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The Awwa Research Foundation (AwwaRF) is a The Awwa Research Foundation (AwwaRF) is a 
membermember--supported, international, nonprofit supported, international, nonprofit 
organization that sponsors research to enable organization that sponsors research to enable 
water utilities, public health agencies, and other water utilities, public health agencies, and other 
professionals to provide safe and affordable professionals to provide safe and affordable 
drinking water to consumers.drinking water to consumers.
Our Mission:  Advancing the science of water to Our Mission:  Advancing the science of water to 
improve the quality of lifeimprove the quality of life
–– Sponsoring researchSponsoring research
–– Developing knowledgeDeveloping knowledge
–– Promoting collaborationPromoting collaboration

What is AwwaRFWhat is AwwaRF



Total research value > $340 millionTotal research value > $340 million
> 800 research projects total> 800 research projects total
–– > 500 published reports> 500 published reports
–– > 300 projects currently ongoing> 300 projects currently ongoing

Research ProgramsResearch Programs
–– SolicitedSolicited
–– UnsolicitedUnsolicited
–– Tailored CollaborationTailored Collaboration
–– PartnershipsPartnerships

Sponsored ResearchSponsored Research



~ 900 utilities~ 900 utilities
50 consultants50 consultants
14 manufacturers14 manufacturers
34 Partners, e.g.34 Partners, e.g.
–– Association of California Water AgenciesAssociation of California Water Agencies
–– California Energy CommissionCalifornia Energy Commission
–– KIWAKIWA
–– Environmental Protection AgencyEnvironmental Protection Agency
–– EAWAGEAWAG
–– Sandia National LaboratoriesSandia National Laboratories
–– US Bureau of ReclamationUS Bureau of Reclamation
–– WateReuse FoundationWateReuse Foundation

SubscribersSubscribers



DisinfectionDisinfection
Objective Objective -- to inactivate pathogenic to inactivate pathogenic 
microorganismsmicroorganisms
–– Bacteria, Viruses, ProtozoaBacteria, Viruses, Protozoa

Chlorine Chlorine -- disinfectant most commonly used disinfectant most commonly used 
in USin US
–– Effective, easy to applyEffective, easy to apply
–– CheapCheap
–– Most studiedMost studied

Disinfection RequirementsDisinfection Requirements
–– Based on CT concept (Concentration x Time) Based on CT concept (Concentration x Time) 



Disinfection vs ByDisinfection vs By--Product Product 
FormationFormation

Disinfection

Microbial Risk

Disinfection By-products

Long-Term (Cancer) and
Short-Term (Reproductive)
Effects

• Overall risk assessment

• Dangers in developing countries (Peru)



DBP FormationDBP Formation
Disinfectant + Precursor              DBPsDisinfectant + Precursor              DBPs
DisinfectantsDisinfectants
–– ChlorineChlorine
–– ChloramineChloramine
–– OzoneOzone
–– Chlorine DioxideChlorine Dioxide

PrecursorsPrecursors
–– Natural Organic Matter (including algae) Natural Organic Matter (including algae) 
–– BromideBromide



What is NOMWhat is NOM
A complex mixture of compounds A complex mixture of compounds 
formed as a result of the breakdown of formed as a result of the breakdown of 
animal and plant material in the animal and plant material in the 
environmentenvironment
Composition of mixture is dependent on Composition of mixture is dependent on 
the environmental sourcethe environmental source
Mainly consists of carbon, oxygen and Mainly consists of carbon, oxygen and 
hydrogen, but may contain nitrogen and hydrogen, but may contain nitrogen and 
sulphursulphur..



