD, ratio of RAS to influent flow R,,s = 0.50,
total volume of aeration basin V,, = 0.25 MG, total volume of final clarifier Vi. = 0.125 Mgal, MLSS
concentration in aeration basins MLSS = 1500 mg/L, TSS concentration in the RAS flow TSS,, =
4500 mg/L, average TSS concentration in final clarifier TSS¢. = 2000 mg/L, and VSS/TSS ratio = 0.70.
Chlorine dose in the RAS flow Dosec;, = 5 mg/L.

Determine the amount of chlorine supplied for bulking control based on the total VSS inventory in the
biological system, and verify the exposure frequency of biomass to chlorine.

Solution

1. Evaluate the amount of chlorine applied into the RAS flow.

Daily average RAS flow, Qa5 = Rpas Q = 0.5 x 1 MGD = 0.5 MGD

8.341b

Daily average amount of chlorine, wcp, = Doseciy Qras = 5 mg/L x 0.5 MGD X m

= 211b/d as Cl,

2. Determine the total VSS inventory in the biological system.

8.341b

Total TSSinventory in theaeration basins, ATSS,, = MLSS V,;, = 1500 mg/L x 0.25 Mgal x m

=31001bsasTSS

8.341b

Total TSS inventory in the final clarifier, ATSSg. = TSSg. Vi = 2000 mg/L x 0.125 Mgal x m

=21001bs as TSS

Total TSS inventory in the biological system, ATSS = ATSS,, + ATSSt. = (3100 + 2100) lbs
= 5200 Ibs as TSS

Total VSS inventory in the biological system, AVSS = VSS/TSS ratio x ATSS
= 0.7 Ib VSS/Ib TSS x 5200 Ibs TSS
= 3600 Ibs as VSS

3. Determine the amount of chlorine supplied based on the total VSS inventory.

211b/d as Cl
Daily amount of chlorine supplied, fo, = % x 100% = 36001{)% x 100% = 0.58% ~ 0.6%

Based on the total VSS inventory, the average daily chlorine dose for control of sludge bulking is
about 0.7% VSS in the system. It is within the typical range of 0.4-0.7%.



Disinfection

4. Verify the average exposure frequency of biomass to chlorine.

Daily average mass of TSS in RAS flow, 1,5 = TSS;asQras = 4500 mg/L x 0.5 Mgal x

Average exposure frequency of biomass, Oras/c, =

= 19,000 lbs as TSS

ATSS

5200 Ibs as TSS

11-71

8.341b
mg/L-Mgal

24 h
=6.6h

M 19,000 Ib/d as TSS  d

(Itis 6.6 h between exposures or 3.7 times per day.)

The average exposure frequency of biomass to chlorine is within the typical range of 6-8 h.

EXAMPLE 11.37: THEORETICAL CHLORINE REQUIREMENT AND ALKALINITY
CONSUMPTION IN OXIDATION REACTIONS OF ORGANIC
AND INORGANIC VOMPOUNDS

Chlorine oxidizes and removes numerous organic and inorganic compounds. Determine the theoretical

chlorine requirements and associated alkalinity consumptions for oxidation of unit weight of organic and

inorganic compounds. Use equations given for gaseous chlorine (Cl,) in Section 11.6.4.

Solution

In Section 11.6.4, oxidation reactions of chlorine (in forms of HOCI, Cl, and NaOCI) with many inor-
ganic and organic compounds are given. Determine the chlorine requirement as available Cl, and alka-

linity consumption as CaCO3 when unit mass of these compounds are oxidized. Tabulate the calculations

and results in Table 11.16.

TABLE 11.16 Chlorine Requirements and Alkalinity Consumptions in Oxidation Reactions for Beneficial

Applications (Example 11.37)

Oxidation Applicable Chlorine Required per Gram of Alkalinity Consumption per Gram of
Reaction Eq. Compound Oxidized Compound Oxidized
H,S to SO2~ 1123c (4 x70.9)/32.1 =883 gavailable Cl, (10 x 50.0)/32.1 = 15.6 g alkalinity
required per g H,S removed as S consumed as CaCO; per g H,S
removed as S
CsH,0,N to CO, 11.24b (10 x 70.9)/(5 x 12,0) =11.8 ¢ (19 x 50.0)/(5 x 12.0) =158 g
available Cl, required per g VSS alkalinity consumed as CaCOj; per g
oxidized as C or (10 x 70.9)/113 = VSS oxidized as C or (19 x
6.27 g available Cl, required per g VSS  50.0)/113 = 8.41 g alkalinity
oxidized as CsH,O,N consumed as CaCO; per g VSS
oxidized as CsH,0,N
CN™ to CNO™ 11.25b (2 % 70.9)/(2 x 26.0) = 2.73 g available (4 x 50.0)/(2 x 26.0) =3.85g
Cl, required per g CN™ oxidized alkalinity consumed as CaCO; per g
CN™ oxidized
Fe*" to Fe’* 11.26b 70.9/(2 x 55.8) = 0.63 g available Cl, (6 x 50.0)/(2 x 55.8) =2.69 g
required per g Fe*" oxidized as Fe alkalinity consumed as CaCO; per g
Fe’" oxidized as Fe
Mn** to Mn*" 11.27b 70.9/54.9 = 1.29 g available Cl, (4 % 50.0)/54.9 = 3.64 g alkalinity
required per g Mn*>* oxidized as Mn consumed as CaCOj; per g Mn*"
oxidized as Mn
NO; to NO3 11.28b 70.9/14,0 = 5.06 g available Cl, (2 x 50.0)/14.0 = 7.14 g alkalinity

required per g NO,-N oxidized as N

consumed as CaCO; per g NO,-N
oxidized as N
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EXAMPLE 11.38: SODIUM HYPOCHLORITE DOSAGE AND ALKALINITY
CONSUMPTION FOR ODOR CONTROL

Feeding sodium hypochlorite (NaOCl) is recommended for odor control in the wet well of a lift station.
The maximum concentration of H,S in the wet well Cy1,5 = 5 mg/L as S. Determine the dosage of chlorine
and consumption of alkalinity that may theoretically occur for odor control.

Solution

1. Identify the equation for odor control by NaOCL
The oxidation reaction of H,S by NaOCl is expressed by Equation 11.23e.

4NaOCl 4+ H,S+ 20H  — SO2” +4Na' +4Cl" +2H,0
4x74.4 32.1 2x17(as OH™)
2x50 (as CaCO3)

2. Estimate the NaOCI dosage required for odor control.
Calculate the NaOCI requirement (Rya.ociazs) from the relationship identified in Step 1.

4 x 74.4 g/mole of NaOCl
32.1 g/mole of H,Sas S

Ryaocimzs = =9.27 gNaOCl/g H,S as S or 9.27 mg NaOCl/mg H,S as S

NaOCl dosage, Dosenaoci = Rnaocimzs X Crzs = 9.27 mg Cl,/mg S x 5 mg/L as S
= 46.4 mg/L as NaOCl

Note: The available chlorine content of NaOCI is 95.3% (Table 11.11). The available Cl, require-
ment = 0.953 g available Cl2/g NaOCl x 9.27 g NaOCl/g H,S as S = 8.83 g NaOCl/g H,S as S. The
available Cl, requirement is same as that calculated from Equation 11.23c in Example 11.37
(Table 11.16).

3. Estimate the alkalinity consumption during odor control.
Calculate the alkalinity requirement (Rajcz12s) from the relationship identified in Step 1.

2 x 17 g/mole of NaOH » 50 g/eq. of CaCOs3
32.1 g/mole of HySas S~ 17 g/eq. of NaOH

Racns =

= 3.11 g Alk as CaCO3/g H,S as S or 3.11 mg Alk as CaCO3/mg H,S as S

Alkalinity consumption, Comsumptionaik = Raiknzs X Crzs = 3.11 mg CaCO3/mg S x 5 mg/L as S
= 15.6 mg/L as CaCOs;

Note: When gaseous chlorine (Cl,) is used, an alkalinity consumption of 15.6 g CaCO;/g H,S as S is
calculated from Equation 11.23¢ in Example 11.37 (Table 11.16). Therefore, the alkalinity consump-
tion from Cl, is five times that of NaOCI for odor control.

EXAMPLE 11.39: REMOVAL OF BODs BY CHLORINE FOR STABILIZATION OF
ORGANIC SUBSTANCES

Chlorine residual is consumed in reactions with a variety of organic substances. A combined chlorine con-
sumption of 2.5 mg/L as Cl, is observed in a chlorine contact basin. It is estimated that 80% of chlorine
consumed is utilized in the reaction with organic substances. Estimate the removal of BODs by chlorine.
The ratio Rgop,:sop, of BOD:s is typically 68% of BOD;.
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Solution

1. Determine the chlorine residual consumed in reaction with organic matter.
Chlorine consumption from reaction with organic matter is 80% of total chlorine consumption.

Cci,vss = 80% x Doseci, = 80% X 2.5 mg/L = 2 mg/L as available Cl,

2. Estimate the organic substances (or VSS) oxidized by chlorine.
The theoretical Cl, requirement, Rcjp.vss = 6.27 g Cl, per g VSS oxidized as CsH,O,N. See Equation
11.24b in Example 11.37 and Table 11.16. The VSS destroyed by chlorine = wygs,

_ Conyvss _ 2 mg CL,/L
Repvss  6.27 mg Cl,/mg VSS as CsH;O,N

wyss = 0.32 mg VSS/L

3. Estimate the BODs oxidized by chlorine.
The ultimate oxygen demand (BOD; ) exerted by microbial cell (VSS), Rzopr.vss = 1.42 g BODy /g
VSS oxidized (Step 2 of Example 10.10). Calculate the BODs oxidized by chlorine.

Cpops = Rpops:opLReopL:vssAWyss
= 0.68 mg BOD;5/mg BODy, x 1.42 mg BOD;,/mg VSS x 0.32 mg VSS/L = 0.31 mg BODs /L

The removal of BODs by chlorine is about 0.31 mg/L in the chlorine contact basin.

Note: A significant portion of oxidizable organic compounds in the secondary effluent are
rapidly oxidized by chlorine. A rule of thumb is for each mg/L chlorine consumed, BOD5 reduction
is 1-2 mg/L.

11.6.5 Disinfection with Chlorine Dioxide

Chlorine dioxide (ClO,) has been used for years to bleach flour, paper, and textile. Its use in wastewater
effluent disinfection is recent because of its powerful bactericide and viricide than chlorine. Its DBPs have
much less adverse effects than those associated with chlorination. Also, CIO, does not react with ammonia.
However, use of ClO, for wastewater disinfection may be very limited because it is more expensive
than chlorine.

Properties of Chlorine Dioxide: ClO, is a greenish-yellow gas with an irritating odor stronger than
chlorine, and is toxic to humans when inhaled. It makes an explosive mixture in air in concentrations
above 10% by volume (corresponding to about 12 g/L concentration in a solution). Important physical,
chemical, and biological properties are (a) it is a more powerful disinfectant than chlorine, although its
oxidation potential is —0.95 volt (aq) lower than chlorine (see Table 11.4); (b) in the absence of free
chlorine, it does not react with ammonia and does not produce THMs and other chlorinated by-prod-
ucts of concern; (c) in the presence of excess chlorine, many chlorinated and brominated organic com-
pounds are produced; (d) the principal DBPs formed with ClO, are chlorite (ClO,) and chlorate
(CIO3), both of which are toxic compounds, and are produced during generation of ClO,; (e) free
ClO, residuals have a short life and are less harmful to aquatic life than chlorine; and (f) the oxidizing
power of ClO, is often referred to as available chlorine. The oxidizing power of ClO, has 263% of chlo-
rine (Table 11.11).

Generation of Chlorine Dioxide: Chlorine dioxide is an unstable and explosive gas. It is typically
generated on-site in a gaseous solution and must be used soon after preparation. Solutions up to
5000 mg/L may be stored for several days. There are three basic methods for ClO, generation:
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(a) chlorite—chlorine, (b) chlorite-hypochlorite acid, and (c) chlorite acid. The overall reactions for these
methods are given by Equations 11.29a through 11.29¢.

2 NaClO, + Cly(g) — 2 ClOy(g) +2 Na™ +2 CI™ (11.29a)
2 NaClO, + NaOCl + 2 HCl — 2 ClO,(g) + 3 Na* +3 CI” + H,0 (11.29b)
5NaClO; + 4 HCl — 4 ClO,(g) + 5 Na®™ + 5 Cl~ +2 H,0 (11.29¢)

In the first method (Equation 11.29a), the stock solution contains sodium chlorite (NaClO,) and chlo-
rine gas Cl,. Stoichiometrically, 1.34 g NaClO, reacts with 0.53 g Cl, to yield 1 g of ClO, (Example 11.40).
The reaction is very efficient and has many operational flexibility, but there are serious safety concerns
due to storage and application of Cl, gas at large plants. The second method (Equation 11.29b) is a viable
alternative because the gaseous Cl, is not used. Sodium chlorite reacts with sodium hypochlorite
(NaOCl) in presence of HCl. The stoichiometric ratios of these compounds are, respectively, 1.34,
0.55, and 0.54 g each to yield 1g ClO,. In the third method (Equation 11.29¢), NaClO, and HCI are
used directly in stoichiometric ratios of 1.68 and 0.54 g each to yield 1 g of Cl,. This method is simple
and easy to operate, and is suitable for small applications. The process has a maximum of only 80% effi-
ciency of theoretical conversion from NaClO, to ClO,.

Sodium chlorite (NaClO,) is used in all three methods of chlorine dioxide generation. It is commercially
available as an aqueous solution with 15-35% active NaClO,, has specific gravity of 1.1-1.3 at 20-25°C,
and a pH in the range of 12-13. The quantities of reactants in the stock solution are measured separately
and then pumped, while vacuum is used for gaseous chlorine. As the combined solution flows upward
through a reaction chamber, ClO, is generated when a desired reaction time is reached. The reaction
time varies from 1 min for Cl, to 15 min for processes using HCL.

The source of undesired by-products chlorite ions (ClO; ) is the reduction of ClO, during generation
process and escape of unreacted chlorite ion from the reactor. The undesired chlorate ions ClO; are
produced from the oxidation of chlorine dioxide from the impurities in sodium chlorite feedstock, and
photolytic decomposition of ClO,. The chlorite ion can be reduced to chloride ion by ferrous or sulfite
ion (Fe’* or SO27). The most effective way to control chlorite ion is to prevent its generation by careful
management of feedstock and by using controlled excess chlorine feed beyond stoichiometric
requirement.

Design Considerations: The basic design considerations for ClO, system are (a) ClO, dosage require-
ment, (b) ClO, generator, (c) supply, storage, and feed systems for reactants required for selected process,
(d) temporary storage for generated ClO, solution, (e) transport of metered ClO, solution to the
application point, and (f) dispersion of solution in wastewater. The Ct values of chlorine dioxide are com-
pared with other disinfectants in Table 11.9. The CIO, generators are commercially available. The other
components are similar to those of chlorination facility and may be partially adapted to chlorine
dioxide system.

EXAMPLE 11.40: FEEDSTOCK SOLUTION FOR CHLORINE DIOXIDE
GENERATION

The chlorine dioxide is generated from chlorine gas and sodium chlorite solution of 25% active content.
The ClO, dosage is 5 mg/L as ClO, in an effluent flow of 8000 m?’/d. Determine (a) the quantity of Cl, gas
and (b) the quantity and volume of sodium chlorite solution required per day. Assume the sodium chlo-
rite solution has a specific gravity of ~1.2.
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Solution

1. Determine the quantity of ClO, required for disinfection.

Awcioz = Cai02Q = 5 g/m® x 8000 m*/d x 1073 kg/g = 40 kg/d as ClO,

2. Determine the stoichiometric requirements of Cl, and NaClO, from Equation 1.29a.

2 NaClO; + Cly(g) — 2 ClOy(g) + 2 Na™ +2 CI™

2x90.5 70.9 2x67.5

The stoichiometric requirements of Cl,,

70.9 g/mole of Cl,
2 x 67.5 g/mole of ClO,

Re:cio2 = = 0.53 g Cl,/g ClO,

2 % 90.5 g/mole of NaClO,
2 x 67.5 g/mole of ClO,

= 1.34 g NaClO,/g ClO,

The stoichiometric requirements of NaClO,, Rnacioz.cioz =

3. Determine the quantity of Cl, required.
Clz required, AWclz = RCIZ:CIOZAWCIOZ =0.53 kg Clz/kg ClOZ X 40 kg ClOz/d =21 kg/d as Clz
4. Determine the quantity and volume of NaClO, solution required.

q " Rnacio2:ci024wWerz 1.34 kg NaC102 /kg ClOz X 40 kg CIOZ/d
NaClO, solut ht, A = =
B Yacloz 25% 0.25 kg NaClO, /kg solution

= 214 kg NaClO,/d as solution

AWNacl02 214 kg NaClO,/d as solution
1.2 x 1000 kg/m? 1.2 x 1000 kg/m?

=0.18m?®/d or 7.5L/h

NaClO; solution volume, Vyaciox =

EXAMPLE 11.41: ACTUAL AND AVAILABLE CHLORINE IN CHLORINE
DIOXIDE

Determine (a) the weight percent of actual chlorine and (b) weight percent of available chlorine in
chlorine dioxide. Also determine g available chlorine per mole of ClO,.

Solution

1. Determine the weight percent of actual chlorine in ClO,.

35.45 g Cl/mole of Cl,
67.45 g ClO,/mole of ClO,

=52.6%Clin ClO, or 0.526 g Cl/g ClO,

x 100%

Weight percent of actual chlorine, (Weight % Cl), =

2. Determine the weight percent of available chlorine in ClO,.
Write the oxidation half reaction for ClO, in Equation 11.29d.

ClO, +5¢ +4H' — ClI” +2 H,0 (11.294d)



11-76 Volume 2: Post-Treatment, Reuse, and Disposal

In the half oxidation reaction for ClO,, the chlorine valance changes from +4 to —1; that is a
net valence change of —5. It means that each chlorine element in ClO, molecule has an oxidizing
power of accepting five (5) electrons. Therefore, the chlorine in ClO, has a chlorine equivalent
eqci=5g Cl,/g Cl. The weight percent of available chlorine in ClO, is calculated from Equation
1.8d.

(Weight % Cl)ci0, = eqa x (Weight % actual)qo, = 5 x 52.6% = 263% or 2.63 g Cl,/g ClO,

Therefore, 1 mg/L (or g/m3) of ClO, is equivalent to 2.63 mg/L (or g/m3) of Cl,.
3. Determine g equivalent chlorine per mole of ClO,.
One mole of ClO, =67.45g.

Equivalent chlorine per mole of ClO,, (Weight % Cl)cj0, = (Weight % Cly)ci0; X mwan
=2.63 g Cl,/g ClO, x 67.45 g/mole of ClO,
=177 g Cl;/mole ClO,

11.7 Dechlorination

Chlorine residual even at low level may have potential toxic effects on aquatic organisms. It may also inter-
fere with the biomonitoring test required to determine the toxicity of an effluent. The purpose of dechlori-
nation is to remove free and combined chlorine residuals from the effluent. It is achieved by reacting the
residual chlorine with a reducing agent. The most commonly used reducing agents are sulfur dioxide (SO,)
and sodium bisulfite (NaHSO3). Other compounds are sodium sulfite (Na,SO3), sodium metabisulfite
(Na,S,05), and sodium thiosulfate (Na,S,0s). As an alternative to a reducing agent, activated carbon
will remove chlorine residual along with many other organic compounds.

