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@ The Socratic Method of Finding Truth.

The Socraticmethodis not aboutwinning an argumentbut aboutuncovering
thetruth throughrigorousexaminatiorof ideas

The SocraticMethod beginswith commonlyheld beliefsand scrutinizesthem
by way of question, discussionand argument,to determinetheir internal

consistencyand their coherencewith other beliefs and so to bring everyone
closerto thetruth.

This dialecticalapproachinvolves examiningbeliefs and argumentgo reveal
contradictions and assumptions,aiming to arrive at a more accurate
understandingf a topic. It acknowledgeshatknowledgeis oftenincomplete

and encouragesndividualsto think critically abouttheir own beliefs and the
beliefsof others
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Free chlorine is the most popular chemicalusedto maintain a measurable
disinfectantresidual in Canadiandrinking waters While highly effective

againstmost pathogensfree chlorine will also reactwith the naturalorganic

matter(NOM), both colloidal anddissolvedpresentin waterto form numerous
disinfectionby-productgDBPs)

Apart from the limited disinfection efficiency againstsomechlorineresistant
pathogens especially Cryptosporidiumand Giardia, the main drawback of
chlorinationis the formationof harmfuldisinfectionby-productsresultingfrom
reactionsbetweenchlorine and organic matter, both natural and added by
humans,presentin all sourcewaters,and wastewateitreatmentplant effluent
organicmatter,(EfOM), occurringin WTP andassociatedlistributionsystems
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Disinfection Byproduct (DBP)
Formation

WHEN CHLORINE REACTS WITH NATURALLY-OCCURRING
ORGANIC MATTER IN WATER

Total organic carbon
(TOC) from
decomposing of
plants and animals
washes into rivers
and reservoirs used
as community water
supplies

Water treatment
plants filter water
drawn from these
community water
supplies, but some
TOC can remain after
this process.

DBPs

At the water treatment
plant, chlorine is
added to the water
during a process
known as disinfection
and reacts with the
leftover TOC to create
DBPs.

O

A chlorine residual is
maintained
throughout the
distribution system.
This State mandated
procedure can also
cause DBPs to form

pal Water
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Disinfection By-Products

* An unintended consequence: formation of disinfection by-products (DBPs).

« DBPs formed through oxidation and substitution reactions with organic matter
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HALOACETIC ACID (HAAS5) - How Does it Form?

Rainfall carries organic Filters remove most of the organic When chlorine is added to HAADS flows into the
material from the forest material but some excess can filtered water, it reacts with distribution system, where
into the reservoir. remain. the remaining organics, sampling takes place.

forming HAAS.
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Complex mixtures of disinfection byproducts (DBPs) form when natural
sourcewateris disinfectedwith oxidants,suchaschlorine The useof other
oxidants,suchaschloramineandozonealsogeneratdarmful DBP.

There has been concern over public health consequence®f DBPs since
chloroform was first discoveredin drinking water by JohannesRook in the
RhineandMeuseRiversin 1974 andlateridentifiedasacarcinogenn 1976

Sincethen,morethan600 DBPshavebeenidentifiedin drinking water, despite
Intenseidentificationefforts > 80% of the total organichalogen(TOX) formed
duringdisinfectionremainunidentified
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The addition of chlorineto drinking waterfor effective chlorinationresultsin
the formation of variouschlorinateddisinfectionby-products(DBPs) Some,
but not all, of theseDBPsarecarcinogeniandareregulatedn mostdeveloped
countries)ncludingCanadathe US, Europeandby the WHO.

THMs werefirst regulatedoy the USEPAIn 1979 andHAAsS in 1998 Health
Canaddirst regulatedlHMs in 1978 andHAASs in 2008

Concernsover DBP exposuresdaveincreasedhroughthe yearsdueto some
epidemiologic studies showing associations between consumption of
chlorinated water and bladder cancer,and adversereproductive outcomes,
Including spontaneouabortionandlow birth weightatterm
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Laboratoryanimalsexposedo very high levels of THMs, HAAs and NDMA
havebeenshownto haveanincreasedaisk of liver andcolorectalcancers

Severalstudieson humansalso found a link betweenlong-term exposureto
highlevelsof chlorinateddisinfectionby-productsanda higherrisk of cancer

An increasedisk of kidney, bladder,andpossiblycoloncancersin peoplewho
drankchlorinatedwaterfor 35 yearsor morehasbeenproven

A Californiastudyfoundthatpregnantvomenwho dranklargeamountsof tap
waterwith high THMs hadanincreasedisk of miscarriage
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HaloacetonitrilegHANS) cancausevarioushealthissuesjncluding toxicity to
gastrointestinaland fetal tissues, and potentially show genotoxicity and
carcinogenicityin othermammals

While humandatais limited, studiesshowthathigh exposuréo HAN canlead
to reducedfetal and maternalweight, developmentaldeformities, oxidative
stressDNA damageandcellulartoxicity.

