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Analysis of root causes of the excessive chlorine demand in water treatment

ABSTRACT

To make water suitable for human consumption, water from most sources must first be treated, and
the source water that can be used as raw water for public water supplies should conform to quality
standards stipulated in the Sri Lanka Standard SLS722. However, sometimes, National Water
Supply and Drainage Board (NWSDB) water treatment plants do not receive raw water according
to SLS722 due to contamination. In some cases, existing treatment facilities is not enough to face
emergency situations, even though the average quality conforms to the SLS 722. In such
situations, the operation of treatment plants becomes a challenge, as it is the responsibility of the
NWSDB to provide safe drinking water to the consumers, which means that disinfection, has to be
carried out even though the chlorine demand may become very high due to excessive amounts of
contaminants during such events. The purpose of this research was to analyze the root causes of
the excessive chlorine demand in water treatment and recommend an appropriate system capable
of removing dissolved iron, ammonia and manganese from the raw water, avoiding the use of
chemical treatment if possible, and prepare an emergency plan to face the situation at the
Biyagama Water treatment Plant.

According to the past water quality data at BWTP colour, turbidity, BOD, faecal coliform, free
ammonia content, nitrate, sulfate etc. of raw water were rapidly varying with the occurrence of
extreme events such as sudden rainfall followed by prolonged dry season, a few days after flood
events etc. In addition, it was found that foul odour is present in the raw water which has been
abstracted from the river during the drought season and right after flooding events, etc. In spite
of these variations in raw water quality, the treated water quality is achieved through the
treatment process without any failure. However, during the drought season and right after
flooding event, Chlorine demand at Biyagama Water Treatment Plant was increased and
intermediate chlorination was implemented to maintain the optimum Rcl level recently. Hence,
aim of this study is to analyze the root causes for the excessive chlorine demand in raw water,
investigate adverse effects of treated water due to high chlorine dosages, and prepare an
emergency plan to face the situation and suggest the appropriate long term solution to avoid high
chlorine demand on treating water without chemicals at the Biyagama Water treatment Plant.

Presence of Fe, Mn and TOC in the raw water is known to cause for high chlorine demand at the
Biyagama water Treatment Plant. These high chlorine demands have been attributed to the
presence and oxidation of Fe, Mn, and TOC by chlorination.

In order to find the root causes for the high chlorine demand in the BWTP, it is necessary to first
investigate the mechanisms that cause the problem in this particular situation. As such, a
comprehensive water quality study was carried out in 19/10/2016 to 21/10/2016, 7/10/2016 to
11/10/2016 and 4/6/2016 to 9/6/2017 by the Biyagama Water Treatment Plant laboratory,
Central Laboratory and Bureau Veritase laboratory samples from the intake (raw water),
Treated water tank (treated Water), Pattiwila canal and suspected points of connected Marshy



area, along the Kelani River up to 5km upstream of Kelani River and along the Ragahawatta Ela
up to BOI waste water treatment plant out let.

This study revealed, that the chlorine demand was increased when Fe, Mn or TOC were present
alone or together and DO level was less than 5mg/l in raw water at BWTP due to oxidation of
Fe, TOC and Mn by chlorination. BWTP is used pre chlorine to alter taste and odor producing
compounds, to suppress growth of organisms in the treatment plant, to remove Fe2+,
manganese, and to reduce the interference of organic compounds in the coagulation process.
However, according to literature, pre chlorination can affect the undesirable THM content of the
finished water.

According to the WSP at BWTP, there should be an emergency response plan to risk mitigation
due to emergency cases. Hence, it is proposed to use the emergency response plan for any
similar incident happened in future.

However, in the long-term, it is recommended to install tailor made bubble aerator to Biyagama
Water treatment Plant to use when the DO content is less than 5.0mg/l in raw water, after pilot
scale studies, to include aeration and activated carbon dossing facility to upcoming Kelani Right
Bank Project Stage Il, to implement the proper catchment management plan to Pattiwila and
Mabima Catchment areas to avoid the Mn and Fe contamination, to implement continuous
monitoring system to monitor the Fe and Manganese in the raw water at BWTP and to maintain
a residual chlorine level of 0.1 to 0.2 mg/l throughout the distribution system in all the time. This
may require installing booster chlorination equipment at appropriate locations.