11.7.1 Dechlorination with Sulfur Dioxide (SO,)

Reactions: Sulfur dioxide is an effective reducing agent for removal of free and combined chlorine resid-
uals. Useful physical properties of sulfur dioxide gas and liquid are provided in Table 11.10. When added
to water, SO, hydrolyses to form sulfurous acid (H,SO3), a strong reducing agent. Sulfurous acid disso-
ciates to produce HSO5 (bisulfite) ion which reacts with free and combined chlorine residuals producing
chloride and sulfate ions. The reactions of SO, with free chlorine and chloramines are given by Equations
11.30a through 11.30d.

Reactions with Free Chlorine.

Hydrolysis of SO,:

SO, + H,0 — H' 4 HSO; (11.30a)
Reaction with HOCI:
HSO; + HOCI — 2 HT 4 SO2™ + Cl™ (11.30b)

Overall reaction:

8O, + HOCl + H,0 — 3 H" + 802~ + ClI~ (11.30¢)
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Reactions with Combined Chlorine Residual (Represented by Monochloramine NH,CI).

SO, + NH,Cl 4+ 2H,0 — NH,Cl 4+ 2H* + SO2~ (11.30d)

These stoichiometric reactions provide the following useful relationships:

1. The stoichiometric weight ratio of SO, to HOCI (expressed as available Cl,) is 0.904 g SO,/g avail-
able Cl, (64.1/70.9 in Equation 11.30c). In practice, a ratio of 1:1 to 1.2:1 may be required because of
interference caused by the organic nitrogen.

2. The alkalinity consumption is 2.12 g as CaCO3; when 1 g of free chlorine residual (HOCI) as avail-
able Cl, is removed in the reaction with SO, (3 x 50.0/70.9 in Equation 11.30c).

3. An alkalinity consumption of 1.41g as CaCO; occurs when 1g of combined chlorine
residual (NH,Cl) as available Cl, is removed in the reaction with SO, (2 x 50.0/70.9 in Equa-
tion 11.30d).

An excess dose of SO, may cause deoxygenation of effluent. The reaction is slow and expressed by
Equation 11.30e.

280,40, +2H,0 — 4 H" +2S03~ (11.30e)

In this reaction, an alkalinity consumption of 6.25 g as CaCO; occurs when 1 g of COD or BODy
(expressed by O,) is removed (4 x 50.0/(2 x 16.0) in Equation 11.30e).

Components of Sulfur Dioxide System: The sulfur dioxide supply, storage, and feed systems, and costs
are very similar to those of chlorination facility as presented in details in Section 11.6.3. Contact tank is
normally not required because the reaction of SO, is instantaneous. Rapid mixing at a velocity gradient
G above 250 s~ for 30—60 s at the application point is sufficient for dechlorination reaction.

11.7.2 Dechlorination with Sodium Bisulfite (NaHSO5;)

Sodium bisulfite is a stable reducing agent with 61.6% available SO, by weight. It is available from com-
mercial suppliers at available NaHSO; content between 30% and 44%. The generalized dechlorination
reactions are given by Equations 11.31a and 11.31b.

Reaction with Free Chlorine Residual.
NaHSO, + HOCI — + NaHSO, + H* + CI~ (11.31a)

Reaction with Combined Chlorine Residual.
NaHSO, + NH,Cl + H,O — NaHSO, + NH,Cl (11.31b)

The stoichiometric relationships of using sodium bisulfite for dechlorination are:

1. The stoichiometric requirement is 1.47 g as NaHSO; (104/70.9 in Equation 11.31a) or 0.904 g
as SO, (64.1/70.9 in Equation 11.31a) for removal of 1g of free chlorine residual (HOCI) as
available Cl,.

2. The alkalinity consumption is 0.705 g as CaCOj; for removal of 1 g of free chlorine residual as avail-
able Cl, (50.0/70.9 in Equation 11.31a).

3. No change in alkalinity is expected when it is used for dechlorination of combined chlorine residual
(Equation. 11.31b).



11-78 Volume 2: Post-Treatment, Reuse, and Disposal

11.7.3 Dechlorination with Other Reducing Agents

Other less commonly used reducing agents for dechlorination are sodium sulfite (Na,SO;) and sodium
metabisulfite (Na,S,0s). The reactions with free chlorine residual and combined chlorine residual repre-
sented by monochloramine are expressed by Equations 11.32a through 11.33b.

Reactions with Sodium Sulfite.
Na,SO, + HOCl — Na,SO, + H" + CI~ (11.32a)
Na,SO, + NH,Cl + 2 H,O — Na,SO, + NH,CI (11.32b)
Reactions with Sodium Metabisulfite.
Na,$,0, + 2 HOCI + H,0 — 2NaHSO, + 2 H + 2 CI” (11.33a)

Na,S,0; + 2 NH,Cl + 3 H,0 — Na,SO, + 2 NH,Cl + 2 H' + SO%~ (11.33b)

11.7.4 Dechlorination with Activated Carbon

Free and combined chlorine residuals are effectively removed by adsorption on the surface of activated
carbon. The generalized reactions are expressed by Equations 11.34a and 11.34b.

Reaction with Free Chlorine Residual.
C+2HOCl— CO,+2H" +2CI” (11.34a)

Reaction with Combined Chlorine Residuals.

C + 2 NH,Cl + 2 H,0 — CO, + 2 NH,Cl (11.34b)

In these reactions, C represents the molecular carbon on the surface of activated carbon particles or
granules to be actually involved in the reaction. In general, C first reacts with chlorine residual to form
surface oxide that may then be partially or fully converted to CO,. Adsorption and absorption are consid-
ered primary mechanisms for dechlorination by activated carbon. Gravity or pressure filter beds filled with
granular activated carbon (GAC) are commonly used. Activated carbon bed removes chlorine residuals
along with chlorinated and refractory organics. Therefore, activated carbon is cost-effective for dechlori-
nation only if removal of other organic and inorganic contaminants is also required.

11.7.5 Dechlorination of Chlorine Dioxide

Dechlorination of chlorine dioxide is achieved by SO,. The dechlorination reaction is given by
Equation 11.35.

580, +2 ClO, + 6 H,0 — 12 HY + 5803 +2Cl™ (11.35)

The stoichiometric weight ratio of SO, and ClO; is 2.26 mg SO,/mg ClO, as available Cl, ((5 x 64.1)/(2 x
70.9) in Equation 11.31a). Normally, ClO, residual is very unstable with a short life and dechlorination of ClO,
is rarely needed. In case it is required, a practical ratio of 2.7 mg SO,/mg ClO, may be used.

EXAMPLE 11.42: QUANTITY OF LIQUID SULFUR DIOXIDE REQUIRED TO
DECHLORINATE EFFLUENT

A wastewater treatment plant is discharging 8000 m®/d secondary treated effluent. The free chlorine
residual is 1.8 mg/L. Estimate the quantity of SO, required to dechlorinate the effluent.
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Solution

1. Determine the quantity of free chlorine residual in the effluent.
The quantity of free chlorine residual in the effluent = 1.8 g/m> x 8000 m?/d x 10> kg/g
= 14.4kg/d as available Cl,

2. Determine the stoichiometric requirement of sulfur dioxide to dechlorinate the effluent from
Equation 1.30c.

mwsoy _ 64.1 g/mole as SO,
mwc  70.9 g/mole as Cl,

The SO, consumption ratio = = 0.904 g SO, /g as available Cl,

The stoichiometric consumption ratio is 0.904 kg of SO, per kg of available Cl,.
3. Determine the actual quantity of liquid SO, required.
Assume that the actual SO, consumption ratio is 1.1 kg SO, per kg of Cl,.

The quantity of SO, = SO, consumption ratio x Quantity of free chlorine residual
= 1.1kg SO,/kg of Cl, x 14.4 kg/d as available Cl, = 15.8 kg/d as SO,

The quantity of liquid SO, required is 15.8kg/d (or 34.81b/d) to meet the dechlorination
requirement.

EXAMPLE 11.43: VOLUME OF LIQUID SULFUR DIOXIDE FOR
DECHOLINATION NEED

Estimate the volume of liquid sulfur dioxide required to dechlorinate the effluent in Example 11.42.

Solution

1. Determine the specific volume of liquid SO,.
From Table 11.10, the specific volume of liquid SO, is 0.72 L/kg (or 0.087 gal/1b) at 20°C.
2. Calculate the volume of liquid SO, required.

The volume of SO, required = Specific volume of liquid SO, x Quantity of SO,
=0.72L/kg x 15.8 kg/d as SO, =11L/d (or ~3 gpd)

The volume of liquid SO, required for dechlorination is 11 L (or 3 gal) per day.

EXAMPLE 11.44: CONCENTRATION OF AVAILABLE SULFUR DIOXIDE
IN SODIUM BISULFATE SOLUTION

Sodium bisulfate solution is used for dechlorination of effluent at a wastewater treatment plant. A com-
mercial solution of NaHSOj; is used at a NaHSOj; content of 40% by weight. Estimate the weight of
NaHSOj; and the available sulfur dioxide per liter of the solution. Assume that the specific gravity of
NaHSOj solution is 1.37.

Solution

1. Estimate the concentration of NaHSO3 (Cnansos solution)-
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Equations 11.8 and 11.9 were presented for calculating the available Cl, in sodium hypochlorite
(NaOCl) solution in Section 11.6.1. These equations can also be used for evaluating available SO, in
NaHSO;. Calculate the concentration of NaHSO; from Equation 11.9d. Assume that the density of
water Pyater & 1 kg/L or 1000 g/L.

(Weight % NaHSO;)
100%

solution

CNaHSO3,soluti0n = Pwater X SP- &l -solution X

=1000 g/L x 1.37 x 0% = 548 g/L or 548 kg/m’
100%
The concentration of NaHSOj is 548 g/L or 548 kg/m’ (4.58 Ib/gal) in the 40% NaHSO; solution.
2. Determine the available SO, in NaHSOj3 solution (Weight of SO,).
A comparison of Equations 11.30c and 11.31a indicates that 1 mole of either SO, or NaHSO; is
required to react with 1 mole of HOCI. Calculate (Weight % of SO,).

mwso2 100% — 64.1 g/mole as SO,

Weight % SO S
(Weight % SO,)Namso3 M Wratisos 104 g/mole as NaHSO5

X 100% = 61.6% as NaHSO3

The available SO, in NaHSOj is 0.616 kg SO,/kg NaHSO;
3. Estimate the concentration of available SO, in the solution (Csoy solution)-
Rearrange Equation 1.9¢ to calculate Csoy solution-

(Weight % SO)yasos 61.6%

Cs02,solution = CNaHS03 solution X 100% =548 g/L x 100%

= 338 g/L as SO, ~ 340 g/L as available SO,

The concentration of available SO, is ~340 g/L or 340 kg/m> (2.821b/gal) in the 40% NaHSOj;
solution.

EXAMPLE 11.45: VOLUME OF LIQUID SODIUM BISULFITE REQUIRED FOR
DECHLORINATION

The chlorine consumption rate of 14.4 kg/d as available Cl, for effluent disinfection is calculated in Exam-
ple 11.42. A 40% solution of NaHSO; by weight is used for dechlorination. Estimate the consumption rate
of NaHSOj; solution for dechlorination.

Solution
1. Determine the stoichiometric consumption of sodium bisulfite for dechlorination of liquid chlorine
(Equation 11.31a).

104 g/mole as NaHSO
TheNaHSOsconsumptionratio = MWNaHSO3 __ 1Y% 8 .

= =1.47 ¢gNaHSO ilable Cl
mwcp 70.9 g/moleas Cl, gha 3/gasavailableCl,

The stoichiometric NaHSO; consumption ratio is 1.47 kg of NaHSOj3 per kg of available Cl,.

2. Determine the quantity of NaHSO; required for dechlorination.

The quantity of NaHSO; = NaHSO; consumption ratio x Cl, consumption rate
= 1.47 kg NaHSO3/kg of Cl, x 14.4kg/d as available Cl, = 21.2kg/d as NaHSO;
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The quantity of NaHSOj; required to meet the chlorine requirement for dechlorination is 21.2 kg/d
(46.71b/d).
3. Estimate the consumption rate of NaHSOj3 solution.
The concentration of NaHSO5 in a 40% by weight solution is 548 g/L or 548 kg/m> (Example 11.44,
Step 1).
Quantity of NaHSO;
Concentration of NaHSO;

. 21.2 kg/d as NaHSO3
" 548 kg/m? as 40% NaHSOj; solution

=0.039m’°/d or 39L/d

The NaHSO3 solution consumption rate =

To meet the dechlorination requirement of 14.4 kg/d (31.8 Ibs/d) as available Cl,, a flow of 39 L/d
(10 gpd) of 40% NaHSOj3 solution is required at the plant.

EXAMPLE 11.46: VOLUME OF LIQUID NaHSO; EQUIVALENT TO A REQUIRED
SO, CONSUMPTION RATE

The actual amount of SO, is 15.8 kg/d for dechlorination which is calculated in Example 11.42. Estimate
the volume of 40% NaHSO; by weight required for dechlorination.

Solution
1. Determine the available concentration of SO, in NaHSOj3.
The available SO, concentration in the 40% NaHSOj3 solution, Csos solution = 340 g/L or 340 kg/ m’
is calculated in Example 11.44, Step 3.
2. Determine the volume of 40% NaHSOj; solution needed for dechlorination.

The volume of 40% NaHSOj; solution required

_ Amount of SO, required

" Available SO, concentration in the 40% NaHSO; solution
_ 15.8 kg/d as SO,

" 340 kg/m? as available SO,

=0.046 m°/d or 46L/d

The volume of 40% NaHSOj3 solution required for dechlorination is 46 L (or 12 gal) per day.

11.8 Disinfection with Ozone

In recent years, ozone (O3) has received much interest for disinfection of municipal wastewater effluent.
The reported benefits over chlorination are (1) no formation of persistent chlorinated organics, (2) less
adverse DBPs, (3) no effluent toxicity, and (4) a powerful disinfectant. However, ozone being an unstable
gas must be generated at site.

11.8.1 Ozone Chemistry

Ozone is a powerful oxidizing agent. The oxidation potential is —2.07 (Table 11.4). The decomposition
reactions of ozone occur in a series of steps that are conceptually expressed by Equation 11.36.

0; + H,0 — HO{ + OH™ (11.36a)
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HOY + OH™ — 2 HO; (11.36b)
03 + HO; — HO® +2 0, (11.36¢)
HO® + HOZ. — H,0+ 0, (11.36d)

The free radicals HO; and HO® (free hydroxyl radical) or a mixture of O3 and free hydroxyl radicals has
great oxidizing power and carry out disinfection. The reaction is accelerated in neutral or alkaline envi-
ronment (pH above 7), or exposure to UV light or hydrogen peroxide. The free hydroxyl radicals are
more effective oxidizing agents than the molecular ozone, but they are extremely short-lived.

11.8.2 Properties of Ozone

Ozone is a clear to bluish in color, pungent smelling, and unstable gas. It has a density of 2.0 kg/m’ (0.125
Ib/ft®) at 20°C and 1 atm, and is heavier than air. It is detected at low concentrations (0.01—0.05 ppm by
volume). It may be toxic, but its odor is detected before health concerns develop. Gaseous ozone is explosive
at concentrations above 240 g/m’ (20% weight in air). Important properties of ozone are presented below.

1. Its solubility in water at 20°C is 12.07 mg/L. The solubility depends upon temperature and its
concentration in feed gas as it enters the contactor. Its solubility in water increases with higher
concentration of ozone in the feed gas. Increasing the pressure in the contactor and lowering the
temperature also increases the solubility. A solubility of 570 mg/L at 20°C has been reported for
pure O5.*® The solubility in water is governed by the Henry’s law. The Henry’s constants at 0°C,
10°C, and 20°C are 1940, 2480, and 3760 atm/mole fraction.*

2. The stability of ozone in air is greater than that in water, but in both cases, it is in the order of min-
utes. The half-life of ozone in water ranges from 8 min to 14 h depending on the level of ozone-
demanding contaminants and temperature.

3. Ozone does not produce chlorinated DBPs such as THMs and HA As. However, it will form other
by-products in reactions with many organic and inorganic compounds. The inorganic compounds
contain primarily ions in reduced state such as nitrite, ferrous, manganese, sulfide, and ammonium.
Ozone also reacts with aliphatic and aromatic compounds, humic acids, and pesticides producing
DBPs of lower molecular organic species. Among them are aldehydes, ketones, and acids that are
biodegradable products. In the presence of bromide ions, hydrobromic acid is produced which may
encourage formation of brominated DBPs. Some by-products of ozonation may have mutagenic or
carcinogenic properties, but they may be short-lived. There is also a concern over the potential for-
mation of N-nitrosodimethylamine (NDMA) and perfluoroalkyl acids (PFAAs) during ozonation
of wastewater effluent and in reclaimed water.”>**

4. Ozone and free hydroxyl radicals being powerful oxidants are also very effective germicides. It is
believed that bacteria and protozoa cysts are destroyed because of cell wall disintegration (cell lysis).
It is also a very effective viricide.

5. The major ozone oxidation pathways include (a) direct oxidation by molecular O3, which domi-
nates primarily under acidic conditions and/or (b) hydroxyl oxidations under favoring conditions,
such as high pH or in the advanced oxidation processes (AOPs) with O3;/UV or O;/ H,0,.%

6. Many other benefits of ozone include: (a) destruction of some harmful refractory organics and pes-
ticides, (b) color removal, (c) increases biodegradability of organic compounds, (d) reduces initial
chlorine demand, (e) does not add dissolved solids, (f) does not leave any residual, and (g) elevates
dissolved oxygen level which may eliminate the need for postreaeration.

11.8.3 Ozone Dosage for Disinfection

The ozone dosage required for disinfection of wastewater effluent depends upon the quality of effluent, its
constituents, and initial demand. Typical ozone dosage for effluent disinfection from various wastewater
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treatment processes after 15-min contact time is compared with those of chlorine in Table 11.7. The con-
tact times for chlorine and ozone in this table are 30 and 15 min, respectively.

11.8.4 Ozone Generation

Ozone being a chemically unstable gas must be generated on-site and used quickly. It is generated by
applying a high-energy electrical field to oxygen or dried air. The oxygen molecules are dissociated as
expressed by Equation 11.37.

O, +2e <207 (11.37a)
207 +20, < 20; (11.37b)
30, —>20; (11.37¢)

The reaction is reversible and ozone decomposes to oxygen rapidly if temperature is above 35°C.
Therefore, cooling is needed to dissipate heat produced during generation. The ozone generation system
has three major components: (1) feed gas preparation; (2) power supply, and (3) ozone generation.

Feed Gas Preparation: The feed gas for ozone generation is (1) air, (2) oxygen generated on-site, or (3)
liquid oxygen (LOX). The selection of feed gas is primarily determined by the availability and cost-effec-
tiveness of local commercial oxygen supply. Air feed or oxygen from on-site generation is more suitable for
small systems. Large applications typically use LOX.

Air Feed Systems: The oxygen content in air is ~21% by volume under ambient conditions. The feed air
to ozone generator must be conditioned to remove moisture and particulate matter. The major steps
involved are compression, cooling and drying, and filtration. Moisture in air reduces ozone production
efficiency, causes fouling of dielectric tubes, and increases corrosion in the ozone generator and down-
stream equipment. The air must be dried to a maximum dew point of —65°C. Air filtration system should
be capable of removing particles larger than 1 um and oil droplets larger than 0.05 um. Depending upon
the operating pressure, the air feed systems are also classified as (a) ambient pressure, (b) low pressure
lower than 2.1 kg/cm2 (30 psig), (c) medium pressure in range of 2.1-4.2 kg/cm2 (30-60 psig), or (d)
high pressure >4.2 kg/cm® (60 psig).”

Oxygen Enriched Air from On-Site Generation Systems: High purity oxygen gas (>90% by volume) is
generated on-site. These systems also require clean and dry air, and therefore utilize similar air preparatory
equipment as those for air feed systems. Two common methods used for on-site oxygen generation are (1)
pressure swing adsorption (PSA) and (2) cryogenic process with either vacuum pressure swing adsorption
(VPSA) or vacuum swing adsorption (VSA).