HANs are also associatedvith a potential for increasedrisks to the liver,
kidneys,and centralnervoussystemfrom long-term exposure In additionto
tissuedamage HANSs cancausespecificcellular damageby reactingwith and
adducing(binding)to antioxidantproteins
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Exposureto chlorinatedsurfacewaterswasfoundto resultin a greaterrisk of
cancercomparedo chlorinatedgroundwater This may be attributedto higher
DBP formationpotentials,dueto the presencef precursorsin surfacewaters,
andin othersourcef contaminationywwhencomparedo groundwaters

Surprisingly,ingestionof chlorinateddrinking wateris no longerconsideredo
bethemajorrouteof DBP exposure

THM levels in blood have beenshownto be far higher after exposureto
chlorinated drinking water via dermal absorption and inhalation during
showering pathingor swimmingetc, thanafterdirectingestion
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Ingestion - While DBPs are found in measurableconcentrationsin all
chlorinatedwater samples,THMs, which are a volatile group of DBPs, have
beenfound in measurabllow concentrationsn drinks preparedwith boiled
waterandwerenot detectablaat all in mostpreparecandcookedfoods

Inhalation- Inhalationis an importantpathwayof exposureio DBPsasthese
compoundsanaccumulaten indoorair during showering pathing,swimming
andotheractivitiesrelatedto the useof chlorinatedwatet

THM concentrationgn tap waterwerecomparedo thosein blood, beforeand
after showering,in two different communities The results showed THM
concentrationsin blood increasedsignificantly after showering and their
distributionshiftedtowardsthatfoundin thetapwatet
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Dermal- Dermal absorptionduring showering/bathings anothermajor route
of exposurao DBPs However,polar moleculesof the largerhaloaceticacid
(HAAs) and haloacetonitrile(HANS), moleculesdo not readily penetratethe
skin.

A major recent finding from pharmacokinetic studies with BDCM
(bromodichloromethanein humansfound BDCM concentrationsin blood
were25to 130timeshigherdueto dermalexposurevhencomparedo theoral
Ingestionexposuregoute

It IS now believedthe risks associatedwvith chlorinateddrinking water are
greater due to showering, bathing and swimming, (water flow, type of
showerheadcandtheair exchangeateetc) ratherthandirectingestionroute
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Disinfectanteffectivenessespeciallystrongoxidantssuchaschlorine,chlorine
dioxideandozone,s dueto their highly reactivenature

Disinfectantsreactwith, anddisrupt,cell membranesnucleicmaterialandthe
cellular proteinsof the pathogenicmicroorganisms unfortunately,they also
reactwith all naturallyoccurringdecayingorganicmatter(NOM).

Most of thedisinfectantdemandn watercanbe attributedto this NOM.

Understandingdisinfection by-products (DBPs) potential and the ability to
controltheirformationis critical to meetingregulatoryguidelines
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DBPs are presentin most drinking water suppliesthat have beensubjectto
chlorination,chloraminationpzonation or treatmenwith chlorinedioxide

Many hundredsof DBPsexistin treateddrinking water, atleast600 havebeen
Identified, and probablyas many as 6,000 molecularstructureshaveyet to be
properlyidentifiedandcatalogued

The very low concentration®f many of theseDBPs, andthe analyticalcosts
associateavith testing,allow for only a very few of the DBPsto be monitored
In any practicalmanner
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Analytical Results
Sub-Matrix: Water Client cample ID naies
(Matrix: Water)
F—— " -
08:45 08:25
Analyte CAS Number| Method/Lab LOR Unit ‘ o
Resut -
Volatile Organic Compounds [THMs] .
Bromodichloromethane 75-274 [E611BNVA polL <10 <1.0 <1.0 <1.0 -
Bromoform 75-25.2 |EB11BVA 1.0 polL <10 <1.0 <1.0 <1.0 -
Chloroform 87-68-3|E611B/VA 1.0 polL 575 574 52.1 4086 -
Dibromochloromethane 124-48-1 |EB11BVA 1.0 pg'lL <10 <1.0 <1.0 <1.0 —
Trihalomethanes [THMs], total —|[EB11BVA 20 polL 575 574 52.1 4086 -
| Volatie Organic Compounds [THMs)Surrogates
Bromofluorobenzene, 4- 480-00-4 [EB11B/VA 1.0 % 875 80.2 852 208 -
Difluorobenzene, 1.4- 540-38-3|EG11B/VA 1.0 % 088 0.2 009 852 —
Bromochloroacetic acid 5580-06-8 |E7T50/WT 1.00 polL <1.00 <1.00 <1.00 <1.00 -
Dibromoacetic acid 631-84-1 [E7S0/WT 1.00 polL <1.00 <1.00 <1.00 <1.00 -
Dichloroacetic acid 70-43-8 |ETS0/WT 1.00 pg/L 247 250 237 21.0 —_
Monobromoacetic acid 79-08-3 [E7S0WT 1.00 po/lL <1.00 <1.00 <1.00 <1.00 —_—
Monochloroacetic acid 78-11-8 |ETSO/WT 1.00 polL 1.12 <1.00 <1.00 1.02 —_
Trichloroacetic acid 76-03-9 [E7TSO/WT 1.00 po/L 332 322 205 268 -
Haloacetic acids, total [HAAS] n/a [E7TSOWT 5.00 polL 50.0 57.2 532 486 e

Please refer to the General Comments section for an explanation of any result qualifiers detected.
Please refer to the Accreditation section for an explanation of analyte accreditations.
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Chlorinated disinfection by-products pose the greatest health concerns
thereforethefocusof mostregulatorgs primarily with the groupsof;

Trihalomethane§THM),
Haloaceticacids(HAA).