TABLE OF CONTENTS

DECLARATION OF THE CANDIDATE AND SUPERVISOR.......cccccovviiiiinesierieenn i
ACKNOWLEDGEMENTS ..ottt ii
ADSTFACT ..t i
TABLE OF CONTENTS .....oiitiiieieiet sttt sttt st nne s %
LIST OF FIGURES ..ottt iX
LIST OF TABLES ..ottt nn s Xi
LIST OF ABBREVIATIONS ...ttt Xiii
LIST OF APPENDICES .......c.ooitieieieeseees et Xiv
I LY oo [8Tod (o] o IO TSRS 1
1.1 The Value OF WALET .......cccoiiiieieie et 1

1.2 Water SUpPlY in Sri Lanka........cccccvovieieiiiiece e 3

1.3 Aims and objectives of the research...........cccccocv i 6

2.0 LITEFATUIE FEVIBW ...ttt st st nne s 8
2.1.1 WALEE SOUFCES ......eieiiieieeeiee ettt ettt ettt ettt b ettt e e e e e eneennne e 8
2.1.2 Surface and Ground WAALEK ...........cocueieieieie e 8
2.1.3 The Hydrological CYCIe.........c.ccooieiiee e 8
2.1.4 State of Water Quality in Sri Lanka ..........ccccoooeiiiiiiiiiniice e 9

N I o YT SR 10

2.2 Contamination of Drinking Water ... 10
2.2.1 Natural Contaminant ...........cccooerieieneeie e 10
A R ©0] ) (0] ¢ 1 OSSR 11
2.2.2.2 Colour, Odour, Taste and Turbidity..........cccccevriiiiiinieiere e 11
2.2.2.3 AMMONIUIM ..ottt e e e e s s e nteeneesseesteaneesaeenneenee e 11
2.2.2.8 ATUMINTUIM ..ot e st e sneeneeenee e 12



2225 PH o 12

2.2.2.6 FIUOTIR ... bbb 12
2.2.2.7 NITFATES. ...ttt bbbttt bbb ens 12
2.3 Pollution through Human ACHIVILY ..........ccccoeiieiiiie e 13
2.4 INAUSEIIAl ACTIVITIES ..o e 13
2.4.1 Flood drinking Water Contamination ...........ccccooeveeriniesieenesie e 13
2.5 Monitoring of Drinking Water Quality ... 14
2.6 Water Treatment STEPS ......c.voviiieiiiieece e 14
2.7 Methods Of DISINTECTION........ccviieiiiieiie e e 16
2.7.1 Chloring DEMANG.........cccveiiiiiiiiese et 16
2.8 Water quality problems related to Ammonia, Iron and Manganese........... 16
2.8.1 Ammonia removal by chlorination .............cccocoiiiiiii, 17
2.8.2 REACTION PrOTUCTS .....cuviiiieiiee et 18
2.8.3 Removal of Ammonia from Water by Ozone Microbubbles.................... 20
2.8.4 By Products of ChlOrination ...........cceviieiiienenenisesie s 20
2.8.5 HOW TOC Relates t0 DBPS ........cccoiiiiiiiieiesie et 22
2.8.6 Effect of Total Organic Carbon...........cccccoveiiiiiiicic e 23
2.9 Bacteria, iron and ManQanese ..........cccivveiveieieeie e se e ste e 24
2.9.1 Iron and Manganese CONtrol..........ccccccvveieiieie e 25
2.9.2 Phosphate TreatMment ...........cccooveiiiieiicieccceese e 25
2.9.3 Removal by 10n EXChange.........cccoooieiiiiiicciece e 26
2.9.4 Removal by Iron and Manganese Filtration .............ccccoocoveiiiic e, 27
2.9.5 Oxidation With @eration.............ccceieieiinenese e 27
2.9.6 Oxidation With ChIOFINE.........cccoiiiiiiieeee s 28
2.9.7 Potassium Permanganate ...........ccceevveiieiieeieiie e eie et 29
2.10 Possible Existence of Fe(OH)3 Aqueous and Fe(OH)2 Aqueous.............. 29
2.10.1 Occurrence of Ferrous Iron in Natural Waters...........cccccceecvvvevveneennne 31
2.10.2 Chemistry of Manganese in Natural Water ...........cccccoovveienininnnnne, 32
2.10.3 Iron and Manganese Removal by physical-chemical methods............... 36