LOX Feed Systems: LOX, 100% pure oxygen, is commercially available. Oxygen gas produced by evap-
oration of LOX is the most commonly used feed gas and a cost-effective method for ozone generation.
These systems have many benefits over air feed system: (1) less complicated and without requirement
of feed gas conditioning, (2) higher ozone production yield (more ozone per unit area of the dielectric),
(3) high concentration of ozone in the feed gas, (4) less energy requirement, (5) smaller feed gas volume
required for the same ozone output, (6) provides operational flexibility to meet peak ozone demands, and
(7) less ancillary equipment.

One benefit of on-site oxygen generation is peak power load shedding. The oxygen-enriched feed gas
may be generated during off-peak power demand. During the period of peak-power demand, the system
may be switched to oxygen-enriched feed, thus reducing the power requirement for ozone generation dur-
ing peak power demand.*?

The typical components of a LOX feed system is illustrated in Figure 11.14. The pressure in the LOX
bulk storage tank can be as high as 200 psi while the ozone generators are normally operated at a pressure
of 15-30 psi. Therefore, a PRV /pressure regulating valve must be used. The production efficiency of ozone
generator normally increases about 10-20% when the feed gas contains about 1-3% of nitrogen. An air
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FIGURE 11.14 Conceptual process diagram of a liquid oxygen (LOX) feed system.

compressor with an air dryer is normally provided to blend air (containing 78% of nitrogen) with oxygen
gas at a desired ratio to meet the nitrogen requirement.’>

Power Supply: The voltage and frequency of the power must vary greatly to control the amount and
rate of ozone generation. The normal power supply input to the ozone generator system is 480 V/3
phase/60 Hz. However, the power applied to the electrodes is typically medium to high frequency up
to 6000 Hz and a high voltage over 20,000 V for ozone generation. For this reason, a specialized power
supply unit (PSU), including transformer, power converter/inverter device, cooling system, and PLC
are typically required.”>">*°

Ozone Generation: Ozone is generated by (1) UV radiation or (2) cold plasma or corona discharge.
When UV light ( <200 nm wavelength) passes through dry or oxygen-rich air, ozone is generated by pho-
tochemical reaction. The ozone concentration by this method is about 0.25%, and is suitable only for small
systems. The most common and efficient method for ozone generation is corona discharge cell. A typical
corona discharge cell is shown in Figure 11.15.°*°® The feed gas is passed through the discharge gap
between two electrodes while a desired voltage potential is maintained across a dielectric material.

Frequency and Voltage: 1deally, high ozone production yield by corona discharge would occur at a high
voltage, a high frequency, a large dielectric constant, and a thin dielectric. Because of the practical limita-
tions, a balance between these operating parameters is required to optimize the ozone production yield,
operational reliability, and costs. Depending up on the applied frequency, the ozone generators are

Water, air, or oil coolant
Heat release

High voltage
electrode

Dielectric

High voltage AC
power supply \_/> —————» Coronadischarge gap

(6000-20,000 V) Feed gas Product gas

(O, =23-99%) (O3 =1-20%)

| Ground
electrode

Heat release

Water, air, or oil coolant

FIGURE 11.15 Corona discharge cell for ozone generation.
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primarily classified as (a) low frequency (50 or 60 Hz at a high voltage >20,000 V), (b) medium frequency
(up to 1000 Hz at a medium voltage 10,000-20,000 V), and (c) high frequency (>1000 Hz at low voltage
<10,000 V).>>?>?® Low-frequency, high-voltage generators are quite common, but recent improvements
in electronic circuitry make high-frequency, low-voltage units more desirable.*>**

Ozone Concentration and Optimum Efficiency: The ozone concentration is typically 1-3% and 6-15%
by weight in the product gas from air and high purity oxygen, respectively.”* High ozone concentration up
to 20% has also been reported using oxygen feed gas.”>*>~"®

Production Capacity and Optimum Efficiency: For low-frequency ozone generation, the ozone produc-
tion capacity is normally below 10 kg Os/h (201b Os/h) per unit and the production at 60-70% of the
maximum generation capacity is most cost-efficient. A high production capacity up to 250 kg Os/h
(1151b O3/h) can be provided by generators with a medium to high frequency. The optimum operating
point is typically at 90-95% of the maximum capacity for these generators.”>*>"*®

Power Requirements: The theoretical specific energy requirement to break the covalent bonding (double
bonds) in oxygen molecules and form ozone is only 0.82 kWh/kg O; produced (0.37 kWh/Ib O3 pro-
duced). However, the actual specific energy requirement is much higher. The overall electrical power
requirement for feed gas preparation, ozone generation, and application may vary from 25-30 kWh/kg
O; produced (10-13 kWh/Ib O; produced) for air feed, and 15-20 kWh/kg O; produced (7-9 kWh/Ib
05 produced) for oxygen feed system.”>”>°

Cooling Requirements: Significant amount of input energy is converted into heat during ozone gener-
ation. In general, the higher the frequency is applied the higher amount of heat is produced. Therefore, an
efficient cooling process is critically required to cool the production gas and prevent decomposition of
ozone. The plates can be cooled by water, air, or oil. The cooling water requirement ranges from 4 to
12 L/kg O3 produced (0.5 to 1.5 gal/lb O; produced) for an optimum cooling water temperature differen-
tial of 3-6°C (5-10°F).”>*>%

11.8.5 Ozone Application

The principal application of ozone is to disinfect the effluent prior to disposal or reuse. The major com-
ponents for ozone application are (1) ozone contactor, (2) ozone destruction, and (3) other considerations
for construction, safety, and O&M. The schematic of ozone disinfection system including generation and
application is shown in Figure 11.16.

Ozone Contactor: The contact chambers are designed to maximize the transfer efficiency. The contac-
tors may be tall vertical column, covered tank with multiple compartments, or inclined packed column. The
ozone injection devices may be fine bubble diffusers, injector devices, or sidestream injection system with
venture-type injector and degas vessel. The mixing energy can be provided by (1) mechanical mixing with
static mixer or high-speed agitator at the base or (2) hydraulic mixing by baffles. A typical ozone contactor
with the three covered chambers, fine bubble diffusers, and baffles is shown in Figure 11.17. The flow pattern
can be counter current (Figure 11.17a), concurrent (Figure 11.17b), or combination of counter current and
concurrent (Figure 11.17c). The production gas from an ozone generator is fed through the fine bubble

Gas Air Power O, destruct
Ambien air preparation Feed supply Product unit Vent to
or 0,- gas with v gas with 4 atmosphere
Oxygen enriched air o, Ozone O,
. » » Off-gas
generation generator
Liquid oxygen or High purity 4 v Influent for Treated
(LOX) supply LOX O, mixture Cooling ozonation Ozone effluent
system system contactor

FIGURE 11.16  Schematic of ozone disinfection system.
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FIGURE 11.17 Ozone contactor flow patterns: (a) counter current, (b) cocurrent, (c) combination of counter current
and concurrent, and (d) concentration profile.

diffusers installed in the first two chambers. Diffusers may also be installed in the third chamber for use only
as necessary. The fine bubbles of ozone-containing gas cause mass transfer. The mass transfer coefficient
(Kia) may lie in the range of 0.25-0.45 min~" except for very low gas flow rate. The initial ozone demand
is normally met in the first chamber and the residual concentration may reach in the range of 0.3-0.9 mg/L.
The ozone residual in the combined wastewater—ozone mixture would reach the peak in the second cham-
ber where microbial inactivation reaction starts. In the last chamber, the slow reaction is completed provid-
ing required disinfection while ozone is consumed. A typical ozone concentration profile is shown in
Figure 11.17d. Typical ozone feed rate is 1—5 mg/L depending upon the purpose. Ozone transfer up to
90% may be achieved in a well-designed contactor. The supply pressure of production gas must be adequate
to overcome the static pressure, diffuser exit pressure, and pipe losses. The desired ozone dose and contact
time for effluent disinfection are best determined by pilot studies.

Ozone Destruction in Off-Gases: The ozone in the off-gases from contactor or degas vessel must be
destroyed to a concentration < 0.1 ppm prior to release. Four methods may be used for ozone destruction:
(1) thermal 300—380°C for 3 s, (2) heat/catalytic (~40°C), (3) catalytic (ambient temperature), and (4)
moist GAC. Metal oxides such as granular manganese oxide are an effective catalyst for ozone destruction.
Thermal destruction is more expensive but very reliable.

Other Considerations: Other important considerations for ozone generation and application include
(1) material compatibility, (2) safety and O&M requirements, and (3) potential recycle of oxygen.

Material Compatibility: Materials of construction for ozone generation and application must be capable
of resisting the strong oxidizing and corrosive effects of ozone. The construction materials recommended
for ozone contactor, piping, and gaskets are reinforced concrete, Type 316L stainless steel, CPVC, HDPE,
Teflon, and PTFE.”

Safety and O&M Requirements: Many safety and O&M requirements are needed for ozone generation
and application. These are valves, gauges, metering, monitoring, and alarms. A list of important gauges,
valves, and monitoring systems is given below.

1. Feed Gas Preparation for Air Feed Systems: Provide (a) monitors for power input, pressure, temper-
ature, and dew point; (b) high dew point alarm; and (c) automatic generator shutdown.
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FIGURE 11.18 Oxygen recycling schematic.

2. LOX Systems: Provide (a) pressure sensors on the LOX storage tank and oxygen gas piping after
vaporizer, (b) pressure reducing/regulating valve, and (c) pressure relief valve.

3. Ozone Generator: Provide (a) monitor for power input; (b) coolant flowmeter and temperature sen-
sor; (c) feed gas flowmeter, (d) flowmeter, and sensors for ozone concentration, temperature, and
pressure on discharge gas piping; and (e) automatic shutdown if coolant flow is interrupted, or the
temperature or pressure exceeds a set value.

4. Ozone Contactor: Provide (a) sensors for monitoring ozone residuals, pressure and/or vacuum
conditions; and (b) vacuum relief and pressure release valves.

5. Ozone Destruct System: Provide (a) sensors for inlet and outlet gas temperatures, (b) sensors to
monitor the pressure drop across the catalyst chamber, (c) catalyst temperature, and (d) sensor
with high-level alarm for ozone residual in the exhaust gas.

6. Ambient Air Monitoring: Provide (a) ozone leak detector with alarm to alert an ambient atmo-
spheric ozone level above 0.1 ppm by volume and (b) automatic generator shutdown when the
ambient ozone level exceeds 0.3 ppm by volume.

Oxygen Recycling: In oxygen feed ozone generation system, <20% ozone is actually used for disinfection
in the ozone contactor. Over 80% of feed oxygen is wasted with the off-gas. Many processes have been
investigated in recent years for recycling oxygen and ozone after disinfection. These concepts are generally
categorized as either direct or indirect recycle of oxygen.”’

One of the direct oxygen recycle processes is called “Short Loop Recycle (SLR)” technology. In this pro-
cess (Figure 11.18), the O,/O; mixture from the ozone generator is fed into an adsorption device where the
Oj; is adsorbed while the O, passes through the device. The O, gas is directly recycled back to the ozone
generator. The adsorbed Oj is then stripped off by a carrier gas of the adsorption bed. The O;/carrier gas
mixture is sent into the ozone contactor where ozone is used and the remaining carrier gas is vented to the
air. The carrier gas can be either nitrogen gas or air. It has been reported that the overall operating costs of
ozone system was lowered by over 70% by using the SLR process.””'*

The most practical and cost-effective indirect recycle of spent oxygen is use of the off-gas (after ozone
destruction) in the aeration system for an activated sludge process. The oxygen transfer efficiency (OTE)
and aeration efficiency (AE) would be significantly improved since the oxygen content (75-85%) in the off-
gas is much higher than that in the air.”>'"'

11.8.6 Kinetic Equations for Ozone Disinfection

Several kinetic models developed for disinfection by chlorine (Section 11.5.2) have also been applied to
ozonation. The important ones are the Hom model (Equation 11.4d) and Hass-Karra model that is
Chick-Watson equation in logarithm forms (Equations 11.38a and 11.38b). Also, empirical models (Equa-
tions 11.38¢ through 11.38f) have been developed for ozonation,**~>*1%2
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Hass-Karra Model

N N
log(ﬁ) = —A;C"t or ln(ﬁ) = —A.C't (n#1) (11.38a)

0

0

log(%) = —A1p(CT) or ln<%) =—-A(CT) (n=1) (11.38b)

Other empirical models

N _(U\™ N U

—=|— or log| —) = —nlogl— (U=>yg (11.38¢)

Ny q No q

N N

—=1 logl — | =0 U< 11.38d

N or log (N()) U=9 ( )
100%

= U 11.38

TEo, (11.38¢)
ans

D= 2 (Cosfeed — Coyoff) (11.38f)

where
N = number of organisms remaining after disinfection, number of organisms per unit sample
volume, organisms/100 mL
Ny = number of organisms present initially at t =0, number of organisms per unit sample

volume, organisms/100 mL
= disinfectant (O3) residual, mg/L

n = coeflicient obtained experimentally based on the slope of dose response curve,
dimensionless

t = contact time, min

CT = product of ozone residual (C) and contact time (), mg-min/L. It is an important design

parameter used in the design on ozone contract. The typical ranges of CT required for
inactivation of different organisms by ozone are provided in Table 11.9

Ay and A, = coeflicient of specific lethality (base 10 and e), L/mg-min. It is the slope of the linear por-
tion of the dose (CT) response curve. The coeflicients (base 10) for inactivation with
ozone and other different disinfectants are summarized in Table 11.17.

U = utilized or transferred ozone dose, mg/L

q = estimated initial ozone demand, mg/L. It can be determined graphically from experi-
mental data (Example 11.53)

D = total required ozone dosage, mg/L
D is obtained by applying the ozone transfer efficiency to U

TEos = ozone transfer efficiency, %
The ozone transfer efficiency may be in the range of 80-90%

Qgas = flow rate of the feed gas from ozone generator, L/min

Q = flow rate of the disinfected effluent, L/min

Cosfeed = concentration of ozone in the feed gas, mg/L

Cosoff = concentration of ozone in the off-gas prior to destruction device, mg/L
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TABLE 11.17 Typical Values of Coefficients of Specific Lethality for Inactivation of Different Organisms with
Different Disinfectants®

Coefficient of Specific Lethality (A10)°

Disinfectant Unit
Bacteria® Virus Protozoa Cryptosporidium Protozoa Giardia lamblia Cysts
Chlorine, free L/mg-min 2 1.2 0.00044 0.04
Chloramine L/mg-min 0.016 0.0052 0.00022 0.0024
Chlorine dioxide ~ L/mg-min 2 0.38 0.008 0.2
Ozone L/mg-min 44 7.27 0.24 4.21
UV radiation cm?/m]J 5.7 0.0215 0.31 0.33

? Values for inactivation in filtered secondary effluent at pH = 7.5 and temperature ~ 20°C.

® Coefficient base 10, Ae = In(10)A19 = 2.303A1p.

¢ Values are only applicable for total coliform. The values for fecal coliform and E. coli are quite different.
Source: Adapted in part from Reference 52.

EXAMPLE 11.47: SELECTION OF OZONE GENERATORS

Multiple ozone generators are selected to satisfy the average and peak demands as well as the necessary
standby unit requirement. At a wastewater treatment plant, average and peak ozone requirements are 40
and 60 kg/d (88 and 1321b/d). Determine the number of generators needed to satisfy the average and
peak ozone demands, and standby unit requirement. The most cost-effective maximum ozone generation
capacity is 67%.

Solution

Select three generators, each designed for 30 kg/d (66 1b/d) ozone generation capacity.

1. Determine the maximum capacity of two and three generators.

Maximum most cost-effective capacity of two generators =2 x 30kg/d x 0.67 =40 kg/d
Maximum most cost-effective capacity of three generators = 3 x 30kg/d x 0.67 = 60 kg/d

2. Select the generator arrangement.

Two generators will provide the average ozone requirement of 40 kg/d. Three generators will pro-
vide the maximum ozone requirement of 60 kg/d. One standby unit will be available for maintenance
during average demand. Two generators at 100% maximum generation capacity will provide maxi-
mum ozone requirement of 60 kg/d under emergency situation only in case one unit is out of service
under peak condition.

EXAMPLE 11.48: COEFFICIENT OF SPECIFIC LETHALITY FROM
EXPERIMENTAL DATA

At a wastewater treatment facility, inactivation of Cryptosporidium parvum in the filtered secondary efflu-
ent by ozonation was investigated in a bench-scale study. Determine the coefficient of specific lethality
from Equation 11.38b. Apply the experimental data that are summarized below. Validate the applicability
of the equation. The ratio of T;o/T is 0.4 for the experimental contactor.
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Ozone Residual Retention Time Number of Organisms (N),
(C), mg/L (£), min parvums/100 mL
0.0 0 21,000
3.1 2 5400
2.8 4 1900
3.0 6 410
2.9 8 160
3.1 10 38

Solution

1. Determine the coefficient of specific lethality (A;o) from tabulated data sets.
a. Prepare the values of log(N/N,) and CT from the experimental data and tabulate the calcula-
tion results below.

C,mg/L t min Tjo min mgmfn L N, parvums/100mL  N/N, log, N/No | /Iﬁ;?r’rlin

0.0 0 0.0 0.00 21,000 1.000 0.000 =

3.1 2 0.8* 2.48° 5400 0.257° -0.590¢ 0.24°

2.8 4 1.6 4.48 1900 0.0905 —1.04 0.23

3.0 6 2.4 7.20 410 0.0195 —-1.71 0.24

2.9 8 32 9.28 160 0.00762 —2.12 0.23

3.1 10 4.0 124 38 0.00181 —2.74 0.22
Average 0.23

? T1p=0.4 x 2 min = 0.8 min.
> CT=3.1 mg/L x 0.8 min = 2.48 mg:min/L.
€ N/No = 5400/21,000 = 0.257

4 Jog(N/No) = log(0.257) = —0.590

cq _ log(N/No) _ —0.5%
10 CT 248 mg-min/L

= 0.24 L/mg-min

b. Rearrange Equation 11.38b and calculate the value of Ao from each set of log(N/N,) and CT
data. The calculated values are also summarized in the table above.
c. An average value of coefficient of specific lethality A;o = 0.23 L/mg-min is obtained from the
experimental data.
2. Determine the coefficient of specific lethality (A;,) from plot of log(N/N) versus CT.

The values of log (N/Ny) and CT are calculated from the experimental data in Step 1. Plot
log (N/Np) versus CT in Figure 11.19. A linear relationship between log(N/N,) versus CT is
obtained with n= 1. Equation 11.38b is valid for describing the inactivation of Cryptosporidium
parvums by ozonation. The slope of the line is A;9 = —0.23 L/mg-min is obtained from the slope
of the line.
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FIGURE 11.19 Plot of log(N/N,) versus CT (Example 11.48).

EXAMPLE 11.49: CT REQUIREMENT TO ACHIEVE A DESIRED LOG REMOVAL

A 2-log inactivation of Cryptosporidium parvums is required in the filtered secondary effluent from a
treatment facility. Ozonation process is one of the alternatives recommended for disinfection. Determine
the CT requirement to meet the required inactivation. Assume that the coefficient of specific lethality
determined in Example 11.48 is valid.

Solution
Rearrange Equation 11.38b and calculate the required CT\eq for 2-log removal (—log(N/Ny) = 2).

log(N/No) =2
Ay " 0.23 L/mg-min

CTreq = — = 8.7 mg-min/L

Therefore, the ozone contactor must provide an overall CT >8.7 mg-min/L.