Thesetwo major groups of DBPs generally accountfor 30% of the total
organichalogen(TOX) [20% THMs and 10% HAAs] with mostof the other
speciesremaining unidentified Haloacetonitriles(HAN) while lower In
concentrationalsohavea high profile asDBPsof concerndueto their toxicity.
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Oneclassof organicchlorinedisinfectionby-productsof concernarethe four
trihalomethanesTHMS);

Bromoform(triboromomethane),
Dibromochloromethane,
Bromodichloromethane,
Chloroform(trichloromethane)

Togetherthey are regulatedas Total THMs, (TTHM) with a combinedMAC
(maximum acceptableconcentration)of 0.1 mgL=?, or 100 pugL! (1996 and
reaffirmedin 2000.
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The secondmajor classificationis the nine possible HAAs, that include
chlorineandbromine,sometimeseferredto astnen H A94;

Monochloroacetiacid, MCAA
Dichloroaceticacid, DCAA
Trichloroaceticacid, TCAA
Monobromoacetiacid, MBAA
Dibromoacetiacid, DBAA
Tribromoacetiacid, TBAA
BromochloroacetiacidBCAA
Dibromochloroacetiacid, DBCAA
Dichlorobromoacetiacid, DCBAA
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H O Cl O Cl O cl O
| | | .|
H—C—C—OH H (|3 C—OH Cl (|3 C—OH Cl (|3 C—OH
|
H H H Cl
acetic acid monochloroacetic acid dichloroacetic acid trichloroacetic acid
pK, =4.8 pK,=2.8 pK,=1.3 pK, = 0.64

Togetherthey areregulatedas Total HAAs, (THAA9) with a combinedMAC
of 0.08 mgL-%, or 80 ugLt - ALARA (2008.
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Trichloroacetic Acid

Molecular structure

Molecular formula
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The addition of ammoniato water containinga free chlorineresidualto form
chloramineswill hinder, and evenstop, the formation of THMs, HAAS, and
mostotherchlorinatedoroducts

Monochloraminethe primary chloraminedisinfectant,is a very weak oxidizer
comparedo free chlorine (andevendichloramine) Monochloraminewill not
breakdown the carbonrcarbonbondsin the NOM presentin waterand create
chlorinatedoy-products

Low concentrationgf the THM chloroformandHAA trichloroaceticacid have
beenfound when practicingchloramination they are probablypresentdueto
thelow concentrationsf free chlorinewhich may still usuallypresent



A ldentification of Disinfection By-Products in
= Municipal Water Systems.

Until recently, there were no known DBPs generatedas a consequence®f
chloraminedisinfectantadditions

The first evidenceof N,N-Dimethylnitrousamide(NDMA) in drinking water
was reportedin Canadain 1986 where the compoundwas measuredat
concentrationdetweerb - 115ngL* in the Oshwekerwatersupply

Around the year 200Q it was found the reaction of combined chlorine
(monochloraminevith organicmatterpresenin somewatersmayresultin the
formationof NDMA asadisinfectionby-product
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TheU.S. EPAcurrentlyc | a s BIDMAesa o 60 p r ohbmaahcl aer ¢ i n ¢
andhasestimatedts 10 ¢ (onein onemillion - generallyconsideredegligible
or insignificantfrom a public healthperspectivetanceirisk levelat 0.7 ngL™.

GCDWQregulateNDMA to aMAC of 0.00004 mgL+, 0.04 ugL-* (2010.
Healthbasisof MAC : Liver cancer(classifiedas probablecarcinogen)

NDMA formationis a by-productof drinking water disinfectionwith chlorine
or chloraminesindustrial and sewagdreatmentplant effluents
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Haloacetonitriles (HANS) are important drinking water disinfection by-
products,formedthroughthe chlorinationand chloraminationof aminoacids,
eitherfreeacidsgroups,or thoseassociateavith NOM.

HANSs are also a group of unregulated>BPs, first reportedto be in drinking

waterin 198Q TheUS EPA, HealthCanadaandotherworld authorities have
definedregulationsfor certainDBPs, but haloacetonitrilesare not a regulated
speciesn drinking watet

Although HAN concentrationsn treatedwater are usually lower than THM,
theyarestill amajorconcerndueto their highercyto- andgenotoxicity
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Despiteresearclshowingthat many unregulateddBPs, including HANS, can
be moretoxic or genotoxicthanthe THMs and HAAs currentlyregulatedno
newnationalMAC limit havebeenrecommendedr assignedor the HANS.