Natural Organic MatterNatural Organic Matter

NOM Non-Humic Substances

Humic Substances

Humic Acids

Fulvic Acids
High hydrophobic characteristic
More aromatic

High hydrophilic characteristic
Less aromatic



Characterization Characterization TechiquesTechiques

Elemental analysis
COD
TOC
DOC

NOM

Content  or 
Composition

Structural
Characteristics Reactivity

Color
Fluorescence
UV absorption
SUVA
Specific color
Pyrolysis-GC/MS
Fourier Transform 
IR
NMR
Acidity

AOC
BDOC
BOD
TOX
DBPFP
SDS
Chlorine demand
Coagulant demand
Differential UV254

Adapted from: Kornegay, 2001 NOM Workshop



Chlorination DBPsChlorination DBPs
Trihalomethanes (THMs);Trihalomethanes (THMs);
–– Four species (Four species (TTHM*TTHM*))

Haloacetic Acids (HAAs)Haloacetic Acids (HAAs)
–– Nine species (HAANine species (HAA99 vs. vs. HAAHAA55** vs HAAvs HAA66))

Haloacetonitriles (HANs)Haloacetonitriles (HANs)
–– Five species; DHANs (Three)Five species; DHANs (Three)

Haloketones (HKs)Haloketones (HKs)
Halonitromethanes (HNMs)Halonitromethanes (HNMs)
Chloral Hydrate (CH)Chloral Hydrate (CH)
Chloropicrin (CP)Chloropicrin (CP)
Cyanogen Chloride (CNCl)Cyanogen Chloride (CNCl)
Aldehydes (nonAldehydes (non--halogenated)halogenated)

*Regulated in USA*Regulated in USA



Formation of Chlorination Formation of Chlorination 
DBPsDBPs

NOM + ClNOM + Cl22 →→ TOCl TOCl 
BrBr-- + Cl+ Cl22 →→ BrBr22

NOM + BrNOM + Br22 →→ TOBrTOBr
TOX = TOCl + TOBrTOX = TOCl + TOBr

Identifiable Compounds Comprise Less Than 50 % of TOX Identifiable Compounds Comprise Less Than 50 % of TOX 

Bromide Incorporation Can Range Up To 75 %Bromide Incorporation Can Range Up To 75 %



Percentage of Total Organic Halogen (TOX)
Accounted for by Known DPBs (molar basis)

(Krasner, 1996)

Bromochloro-
acetic Acid

Trihalo-
methanes

Unknown 
Organic Halogen

Sum of 5 
Haloacetic Acids

Haloaceto-
nitriles

Chloral Hydrate

Cyanogen 
Chloride

62.4%

20.1%

10.0%

2.8%

*California water, 1997 (raw-water bromide = 0.15 mg/L):
Total organic halogen = 172 µg/L



Influential Water Quality FactorsInfluential Water Quality Factors
pHpH
–– THM formation increases with increasing pHTHM formation increases with increasing pH
–– Mixed effect on HAA species Mixed effect on HAA species 
–– TOX concentration decreases at higher pH TOX concentration decreases at higher pH 

Temperature (seasonal parameter)Temperature (seasonal parameter)
–– DBP formation increases with increasing temperatureDBP formation increases with increasing temperature
–– Higher chlorine demand at higher temperaturesHigher chlorine demand at higher temperatures

NOM PropertiesNOM Properties
–– Halogenated DBP formation increases with the activated aromatic Halogenated DBP formation increases with the activated aromatic content of content of 

NOMNOM
–– UVUV254254 or UVor UV272272 or SUVA is a good surrogate for or SUVA is a good surrogate for DBPsDBPs

BromideBromide
–– In the absence of bromide, only chlorinated byIn the absence of bromide, only chlorinated by--products are formedproducts are formed
–– In the presence of bromide, mixed In the presence of bromide, mixed chlorochloro--bromobromo substitution products are formedsubstitution products are formed
–– In waters with high bromide concentrations, it is possible to foIn waters with high bromide concentrations, it is possible to form primarily the rm primarily the 

brominatedbrominated speciesspecies



Influential Treatment FactorsInfluential Treatment Factors

Cl2 Dose
Higher Doses Promote HAAs over Higher Doses Promote HAAs over THMsTHMs

Hydraulic Residence Time (HRT)
InIn--Plant vs. DistributionPlant vs. Distribution--System HRTSystem HRT
Brominated Species Form More Rapidly Than Brominated Species Form More Rapidly Than 

Chlorinated; Chlorinated; 
HAAs Form More Rapidly Than THMs;HAAs Form More Rapidly Than THMs;
Stability of Brominated HAAs?Stability of Brominated HAAs?