EXAMPLE 11.50: INITTAL OZONE RESIDUAL REQUIRED TO MEET A
DESIRED CT IN AN OZONE CONTRACTOR

A 4-chamber ozone contractor is designed to meet the disinfection requirement in Example 11.49. The
hydraulic retention time (HRT) is 5 min in each chamber that has a baffling factor (BF) or T;,/T ratio
of 0.6. The ozone is fed into the first chamber where the initial demand is met. A maximum ozone residual
is reached at the end of first chamber. The ozone residual decreased gradually through the rest three
chambers. Determine the (a) the maximum ozone residual required (C;) at the end of first chamber,
(b) the ozone dosage requirement at an initial ozone demand of 0.5 mg/L, (c) prepare an ozone residual
profile through the ozone contactor, and (d) validate the performance of the ozonation process under
design conditions. Assume that the decrease of ozone follows the following first-order decay curve (Equa-
tion 2.15a): C = Cre %3t where ko;=0.12min"", and C, is the ozone residual at the end of
first chamber, and ¢ is the overall hydraulic retention time after the first chamber.
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Note: The hydraulic calculations of the ozone contactor are similar to those used for the over-and-
under baffled channel flocculator in Example 9.46.

Solution

1. Determine the contact time T}, in each chamber.

Tyo = BF x HRT = 0.6 X 5 min = 3 min

2. Determine the ozone residual remaining at the end of each of four chambers.
Ozone is fed in the first chamber and the maximum ozone residual (C,) is established at the end of
the first chamber. Ozone decrease occurs in the second through fourth chambers. The ozone residual at
the end of each of these chambers is separately calculated below:

Ozone residual at the end of the second chamber, C, = Cje %0 2 = C; ¢~ 012 B g) B C
Overall reaction time at the end of the third chamber, C; = Cje %03 & = C; ¢~ 0-12min™" x@x5min) _ g 30 C,
Opverall reaction time at the end of the fourth chamber,

Cy = Cle_koa i _ C1€70'12 min~! x(3x5 min) _ 0.17 C;

3. Determine the overall CT value achieved in all four chambers.
Note: Ozone is fed into the first chamber. A maximum residual is only reached at the end of the
chamber after the initial ozone demand is met. Therefore, it is common practice to exclude the CT
value of the first chamber in the CT calculations (CT; = 0).

CT value in the second chamber, CT, = C, x T}, = 0.55 x C; X 3 min = 1.65 min x C;
CT value in the third chamber, CT; = C5 x T;o = 0.30 x C; x 3 min = 0.90 min x C;
CT value in the fourth chamber, CT, = C4 x T;o=0.17 X C; X 3 min = 0.51 min x C;
Calculate the overall CT value achieved in the entire ozone contactor.

Z CT = CT; + CT, + CT; + CTy = (0 + 1.65 + 0.90 + 0.51) min x C; = 3.06 min x C;

4. Determine the maximum ozone residual (C;) required at the end of first chamber.
To meet the disinfection goal, the overall CT value achieved must be greater than the overall CT
requirement of 8.7 mg-min/L (from Example 11.49).

Z CT > CTyeq = 8.7 mg:min/L  or 3.06 min x C; > 8.7 mg-min/L

8.7 mg-min/L

C > -
3.06 min

= 2.84 mg/L
Therefore, the ozone residual >2.84 mg/L is required at the end of the first chamber. Provide a
design ozone residual C; = 3 mg/L.

5. Determine the ozone dosage required (D) in the first chamber.

At an initial ozone demand ¢ = 0.5 mg/L, D= C; +¢q = (3+ 0.5) mg/L = 3.5 mg/L
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6. Prepare the ozone residual profile through the ozone contactor.
Ozone residual at the end of the second chamber, C, = 0.55 C; = 0.55 x 3 mg/L = 1.65 mg/L
Overall reaction time at the end of the third chamber, C; = 0.30 C; = 0.30 x 3 mg/L = 0.90 mg/L
Overall reaction time at the end of the fourth chamber, C, = 0.17 C; = 0.17 x 3 mg/L = 0.51 mg/L

The design ozone residual profile is shown in Figure 11.20.

Contact time, min
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g} chamber chamber | chamber | chamber
g 3 3 mg/L \ \
g \ \
E 5L ,’ \ \ \
g K \ | \
3] /s | \
s L /,’ } 10.90 mg/L
) 0.51 mg/L
3 7 ‘ ‘ g
/
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Retention time, min

Ozone dosage
=3.5mg/L

FIGURE 11.20  Ozone residual profile through the ozone contactor (Example 11.50).

7. Validate the overall CT value provided at the design ozone profile.
Z CT = 3.06 min x 3 mg/L = 9.2 mg-min/L > 8.7 mg-min/L (overall CT value required)
8. Validate the log inactivation provided at the design ozone profile at A}, = 0.23 L/mg-min (Example
11.49).
—log(N/Np) = Ay Z CT = 0.23 L/mg-min x 9.2 mg:min /L

= 2.1—log > 2—log (overall inactivation required)

EXAMPLE 11.51: OZONE GENERATOR PRODUCT GAS FEED RATE TO
OZONE CONTACTOR

Product gas from a LOX ozone generation system is used for ozonation at a wastewater treatment plant.
The ozone concentration is 14% by weight in the product gas from the generators. Determine the total
product gas flow rate fed to the ozone contactors when the plant is operated at a flow of 10 MGD. Use
the ozone dosage determined in Example 11.50. Assume that the ozone transfer efficiency is 90% in
the ozone contactor. The feed gas contains 3% of nitrogen by weight.

11-93
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Solution

1. Determine the mass of ozone required (mo,) at the ozone transfer efficiency of 90% and the ozone
dosage D = 3.5 mg/L (from Example 11.50).

100% 8341b  100%
® = 3.5 mg/L x 10 MGD x x—°
TE, mg/L-Mgal ~ 90%

O3

mo, = DQ x =3251b/d as O;

2. Determine the ozone gas flow rate (qo3) using the standard ozone density pos = 0.125 Ib/ft> (Ib/scf) at
20°C and 1 atm.

mos . 325 lb/d > 1d
po;  0.1251b/scf =~ 1440 min

qos = = 1.8 scfm as O3

3. Determine the total mass of feed gas required (mg;,) at the ozone concentration of 14% by weight.

mos  3251b/d as O3 .
as = — = o~ —— = 2321 1b/d .
e = s 0.141b O3/1b gas /d as gas mixture

4. Determine the mass of nitrogen required (my;) at the nitrogen content of 3% by weight.

MmNy = W2 X Mgy = 0.03 Ib N, /Ib gas x 2321 Ib/d as gas = 70 Ib/d as N,

5. Determine the nitrogen gas flow rate (gn,) using the standard nitrogen density pn, = 0.073 Ib/ft’
(Ib/scf).

70 1b/d 1d
a2 = mN2 = / X — = 0.7 scfm as N,
Pna 0.073 1b/scf 1440 min

6. Determine the mass of oxygen remained (p,) in the product gas.
a. Calculate the oxygen content in the product gas.

woz =1 — (Wo3 + wnz2) =1 — (0.14 4+ 0.03) = 0.83 1b O,/Ib gas

Moy = Woz X Mg = 0.831b Ny/Ib gas x 2321 1b/d as gas = 1926 Ib/d as O,

7. Determine the oxygen gas flow rate (o) using the standard oxygen density po, = 0.083 Ib/ft® (Ib/scf).

1926 Ib/d 1d
qoz = LD / X — = 16.1 scfm as O,
Po2 0.083Ib/scf 1440 min

8. Determine the total product gas flow rate (qo,) to the ozone contactors.

dgas = 903 + qn2 + qo2 = (1.8 + 0.7 + 16.1) scfm = 18.6 scfm as gas mixture
Calculate the standard product gas density at 20°C and 1 atm.

mgs 23211b/d _ 1d

= X — = 0.087 Ib/ft’ as gas mixture
dgas  18.6 scfm 1440 min

Pgas =
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EXAMPLE 11.52: GAS FEED RATE TO OZONE GENERATOR AND LOX USAGE

Determine (a) gas feed rate to ozone generators and (2) usage of LOX. Use the calculation results in Exam-
ple 11.51.

Solution
1. Determine the mass of oxygen contained in the feed gas (mo; feeq) to the ozone generators.

During ozone generation, oxygen is converted to ozone without a change in mass. Therefore, the
mass of oxygen in the feed gas to the ozone generators should equal the total mass of ozone and oxygen
in the product gas mo; = 325 1b/d as O; (Example 11.51, Step 1) and m, = 1926 1b/d as O, (Example
11.51, Step 6).

Mo2feed = Mo3 + Moz = (325 + 1926) Ib/d = 2251 Ib/d as O,
2. Determine the oxygen gas flow rate (o feea) Using the standard oxygen density po, = 0.083 1b/ft?
(Ib/scf).

MQ2, feed . 2251 lb/d 1 d

= X = 18.8 scfm as O
Pos  0.0831b/scf ~ 1440 min :

qo2,feed =

3. Determine the total feed gas mass (#1ged gas) and flow rate (qoz,eca) to the ozone generators.
There is no change in mass and flow rate for nitrogen during ozone generation.
qn2 = 0.7 scfm (Example 11.51, Step 5) and my, =701b/d as N, (Example 11.51, Step 4),

Qfeced gas = G032, feed T+ gn2 = (18.8 + 0.7) scfm = 19.5 scfm as gas mixture

Mfeed gas = MO2, feed + MN2 = (2251 + 70) Ib/d = 2321 Ib/d as gas mixture

OF Mfeed gas = Migas = 2321 Ib/d as gas mixture

Calculate the standard feed gas density at 20°C and 1 atm.

Mifeed gas 2321 lb/d 1d
Pfeed gas — =

= X — = 0.083 Ib/ft’ as gas mixture
Qeedgas  19.5 scfm 1440 min

Note: The density of feed gas is close to that of oxygen.
4. Determine the usage of LOX (qrox) assuming the 100% LOX (cryogenic liquid) density prox =
9.51b/gal.

MLox = Mozfeed = 2251 1b/das LOX

miox . 2251 lb/d
prox  9.51b/gal

1d
qLox = X AT 10 gph as LOX

EXAMPLE 11.53: OZONE DOSE FOR DESIRED COLIFORM COUNT IN THE
EFFLUENT FROM EMPIRICAL EQUATION

A pilot plant was operated to determine the disinfection efficiency of ozonation for inactivation of coli-
forms on secondary treated effluent. The ozone dose was varied, and influent and effluent MPN number
per 100 mL sample was measured after 15-min contact time. The ozone concentration utilized, MPN
number per 100 mL sample before and after ozonation are tabulated below. The ozone transfer efficiency
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was 85%, and expected average MPN in the secondary treated plant effluent is 4 x 10°/100 mL. Deter-
mine the coefficient (#) and initial demand (q) in Equation 11.38¢ from the experimental data. Also, esti-

mate the ozone dose required to disinfect the secondary effluent to an MPN criteria of 240/100 mL.

U, mg/L log(U) Np, MPN/100 mL N, MPN/100 mL N/N, log(N/Ny)
0.75 —0.12 2.0 x 10* 2000 0.10 1.0
1.0 0.00 45 % 10* 1800 0.040 1.4
2.0 0.30 2.1 x 10° 1300 0.0062 2.2
3.0 0.48 32 % 10° 800 0.0025 2.6
4.0 0.60 5.0 x 10° 400 0.00080 3.1
Solution

1. Determine the log removal of coliforms based on MPN data.
Rearrange Equation 11.38c¢ to develop the following linear equation.

log(%) = —nlog(U) + nlog(q)

The values of log(U) and log(N/Np) are calculated for all data points and are summarized in the
above table.
2. Plot the linear relationship and determine coefficients n and q.
Plot log(N/Ny) versus log(U) in Figure 11.21. The plot gives a straight line. The slope of the line is
—n and the intercept on Y axis is n log(q).

0
-1 \
= \ log(N/N,) = -2.8 log(Ul) ~1.4
<
Z -2
o
Q
— \
-3 \
—4
-0.25 0.00 0.25 0.50 0.75 1.00

Log(U)

FIGURE 11.21  Plot of log(N/Ny) versus log(U) (Example 11.52).

The slope —n = —2.8, so n=2.8.
n log(q) = —1.4 is determined from the intercept on Y axis.

1.4 —1.4

g= 100" = 10G5) = 1095 = 0.32 mg/1
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Note: The minimum U'is 0.75 mg/L during the pilot test. Therefore, utilization of Equation 11.38c is
valid since the condition U > q is met.
3. Determine the ozone dose required to achieve a coliform count of 240 MPN/100 mL.
Rearrange Equation 11.38c and substitute N = 240 MPN/100 mL and Ny = 4 x 10° MPN/100 mL.
Solve for U.

= 1

N\ 240 MPN/100 mL 1 28
U=q|—= =032 mg/L x /100 m =4.5mg/L
No 4 x 10> MPN/100 mL

4. Determine the ozone dosage and loss.
Apply Equation 11.38e to calculate ozone dosage (D) from TEp, = 85%.

_100% U 100%
T TEos 8%

x 4.5 mg/L = 5.3 mg/L

Ozone loss, Op =D — U = (5.3 —4.5) mg/L = 0.8 mg/L

11.9 Disinfection with UV Radiation

UV radiation for disinfection of wastewater is an emerging technology. Being a physical process, it does
not leave any chemical residuals. It is a safe and effective technology and is going through rapid
development.

11.9.1 Mechanism of UV Disinfection

UV radiation is the transfer of electromagnetic energy from the source to the genetic material (DNA) of an
organism. As the UV energy is absorbed by the DNA, the damage to the nucleic acid causes a change in cell
structure that prevents the propagation of the organism. The amount of UV light that is absorbed by the
organism is measured by reflectance or transmittance. Water and the constituents in water affect the trans-
mission and absorption of UV rays. Suspended solids reduce the transmittance of UV radiation and also
shield the organisms from exposure, particularly those that are encapsulated within the suspended parti-
cles. The absorbance of UV radiation by DNA molecule depends upon the wavelength of the radiation.
The most effective spectral region for the germicidal effect is in the range of 250-265 nm with an optimum
absorbance by DNA around 254 nm.”>**

11.9.2 Source of UV Radiation

UV radiation is produced from lamp that contains mercury vapors. The vapors are charged by striking an
electric arc. Energy is generated by excitation of mercury vapors resulting in emission of UV light.
Types of Traditional UV Lamps: There are three types of traditional UV lamps based on their oper-
ating parameters. These are (1) low-pressure low-intensity (LPLI), (2) low-pressure high-intensity (LPHI),
and (3) medium-pressure high-intensity (MPHI). The typical operating parameters of these lamps are sum-
marized in Table 11.18.°>° LPLI lamps are efficient and effective, and most widely used for UV radiation
at small to medium facilities. Because of high output within small footprint, the MPHI lamps are more
suitable for large applications for treatment of wastewater and combined sewer overflow (CSO). The typ-
ical lamp life ranges from 5000 to 15,000 h. However, the actual output intensity of lamps may decrease
with age of the lamps, especially if notable scaling is developed on the surface due to high temperature.
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TABLE 11.18 Typical Operating Parameters of Conventional UV Lamps

Type of Lamp
Parameter Unit
LPLI LPHI MPHI

Pressure mm Hg (in Hg) 0.007 (0.0003) 0.01-0.8 (0.004-0.03)  100-10,000 (4-400)
Total power draw W (hp) 40-100 (0.05-0.13)  200-500 (0.27-0.67) ~ 1000-13,000 (1.3-17)
Output at 254 nm W (hp) 25-27 (0.03-0.04)  60-400 (0.08-0.5) 100-2000 (0.13-2.7)
Germicidal output/input % 30-50 35-50 15-20
Operating temperature °C (°F) 35-50 (95-120) 100-150 (200-300) 600-800 (1100-1500)
Dimension

Length m (ft) 0.75-1.5 (2.5-5) 1.8-2.5 (6-8) 0.3-1.2 (1-4)

Diameter mm (in) 15-20 (0.6-0.8) Variable Variable
Estimated lamp life h 8000-12,000 9000-15,000 3000-8000
Sleeve life year 4-6 4-6 1-3
Ballast life year 10-15 10-15 3-5
Decrease in output at % of output of new lamp  20-25 25-30 20-25

estimated lamp life

Note: LPLI: low-pressure low-intensity; LPHI: low-pressure high-intensity; MPHI: medium pressure high-intensity.
Source: Adapted in part from References 52 and 72.

New UV Lamp Technologies: UV lamp technologies have been improved continuously and many new
developments are being seen in the research phase. New directions in future UV lamp market include: (1)
the pulsed broadband energy xenon UV lamp, (2) the narrowband excimer UV lamp, (3) the microwave-
powered high-intensity UV lamp, and (4) the UV light-emitting diodes (LED) lamp.

11.9.3 Types of UV Reactors and Lamp Arrangements

The UV reactors are primarily classified as either a contact or noncontact reactor. In a contract reactor, the
UV lamps may be arranged in parallel, perpendicular, or inclined to the flow direction in an open-channel
or closed-vessel application (Figure 11.22a).'*7'%® The lamps are submerged in wastewater during opera-
tion. Each lamp is typically encased in a quartz sleeve that is slightly larger in diameter than the lamp. The
lamps with sleeves are placed at a spacing to form a module or rack that may further be encased in a sealed
shell. The lamp spacing varies from 75 mm (3 in) to 150 mm (6 in). The lamp module can be lifted up
above the water surface or the lamps can be pulled out of a vessel for regular maintenance or replacement
of lamps. Providing a proper mechanical or chemical-mechanical cleaning system is an essential require-
ment for preventing the quartz sleeves from fouling and reducing the performance of the UV disinfection
system.”” In a noncontact reactor, the lamps do not come in contact with the liquid. The lamps are sus-
pended above the liquid or surround the conduits that carry the liquid (Figure 11.22b). These conduits are
made of materials that are transparent to UV light, such as Teflon® or AFPg;5. Owing to the “dry” oper-
ating conditions, the encasement of lamps inside quartz sleeves is not required. The lamps are normally
arranged in parallel to the flow direction in the noncontact systems. The turbulent hydraulic condition

- . . . . . . L 107
inside the conduits provides an automatic “self-cleaning” and “fouling-resistant” mechanism.

11.9.4 Microbial Repair after UV Disinfection

Some organisms have the ability to repair UV-induced damage to DNA due to UV exposure. This happens
when an injured organism is exposed to the visible light range (primarily blue spectrum). Two typical
repair mechanisms are: (1) photoreactivation and (2) dark repair.
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contaminated
water in

high output
low pressure

UV lamp (non-amalgam) '
disinfected water out

0 ®) (i

FIGURE 11.22 Types of UV Disinfection reactors and major system components: (a) contact UV systems: (i) hor-
izontal lamps parallel to flow direction in channel (Courtesy Xylem, Inc.), (ii) horizontal lamps parallel to flow direc-
tion in closed vessel (Courtesy Xylem, Inc.), (iii) lamps perpendicular to flow direction in closed vessel (Courtesy
Neptune Benson/Evoqua*), and (iv) inclined array of UV banks arranged in series (Courtesy TrojanUV); and (b) non-
contact systems (Courtesy Enaqua/ GRUNDFOS Pumps Manufacturing Corporation): (i) conceptual illustration and
(ii) illustration of system operation.

Photoreactivation: The repair phenomenon of photoreactivation has been detected in many organ-
isms.'*®*!%” There are two major steps involved in the photoreactivation: (1) a light-independent step to
form photolyases, for example, enzyme-substrate complex and (2) light input-dependent process to repair
the damage to the DNA by utilizing photo energy from visible light from the violet to blue end of the spec-
trum in wavelengths between 310 and 490 nm. The photoreactivation is limited to fix the damage to
pyrimidine dimers only.”?

Dark Repair: Two major steps in dark repair are: (1) excision repair to remove the damaged DNA
section and (2) recombination repair to regenerate the damaged DNA section. In comparison with
photoreactivation, it is a slower but more effective process for repairing a wider range of damage in
the genome.