The EPA and Health Canadaare,however,consideringregulatoryrevisionsto
limit exposurg¢o emergingDBPsof healthconcern

Although WWTP effluent HANs are unstable,and, in higher pH waters,
undergo chemical transformations by hydrolysis on the hour
(trinaloacetonitriles to week (chloroacetonitrile time scales their active
removalis most efficiently accomplishedising advancedoxidation/reduction
processefAO/RPS)
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Chloral hydrate (CH) is anotherdisinfection by-product formed when the
chlorinereactswith naturallyoccurringorganicmatter

Chloral hydrateis also usedin humanand veterinarymedicineas a sedative
andin the manufacturingof pharmaceuticalgyesticidesand other chemicals
Chloral hydratecan also be found in drinking waterif it is releasednto the
environmenfrom theseprocesses

However, chloral hydrate is generally found at concentrationssignificantly
lower thanthosewhich could posehealthrisksto humans CH is not explicitly
regulatedn drinking waterin Canadaor the US.
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Health Canadahasissueda GuidanceDocument(August 2008 - updatedin
2014 andhasa healthbasedmaximumvalueof 0.2 mgL?, 200egL%, derived
from risk assessmentsn a lifetime study in mice, which showedliver cell
abnormalitiesat lower dosesanda slight increasan the numberof tumoursat
higherdosesit is notaformal guidelinedueto currentexposurdevels

Concentrationlevels of chloral hydratein Canadiandrinking water supplies
rangefrom 1.2 t0 3.8 ¢ g-Lin winterandfrom 3.6t0 8.4 ¢ g-Lin summer

Health Canadahas performeda risk assessmerdnd determinedhat chloral
nydrateis nota concernin drinking water at typical levels,but its potentialfor
narmat higherconcentrationsvarrantsmonitoring
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Other disinfection by-productsinclude inorganic chlorate and chlorite from
commercialsodiumhypochloritedecayduring storage and from the decayof
chlorinedioxide. (MAC for bothcompoundss 1.0 mgL1).

Bromate(MAC - 0.01 mgLt) may be presentfrom the electrolyticgeneration
of sodiumhypochlorite Bromateions, BrO;, canresultfrom the presencef

promide in commercially producedsodium hypochlorite,as bromide can be

presentn thesalt(NaCl/NaBr)usedfor the on-sitegeneratiorof NaOCl

During ozonationjf bromideis naturallypresentin thewatet

Chlorinegasdoesnot producenorganicby-productsof consequence
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Ozonemay be responsiblgor the productionof halogenatedlisinfectionby-
productsf thereis naturalbromidepresentn thewaterbeingtreated

Ozonewill oxidize bromideandform hypobromousacid (HOBr) which in turn
will form the samedisinfectionby-productsseenwith free chlorineincluding
thewell knownTHMs andHAAs.

The THMs and HAAs generatedwill be the brominated by-products
(bromoformanddibromoacetiacid)identifledasserioushealthconcerns

Decompositiorof hypobromousacid andthe hypobromiteion canalsoleadto
thebromate(BrOy’) ion which carriesa MAC of 10 pugL.

Bromateis themosts | g n ioftloe Byrptoductsformedby ozone
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Bromateingestionin largeamountscanhavegastrointestinasymptomssuchas
nausea,vomiting, diarrnea and abdominal pain Some individuals also
experienc&idneyeffects,nervoussystemeffectsandhearingloss

However, thesepeople were exposedto bromatelevels many thousandsof
timesgreaterthanwould comefrom drinking compliantwater

Exposureto high concentrationsof bromate,for long periods of time has
causedidneyeffectsin laboratoryanimals Long-termexposurdo highlevels
of bromatehas also beenshownto causecancerin rats Whetheror not
bromatecancausecancenn humanss undetermined
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Ozone,the strongesbxidant,is knownto reactwith NOM andmay producea
rangeof low molecularweight(LMW) organicmoleculesncluding

Ketones,

Carboxylicacids,
Aldehydesjncludingformaldehyde

Ozone has been found to
aldehydesindketo-acidstha

Theselow MW organic by-

produce significantly greater concentrationsof
notheroxidizing disinfectants

oroductsare not regulatedby the Health Canada

and are not believedto haves i g n i aglweraepublic health effects at the

concentrationghatoccurin ©

rinking waterdisinfectedwith ozone
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= Water Systems Raw Water NOM.