Vi



2.11. ACration IMEENOAS ....cooveeeeee et e e e e 36

2.11.1 SPray ABTATONS ....oeeiiiiiiiite ettt sttt e b e b e nnreean 37
2.11.2 MUItIpIE-Tray ACFAOFS......ccccivecieeieiie ettt 38
2.11.3 CaSCadE ACKALOIS ......cveiveiiiiisiisiieieeee ettt bbb 38
2.11.4 CONE ABTATOIS ...ttt ettt et e se e nae e aeenreas 39
2.12 The most common treatment processes of iron and manganese................ 40

. Research Methodology .........cccoiiiieiiiiiie e e 42
. Background of Source 0f Water..........cccoovevveiiicie e 44
4.1 Kelani River CatChment............cocv i 44
4.2 PAttiWIa ELa ..ot 48
4.3 Ragahawatta Ela............ccccooooiiiiiie e 49
4.4 Biyagama Water Treatment Plant ... 49
4.5 Incident on increasing chlorine demand in BWTP on 19.10.2016 .............. 55
4.6 Observations of incident Number 2 on 07th November 2016...................... 63
4.7 Contaminated Raw water incident No.3 at Biyagama Water Treatment
= | SR 69
. Analysis of Results and DISCUSSION .........cccceiveiieieiieseeie e 77
5.1 Analysis of test results on the incident NO 1 .......c.cccooveiiiiccecic e, 77
5.2 Analysis result of Raw Water contamination Incident No: 2 ................. 83
5.3 Result analysis of Raw Water contamination Incident No: 3................. 87

5.4 Result analysis on Removal of Iron and Ammonia Using Aeration /
SEAIMENTATION ...ttt e e ens 90

5.5 Analysis of the root causes of the excessive chlorine demand in raw
water at BWTP and diSCUSSION ........ccoiiiiiiieiiiiesie e 92

5.6 Investigation of adverse effects of treated water due to high chlorine
(0 [0 : Lo P TSPR 95

vii



6. Conclusions and ReCOMMENAALIONS .......ovvveeeieeeeeeee e 97

6.1 CONCIUSIONS.....cviitiiiieiieie ettt bbbttt b bbb ens 97

6.2 RECOMMENUALIONS ...ttt 98

6.2.1Emergency ReSPONSE Plan ........cccccviieiieiicic e 98

6.2.2 Long Term RecOMMENAAtIONS .......ccccoveiieriiiieiieie e 100

6.3 Recommendations for Further researches ........c.cccccooevenenieniesieeie s, 100
REFERENGCES ... .ottt et e e srae e e e e e nnee e 101
APPEND X — A e 105
APPENDIX - Bttt e e 114
AN o N I3 G PSP 116
APPENDIX - Dottt e e e 117
APPENDIX - E oottt e e e 118
APPENDIX - F oottt a e 119
APPENDIX = Gttt e e e e nes 121
APPENDIX - H oot e e e e e 122
APPENDIX = | oottt sttt 118
APPENDIX = J oottt 130
APPENDIX = Koottt sttt sttt nnens 134
APPENDIX = L ottt sttt et n e 135

viii



LIST OF FIGURES

Figure 2. 1 Relation of total activity of iron in water to pH and Eh; ( Source:Chemistry
of iron in natural Water,1962)...........c.ciiiiiiii e 32
Figure 2. 2 Stability fields of manganese species in aqueous solution free of bicarbonate
and sulfate ions Total dissolved-manganese activity ranges from 0.01 to 100 ppm.

(Source:Chemistry of Manganese in natural Water,1963) ..................ccocoeiiininn.n. 35
Figure 2. 3 SPray AGTatOr .........ouiiriiti i, 38
Figure 2.4 Cascade ACTatOr .......c.uiririt e eeae s 39
Figure 2. 5 Schematic of a Typical Cone Aerator ...........ccooevviiiiiiiiiiiiiieeeeann, 39
Figure 3.1 Study Methodology .........ceoniiii e 42
Figure 4.1 Water Quality Monitoring Stations (Source: JUCN) .............cccoeinnil. 45
Figure 4.2 Water quality based priority areas(Source:lUCN) ................ooooieinnel. 46
Figure 4.3 Kelani River at Ambatale, Semi permanent salinity Barrier (Source;
NVVSDB) .ottt 46
Figure 4.4 Spatial Distribution of Industries in Kelani River Basin (Source;