ChloraminationChloramination
• Weaker disinfectant than chlorine
• Requires higher concentration and longer time
• May cause nitrification problems
• Corrosion and lead release

(water systems > 10,000 people)
1978 1989       2005      

Chlorine    91%*        87%*      68%#

Chloramines 20%*      29%#

*AWWA Disinfection Committee Survey (2000)
# Seidel at al. (2005)



ChloraminationChloramination
Approaches:Approaches:

ClCl22 vs. NHvs. NH33 Sequence:Sequence:
ClCl22 →→ NHNH33 (Some Free(Some Free--ClCl22 CT)CT)
NHNH33 →→ ClCl22
ClCl22 + NH+ NH33 (pre(pre--formed)formed)

ClCl22/NH/NH33 Ratio:Ratio:
Generally Form NHGenerally Form NH22ClCl



Chloramination DBPsChloramination DBPs
HAAHAA
–– Lower than chlorination except DXAALower than chlorination except DXAA

THMTHM
–– Lower than chlorinationLower than chlorination

TOXTOX
–– THM and HAA constitute less than 20% of TOX.  THM and HAA constitute less than 20% of TOX.  

The rest of TOX is unknownThe rest of TOX is unknown
IodoaceticIodoacetic Acid (?)Acid (?)
NDMANDMA



NDMANDMA
CACA--DEP has developed a proposed DEP has developed a proposed 
Public Health Goal of 3 ng/LPublic Health Goal of 3 ng/L
Organic nitrogen containing precursors Organic nitrogen containing precursors 
play an important role on the formationplay an important role on the formation
Formation is pH dependant (mixed Formation is pH dependant (mixed 
results)results)
ClCl22 vs. NHvs. NH33 sequence is important sequence is important 
(addition of Cl(addition of Cl22 first decreases the first decreases the 
formationformation



OzonationOzonation
Most effective disinfectant Most effective disinfectant -- lowest CTlowest CT
Good primary disinfectant, it must be used in Good primary disinfectant, it must be used in 
conjunction with a persistent secondary conjunction with a persistent secondary 
disinfectantdisinfectant
Ozone generation systems are very reliableOzone generation systems are very reliable
Oxidizes color causing compounds Oxidizes color causing compounds 
Decreases the chlorine demandDecreases the chlorine demand
Improves coagulation and flocculationImproves coagulation and flocculation



Ozonation ByOzonation By--ProductsProducts
• Non-Brominated Compounds:

Aldehydes (4 dominant species)
Ketoacids (3 dominant species)
Carboxylic Acids (3 dominant species)

• Brominated Compounds:
Bromate (BrO3

-)
TOBr (e.g., Bromoform, Dibromoacetic Acid, 

Dibromoacetonitrile)



Bromate FormationBromate Formation
OBrOBr--/HOBr             Br/HOBr             Br-- OBrOBr--/HOBr/HOBr

OBrOBr.. BrBr.. BrOBrO..