The most significant sourceof disinfection by-productsis the oxidization of
raw water,andWWTP effluent, NOM by chlorineduringdisinfection

In a typical raw water source,the naturaldecayof vegetationis accompanied
by the conversiorof plantDNA into humicandfulvic acids

Chlorine can break the carboncarbon bondsin humic and fulvic acids, to
generatgotentially6,300differentsmallermoleculesalthoughonly about600
of themhavebeenproperlyidentifiedandclassified

Trihalomethanesandhaloaceticacidsaretwo speciesof DBP deemedharmful
to humanhealth,asarenitrogencontaininghaloacetonitriles
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Typical PlantDeoxyriboNucleicAcid (DNA).
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THM andHAA concentrationsresubstantiallyhigherthanotherDBP species
Haloacetaldehydeepresenthe third largestconcentratiorby class,followed
by haloketoneshalonitriles haloamidesandhalonitromethanes

Fournitrosaminespresentfterchloraminationpr the additionof aminebased
coagulant aids, have been identified at low concentrations NDMA, N-
nitrosodiethylamineN-nitrosodibutylamineandN-nitrosopiperidine

Recentstudieshavedeterminedhe nitrogenoudDBP (N-DBP) aremuchmore
toxic thancarbonaceouBBP (C-DBP). HaloacetonitriiegHAN) area classof
nitrogercontainingDBP, which are ubiquitousin chlorinatedwaters,and,due
to their high toxicity, requireprecursor/sourceontrol
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Hundredsf halogenate@dndnonhalogenatedBPsof varyingtoxicitiesform
during chlorine disinfection, but only elevenare currently regulated(i.e. four
THMSs, five HAASs, bromate andchlorite) by HealthCanada

The precursorsof HAA and THM are associatedprimarily with the
hydrophobic fraction of their organic precursor molecules, although the
hydrophilicfractioncanbeimportant

Coagulationandclarification canoffer significantremovalratesfor the higher
molecularweighthydrophobicTHM andHAA precursors

The precursorof HAN areoverwhelminglynydrophilicwith only a negligible
contributionfrom the hydrophobicandtransphilicfractions
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¢

\

L Humus J

\"
Humin Humic Acid (HA) Fulvic acid
insoluble in base and soluble in base soluble in water in the
acid insoluble in acid entire pH range

An increase in molecular weight and degree of polymerization
An increase in carbon content
An increase in color intensity
A decrease in carboxyl and hydroxyl groups
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The concentrationof THMs and HAAs In treatedwater are specific to the
sourcewater DBP formationis proportionatdo its precursoiconcentrations

Surfacewaterstendto havehigherconcentration®f NOM than groundwater
sources,resulting in much higher concentrationsof DBPs in chlorinated
surfacewatersoppositechlorinatedgroundwaters

BrominatedDBPs form at a much fasterrate than do nonbrominatedDBPs
and are generallymore toxic than chlorinatedDBPs Coastalareasimpacted
py saltwaterintrusiontendto havehigh bromineandiodine concentrationsn

poth their surfaceand groundwatersand therefore,are likely to have higher
orominatecandiodinatedDBP concentrations
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Chlorine consumptionrand THMs formation are initially very rapid, followed
by amoregradualchlorinedecayandDBP formationrateafter 7 hours

Unsurprisingly, studies have shown the concentrationof THMs will also
Increasaasresidencdime increases clearwellstoragé distributionvolumes

One recent study (2023 consideredfour sampling points at increasing
distancedrom the treatmenfplant the first samplepoint wasthe closestto the
WTP andthefourth waslocatedat the farthestdistancegrom WTP. At thefirst,

secondthird andfourth samplepoints,total THMs levelswere determinedo

be24.8¢glL?, 37.5egL"t, 484 gL, and61.4 eglL?, respectively
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The fastchromophoregsmallermolecularweight colourrelatedNOM - fulvic

acids)were consumedat the onsetof NOM chlorination,andtheir molecular
cleavagedoesnot seemto berelatedto a significantreleaseof total THMs and
HAAS.

However, the decompositionof slow chromophores(noncolour organic
oroteinsand larger, more polar, amino acids with greaterhydrogenbonding
potential - humic acids) are more closely related to DBP formation, as
demonstratedby strongcorrelationsbetweenthe concentration®f theseDBPs
andthemeasuredlifferential UV absorbanceat254and280nm.
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It hasbecomeshownwastewatereffluent dischargeposesa seriousthreatto

drinking watersupplies Rivers,lakesandgroundwateilareacceptingncreased
volumesof treatedwastewaterdrinking water quality hasbeencompromised
with aconsegquenncreasan disinfectionby-productprecursoiconcentrations

Wastewateeffluentdischargesnto surfacewaterscansignificantly impactthe
guantityandquality of organicmaterialsat multiple downstreamocations

The presencef variouschlorinereactingspeciessuchasammonium,organic
carbon,organicnitrogen,and bromidein wastewateeffluents,canleadto the
formationof numeroudDBPsat high concentrationevelsuponchlorination
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A Disinfection By-Product Sources in Municipal
= Water Systems WWTP Effluent.

Formationpotentialtestscarriedout to determinethe DBP precursoroadings
In municipalwastewateeffluent,showedhoseWWTPsthatachievedsuperior
organic matter removal rates, and practicedfull nitrification/denitrification,
tendedo havelower DBP-FPsin their effluentdischarges

For WWTPs with two treatmentprocesses]HM, HAA and chloral hydrate
precursorsverethe predominan©BP precursorsn the primary andsecondary
treateceffluents

The percentreductionsof HAN formation potentialscan averageas high as
96%, higherin comparisorno thereductionf otherclasse®f DBP-FPs
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Further,biological secondaryreatmentasbeenshownto changethe DBP-FP
speciatiomrofile by loweringthe HAA-FP/THM-FP ratio.