* Evoqua, ETS-UV, and Neptune-Benson are trademarks of Evoqua, its subsidiaries, and affiliates in some countries.
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11.9.5 Inactivation Kinetics for UV Irradiation

Several kinetic models that have been discussed in Section 16.5.2 for chemical disinfection processes
can also be used to express microbial inactivation by UV irradiation. Many important kinetic models
for chemical disinfection are based on the concentration-time (CT) concept. For UV disinfection, this
basic concept provides the basis of developing the UV dose concept. Known as the Bunsen-Roscoe
Law, the UV dose (Dyy) or fluence is defined as the product of the average UV irradiation intensity
(Iavg) and the exposure time ¢ of the organism under UV irradiation.”®* This relationship is shown by
Equation 11.39.

Duv = Lygt (11.39)

where
Dyy = UV dose to which organisms are exposed, mW-s/ cm? (m]/ cm?)
I.vs =average UV irradiation intensity, mW/ cm?
t = exposure time, s

Several models have been developed for disinfection by UV radiation. These models fall into three
major groups: (1) first-order reaction-based models, (2) empirical models, and (3) mathematical models.
These models are discussed below.

First-order Reaction-Based Model: The first-order Chick-Watson equation is a simple and common
model. It assumes that the inactivation of bacteria, viruses, and protozoa by UV irradiation follows a first-
order reaction.”*>>* This model has been used in comparative inactivation studies and validated by exper-
imental and actual operating data. The results are reported in many recent publications.”"**"'9~!'* The
expression for the reduction of microorganisms by UV inactivation is given by Equation 11.40a. In this
model, both UV intensity I,, and time ¢ are equally important, and the product of the parameters is actu-
ally a more meaningful factor than either parameter alone. The logarithmic expression of this equation
yields a linear relationship (Equation 11.40b).

N = N()e_kUVI‘“'gt or N= Noe_kUVDUV (11.4021)
N N
1H<F> = _kUVIavgt or ln<ﬁ> = _kUVDUV (1140b)
0 0
where

k., = inactivation rate constant (base e) of a given type of organism receiving UV radiation, cm?/
mW-s (cmz/m])
All other terms have been defined previously

Equation 11.40b represents the ideal condition. In practice, many physical, chemical, and biological
constituents in wastewater decrease the absorbance of UV light and may cause tailing and shouldering
effects (Figure 11.1). The first-order Chick-Watson model is considered a reasonable inactivation kinetic
when the UV dose and predisinfection water quality are both within the desirable ranges. However, sig-
nificant deviations from the first-order behavior have been observed at either low or high UV doses as
illustrated in Figure 11.23."9%"'%!13-115 The typical S-shape curve shows a shoulder-type effect on micro-
bial inactivation when the UV dose is low. Inadequate UV dose is the major attributor to this deviation.
The tailing off response is a result of the interference of suspended particles on the effectiveness of UV
irradiation by either shielding the organism from UV irradiation, scattering the UV light, or lowering
the UV intensity due to decreased transmittance through the water.

Empirical Models: The first-order kinetic equations have been modified to include the tailing off and
shoulder effects. Empirical models have been developed to incorporate the effects of suspended solids and
photoreactivation. These procedures and models are presented below.
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Log reduction, —log(N/N,)

/ —— Chick-Watson

— = Shoulder + Trailing off

UV dose (D = It)

FIGURE 11.23 Typical deviations from Chick-Watson model observed in UV irradiation disinfection.

The suspended solids in the effluent reduce the disinfection efficiency of UV radiation. The Chick-
Watson equation Equation 11.40a is modified to include this effect in Equation 11.41a.

N = Nye *ovlwst £ Np  or N = Nye kovPov 4 Np (11.41a)

where
N =total organism density remaining after UV exposure, organisms/100 mL
Np = particulate organism density that is unaffected by UV light, organisms/100 mL. A relationship
between Np and total suspended solids (TSS) is given by Equation 11.41b. TSS is the most com-
monly regulated parameter in the effluent.

N, = Cy(TSS)™ (11.41b)

where
TSS = concentration of total suspended solids, mg/L
C; = proportionality constant
m; = constant

During UV disinfection process, various particles through the reactor have different exposure time
around the ideal time. This is known as residence time distribution (RTD).****%*%* The RTD is a
function of the dispersion characteristics of a reactor. A disinfection model that incorporates dispersive
properties of a reactor was developed by Scheible.''®''” The generalized expressions of this model for
inactivation of coliform by UV are given by Equations 11.42a through 11.42f.

N=N+Np or N=N-—Np (11.42a)

12

N'/Ny = exp|:% (1 - (1 +ic—f> )} (11.42b)
12

N =Ny exp[g (1 - <1 +i€—f> )} +Np (11.42¢)
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k= a(Iavg)h or log k=1log a+ b log(l.y) (11.42d)
E
d=— or E=dux (11.42¢)
ux
»\ 1/2
ux 4Ea (Iavg)
N =N —1-(14+—— Ci(TSS)™ 11.42f
oexp | ( t—0p + Ci(TSS) ( )
where
X = the length of the reactor or the average distance traveled by water under direct exposure to
UV, cm
u = velocity of water, cm/s
E = dispersion coefficient, cm®/s. It can be estimated from the RTD curve of a particular reactor.
d = dispersion number, dimensionless. The RTD curve and d is typically determined from the

experimental data that are obtained through a tracer study using a conservative (nonreac-
tive) dye. The practical range of d for UV reactor design is 0.03-0.05.

k = coliform inactivation rates, s~ '. The inactivation rate is expressed as a function of the aver-
age intensity of UV (I,,) in Equation 11.42d. Term of I,z has been defined in Equation
11.39. The unit of I,;, = uW/cm? in Equation 11.42d.

N = nonparticulate effluent coliform density (N' = N — Np), coliforms/100 mL

a and b = empirical constants. They are determined from the slope and intercept of the linear
regression developed from log function of Equation 11.42d.

As a modification of first-order kinetics, the Collins-Selleck and Emerick equations (Equations 11.43a
through 11.43c) were also developed. These equations describe the inactivation of organisms by either
chemical disinfectants or UV irradiation with shoulder and moderate tailing effects.”>”"''® Emerick
model considers the effect of initial particles associated with microbial density on disinfection.'" Specif-
ically, it describes the inactivation kinetics of coliform bacteria by UV irradiation when both dispersed and
particle-associated organisms are involved in the disinfection process.>'"’

L v t —Nyy D —Nyy
Collins—Selleck N = N, (ﬁ) or N= No< UV) (Iavgt > DC) (11.43a)
D. D.
N =N, (Lavgt < D) (11.43b)
N/
Emerick N = Noe_kUVI“gt + P (1 - e_kU"I”'gt) (11.43¢)
kUVIavgt

where
D. = empirical threshold of UV dose determined experimentally, mW-s/cm2 (m]/ cm?). Microbial
inactivation can occur only when I,y t > D..
n,y = coeflicient obtained experimentally, dimensionless
N'p = number of particles per unit sample volume, particles/100 mL. Each particle contains at least one
organism at £ =0.

Mathematical Models: Two mathematical expressions, that is, series-event and multiple-target
models have been used to describe inactivation kinetics for chemical disinfection processes. After proper
substitution of process variables, these two models have been applied for UV irradiation. Equations 11.44a



Disinfection 11-103

and 11.44b express these models.”"5*5"12

kv - (kUVIavgt)i
Series—event N = Nye Fuvhu! Z— (11.44a)
=0 i!
Multiple target N = No[l —(1- e*kUVIavgf)"”"] (11.44b)
where
i = the event level
I =threshold of effective inactivation for a organisms

gy = coefficient obtained experimentally, dimensionless

In the multiple-target model, it is assumed that there are n, target sites, and all of these sites must be
attacked by the disinfectant to inactivate the organism.

EXAMPLE 11.54: INACTIVATION OF E. COLI FROM OLD AND NEW UV LAMPS

A UV lamp after 10,000-h operation is inactivating 99.9% E. coli at 72% intensity of a new lamp. The
new lamp has a design intensity of 2 mW/cm” that is normally measured after 100 h of operation. The
inactivation rate constant of E. coli is 0.13 cm®*/mW-s (cm?®/m]J). Determine the survival of E. coli
when the lamps are new and the exposure time to organism is same as that of old lamps. Compare the
results of new lamps with that of old lamps.

Solution

1. Determine the UV dose from a used lamp to which the organisms are exposed.
Calculate the survival from the old lamps at an inactivation of 99.9% (3-log).

Nused/No = (100 — 99.9)% = 0.1% or 0.001

Rearrange Equation 11.40b and calculate Dyy ysed> kuv = 0.13 cm?/mW:s.

D - In Nused - -
UV, used kov No 0.13 cm?/mW-s

=532 mW-s/cm®> or 53.2 mJ/cm?

1
©0.13 cm?/mW-s

x In(0.001) = X (—6.91)

2. Determine the exposure time to achieve 99.9% inactivation.

UV intensity from the used UV lamp, Lygused = Eused X favg = 0.72 x 2 mW/ cm? = 1.44 mW/cm?

Rearrange Equation 1.39 and calculate the exposed time.

Dyvused  53.2 mW-s/cm?
= = = =37s
Doy 1.44 mW /cm?

3. Determine the UV dose from Equation 1.39 for new lamp that has the same exposure time to organ-
isms as that of old lamp.

Dyy = Lyt =2 mW/cm? x 37 s = 74 mW-s/cm?or 74 mJ/cm?
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4. Determine the survival of E. coli after exposure from the new lamps.

N,
ln<%) = —kyy Dyy = —0.13 cm?/mW-s x 74 mW-s/cm? = —9.62
0

Solve Npew/No = €762 = 0.000066 = 6.6 x 10~> or 0.0066%

Ni,
log inactivation, —1og<7“’> = —1og(0.000066) = 4.2
0

5. Compare the inactivation result from new and old lamps.
log inactivation from new lamps, —log(N/N;) =42 and log inactivation from old
0.001
lamps,—log(Nused/No) = —log<T) =3.0
There is a decrease of 1.2-log in the inactivation of E. coli after 10,000-h operation of the
UV lamps.

EXAMPLE 11.55: UV DOSE FOR A GIVEN REDUCTION TO OVERCOME THE
EFFECTS BY PHOTOREACTIVATION

A UV inactivation study was conducted using a batch reactor. At a UV dose of 26 mW-s/cm?, the survival
of E. coli was 0.0001 (0.01%). If 1% of original organisms overcome the UV inactivation effect by photo-
reactivation, determine the total UV dose required to achieve total deactivation even after full recovery of
1% of original organisms from photoreactivation.

Solution

1. Determine the inactivation rate constant at the survival of = 0.0001.
Rearrange Equation 11.40b and calculate kv using N/N, = 0.0001.

1 1 1
koy = ———xIn[~ ) =———— xIn(0.0001) = —————
Dy nitial No 26 mW-s/cm 26 mV-s/cm

=0.35 cm?/mW-s or 0.35cm?/m]J

x (=9.21)

2. Determine additional UV dose required to achieve complete deactivation even after full photoreacti-
vation of 1% of original organisms.
The survival after photoreactivation based on the original organisms (Nphotoreactivation/No)-

Nphotoreactivation/No =0.01 (1%)

Calculate the survival after additional UV radiation based on the reactivated organisms
(N/Nphotoreactivation)~

N/No 00001

= = 0.01
Nphotoreactivation /NO 0.01

N / N, photoreactivation =
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Rearrange Equation 11.40b and calculate the additional Dyy ,dditional Tequired after full recovery of
1% organisms.

1 N 1
Duy additional = —7— X ln(i) =—————— xIn(0.01)
acditions kuv Nphotoreactivation 0.35 sz/ mW-s

1 2 2

3. Determine the overall UV dose required to deactivate all organisms even 1% of original organisms that
fully recover from photoreactivation.

The overall UV dose required, Dyv,overall = Duviinitial + Duviadditional = (26 + 13.2) mW-s/ cm?
= 39.2 mW-s/cm?or 39.2 mJ/cm?

An overall UV dose of 39.2 mW-s/cm? is needed to achieve deactivation of all organisms even after
survival of 0.0001 and 1% of organisms that fully recover from photoreactivation.

EXAMPLE 11.56: DETERMINATION OF INACTIVATION RATE
CONSTANT FOR CHICK-WATSON MODEL

A study was performed to assess the inactivation kinetics of Cryptosporidium parvum by UV irradiation.
The laboratory data were analyzed and the following average log reduction results were obtained at dif-
ferent UV doses. Obtain the inactivation rate constant k,, for Cryptosporidium parvum.

UV dose (D), mJ/cm? 0 1 2 3 4 5
log reduction (—log(N/No)) 0 0.62 1.12 1.82 2.20 2.82
Solution

1. Develop the relationship of k,, as a function of log reduction —log(N/N,) and UV dose D,,.
Apply Equation 1.40a. N/Ny = e~ FuPu
Take logarithm on both sides and rearrange the expression to obtain the following expression.

—log(N/Ny) = —log(efk“D“") = —log(e) x (—kyyDyy) = log(e) X (kuyDuy) = 0.434 kyyDyy

Rearrange the expression to obtain the desired relationship for k.

T 0.434 Dy,

2. Calculate the k,, for inactivation of Cryptosporidium parvam at different UV doses.
The calculated values of k, at different UV doses are tabulated below.

UV dose (Dyy), mJ/cm® 0 1 2 3 4 5
log reduction (—log(N/Ny)) 0 0.62 1.12 1.82 2.20 2.82
kuy, cm?/m]J = 143 1.29 1.40 1.27 1.30
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An average value k., = 1.34 cm*/m] for inactivation of Cryptosporidium parvam. The survival
number of Cryptosporidium parvum by UV irradiation can be expresses as:

N = Noe '¥Dw o N = Nye~ 34wt

3. Plot the log reduction —log(N/N) versus UV dose D,,, in Figure 11.24.

3 e
7
>

—log(N/Ny) = 0.582 DUV /

/>
) v

L~
/

0 1 2 ) 4 5 6

Dyyy» mJ/cm?

—log(N/N,)
)

FIGURE 11.24 Plot of —log(N/Nj) versus Dyy (Example 11.56).

Note: A plot of log reduction of Cryptosporidium parvam (—log(N/Np) vs. Dy,) is a linear relation-
ship with a slope of 0.434 k,, = 0.434 x 1.34 cm®/m]J = 0.582 cm*/m)]. The expressions for log reduc-
tion are:

—log(N/Np) = 0.434 kyyDyy or  —log(N/Ny) = 0.434 kyyLoygt

—log(N/Ny) = 0.582D,, or —log(N/Np) = 0.582 I gt

EXAMPLE 11.57: CHICK-WATSON MODEL USED TO DETERMINE THE UV
DOSE TO ACHIEVE A DESIRED LOG REDUCTION

Estimate the UV dosage required to achieve a 6-log reduction of Cryptosporidium parvum. Apply Chick-
Watson model and use ky, = 1.34 cm?®/m]J that is obtained in Example 11.56.

Solution

1. Develop the relationship of UV dose D, as a function of log reduction —log(N/No).
Apply the expression obtained in Example 11.56, Step 3. —log(N/Ny) = 0.434 kyyDyy
Rearrange the above expression to obtain the following expression of D,,,.

_ —log(N/No)
w 0.434 ky,
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Calculate the UV dose required for a 6-log reduction (—log(N/Ny) = 6).

_ —log(N/Ny) 6
Y0434k, 0434 x 1.34 cm?/mV-s

=10.3 mW-s/cm® or 10.3 mJ/cm?

The UV dose required for 6-log inactivation of Cryptosporidium is 10.3 mJ/cm?.

EXAMPLE 11.58: APPLICATION OF SCHEIBLE DISPERSION EQUATION
WITH PARTICULATE BACTERIAL DENSITY

A UV inactivation study was conducted to determine the effectiveness of UV irradiation on the filtered sec-
ondary effluent. The initial coliform count Ny = 10° MPN/100 mL and TSS = 10 mg/L. The UV reactor
has uniform lamp array with the lamps parallel to flow direction. The reactor information is given below.

Effective lamp length x = 147 cm, velocity of water u = 18.5 cm/s, average UV intensity I,z = 8500
uW/cmz, and dispersion coefficient E = 148 cmz/s. Other constants are: a=1.5 x 10>, b= 1.3, C, =
0.25, and m; = 2.0. Calculate (a) the nonparticulate effluent coliform density (N'), (b) the total coli-
form density remaining (N), and (c) the log inactivation after exposure to UV radiation.

Solution

1. Determine the coliform inactivation rate constant k from Equation 11.42d.

k = a(lyg)’ = 1.5 x 107 x (8500)' = 1.92 57"

2. Determine the nonparticulate effluent coliform density (N').

. , ux 4kE\ /2
Apply Equation 1.42b, N’ /Ny = exp 25 1—(1+ "

18.5cm/s x 147 cm 4x1.9257! x 148 cm?/s\ "/
=exp| ——————[1-(1+ .
2 x 148 cm?/s (18.5cm/s)
=exp [9.19 x (1—(1+3.32)'/%)]

=exp [9.19 x (1 —2.08)]
=49x107°

N =49 x107° Ny = 4.9 x 107> x 10° MPN/100 mL = 49 MPN/100 mL

3. Determine the coliform density remaining (N) after UV exposure.
The particulate organism density is calculated from Equation 11.41b.

Np = C,(TSS)™ = 0.25 x (10 mg/L)*° = 25 MPN/100 mL
Calculate the total organism density remaining from Equation 11.42a.
N = N’ + Np = (49 + 25) MPN/100 mL = 74 MPN/100 mL

There are a total 74 MPN/100 mL remaining after UV exposure.
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4. Determine the log inactivation after UV exposure.

74 MPN/100 mL
—log(N/Ny) = —log< /100 m > = 4.1-log inactivation

106 MPN/100 mL

EXAMPLE 11.59: EMPIRICAL CONSTANTS IN COLLINS-SELLECK EQUATION
FOR UV DISINFECTION UNDER THE INFLUENCE OF
TURBIDITY

An experimental program was conducted to assess the impact of turbidity on inactivation of E. coli by UV
radiation. The results are summarized below:

At turbidity of 2 NTU:

UV dose (Dy,), mJ/cm? 0 2.5 5.0 7.5 10 15 20 30
log reduction (—log(N/No)) 0 03 13 28 3.8 5.3 6.0 6.5

At turbidity of 20 NTU:

UV dose (Dy,), mJ/cm? 0 2.5 5 7.5 10 15 20 30
log reduction (—log(N/No)) 0 0.2 1.1 2.0 2.8 4.0 4.5 4.8

Discuss the impact of turbidity on the response of E. coli to UV irradiation. Also develop the empirical
constants #1,,, and D, in Collins-Selleck model that can be used to express the general performance of UV
inactivation at a constant turbidity level.

Solution

1. Plot the reduction of E. coli to UV irradiation for two turbidity levels.
Plot —log(N/Ny) versus D, for turbidity of 2 and 20 NTU, respectively, in Figure 11.25.

8

—— Turbidity =2 NTU —
‘f —&— Turbidity = 20 NTU
0 | | | |

0 5] 10 5 20 25 30 35 40
Dy, mJ/cm?

~log(N/N,)
NS

FIGURE 11.25 Plot of —log(N/Ny) versus Dyy (Example 11.59).

2. Discuss the response of E. coli to UV irradiation.
The following observations on the inactivation of E. coli by UV irradiation can be made from the
plots:
a.  There is a “shoulder” effect but almost no impact of turbidity at a low UV dose (below 5
m]/ cm?).
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b. Thereisa moderate “tailing oft” effect with an increasing impact of turbidity at the UV doses in
the range of 5-15 mJ/cm>.