VW SP B T P) it e 47
Figure 4.5 Intake Wells, Low lift Pumps and Pumping Main (Source; NWSDB) ...... 50
Figure 4.6 Treatment Plant (Source; NWSDB) ..........coiiiiiiiiiiiiieea, 50
Figure 4.7 Water Treatment FIow Diagram ............ccoviiiiiiiiiiiiiiiieeeeeean 53
Figure 4.8 Sample location on GoOGIE MAP .......oviviniiiiii e, 60
Figure 4.9 Black water visible in Pattiwila canal and Intake (Source;NWSDB) ...... 74
Figure 5. 1: Raw water quality variation in the tributaries of Kelani River ............. 77
Figure 5. 2 Sample location Map along the RakgahawattaEla............................. 78
Figure 5. 3 Conductivity and DO variation along the Rakgahawatta Ela ................. 79



Figure 5. 4 Conductivity and DO variation along the Rakgahawatta Ela ............... 80

Figure 5. 5 BOI BIP Zone wastewater outlet..................coooiiiiiiiiiiiiiin 80
Figure 5. 6 Chlorine Demand variations at BWTP 19 to 21/10/2017...........cccccvevvvuenee. 81
Figure 5. 7 Ammonia and Iron variation in Kelani River on 20.10.2016....................... 82
Figure 5. 8 Cl demand variation at BWTP..........cccciiiiiiieceeee e 83
Figure 5. 9 Mn variation in Pattiwila catchment.............cccoov i 84

Figure 5. 10 Iron concentration variations in treated water at Biyagama Water Treatment

Plant from 07 to 12/11/2016 (Web base information system) ...........cccocveveviveienvieseene. 85
Figure 5.11 Study on 6/11/2017 to 10/11/2017 along the Kelani River and Ragahawatta

] SRS 86
Figure 5.12 Mn Variation in Pattiwila catchment on 13&14/11/2016..........c...ccceeuee.. 87
Figure 5.13 Chlorine demand variation at BWTP ..........cccccceiiieiiiiie i 88
Figure 5.14 Iron and ammonia variation in raw water at BWTP............ccocccviniiiinnne 88

Figure 5.15 Iron, Manganese and Ammonia Variation in treated water at BWTP from

A6/2017 10 5/6/2017 ...veeeee e 89
Figure 5.16 DO, Iron, Manganese and free Ammonia Variation in the raw water at
BWTP from 4/6/2017 10 5/6/2017 ......oooeeieiieieee ettt 90



LIST OF TABLES

Table 4. 1Range of clarified water quality (Operation Manual, BWTP)............cccccoe..... 53
Table 4. 2 Range of filtered water quality (Operation Manual, BWTP).............ccccceeu.. 54
Table 4. 3 Raw water quality variation in Kelani River on 20/10/2016. (Source: BWTP
=TT ] -1 (o] V) IO ST U SRS U PP PP 57
Table 4. 4 Chlorine Demand variation in BWTP from 19/10/2016 to 21 .10.2016 (Plant
Technicians Data Sheet, BWTP) .....ccvoiiiiiice e 58
Table 4. 5 Water quality variation in RakgahawattaEla On 21/10/2016

(SOUrCE; BWTPLADOIALOIY) ...ttt 59
Table 4. 6 Raw water quality variation in BWTP(Source;BWTPLaboratory) ............... 61

Table 4. 7 Treated Water Quality variation in BWTP ( Source;BWTP Laboratory) ..... 62
Table 4. 8 Laboratory Test Report on 21/10/2016 Analysis of TOC in Raw Water in