The DBP yields, and SUVA number, increasedafter secondarytreatment,
Indicatingthe residualorganicmatterin WWTP effluentcontainedmorehumic
and less fulvic constituents(F/M ratios and food sourcesin the biological

secondaryrocesses)

Oxic andanoxicconditions,includingthe formationanddegradatiorof soluble
microbial productsalsoimpactsDBP-FPreductions The oxic procesds more
favourablethanthe anoxicconditionswith regardto DBP-FPreductions
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Wastewater—derzved
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ResearclhasshownthatorganiccompoundsbsorbingJV radiationat 254 nm
havea greatertendencyto form chlorinateddisinfectionby-products

The SUVA valueis a measureof the dissolvedorganic carbonconcentration
availablemostlikely to form disinfectionby-productswhenchlorinated This

value can also be usedin the treatmentprocessto remove/reducenatural
organicmatter,and, in turn, lower the DBP formationpotential

A higherSUVA numbenndicatesa higherTOC removalpercentag@otential

A higher SUVA numberalso indicatesa lower coagulantdosage pasedon a
N p Egof DOCremovalo calculation
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Specific ultraviolet ab_sorbanceﬁ\SIUVA)_ providesa generalcharacterizatiorof the
natureof naturalorganicmatter(NOM) in a watersampleandis typically performed
for the purposeof determiningdisinfectionby-productformationpotential

SUVA is calculatedby dividing the UV absorbancet 254 nm (cntt) bty the DOC,
dissolvedorganiccarbon,(mgL) of awatersample expresseth unitsof L/mg-m.

SUVA (L/mg-M) = UVA 254 (cntt) + DOC (mgL-1) x 100cm/M

This calculationmeasurershe f)otentialof the organiccontentto produceDBPs A

high SUVA numbernndicatesa largeportion of humic matterpresenin the waterand
that NOM will control coagulantdose Since aromatic organicshave a greater
tendencyto reactwith disinfectantgo createDBPs,a high SUVA indicatesthereis a
greatemotentialfor theformationof D B P.0 s



Disinfection By-Product Sources in Municipal
Water Systems SUVA.

Parameter
UVA (cm-Y) 0.175 0.135
DOC (mgL?) ‘ 12 ‘ 2.5
SUVA (L/mg-M) ‘ 1.46 ‘ 5.40

Inferred From SUVA Calculation DOC DOC Removal (%)

<2 Mostly Low MW NOM (Fulvic Acids) < 25%

2-4 ‘ Moderate MW NOM (Humic / Fulvic blendl 25-50%

>4 ‘ Mostly High MW NOM (Humic Acids) ‘ > 50%
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The datafrom manystudiesshowthatthe aromaticandhigh molecularweight
fraction of NOM, readily removedby coagulationn alower pH environment,
containsthe main precursordor HAA, and someof the precursordor THM.

However, other researchsuggeststhat lower molecular weight, non-humic
NOM contributesamoreprominentlyin HAA formation

Chlorine will significantly injure bacterial cells, cause cell permeability
dislocationandnucleicacidsandenzymedestruction alsoprecursorgor DBP
generation Chlorineis agooddisinfectantputit doeshaveis limitations.

A well acceptessubstitutedisinfectants ultraviolet(UV) radiation
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Ultraviolet radiation disinfection at dosagesbetween40 - 150 mJ/cnt,
followed by chlorination, does not significantly change regulated DBP
formationpotentialsvhencomparedo thenonUV disinfectedwater

However, researcherfave found that UV radiation during disinfection will
form low molecular weight aldehydes,carboxylic acids and biologically
degradabl@rganiccarbon(BDOC) or assimilableorganiccarbon(AOC).

24-hour free chlorine and monochloraminedemandswill increase when
exposedto LP and MP UV radiation At UV disinfection dosages,the
increasearesmalt 0.1 - 0.6 mg Cl,L for chlorineand0.1 - 0.3 mg Cl,L-* for
chloramine
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Theformationof THM-4 (sumof 4 regulateachlorineandbrominecontaining
THMSs), while minor, is asaresultof chlorinedestructiorby UV radiation

Spiking with bromide causesa shift to the brominesubstitutedspeciesand
Increasesthe molar yield of THM-4 following chlorination Spiking with
nitrate doesnot impact THM formation or speciationregardlesf UV dose
THM-4 formation was significantly lower in chloraminatedwaters when
comparedo chlorinatedsamples

THM-4 formation increasedl5 - 20% with MP UV dosesof 1,000 mJ/cn¥
followed by chlorinationcomparedo chlorinationalonein two utility samples
and30- 40% in athird testlocation
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ThehalogenatedBPs(X-DBPs)

oroductionclearlyis dependenon the halide

concentrationsn the waterphaseandon the NOM concentrationsthe organic

reactivity (humic or fulvic acic

), the pH of the treated water, and the

temperatureandthetime of disinfectionprocessing

Theorganicabsorbanceesponset 280 nm stronglyindicatesthe formationof
X-DBPssuchas THM and HAA, and providesan indirect guantification of
their formationpotentials all hinting atthearomaticnatureof NOMSs.