There is a significant “tailing off” effect at a UV dose higher than 15 mJ/cm>.
3. Develop the inactivation kinetic model from the experimental data.
a. Plot —log(N/Np) versus log(Dyy).

Calculate the values of log(D,,) at different UV doses.

C.

Dy, mJ/cm® 0 2.5 5.0 7.5 10 15 20 30

log (Dyy) - 040 070  0.88 1.0 1.2 1.3 1.5

Plot the values of —log(N/Np) versus log(D,,) for turbidity of 2 and 20 NTU, respectively, in

Figure 11.26. There is a linear portion on each curve in the UV dose (D,,) range of 5—15 m]J/ cm?
or log(D,,) range of 0.7—1.2.

8
Turbidity = 2 NTU: /
61 ~log(N/N,) = 8.01 log(Dy ) 4.27 Z--%
T--A
4

o

3 g |
= 2 Turbidity = 20 NTU:
Tg) . =" == —log(N/N,) = 5.85 log(Dy;y) 3.06 |
T -3.06
-2
V - - - Turbidity = 2 NTU
—4 |
N 17 - = - Turbidity = 20 NTU
-6 :
0.0 0.5 1.0 1.5 2.0
Log(Dyy)

FIGURE 11.26  Plot of —log(N/Ny) versus Dyy (Example 11.59).

b. Develop the relationship between —log(N/N,) and log(D,y). D .
Apply the Collins-Selleck model (Equation 11.43a). N = N0< DUV>
Cc
Take logarithm on both sides and rearrange the expression to obtain the following linear rela-
tionship that is the log function of Equation 11.43a.
—log(N/Ny) = nyy log(Dyy) — nyy log(D.)
The slope of the line is #,, and the intercept on Y axis is —,, log(D,).
The experimental data within the linear range are used to develop the linear relationship
between —log(N/Ny) and log(Dyy).
c.

Develop the coefficient (n,,) and empirical threshold (D.) from the plot of 2-NTU turbidity.
The following linear relationship is obtained from experimental data:

n,,=8.01 and —n,, log(D,)) = —4.27 or n,, log(D.) =427

Solve for D,, D. = 107w = 10881 = 10°5% = 3.41 mJ/cm?
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d. Develop the coefficient (n,y,) and empirical threshold (D.) from the plot of 20-NTU turbidity.
The following linear relationship is obtained from experimental data:

n,, = 5.85 and —n,, log(D,)) = —3.06 or n,, log(D.)=3.06

Solve for D, D, = 107 = 10 = 105 = 3.33 m]/cm’

e. Summarize the Collins-Selleck equation obtained from the experimental data for each
turbidity level.

The experimental results indicate that the Collins-Selleck equation is suitable to express the
kinetics for inactivation of E. coli by UV irradiation under the influence of turbidity. The Col-
lins-Selleck kinetic equations at a UV dose between 5 and 15 mJ/cm? are expressed below:

a. Ata turbidity of 2 NTU, 1- to 5-log reduction of E. coli can be predicted by the following
equation:

Do\ —801
N =N, =UV.
3.41

b. Ata turbidity of 20 NTU, 1- to 4-log reduction of E. coli can be predicted by the following
equation:

D —5.85
N = No( ==X
3.33

EXAMPLE 11.60: APPLICATION OF EMERICK MODEL

Emerick model includes the effect of both dispersed and particle-associated organisms of UV inactivation.
A UV reactor is used for inactivation of coliform organisms in a filtered secondary effluent. Calculate log
reduction. Use the following data.

Ky = 1.40 cm?/m], Dy, (or Lygt)=6 mJ/cm? Ny = 10° MPN/100 mL, and N'p = 120 particles con-
taining at least one organism, particles/100 mL.

Solution

1. Determine the number of coliform organisms remaining after UV exposure.
Apply Equation 1.43c.

U
N :Noe—kuvlavgi + NP = e—kuvlavgt)
UVIavgt
Np

1- e—kuvDuv)
kuvDuyv

=N, ¢ kuvDuy +

120 particles/100 mL

_ 106MPN 100 mL (—1.40 cm? /mJ x 6 mJ /cm?)
( /100mL) xe +1.4cm2/m]><6m]/cm2

( _ 6(71,40 cmz/m]xﬁm]/cmz))

=(10° MPN/100mL) x e~ %* 4+ (14 particles/100mL) x (1 —e~®%)

=(10° MPN/100mL) x 2.25 x 10~ * 4 (14 particles/100mL) x (1—2.25 x 10™*)
=(225+14) MPN/100 mL
=239MPN/100mL
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2. Determine the log reduction of coliform organisms.

239 MPN/100 mL

log reduction = —log(N/Ny) = —log<106 MPN,/100 mL) = 3.6-log

11.9.6 UV Transmittance, Density, Intensity, and Dose

UV Transmittance: The initial UV demand in wastewater is analogous to the initial chlorine demand. It is
expressed by the UV absorbance coefficient (Ayy) that is the absorption of energy or absorbance per unit
depth (absorbance unit/cm or a.u./cm). The Ayy is related to UV transmittance (UVT) light as measured
by a spectrophotometer and is expressed by Equation 11.45a. In most designs, a coefficient “ayy” is used as
the UV absorbance coefficient that is to the base e and is directly related to Ayy. This relationship is
expressed by Equation 11.45.

UVT = 100% x 1074% or UVT = 100% x 10~ @w/23 (11.45a)
ayy = 2.3 AUV (1145b)
UvT uvT
Ayy = —log[ —— = —23log| —— 11.45
o °g<100%> or dwv °g<1oo%> (11.45¢)
where

UVT = UV transmittance at wavelength of 254 nm and a path length of 1 cm, %
Ayy = UV absorbance coeflicient to the base 10 at wavelength of 254 nm, a.u./cm
ayy = UV absorbance coefficient to the base e at wavelength of 254 nm, a.u./cm

The UV absorbance and transmittance vary greatly in different wastewater effluents. At a wavelength of
254 nm, the range of UV absorbance and transmittance in different effluents is summarized in Table 11.19.

UV Density: The UV density (pyy) is defined as the total nominal UV power at 253.7 nm available
within a reactor divided by the liquid volume in the reactor (pyy = total UV output/liquid volume).
Determination of nominal UV density at any point in a reactor is not straight forward.

UV Intensity: Two UV intensities are used in UV disinfection practice: (1) nominal average UV inten-
sity and (2) design UV intensity under the field operating conditions.

Nominal Average UV Intensity (Lygnom): The Liygnom represents the lamps output at 100%. It is
assumed that the quartz sleeves or Teflon tube transmits 100% of the energy emitted by the lamps. A math-
ematical model based on the point source summation (PSS) method is applied to determine the I vgnom
value from UV lamps. The model utilizes the basic characteristics of wastewater, spacing and physical
properties of UV lamps, and configuration of multilamp chamber.'*" Typical lamp configurations

TABLE 11.19 Range of Typical UV Absorbance and Transmittance at a Wavelength of 254 nm in Various Treated
Wastewater Effluents

Effluent from Treatment Process Absorbance Coefficient Transmittance
(Ayy), a.u./cm (UVT), %
Primary 0.3-0.7 20—-50
Secondary 0.15-0.35 45-70
Filtration secondary with or without nitrification 0.1-0.25 55—80
Microfiltration (MF) 0.05—0.1 80—90
Reverse osmosis (RO) 0.01-0.05 90—98

Source: Adapted in part from Reference 52.
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FIGURE 11.27
centric array, and (d) tubular array.

Schematic of different lamp arrangements: (a) uniform array, (b) staggered uniform array, (c) con-

are (1) uniform array, (2) staggered uniform array, (3) centric array, and (4) tubular array. These config-
urations are shown in Figure 11.27. The I yg nom Values for these four arrangements are presented graph-
ically in Figure 11.28 with respect to UV absorbance coefficient (oryv) and UV density (pyy).

Average UV Intensity Under Field Conditions (I,,): Under actual operation and for design purposes,
the Ioygnom Value is reduced to account for (a) aging of the lamps, (b) fouling of the inner side of the
Teflon tubes or the outer surface of the quartz sleeves due to contact with wastewater, and (c) chemical
constituents. The most influential chemical constituents to UV intensity are ferric and ferrous ions. Ozone
may also be considered when an AOP with UV /ozone is used. For this reason, the nominal average UV
intensity needs to be adjusted for the field conditions as given by Equation 11.46a.

Lavg = lavgnom X Fa X Fy X F¢ (11.46a)
where
Ly, = design average UV intensity under field conditions, mW/cm? (uW/cm?)

Livgnom = nominal average UV intensity, mW/ cm? (pW/cmz). It may be obtained from UV lamp
manufacturer or estimated for the lamp arrangement from Figure 11.28.

F, = aging factor that is the ratio of the actual output of aged lamp to the nominal output of lamp,
dimenssionless. F, = 0.8 and 0.5, respectively, at the end of one-half and end of approxi-
mately the operating life (up to 8000-15,000 h).

F, = material fouling factor that is the ratio of the actual transparency of the quartz sleeve or
Teflon tubes to the nominal transparency (100%) of the enclosures, dimensionless. The
minimum F, for quartz and Teflon systems are 0.7 and 0.6, respectively.

F, = water quality fouling factor that is the ratio of the actual output with chemical constituent to
the nominal output of lamp, dimensionless. This factor may only be considered when the
affecting chemical constituents are high. F. can be expressed by Equation 11.46b.

F. = 107/¢ (11.46b)
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FIGURE 11.28 Nominal average intensity as a function of the reactor UV density and UV absorbance coefficient for
different lamp arrangements: (a) uniform array, (b) staggered uniform array, (c) concentric array, and (d) tubular array.
(Adapted in part from Reference 54.)

where
f. = absorption coefficient for the chemical constituent in concern, L/mg. The value of f.
is 0.055 and 0.0083 L/mg for ferric and ferrous ion, respectively. For iron ion in gene-
ral, the conservative value of 0.055 may be used. The value of f. is 0.068 for ozone.
C = concentration of chemical constituent, mg/L. For iron ion, it is expressed in mg/L
as Fe.

UV Dose: The UV dose is a product of UV intensity and exposure time (Equation 11.39). It can be fur-
ther defined as (1) UV dose delivered (or available) by the UV lamps and (2) UV dose required (or
demand) for meeting a desired microbial inactivation goal.

UV Dose Delivered: Three methods are considered for UV dose measurement. The first method involves
determination of average UV intensity and exposure time; the second method uses computational fluid
dynamics (CFD); and the third method uses bioassays.

The measurement of nominal UV intensity requires complex PSS method. The CFD methodology is
available but has not been widely applied.'”>'** UV dose determination by collimated bean bioassay
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is commonly used. In this method, an empirical equation of UV dose delivered (m]/cmz) may be
established as a function of the hydraulic loading applied to the lamp (L/min-lamp), and the UV
transmittance (%) of the disinfected effluent. A generalized equation to deliver UV dose under field
condition is expressed by Equation 11.47. Normally, the equation is only applicable to a specific UV
bank arrangement within a UVT range. The equation needs to be specifically verified from pilot tests.
The typical pilot test schedule and data analysis procedure are presented in detail with examples in Ref-
erences 52 and 124.

m m
DUV,delivered = TZ“% or DUV,delivered = %% (11-47)
where

Duyv delivered = UV dose delivered under the field conditions, m]J/cm?
DUV deliverea is normally a site-specific UV dose. It is developed from the experi-
mental results for a given confidence level and adjusted to account for lamp aging
and fouling effects.”

quv = average hydraulic loading applied to the UV lamp, L/min-lamp

1 a
a, b, m, n, and B = empirical constants (B = T)' They are determined from pilot tests

UVT has been defined previously

UV Dose Required: UV dose requirement varies greatly to inactivate different organisms to various lev-
els of inactivation. The typical UV doses for reduction of total coliform in wastewater effluents from dif-
ferent processes are summarized in Table 11.20. The estimated UV doses for inactivation of various
organisms in the filtered secondary effluent are provided in Table 11.21.*>>*7>*

The upper and lower boundaries of inactivation of virus at a given UV dose have been established by the
National Water Research Institute (NWRI) and the U.S. EPA based on the experimental data for the inac-
tivation of Bacteriophage MS2.7>'**!%° These limits are expressed by Equation 11.48a through 11.48d and
may be used as reference information for quality control purpose in design of UV disinfection systems.

Upper boundary:
—log(N/Np) = 0.040 x Dyy + 0.64 (NWRI) (11.48a)
—log(N/Ny) = —9.6 x 107> x (Dyy)* + 4.5 x 1072 x Dyy  (USEPA) (11.48b)

TABLE 11.20 Typical UV Dose Required to Achieve Total Coliform Reduction in Effluent from Various Treatment
Processes

UV Dose, mJ/cm?®

Total Coliform,

Effluent from Treatment Process Effluent Standard, MPN/100 mL

MPN/100 mL
1000 200 23 <22
Septic tank 107-10° 20-40 25-50 - -
Raw wastewater or primary 107-10° 20-50 - - -
Trickling filter or activated sludge 10°-10° 20-35 25-40 40-60 90-110
Filtered activated sludge with or without nitrification 10*-10° 20-30 25-40 40-60 80-100
Intermittent sand filter 10%-10* 10-20 15-25 25-35 50-60
Microfiltration 10-10° 5-10 10-15 15-30 40-50

Source: Adapted in part from Reference 52.
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TABLE 11.21 Estimated Range of UV Dose for Various Levels of Inactivation of Bacteria, Viruses, and Protozoan
Cysts in Filtered Secondary Effluent

UV Dose, mW-s/cm? (m]/cm?)

nactivation Cryptosporidium Cryptosporidium Giardia lamblia or

Level Bacteria Virus P . ’f/ um a):‘:/ y nf Oocvst Giardia lamblia
P P ¥ Cysts

1-log 10-35 20-60 10-15 25-40 5-10
2-log 15-40 25-70 10-15 30-45 10-15
3-log 20-70 30-120 15-25 40-75 10-20
4-log 30-110 50-190 20-40 65-120 15-30
Source: Developed from the data in References 49, and 52 through 54.

Lower boundary:
—log(N/Np) = 0.033 x Dyy + 0.20 (NWRI) (11.48¢)
—log(N/Ny) = —1.4 x 10~* x (Dyy)* + 7.6 x 10% x Dyy  (USEPA) (11.484d)

All other terms have been defined previously.

11.9.7 Major Components of Open-Channel UV Disinfection Systems

The open-channel UV systems are commonly used for disinfection of filtered secondary effluent. The
major components of an open-channel UV system include (1) UV channel, (2) UV banks, (3) power sup-
ply system, (4) monitoring and control system, and (5) level control system.

UV Channel: The UV channel is a long and narrow channel and houses the UV banks. The flow enters
the influent structure ahead of UV channels. The influent structure has adjustable rectangular weir gates to
regulate and distribute the flow into the UV channels. The channel simulates a plug-flow reactor with min-
imum dispersion and maximum contact time. Some turbulence axially in the direction of flow is desirable
for uniform distribution of UV energy in the nonuniform intensity field of the reactor. A Reynolds number
Nr > 6000 is normally required at one-half of the minimum flow. Excessive turbulence is associated with
head loss, which is a function of velocity. Head loss is a controlling factor in the design of a reactor. The
head loss calculations and hydraulic profile through the reactor are given in Example 11.62. The lamp
modules should utilize maximum volume. Dead zones or short circuiting will cause ineffective use of
lamp energy.

UV Banks: Depending upon the inactivation requirements, two or more UV banks are typically
provided in series in each channel. Each UV bank contains many stainless steel UV modules, and each
module holds the required number of UV lamps that may be installed horizontally or vertically.
The UV modules are held in the support frame with the module handle above the water. The module
is retrievable for easy access to the sleeves and lamps for maintenance. The lamps are enclosed individually
in quartz sleeves and submerged in the channel. The number of lamps required should be calculated for
different flow conditions and microbial quality of effluent to meet the permit requirements for discharge or
reuse. These flow conditions may include (1) average daily, (2) maximum 7-day average, (3) maximum
30-day average, (4) peak dry weather, (5) peak wet weather, and (6) minimum dry weather. The procedure
for determining the number of lamps required for peak wet weather flow is given in Example 11.61.

Power Supply System: Each UV bank is typically served by a power supply center that contains the
ballasts to power UV lamps. The number and type of ballast, and the power requirement of the UV module
depend on the number and type of lamps in the UV module. Each UV module is connected by power cable
from a water tight connector to the power distribution center (PDC).
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Monitoring and Control System: Each UV bank is normally equipped at least one submersible UV
intensity sensor that measures the intensity of UV light at 254 nm in the UV bank. The UV intensity
monitoring data are transmitted to the UV system control center (SCC) that will automatically turn
on and off the UV banks as well as adjust the lamp power based on the flow and UV intensity. There
are either microprocessor-based or PLC-based SCCs. The typical controls and displays include (1) elec-
tricity power supply data, (2) flow data, (3) UV intensity, transmittance, and dose, (4) control mode
selection, (5) UV module run mode and fail status, and (6) alarms for low UV intensity, lamp failures,
and breaker trip. These controls and displays may be provided by switches, buttons, message keypad,
liquid crystal display (LCD), light-emitting diode (LED), and/or color/touchscreen human-machine
interface (HMI).

Level Control System: The level control system is normally installed at the downstream end of the
UV channel. It uses a special level control device to keep the eftluent level at a proper depth through
the UV channel even at variable flow. This keeps the UV lamps at a uniform submergence. These
devices include (1) motorized adjustable rectangular weir gate, (2) automatic counter balanced gate,
and (3) fixed finger weirs. The adjustable weir gate is continuously controlled by a controller based
on the monitoring data from a level sensor installed in the UV channel. The weir plate moves vertically
to maintain the water surface near the design set point. The counter balanced gate consists of a baffle
plate balanced with weights. The baffle automatically swings partially open in proportion to the flow
and releases the excess discharge to keep the liquid level near constant in the channel regardless of flow
rate. Owing to a long weir length, the finger weirs may be used to maintain a relatively constant water
level within a moderate flow range. This is a simple and cost-effective method for small to medium
flow applications.

11.9.8 Hydraulics of UV Channel

A uniform velocity must be maintained in the channel and through the UV banks. Sufficient distance
between the influent structure and lamp arrays is needed to attain uniform velocity in the channel. A min-
imum distance of 2 m (6 ft) is desired between the influent or effluent structure and the closest lamp
array.”®

The head loss through the UV banks may cause a drop in free water surface in the channel. This may
cause serious operational problems in the disinfection process. If the required submergence is maintained
at the downstream of the UV bank then the upper bank may have larger submergence and the liquid may
pass through a region of lower intensity. Conversely, if the free water surface is set with respect to upstream
of the lamps, then the portions of the lower end of the lamps may become exposed under diurnal fluctu-
ations in the flow. Alternate immersion and dryness may cause fouling of the quartz sleeves, and irregular
heat distribution may shorten the life of the lamps. For this reason, stepping down the lower banks may
be needed.

The head loss through a UV bank depends upon the number and arrangement of UV lamps, system
geometry, and velocity through the banks. Equation 11.49 gives a general expression of head loss as a func-
tion of velocity.

h

7= au+bpu* or h= (au+ bpu*)L (11.49)
where

h  =head loss, cm

L =length of chamber over which 4 is measured, cm

u = approach velocity, cm/s

p  =liquid density, g/cm’
a, b = equipment-specific empirical constants measured under the field operation
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FIGURE 11.29 Head loss coeflicient K through two banks arranged in series. (Developed from the information con-
tained in Reference 42.)