BrOBrO22
-- OBrOBr.. BrOBrO33

--

BrOBrO33
--

Adapted from Song et al., 1997Adapted from Song et al., 1997
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Important Water QualityImportant Water Quality
& Treatment Factors: BrO& Treatment Factors: BrO33

--

pH (+)pH (+)
Temp (+)Temp (+)
Carbonate Alkalinity (+)Carbonate Alkalinity (+)
BrBr-- (+)(+)
NHNH33 ((--))
NOM (NOM (--), on O), on O33 Dose BasisDose Basis
OO33 (+)(+)
HH22OO22 (+/(+/--))
Hydraulic Residence Time (HRT) (+)Hydraulic Residence Time (HRT) (+)
PrePre--oxidation with Cloxidation with Cl22 or NHor NH22Cl (Cl (--))



Chlorine DioxideChlorine Dioxide
Effective disinfectant Effective disinfectant -- low CT valueslow CT values
Effective for taste and odor controlEffective for taste and odor control
Successful in removing color causing Successful in removing color causing 
compoundscompounds
Can oxidize iron and manganeseCan oxidize iron and manganese
Chlorine demand could be decreased Chlorine demand could be decreased 
because of the oxidation of inorganic because of the oxidation of inorganic 
and organic compounds by chlorineand organic compounds by chlorine



Chlorine Dioxide DBPsChlorine Dioxide DBPs
Chlorite (ClOChlorite (ClO22

--))
50 50 –– 70 % of ClO70 % of ClO2 2 →→ ClOClO22

--; Relatively Stable; Relatively Stable
ClOClO22

-- →→ ClOClO33
-- if Clif Cl22

Chlorate (ClOChlorate (ClO33
--))

Formed During ClOFormed During ClO22 ProductionProduction
Impurity of NaOCl Solutions Impurity of NaOCl Solutions 

U.S. (ICR) Database (n = 29)U.S. (ICR) Database (n = 29)

Avg. ClOAvg. ClO22 and ClOand ClO22
-- = 0.97 mg/L and 0.38 mg/L= 0.97 mg/L and 0.38 mg/L



Controlling DBP FormationControlling DBP Formation
+Disinfectant Precursor DBPs

Remove/Reduce
Before Formation

Use an
Alternate

Remove/Eliminate
After Formation



Chlorination DBP ControlChlorination DBP Control
•• Watershed ManagementWatershed Management

Algae (Autochthonous NOM) Control by Nutrient LimitationAlgae (Autochthonous NOM) Control by Nutrient Limitation
Bank Filtration for BOM Removal (EU Approach)Bank Filtration for BOM Removal (EU Approach)
BrBr-- Control (e.g., Salt Water Intrusion)Control (e.g., Salt Water Intrusion)

•• Precursor RemovalPrecursor Removal
Enhanced/Optimized Coagulation (up to 50 % DOC removal);Enhanced/Optimized Coagulation (up to 50 % DOC removal);
GAC (GACGAC (GAC1010 to GACto GAC2020) (up to 70% DOC removal);) (up to 70% DOC removal);

NonNon--Adsorbable NOM FractionAdsorbable NOM Fraction
Membranes (NF, Fe + MF) (up to 90 % DOC removal);Membranes (NF, Fe + MF) (up to 90 % DOC removal);
Ion Exchange (e.g., MIEX): DOC (NOM Acids) and BrIon Exchange (e.g., MIEX): DOC (NOM Acids) and Br--

Goals: Reduce TOC (or DOC); UVA; SUVA; Higher MW NOM; Goals: Reduce TOC (or DOC); UVA; SUVA; Higher MW NOM; 
Humic NOMHumic NOM

BrBr-- Passes conservatively through coagulation and GAC; Passes conservatively through coagulation and GAC; 
some removal (e.g., 50 %) by NFsome removal (e.g., 50 %) by NF



ConclusionsConclusions
Disinfection is necessary to inactivate pathogenic 
microorganisms
DBPs form
Water Quality (pH,  temperature, precursor 
concentration, bromide ion) and Operating 
Parameters (disinfectant dose, contact time) are 
important parameters of DBPs formation
Balance Disinfection (CT) Requirements 

vs. DBP Control
Balance DBP Risk; Chemical vs. Microbial Risk



QuestionsQuestions

For further information on DBP formation
contact:
Kenan Ozekin, Ph.D.
Senior Project Manager
Awwa Research Foundation
kozekin@awwarf.org
(303) 734-3464