It i1s well known that humic acid can be fractioned into hydrophobic,

transphilic andhydrophilicmixtur

esby UV radiationat high dosages
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Advanced Oxidation, used against PFOA/PFAS, HANs and cyanotoxins,
combinesnigh dosage®f UV andH,O,. A recentstudyinvestigateachanges
iIn DBP formation attributedto UV or UV/H.0,, followed by free chlorine,
requiredto quenchhydrogenperoxideandprovideresidualdisinfection

At a UV doseof 1,000 mJ/cn?, typical for AO protocols,trihalomethaneield
Increasedy up to 4 mg/mgTOC and 13 mg/mgTOC whentreatedwith low
andmediumpressurdJV radiationlamps

With the addition of hydrogenperoxide, THM yield increasedoy up to 25
mg/mgTOC (5 mg-H,O,L-1) and37 mg/mgTOC (10 mg-H,O,L ).
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HAAs were only measuredor Utility A samplesand UV had little effecton
their formationin thesesamplesasidefrom two cases

UV dosagedor disinfection are significantly lower than those required for
advancedoxidation, applied for trace organic compound destruction, and
generallydo notincreaseDBP concentrationg treateawater

Higher UV radiation dosages,and hydrogen peroxide, utilized in AOP
treatmenfor PFASandPFOS,HAN, andotherenvironmentallyrelevanttrace
organicpollutants(e.g. acetaminophen)re likely to havea greatereffect on
DOM characteandthe potentialto yield DBPswhenpostchlorinated
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A Control Strategies for DBPs in Municipal
= Water Systems.

In anutshell therearetwo optionsto control DBP in drinking water

Control of disinfection by-products (DBPs) is managedby both precursor
removalduringtreatmentandoptimizationof the disinfectionprocesstself.

Precursorsare removed using methods such as preoxidation, enhanced
coagulationactivatedcarbonfiltration, NF & RO filtration, andbiofiltration.

The disinfection process can be modified by switching to alternative
disinfectantssuch as UV, chloraminesor ozone,and reducing contacttime,
while managinghewaterin the distributionsystento preventstagnation
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The most effective control strategyfor DBP formation is the removal of the
organicDBP precursorgrom the raw waterbeforedisinfection

Preoxidationof NOM in the raw waterandenhancedaoagulationcandestroy
or removeorganicmaterialandsignificantlylower DBP formationpotential

Granular and powderedactivatedcarbon (GAC & PAC) or NF membrane
filtration canphysicallyremoveorganicprecursorgrom watet

Biofiltration, utilizing processesuchasbiologically activatedcarbon,or slow
sandfiltration, usethe DBP precursorsasfood for microorganisms

Control of DBP formation potential in municipal WWTPs is an often
overlookedoptionto reduceDBP precursoiconcentrationgn theraw water
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Use of alternative disinfectants,such as chloramines,ozone, or chlorine
dioxideis alsoarecommendedandsuccessfustrategy

Ultraviolet (UV) Irradiationis an increasinglypopularalternativedisinfection
methodthatgenerallydoesnot generatddBPsin measurableoncentrations

Optimizingthe applieddisinfectantdosagewill helpminimize DBP formation

Minimizing the lengthof time waterspendsn the pipes,andeliminatingdead
end zonesor stagnantareas,will ensureadequatewater turnoverin storage
tanks,reducingchlorinecontacttime andDBP concentrations
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Thereare many other organicchemicalspeciespresentin raw sourcewaters
beyond decaying NOM, including trace chemicals from foods, drugs,
pesticides, plastics and additives, dyes, oils, soaps, detergents, paints,
varnishessolvents andwastewatetreatmenplanteffluents

The presenceof theseorganic contaminantsupon disinfection/oxidationby
chlorineor ozone couldgeneratddBP of manyandvariousstripes

Pretreatmentof natural waters with powderedactivated carbon (PAC) for
adsorption,KMnQO, for oxidation, or biological contactoxidation (BCO) are
still found in commonpractice The useof PAC and KMnQ,, Is a frequently
usedoption,especiallysoin smallwatersystemsalongcoastaB.C..
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Onerecentstudyshowedorganicadsorptionoy PAC wasfoundto successfully
capture/eliminatd2.7% of chloroform(CHCI,) precursors

The removal efficiency of DOC was 76.5% by the BCO process,69.9% by
PAC adsorptionand61.4% by KMnO, oxidation

Elimination of DBP precursororganic matter, utilizing pre-oxidation with

KMnQO, or ozone,can resultin bacterialcell wall disintegration,commonly
Known aslysis. Cautionmustbe exercisedas waterborne cyanobacterigor

nDlue-green bacteria/bluegreen algae) cell walls could also be breached,
releasingcyanotoxininto theraw watersource!
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Enhancedcoagulationis a treatment processthat optimizes the standard
coagulatiorprocedurdo removeanincreasedNOM massfrom water