The most commonly used equation for calculating the minor head loss through valves, fittings, elbows,
contractions, and expansions is expressed by Equation 6.15b. The relationship between head loss coeffi-
cient (K) and approach velocity (V') for the head loss through two UV banks arranged in series is devel-
oped and is shown in Figure 11.29.*

EXAMPLE 11.61: DESIGN OF A UV REACTOR

Design a UV disinfection system to treat filtered effluent from the final clarifier of a BNR facility. The
characteristics of filtered effluent, disinfection requirements, and UV reactor design considerations are
given below:

Wastewater characteristics of the filtered final clarifier effluent

Peak wet weather flow = 57,000 m’/d; peak wet weather fecal coliform density = 0.5 x 10° organisms/
100 mL; TSS = 5 mg/L; iron = 0.2 mg/L as Fe; and UV transmittance at 253.7 nm wavelength of UV
at daily average flow = 68%.

Disinfection requirements
Peak wet weather fecal coliform density required after UV disinfection < 400 organisms/100 mL.

Basic requirements for the UV reactor design

Uniform lamp array arranged horizontally; lamps axially parallel to the flow direction; lamp length = 1.5
m; effective arc length = 1.47 m; the nominal unit arc length UV output at 254 nm = 18.2 W/m arc; the
outer diameter of lamp’s quartz sleeve = 2.3 cm; the aging factor F, = 0.8; the fouling factor F; = 0.7; and
the site-specific coefficients that are developed experimentally from pilot tests for use of Equations 11.42d
and 11.42fare:a = 1.45 x 107>, b = 1.3, C; = 0.25 and m; = 2.0, and E = 120—1300 cm?/s in proportion
to the flow. Use the average nominal UV intensity data presented in Figure 11.29.

Provide two UV disinfection channels arranged in parallel. Each channel has two banks of UV lamps in
series. The performance of UV disinfection system is high under plug-flow condition. In this case, low to
moderation dispersion exists and dispersion number d = 0.03.

Solution

1. Determine the volume of liquid (V}amp) exposed per lamp.
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The lamp spacing Sj,mp = 6 cm center to center, the effective arclength L, = 147 cm/lamp, diam-
eter of quartz sleeve dgeeyve = 2.3 cm.

7 7
Viemp = [(slamp)2 — Z(dsleeve)z] X Ly = [(6.0 em)? — % x (23 cm)z] x 147 cm/lamp
= 4700 cm®/lamp or 4.7 L/lamp
2. Determine the nominal UV density (pyv,nom) of the lamp.

Calculate the total nominal UV output per lamp (Piamp,nom) at the unit arclength UV output Paycnom =
18.2 W/m arc.

Piamp,nom = PargnomLare = 18.2 W/m x 1.47 m/amp = 26.8 W/lamp
Plampnom  26.8 W/lamp

Nominal UV density, pyynom = Viams =17 I/ lamp =57 W/L

3. Determine the average UV density (I,y).
Calculate UV absorbance coefficient to the base e (ayy) from Equation 11.45c at UVT = 68%.

uvr 68%
ayy = —2.3log = —2.3log = —2.3 x 0.167 = 0.38 a.u./cm

100% 100%

The nominal average UV intensity, l,yg nom = 16,000 uW/ cm? is estimated from Figure 11.28a at
puv =5.7W/L and ayy =0.38 a.u./cm.

Note: A centerline spacing of ~6 cm is also estimated at pyy nom = 5.7 W/L from Figure 11.28a.

Calculate the water quality fouling factor F. from Equation 11.46b at the iron concentration C =
0.2 mg/L; use a conservative average absorption coefficient f. = 0.055 for ferric ion.

F. = 107f°c — 1070055 x 0.2mg/L __ 0.975

Calculate I,y from Equation 11.46a at F, = 0.8, F; = 0.7, and F. = 0.975.

Livg = Livgnom X Fa x Fy x F. = 16,000 pW/cm® x 0.8 x 0.7 x 0.975 = 8740 pW /cm®

4. Determine the coliform inactivation rate constant k from Equation 11.42d.

k = a(luyg)’ = 1.45 x 107° x (8740 pW/cm?)'? = 1.93 57"

5. Develop the performance curve.
The performance curve is developed from UV volume loading rate (UVL, ,,om,) and nominal expo-
sure time.
a. Calculate the UVL, ,om that is the volume of water (Vi,mp) exposed to the total nominal UV
output per lamp (Pramp,nom)-

Vvlamp _ 4.7L/lamp
Pampnom  26.8 W/lamp

UVLypom = =0.175L/W

Note: UVL can also be obtained from reversing the nominal UV density (pyv) of the lamp.

b. Calculate nominal exposure time (,om)-
The value of f,,y, is the nominal time the water is exposed to UV light. For each lamp, t,
is calculated from the volume of water exposed per lamp (Viump) and flow rate per
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min per lamp (gjamp)-

Divide the numerator and denominator of the above expression by Pj,mp nom to obtain Equa-

tion 11.50a.
thom = e e — O (11.50a)
qlamp/Plamp,nom UVLf,nom
where
tnom = nominal time the water exposed to UV light, min

UVL, nom = nominal UV loading in terms of the volume of water exposed per Watt, L/W

UVLgnom = nominal UV loading in terms of the flow (or volume of water per unit time)
exposed per Watt, L/min-W

Glamp = flow (or volume of water per unit time) at the lamp, L/min

To develop the UV performance curve, assign different values to variable UVLg,om. For each
assigned value of UVL¢,om, calculate the corresponding value of t,,,,, from Equation 11.50a. As
an example, calculate the oy, at UVLgpom = 0.5 L/min-W below:

UVLgnom _ 0.175 L/W

= - =0.35min or 21s
UVLnom 0.5 L/min-W

fhom =

Similarly, calculate f,,,, for other assigned values of UVL¢nom (UVLgnom between 1 and
5 L/min-W at an interval of 0.5L/min-W). These values are summarized in Table 11.22.

TABLE 11.22 Calculated UV Performance Values —log(N' /N,) for Assumed UVLg o, at Peak Wet Weather
Flow

UVLgpom L/min-W troms S u, cm/s E, cm®/s —log(N' /No)
0.5 21.0 14.3 129 10.3
1.0 10.5 28.6 257 6.16
1.5 7.00 429 386 4.47
2.0 5.25 57.1 514 3.54
2.5 4.20 71.4 643 2.93
3.0 3.50 85.7 771 2.50
3.5 3.00 100 900 2.18
4.0 2.63 114 1026 1.94
4.5 2.33 129 1161 1.74
5.0 2.10 143 1287 1.58

c.  Calculate the velocity through UV lamps in the channel.

There are two UV banks in the channel in series at the peak wet weather flow. The length of
each lamp Lj,p,p = 150 cm. Total length of UV exposure in two banks x = 2 lamps x 150 cm/
lamp = 300 cm. The nominal exposure time t,, for UVL¢,om = 0.5 L/min-W is 21 s. The corre-
sponding velocity u for UVL¢ o, = 0.5 L/min-W is calculated below and those for other assumed
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values of UVL¢,om are also summarized in Table 11.22.

x 300 cm
fhom  2ls

u= = 14.3 cm/s

d. Calculate the dispersion coefficient (E) from Equation 11.42e at d = 0.03 (given).
E = dux = 0.03 x 14.3 cm/s x 300 cm = 129 cm?/s

Similarly, the value of E for other assumed UVLg,,,, values are calculated and summarized in
Table 11.22.
e. Calculate the UV performance values of —log(N'/N,) (log inactivation).
Take logarithm on both sides of Equation 11.42b and rearrange the equation to obtain the fol-
lowing expression.

2 1/2
—log(N'/No) = —log(e) x [ﬂ <1 - <1+E> )} =—0.434 % [ﬂ(l - (1 +4k_E) )}
2E w2 2F >

The UV performance values —log(NN'/Np) at the peak wet weather flow are calculated from the
above expression at UVL¢ o, = 0.5 L/min-W.

1/2
, 14.3cm/s x 300 cm 4x1.9357! x 129 cm?/s
—log(N'/No) =—0434x | ————————1—

2x 129 cm?/s (14.3cm/s)?
=—-0.434x(—23.7)=10.3

Similarly calculate the UV performance values —log(N'/Ny) for other assumed values of
UVLgnom- These values are also summarized in Table 11.22.
6. Draw the UV inactivation performance curve.
The performance curve is shown in Figure 11.30. The following best fit equation (Equation 11.50b)
is also obtained from the plot.

—log(N'/Ny) = 6.08 (UVLgpom)” % (11.50b)

12 ‘

—log(N/N,)
()}

' ~log(N'/Np) = 6.08 (UVLg )82
4
T~
\h\
2 ——
0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 585 6.0
u VLf,n oy L/min-W

FIGURE 11.30  Performance curve for UV inactivation at peak wet weather flow (Example 11.61).
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7. Establish the performance goal.

The performance goal of UV disinfection facility is developed from the permit requirements of
fecal coliforms. The value of Np is calculated from Equation 11.41b and subtracted from permit
requirement.

a. Calculate Np from Equation 11.41b at TSS = 5 mg/L, C = 0.25, and m; = 2.0.

Np = C;TSS™ = 0.25 x (5 mg/L)> = 6 orgnisms/100 mL
b. Determine the performance goal N’ at N = 400 organisms/100 mL from Equation 11.42a.
N’ = N— Np = (400 — 6) orgnisms/100 mL = 394 orgnisms/100 mL

c.  Determine the performance value —log(N'/Np).

_log(N'/No) = —log ( 394 organisms/100 mL ) 31 log

0.5 x 10° organisms/100 mL

8. Determine the design UV loading (UVL?};S(;%;1

The design UV loading required to achieve the performance goal can be obtained from either of the
two methods: (1) estimating yyrdss

f,nom

UVLE" from Equation 11.50b. The second method is presented in this example. Rearrange Equa-

f,nom

) required to achieve the performance goal.

graphically from the curve in Figure 11.30 or (2) calculating

tion 11.50b and calculate UVL?fls(;gm“ below.
log(N' /N ’ﬁ 3.1 *ﬁ
pvrisi _ (ZIOBN/No)) 2 _ (1) 0 o 1 /min W
plom 6.08 6.08

The UV loading UVLgiS;rg; =2.27 L/min-W is required to achieve the performance goal of 3.1-
log inactivation.
9. Determine the required exposure time (fo5s8").
The required exposure time foi8" o achieve the performance goal is obtained from

Equation 11.50a.

UVLypom _ 0.175L/W
design — 4
UVLf,:lso;gn 2.27 L/min-W

design __
tnom -

= 0.077 min or 4.6 s

10. Determine the design UV doses to achieve the performance goal.
The UV dose (Dyy) is calculated from Equation 11.39.

D;ije\s]lgn = Lot gdesign _ g4y pW/Cm X 4.6 88X —— 1 =40 mW-s/sz or 40 m]/CmZ

mW
Vg nom 03u
Note: The design UV dose D<€ is within the typical range of 20-70 mJ/cm? for an approximately
3-log disinfection performance for reduction of bacteria (Table 11.21).
11. Calculate the number of lamps required.
The number of lamps required is calculated from Equation 11.50c.

Q

Niamp =
p P UVL
lamp,nom f,nom

(11.50c)
where

Niamp = total number of UV lamps required at the flow Q, number of lamps

Q = total flow treated, L/min
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12.

Total flow at peak wet weather flow, Qpuwi.otal = 57,000 m’/d x x 10° L/m> = 39,600 L/min

1440 min

Calculate the number of total lamps (N; design 3 fom Equation 1.50c.

lamp,total

Ndesign _ prwf,total 39, 600 L/min

_ _ - = 651 lamps
lamp,total Plampnor UVLE?;E? 26.8 W/lamp x 2.27 L/min-W

Provide total of 672 lamps for UV disinfection at the treatment facility. There are two UV disinfection
channels and each channel has two UV banks.

Number of total lamps provided, N, design | = 672 lamps

lamp,total

There are two banks in each channel, Nf;:f:el = 2 channels
Ndesign 6721
design " lampjtotal amps
Number of lamps per UV channel, Ny, channe = NSE 2 channels 336 lamps per channel
channel
There are two banks in each channel, Ngjiikgfclhamel = 2 banks/channel
S~ 336 lamps/channel
design __ " 'lamp,channel __ amps/channel
Number of lamps per UV bank, Niamp bank = Tesign =~ banks/channdl 168 lamps/bank
bank,channel
Select a UV module with 12 lamps per module, Ngif;odule = 12 lamps/module
design
; N ol 168 1 /bank
Number of modules per bank, Ndesien farp:ba S amps/ban — 14 modules/bank

module,bank — Ndesign
lamp,module

"~ 12 lamps/module

Total number of lamps provided.

design  __ ,,design design design design
I\Tlamp,mtal - Mamp,module x N, module,bank X Nbank,channel X N, channel

= 12 lamps/module x 14 modules/bank x 2 banks/channel x 2 channels = 672 lamps

Select the channel dimensions.
The lamps are 6 cm center to center in vertical and horizontal direction and 3 cm from center of
lamps to channel bottom and sides, and 3 cm from the free water surface.

Channel width, W =13 x6cm+2x 3cm=84cm or 0.84m

Maximum water depth in the channel, Hyg =11 X6 cm+2 xXx3cm=72cm or 0.72m

The layout and sectional views of UV channels and lamp arrangement are shown in Figure 11.31.
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FIGURE 11.31 Design details of the UV disinfection system: (a) plan showing two UV channels in parallel
operation, (b) Section AA, (c) Section BB, and (d) arrangement of modules and lamps (Example 11.61).

EXAMPLE 11.62: HYDRAULIC DESIGN OF UV CHANNEL

The hydraulic design of a UV channel is very important for proper operation of a facility. Develop the
hydraulic design of the UV disinfection reactor provided in Example 11.61. There are two UV banks
per channel, and each bank has 14 UV modules. Each module has 12 UV lamps. Diameter of quartz
sleeve = 2.3 cm and the lamp spacing is 6 cm center to center. Peak wet weather flow per channel =
19,800 L/min, and average design flow is one-third of the peak wet weather flow. The details of UV channel
and lamp arrangement are given in Figure 11.31. Calculate the head loss in the channel due to UV banks,
and draw the hydraulic profile at average design and peak wet weather flows. An adjustable weir gate is
provided at the beginning of each channel to isolate the channel for maintenance. An adjustable weir
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gate is also provided at the end of each UV channel to maintain a nearly constant water depth of 0.72 m at
both flow conditions. See Figure 11.31b for both influent and effluent adjustable weir gates. Assume that the
head losses in channel segments before and after the UV banks are small and ignorable in the head
loss calculations.

Solution

1. Determine the velocities in the open-channel segments before and after UV banks at the peak wet
weather flow.
Layout and longitudinal sectional view of the UV disinfection system are shown in Figure 11.31a
and b. Set the water depth prior to the effluent adjustable weir gate at H,q = 0.72 m. Calculate the
channel cross-sectional area in the open-channel segment.

Agpen = WHyq = 0.84 m x 0.72 m = 0.60 m’

m3

. min
Peak wet weather flow per channel, Qpwwf,channel = 19,800 L/min X s X T000L 0.33 m®/s
0.33 m®
Velocity in the open channels, Vpwwiopen = Qpwtchannel _ m’/s = 0.55 m/s

Agpen  0.60 m?

Assume that the approach velocity in the channel segment with UV banks is equal to that in the
open-channel segments, Vpywwiapproach = Vpwwfopen = 0-55 m/s.
2. Determine the head loss through the UV banks at the peak wet weather flow.
a. Determine the velocities in the channel segment with the UV banks.
The total cross-sectional area occupied by the quartz sleeve.

Agleeve = Z(alslme)2 x Noesisn Z X (2.3 cm x )? x 168 lamps/bank = 0.070 m?

m
lamp,bank — 100 cm

The channel cross-sectional area upstream of this segment, Aqpe, = 0.60 m?
Net cross-sectional area through the UV banks,

Abank = Aogpen — Ageeve = (0.60 — 0.070) m* = 0.53 m’

el 0.33 m’?
Velocity through the UV banks, vpuwibank = Qpwtchanne = m’/s = 0.62 m/s

Apank 0.53 m?

The head loss coefficient (K) in Equation 6.15b for the channel segment with the UV banks.
Kpwwi = 3.8. This is obtained from Figure 11.29 for an approach velocity of 0.55 m/s.
b.  Calculate the head loss through the UV banks (A, pwwipank) from Equation 6.15b.

2 2
s 0.62 m
Head loss per UV bank, Ay pwwibank = Kpwwt 4(% fbank) =38 x ( /9)

2g T 2x9.81 m/s?
= 0.07 m/bank or 7 cm/bank

Calculate the head loss for two banks.

P pwwt channel — NS:SE:h annel % Pim pwwfbank = 2 banks/channel x 0.07 m/bank =0.14 m per channel
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c.  Verify the actual total exposure time through two UV banks in series (f,ctual)-

P
b::kgzhannellllamp _ 2 banks/channel x 1.5 m/lamp (or bank) s

tactual =
prwf,bank 0.62 m / S

The actual total exposure time is greater than faeigh — 4.6 5. Therefore, the design is valid.

3. Determine the head loss through the UV banks at the average design flow.

1 1
Average design flow per channel, Qufchanne = 3 X Qpwwf,channel = 3 x 0.33 m>/s = 0.11 m>/s

0.11 m?/s
Velocity in the open channels, Vaopen = Qutichanne = / =0.18 m/s

Agpen  0.60 m?

Assume Vapproach,af = Vaf,open = 0.18 m.

Kipww= 4.7 from Figure 11.29 for an approach velocity of 0.18 m/s.

Qaf,channel _ 0.11 1'1'13/5

Velocity through the UV banks, vgpank = A 053 m2 =0.21 m/s
(Vatpb k)z (0.21 m/S)2
Head loss per UV bank, A afpank = Kaf% =47 x m

= 0.01 m/bank or 1 cm/bank
The head loss for two banks.

P af channel = NS:;EZhannel X N atbank = 2 banks/channel x 0.01 m/bank = 0.02 m per channel
4. Determine the submergence of UV lamps and water depth in the channel at peak wet weather and
average design flows.

The head loss in the channel segment between the 2nd UV bank and the effluent adjustable weir gate
is ignored. The water depth at the lower end of the 2nd bank, H,,q = 0.72 m. the water surface elevation
at the lower end of the 2nd bank is 3 cm above the center of the quartz sleeve. The submergence of
lamps and water depths in the channel at the lower and upper ends of both banks are summarized
in the following table.

2nd (Downstream) Bank 1st (First) Bank
Flow Condition Lower End Upper End Lower End Upper End
Si, cm Dy, m S,, cm D,, m S;, cm D;, m S4 cm Dy, m
PWWE 1.85° 0.72° 8.85° 0.79¢ 8.85° 0.79" 15858  0.86"
AF 1.85 0.72 2.85 0.73 2.85 0.73 3.85 0.74

*8,=(3—(2.3 + 2)) cm = 1.85 cm (Figure 11.31d).

"D, =Hyg=072 m.

€8 =81 + hmwwipank = (1.85 + 7) cm = 8.85 cm.

4 Dy = Dy + Ay puswtpank = (0.72 + 0.07) m = 0.79 m.

€8;=35,=8.85cm.

fDy=D,=0.79 m.

& 84 =83+ M pwwhbank = (8.85 + 7) cm = 15.85 cm.

" Dy = D + Ay pswtpank = (0.79 + 0.07) m = 0.86 m.

Note: AF = average design flow; D = depth; PWWF = peak wet weather flow; S = submergence
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5. Determine the head over the influent and effluent adjustable weir gate at the peak wet weather and
average design flows.

Calculate the head over the rectangular weir from Equation 8.10 using C4 = 0.6. The length of the
influent and effluent weirs are the same as the width of the UV channel, Ly = W=0.84 mand n = 1.
Assume L' yeir ingpwwt = 0.80 m and L'yeiringar = 0.82 m for the peak wet weather and average design
conditions, respectively.