Kelani River (Source; Appendix G-Laboratory Test Report on 21/10/2016)................. 62
Table 4. 9 Chlorine Demand variation on 7" November 2016 onward (Plant technicians
data SNEEt, BWTP) ...ttt ettt et esae e te e e sreesre e e 64
Table 4. 10Raw water quality variation from 7/11/2016 to 11/11/2016(Web base
Information SYStem, BWTP) ..o s 65
Table 4. 11 Treated water quality variation from 11/7/2016 to 11/11/2016 (Web Based
Information SYStem, BWTP) ..ottt 67
Table 4. 12 Study on Raw Water Quality Variation in Pattiwila Catchment area 6 -
10/11/2016 (Source; BWTP LabOratory)........ccccueeeieienierenie s 68
Table 4. 13 Heavy metal analysis reports 13 & 14/11/2016 (Appendix H)........c........ 68
Table 4. 14 Chlorine Demand variation from 4™ to 9" June 20179 (Plant technicians,
data SHEEt, BWTP) ..ottt ettt re et re e e 71
Table 4. 15 Raw Water quality variation at BWTP(Source;BWTP Laboratory) ........... 73
Table 4. 16Raw Water Quality Variation at BWTP and Pattiwila Canal from 4 to
5/6/2017 (Source;BWTP Laboratory).......ccccvoiieiieiiie i 74

Xi



Table 4. 17Treated Water Variation at BWTP from 4 to 5/6/2017(Source;BWTP

=TT ] 721 (o] V) SO TP U SRS U TP T PRSP 75
Table 4. 18Average and Maximum concentrations in Iron and Manganese occurred in
Raw Water at BWTP(WBDMS,BWTP).......ccoiiiiiiiiieiseseiee e 75
Table 4. 19 Minimum DO concentrations occurred in Raw Water at
BWTP(WEDBWTP,20L17) ..cueeeiieeiie ettt ettt ettt e e ta e e beenraeenna e 75
Table 4. 20 Efficiency of Iron and Ammonia Removal by aeration (BWTPLaboratory,
2007 ettt R b bR e Rttt Re bt ne et et renre e 76
Table 4. 21Efficiency of Ammonia Removal by aeration and sedimentation (BWTP
LADOTALONY, 2017) ..ttt 76
Table 4. 22Efficiency of Iron and Ammonia Removal by aeration (BWTP Laboratory,
2007 ettt R Rt e R bt Re bt ne et e e renre e 76
Table 5. 1 The legend of Sample 10CatIONS .........cooiiiiiiiiiiee s 78
Table 5. 2 Ammonia Removal By Aeration ...........ccooeieriiinininieieeee e 91
Table 5. 3Ammonia Removal by Activated carbon.....................cocooiiiiiiiina, 91
Table 5. 4 Iron and ammonia Removal by Aeration............ccccoeiveveiie i 91

Table 5. 5 Reasons for high chlorine demand at BWTP and sources of pollutions ....92

Xii



LIST OF ABBREVIATIONS

Abbreviation Description

TTHM
RCI
TOC
DBP
NWSDB
SLS
WHO
WSP
WTP
SACDA
O&M
USEPA
DOC
Mn

Fe
CDC
UN
WHO
BOD
POU

E- Coli
MAC
NTU

- Total Trihalomethane

- Residual Chlorine

- Total Organic Carbon

- Disinfection by Products

- National Water Supply and Drainage Board
- Sri Lanka Standards

- World Health Organization

- Water Safety Plan

- Water Treatment Plant

- Supervisory Control And Data Acquisition
- Operation and Maintenance

- United States Environmental Protection Agency
- Dissolved Organic Carbon

-Manganese

- Ferrous

-Centre for Disease Control and Prevention
-United Nation

-World Health Organization

—Biochemical Oxygen Demand

-Point of Use

-Escherichia Coli

- Minimum Acceptable Concentration

-Nephelometric Turbidity Unit

Xiii



LIST OF APPENDICES

Appendix

APPENDIX A

APPENDIX B

APPENDIX C

APPENDIX D

APPENDIX E

APPENDIX F

APPENDIX G

APPENDIX H

APPENDIX |

APPENDIXJ
APPENDIX K

APPENDIX L

Description

The sampling survey conducted by the BWTP, NWSDB
for the Period 2015 to 2016

Tolerance limit for the discharge of Industrial Wastewater
in to Inland Surface Waters

Standards (tolerance limits) of drinking water quality as in
SLS 614:2013/Physical and organic requirement

WHO Standard for Drinking Water Quality (WHO 1988)

Organization chart for Biyagama Water Treatment Plant

Tolerance limits for inland surface waters for use as raw
water for Public water supply (SLS: 722)

Testing of Total Organic Carbon in Water
Heavy metal analysis of water samples
Risk Matrix

Test method for Free Ammonia
Test method for Total Iron

Test method for Manganese

Xiv

Page

106-113

114-115

116

117

118

119-120

121

122-125

126-129

130-133
134

135