2/3 5 2/3
3 prwf,channel 3 0.33 m /S
hweir,inf,pwwf S\ X = = =X =0.38m
2 GaLieirinpwwiv/28 27 0.6 x0.80 m x /2 x 9.81 m/s?
2/3 3 2/3
. cer = 2 x Qaf,channel _ é)( 0.11111/8 —0.18m
weir,infal 2" CaLyrintarv/28 2 0.6 x0.82m x /2 x 9.81 m/s?

Check : Liveir,inﬁpwwf = Lyeir — 0.1 71 Ayeirinfpwws = 0.84 m — 0.1 x 1 x 0.38 m = 0.80 m
Lyeirintar = Lweir — 0.1 71 Byeirjinfar = 0.84 m — 0.1 x 1 x 0.18 m = 0.82 m

Both lengths are same as the initial assumptions. Since the influent and effluent weir gates are iden-
tical, the calculated heads over the weir for the influent weir are also applicable to the effluent weir gate:
hyeir,infpwwt = Pweirefpwwt = 0.38 m at PWWEF, and hyeir,infaf = Pweireffar = 0.18 m at AF.

6. Determine the head loss at the effluent structure.

An adjustable weir gate is provided at the end of each UV channel (Figure 11.31b. The gate is
adjusted automatically by a controller to maintain a relatively constant water depth at 0.72 m in the
channel upstream of the weir gate. Assume that the water surface in the effluent channel is 0.15 m
below the floor of UV channel and a free fall is achieve after the weir at both flow conditions. Total
head loss at the effluent structure = 0.72 m 4 0.15 m = 0.87 m.

7. Determine the head loss at the influent structure.

An adjustable weir gate is provided at the entrance of each UV channel (see Figure 11.31b). The top
of weir is set at an elevation to provide a freefall of 0.15 m after the weir at the peak weather flow. The
weir remains at this elevation under all flow conditions. The weir gate is raised to isolate the UV chan-
nel for maintenance. Total heal loss at the influent structure = 0.38 m + 0.15 m = 0.53 m under the
peak wet weather flow.

8. Develop the hydraulic profile through the UV channel.
a. Prepare major water surface elevations (WSELSs) and elevations (ELs) of the major components.
Assume the reference elevation is the bottom of the UV channel, ELyy = 0.00 m. Prepare the
elevations at both the peak wet weather and average design flows. The results are summarized in
the table below:

i WSEL at Flow
Elevations a.nd Reference Condition, m g1 At o e
Points -
PWWF AF
Floor EL of UV channel - - 0.00  Set as the datum.
WSEL in the effluent channel -0.15 -0.15 - Set WSEL in the effluent channel 0.15 m below the
floor of UV channel.
Top EL of the effluent weir at - - 0.34 Top EL of weir at PWWE = (0.72 — 0.38) m = 0.34
PWWF m (Step 5). Freeboard = (0.34 + 0.15) m = 0.49 m
Top EL of the effluent weir at - - 0.54 Top EL of weir at AF = (0.72 — 0.18) m = 0.54 m
AF (Step 5). Freeboard = (0.54 + 0.15) m = 0.69 m.

Continued
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WSEL at Flow

Elevations a.nd Reference Condition, m gy Assumption or Remark
Points —
PWWEF  AF

WSEL between the adjustable  0.72 072 - Design requirement to keep submergence of the UV
weir gate and the lower end banks (Step 4). Total head loss at the weir = 0.87 m
of the 2nd UV bank (Step 6).

WSEL between two UV banks  0.79 073 - Head losses through the 2nd UV bank are 0.07 and

0.01 m at PWWF and AF, respectively (Steps 2
and 3).

WSEL between the upper end  0.86 074 - Head losses through a UV bank are 0.07 and 0.01 m at
of the 1st UV bank and the PWWEF and AF, respectively (Steps 2 and 3).
influent weir gate

Top EL of wall of UV channel - - 1.35  Select a design wall height above the channel floor =

1.35 m. Freeboard at PWWEF = (1.35 — 0.86) m =
0.49 m. Freeboard at AF = (1.35 — 0.74) m = 0.61 m.

Top EL of the influent weir - - 1.01  Provide a free fall of 0.15 m below the weir
gate at PWWFE. Top EL of weir = (0.86 + 0.15)
m = 1.01 m. Freeboard at AF = (1.01 — 0.74)

m=0.27 m.

WSEL in the UV influent 1.39 1.19 - WSEL at PWWF = (1.01 + 0.38) m = 1.39 m. WSEL
channel upstream of the at AF = (1.01 4 0.18) m = 1.19 m (Step 5).
influent weir gate

Top wall EL of the UV - - 1.85  Select a design wall height of 1.85 m. Freeboard at
influent channel PWWFEF = (1.85 — 1.39) m = 0.46 m. Freeboard at

AF = (1.85 — 1.19) m = 0.66 m.

Note: AF = average design flow; EL = elevation; PWWF = peak wet weather flow; WSEL = water surface elevation.

b. Draw the hydraulic profile through the UV channel.
The hydraulic profile is prepared for the peak wet weather flow and is shown in Figure 11.32.
The water surface profile at the average design flow will be similar but below that at the peak wet
weather flow.

WSEL 1.39 m EL1.01m  WSEL0.86 m 'WSEL 0.79 m WSEL 0.72 m WSEL-0.15 m

(Upper end of (Between UV (Prior to effluent (After effluent
UV channel) banks) weir gate) weir gate)

(Influent channel)|  (Top of weir)

EL1.85m |
(Togh(;f;;g;lent v gl __ UV channel EL1.35m EL0.34 m
— - = a (Top of UV channel) (Top of weir)
Filtered sMEE g Esse e -V __2_Y_
secondary . . irs o co c ~\| | ¢ Effluent
effluent o ba ba channel
\ sl g_v_“/
Influent Tisfiteeic EL + 0.00 m Effluent UL —r
channel weir gate = weir gate .
(Bottom of UV Disinfected
channel) effluent

FIGURE 11.32  Hydraulic profile of the UV disinfection system at peak wet weather flow (Example 11.62).

c. Additional comments:
i. At the peak wet weather flow, the submergence at the upstream end of the upper UV
bank is 15.85 cm. This is slightly deeper than the desired submergence. At average design
flow, the submergence is only 3.85cm. Stepping up of the upstream bank is not
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recommended as under low flows, some portions of the UV lamp may become exposed
to air. At peak wet weather flows, some turbulence will occurs due to high velocity
through the UV banks. This is desired for distribution of UV energy in regions of deeper
submergences. Also, the peak wet weather flows occur infrequently and only for a
shorter duration. Therefore, the head loss conditions, submergence, and water depth
in the channel are acceptable.

ii. The number of UV lamps required under average design flow is less than one-third of
peak wet weather flow. Therefore, one UV bank may be turned off during periods of low
flows for energy savings and normal maintenance.

iii. An alternate method for head loss calculation is to apply energy equation (Equation
7.3a) at the channel sections upstream and downstream of the UV bank starting from
upstream of the effluent structure. See Examples 7.3 and 7.4 for sample calculations.

EXAMPLE 11.63: APPLICATION OF MINIMUM UV DOSE

A pilot test was conducted for UV disinfection of filtered secondary eftluent. A single bank unit was tested
in a UVT range of 55-75%. The pilot test results were adjusted to account for an overall lamp aging and
fouling. After calibration, the following site-specific coefficients were obtained for use in Equation 11.47:
m = 3.1,n = 0.65, and B = 420. Estimate (a) the maximum allowable hydraulic loading applied to the UV
lamp ata UVT = 70% and (b) the minimum number of UV lamps required for a single UV bank at a flow
of 10,000 m*/d. Use the NWRI equation for lower boundary (Equation 11.48c) to determine the mini-
mum UV dose desired to achieve a 2-log reduction of virus.

Solution
1. Rearrange Equation 11.48c to estimate the minimum UV dose desired to achieve a 2-log reduction
of virus.

—log(N/Np) —0.20 2 —10.20
0.033 T 0.033

Duyv min =

= 55 mJ/cm?

2. Rearrange Equation 11.47 to estimate the maximum allowable hydraulic loading per lamp.

1

1
1 (UVT)W‘ n 1 (70)3.1 0.65 .

™= \B =(——-—) =122L/minl
acvme <B Duv,min 42055 mJ/cm? /min-lamp

3. Estimate the minimum number of UV lamp required.

Q _ 10000m¥d 10°L  d
quvmax 122 L/minJamp = m3 1440 min

NUV,lamp,min = =57 lamps

Provide a UV bank with 64 lamps per bank to achieve the desired 2-log inactivation of virus at the
flow of 10,000 m>/d.

EXAMPLE 11.64: CALIBRATION OF HEAD LOSS EQUATION FOR A UV BANK

A UV bank was tested for disinfection of filtered secondary effluent. The test unit has 147-cm effective
lamps length horizontally arranged in a uniform array that is parallel to the flow direction. The head
loss data are as follows:
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The head loss through the lamps h;, = 5 cm at an approach velocity u =45 cm/s, and h;, =1 cm at
approach velocity u = 15 cm/s, respectively. Determine the constants a and b in Equation 11.49.

Solution

1. Apply Equation 11.49 to obtain the following two expressions. The density of water is 1 g/cm’
(Table B.1 in Appendix B).

h
== b pu?
I au + v pu
5
o (45 cm/s) x a + (45 cm/s)® x 1.0 g/cm3 X b
147 cm
1
o (15 cm/s) x a + (15 cm/s)® x 1.0 g/cm® x b
147 cm

2. Simplify the above expressions.

0.0756 s/cm = a + (0.45 g/cm?-s) X b
0.0454 s/cm = a + (0.15 g/cm?-s) x b
3. Solve for a and b from these expressions.
b=1.01 x 10> cm-s?/g
a=30.1x107° s/cm

4. Write the calibrated form of Equation 11.49.

h
== (30.1 u + 1.01 pu?) x 10~°

11.10 Recent Developments in Disinfection Reactor Design

The effectiveness of inactivation depends mainly on the disinfectant dose. The other factors of importance
are (1) the influent and desired effluent quality; (2) disinfection process performance; and (3) the physical,
chemical, and hydraulic characteristics of the reactor.

Many efforts to improve the design accuracy of the disinfection process have been made in recent years.
One emerging design approach is to model the disinfection process using the concept of integrated disin-
fection design framework (IDDF) and utilize the computational fluid dynamics (CED) analysis.

Integrated Disinfection Design Framework: The basic concept of IDDF approach is to incorpo-
rate the key elements of a disinfection process into a single framework. Based on this concept, an
integrated model has been developed to predict disinfectant dose required for a disinfection pro-
cess.”®12® There are three basic components in this model: (a) a reactor hydraulics module, (b) a
disinfectant demand and decay kinetics module, and (c) a pathogen inactivation module. A desired
disinfectant dose can be predicted by solving the integrated model through complicated numerical
analysis under the boundary conditions applied at the plant. This model can be used as a basis
for developing the general regulatory requirements or site-specific disinfection design and operation
criteria.'*® The advantage of applying IDDF concept is its enhanced accuracy for process prediction



11-130 Volume 2: Post-Treatment, Reuse, and Disposal

TABLE 11.23  General Information about Commercially Available CFD Packages

Package Developer Information Source
ANSYS Fluent ANSYS, Inc. http://www.ansys.com
Autodesk® CFD Autodesk, Inc. http://www.autodesk.com
FLOW-3D Flow Science, Inc. http://www.flow3d.com
PHOENICS CHAM http://www.cham.co.uk
STAR-CD*® CD-adapco http://www.cd-adapco.com

than that of the conventional approach. The IDDF approach was originally developed for evaluation
of disinfection process in drinking water applications. It is also suitable for wastewater disinfection
practice in protecting public health due to increased direct and indirect reuses of reclaimed effluent
from wastewater treatment plants.

CFD Analysis: The CFD analysis is a computationally based modeling and simulation technique that
can be used to study the dynamic behavior of a fluid. It has been used for many years in the modeling and
simulation of major physicochemical treatment processes and hydraulic facilities. In recent years, it is used
in modeling chlorine and ozone contactors as well as UV irradiation reactors.'*>!*"~13

A special computer software package is usually required to perform CFD analysis. Commercially
available CFD packages are summarized in Table 11.23. In the CFD analysis, a treatment process can
be presented by a single or multiple mathematical models. These models contain information to describe
the physical dimensions of the treatment units as well as the physical, chemical, and microbiological
characteristics of the fluid and the objects that are studied. In modeling a disinfection process, it may
provide information about chemical disinfectant concentration, UV dose (fluence) rate, UV intensity,
residence or exposure time, and effects of particles or organisms. One simple example of using the
CFD analysis is to identify the potential short circuiting or recirculation zones in a reactor. A sophisti-
cated model is capable of simulating chemical reactions and decays, multiphase chemical mass transfer,
and pathogen inactivation.

With further improvement, validation, and standardization, the CFD analysis will have the potential to
provide engineers a unique and inexpensive tool to implement the IDDF concept for more adequate and
complete design in the future. Utilities may also use a CFD-based site-specific model to optimize the dis-
infection process operation and meet the required pathogen inactivation goals without overdosing
the disinfectant.

Discussion Topics and Review Problems

11.1 Municipal wastewater is treated in a primary and BNR treatment facility followed by a post polish-
ing filter for reuse. The total coliform count in the effluent from the primary, BNR, and post pol-
ishing filters is 2.0 x 107, 2.5 x 10°, and 8.0 x 10> per 100 mL, respectively. The total coliform
count of raw wastewater is 5.8 x 10”. Determine the log reduction in each treatment facility, and
total log UV disinfection facility is designed to provide 1.9-log removal for water reuse. Determine
the total coliform count in the reuse water.

11.2 Effluent from a secondary clarifier is stored in an earthen basin. The effluent from the basin is chlo-
rinated then used for irrigation of golf course, highway medians, and landscaping areas. The reten-
tion time in the storage basin is 4 days, and natural die-off coefficient k for the coliform organisms is
2.5d7". The total coliform count in the influent to the basin is 2.2 x 10* organism/100 mL. Deter-
mine the total coliform count in the effluent from the basin.

11.3 The reduction of organism in a chlorination process is expressed by Equation 1.4a. Using the mid-
point chlorine of 3 mg/L and 130 coliform organisms per 100 mL remaining in the secondary
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11.9

effluent after 30 min contact time, calculate k. Ny = 10° coliform per 100 mL. Also calculate the
number of coliform organisms remaining after 20 min of contact time.

Chick-Watson equation is a widely used relationship for disinfection by chlorine. A bench-scale
study was conducted to determine the constant kK when n = 1. The initial total coliform in the
test sample was 10° organisms/100 mL. The chlorine residual was 1 mg/L. The experimental
data is summarized below. Determine the inactivation rate constant k for chlorine disinfection
of total coliform organisms.

Time t, min 0 0.25 0.50 1.00
N, organism/100 mL 10° 8.1 x 10* 6.7 x 10° 4.6 x 10*
—log (N/No) 0 1.09 2.17 434
Ct, mg:min/L 0 0.25 0.50 1.00

The Hom model expresses the tailing off deviation of chlorine disinfection of total coliform organ-
ism when m < 1. A bench-scale study was conducted to determine the exponents in Hom equation
for deactivation of total coliform organisms by chlorine. The experimental values of exponents were:
n=0.4 and k" = 3.6 (L/mg)**/min’*. Determine the chlorine residual needed to achieve 99.99%
inactivation of total coliform organisms. The contact time is 5 min.

The Collins-Selleck empirical model was developed for chlorine inactivation of coliform organisms.
A bench-scale study was conducted on effluent from a polishing filter. The empirical constants n
and b were 3.10 (dimensionless) and 2.1 mg-min/L, respectively. Determine the total coliform count
in the filtered effluent after chlorination. A chlorine residual of 1.2 mg/L was maintained for 20 min
in a contact basin. The initial coliform count of polishing filter effluent = 10° organism/100 mL.
Commercial NaOCI solution is used at a small wastewater treatment plant for disinfection of sec-
ondary treated effluent. The solution has a trade percent available chlorine of 8%. Estimate (a)
weight percent available Cl,, (b) weight percent NaOClI, (c) g/L available Cl, in solution, (d) g/L
NaOCl concentration in solution, and (e) density and specific volume of solution. The temperature
of the solution is 20°C.

Henry’s law constants H, H. and H,, are, respectively, based on mole fraction, mass concentration,
and mole concentration. Identify the numerical equations as they apply to chlorine chemistry
and their units. List the value of each constant for dissolution of gaseous chlorine in water at 1
atm and at 20°C.

Determine the mass concentration based on solubility of chlorine in deionized water at 20°C
and 1 atm.

11.10 Estimate the percent HOCI at equilibrium. The temperature and pH of the solution are 20°C

and 7.5.

11.11 The secondary treated effluent has total ammonia nitrogen concentration of Ciota1 N11,-~ Of 4 mg/L.

The temperature and pH of the effluent are 20°C and 7.6. Estimate the unionized ammonia
concentration.

11.12 Many factors and chemical reactions influence the disinfection efficiency of chlorine and many ben-

eficial uses. Following statements and questions address too many properties of chlorine and other

compounds. Give your answers to each statement.

a.  What are the weight percent of chlorine and NaOCI in 16% trade chlorine solution?

b. Chlorine loss occurs during storage of NaOCI solution. How the loss is detected and compen-
sated during the solution feed?

¢.  How much alkalinity consumption occurs when 1 g of gaseous chlorine as available chlorine is
hydrolyzed?

d.  What are different forms of chlorine residuals?

e. Chlorine reacts with ammonia to form chloramines. List the order in which various chlora-
mines are formed. What is the significance of Cl, to ammonia ratio of 5:12
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At what stoichiometric Cl,:NH;3-N ratio, the breakpoint chlorination is reached?

What is the effect of pH on unionized ammonia concentration?

What is the effect of temperature on unionized ammonia concentration?

Chlorine oxidizes many organic compounds in effluent. What is the typical BODs reduction

from each mg/L chlorine consumed?

11.13 A diffuser delivers chlorine solution into a mixing chamber. The flow rate of chlorine solution is 300
L/min. The mixing chamber is 1 m x 1 m x 2.5 m (deep). The diffuser has 22 orifices and each ori-
fice has a diameter of 0.0051 m (1/5 in). Determine the velocity gradient G exerted by the diffuser.
The coefficient of discharge C4 = 0.6 and water temperature is 15°C. Total flow to the contact basin
is 0.48 m’/s. The diffuser efficiency is 50%.

11.14 An ejector is used to dispense chlorine solution into a mixing well prior to chlorine contact basin.
The operating water supply in the ejector creates required amount of vacuum into the line to the
chlorinator and in all other components of the chlorinator system. The effluent pumping rate
through the ejector is 300 L per min and the head loss in all connecting piping is 2.5 m. The mixing
well is such that a G of 550 s~ is developed. Calculate (a) the mixing power output of the ejector at
70% efficiency and (b) the pump discharge pressure. The field temperature is 15°C.

11.15 The residual chlorine and chlorination data are given below. Plot the chlorination curve. Obtain the
break point chlorination dosage. What will be the initial chlorine demand, and breakpoint chlori-
nation dosage, chlorine residual at break point, total chlorine residual, and total chlorine demand
(kg/d) to give a free chlorine residual of 1.0 mg/L? The flow is 6000 m®/d.

= PR

Chlorine dosage, mg/L 1 2 3 4 5 6 7
Chlorine residual, mg/L 0 0.8 1.4 1.0 1.1 2.0 3.0

11.16 Calculate the number of chlorinators, number of chlorine containers attached to the header, and the
number of containers required for a 3-week chlorine supply. Use the following data: maximum and
average flow = 2.00 and 0.67 m’/s. Maximum chlorine feed rate = 9 mg/L. The chlorinators are
450 kg/d capacity, and the gaseous chlorine withdrawal rater per container = 180 kg/d.

11.17 Calculate the volume of a chlorine contact basin and the quan