To lower NOM concentrationsn clarified water,enhanceaoagulation usesa
highercoagulantdosageandcarefulcontrol of pH, to maximizethe removalof
bothturbidity anddissolved/colloidabrganicmaterial

Transitioningfrom conventionacoagulatiorto enhancedaoagulatiorresultsin
Improvedremovalof precursordor TTHM, HAA9, CH, HAN4, and general
TOX, plusit will seeareductionin chlorinedemand

Raw watersexhibiting a higher SUVA tendto havehigherpercentremovalsof
DBP precursors
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Unlike conventional coagulation, which focuses on turbidity reductions,
enhancedcoagulationaims for the highest possible removal of NOM by
determiningthe optimal pH andapplyinga highercoagulantose

The higher coagulantdosageis addedto destabilizethe smaller, suspended
organicparticlesthat are not easily removedby conventionakreatment This
optimizedcoagulandosagaequiresthe WTP operatorto maintaina lower pH
and a slight negativebulk water electricalcharge,as measuredising eithera
SCM or ZetaPotentialreading

Enhanced coagulation will, therefore, require additional knowledge and
attentionfrom the WTP operators
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Enhancedcoaqgulationis particularlyimportantfor treatingsurfacewatersthat
have high levels of organic matter, with high alkalinity, both of which can
iIndividually makeconventionatreatmentesseffective

pH, alkalinity, and temperatureare critical physical parameters,as they
Influencethe solubllity of both the organicmaterialand coagulantspeciation
Theideal pH rangefor the mosteffectivecoagulatiorof NOM is 5.5 - 6.3.

Effluent water at a lower pH doespresentconcernswith distribution system
corrosion,so a good alkalinity enhancemenprotocol will also be required,
especiallyin coastawatersandinterior high mountainfed glacialstreams
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=  Water Systems Enhanced Coagulation.

Coagulationand enhancedcoagulation,upstreamof filtration, are the most
frequently employed treatment protocols used to lower DBP precursor
concentrations treatedwater,prior to disinfection

As discussedoreviously, SUVA is an importantparametemusedto determine
the potential for DBP generation A higher SUVA will resultin a greater
removalratefor DBP precursorsespeciallyfor HAAs.

The USEPAhasa tableof TOC reductiontargetsbasedon raw water TOC and
alkalinity concentrations Notethata TOC removalrateof 50 - 60% would be
consideredestpractice
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Water Systems Enhanced Coagulation.

TABLE 2-1

Required Removal of TOC by Enhanced Coagulation
For Plants Using Conventional Treatment:
Step 1 Removal Percentages™"

SOURCE SOURCE WATER ALKALINITY (mg/L as CaCO,)
WATER
TOC (mg/L)

0 to 60 >60 to 120 >120°

>2.0-40 . 25.0%

>4.0 - 8.0 0% 35.0%

>8.0 .0% 40.0%

Notes:

a. Enhanced coagulation and enhanced softening plants meeting at least one of the six alternative compliance criteria in
Section 2.4 are not required to meet the removal percentages in this table.

b. Softening plants meeting one of the two alternative compliance criteria for softening in Section 2.4 are not required to
meet the removal percentages in this table.

¢. Plants practicing precipitative softening must meet the TOC removal requirements in this column.
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Enhancedcoagulation has two roles in the Disinfectant/DisinfectionBy-
Product(D/DBP) Rule Oneis as a treatmenttechniquefor the control of
precursorsfor identified and nonidentified DBPs Another is as a best
availabletechnology(BAT) for the controlof requlated THMs andHAAS.

As a treatmenttechnique,water systemsare not expectedto optimize, or
maximize,the removalof DBP precursors Whethercoagulationis enhanced
or optimizedfor the controlof DBP precursorss a matterof degree Soasnot
to be costprohibitive, systemsmust meettargetpercentageemovalsof TOC
where TOC servesas a surrogatefor the identified and nonidentified DBP

precursors



A Control Strategies for DBPs in Municipal
= Water Systems- Activated Carbon.

Activated carbonhas many applicationsin watertreatmentandis commonly
employedasoneof two producttypes

Granular activated carbon (GAC), usually found as part of the filtration
process

Powderedactivatedcarbon (PAC) finds most of its applicationsin the pre-
treatmenprocesstage

PAC is also often found in POE/POU applicationsin householdsusedto
absorbdistributionsystemchlorineandDBP.



A Control Strategies for DBPs in Municipal
= Water Systems- Activated Carbon.

GAC is the activatedcarbonform commonlyusedin filtration applications In
arapidsandfilter application,GAC is normallyusedin combinationwith other
mediatypes,suchassandandgarnetto form dualor multi-mediafilters.

GAC servesas a generalfilter, capturing particulate turbidity, and also to
remove by adsorptionyesidualtasteandodourcausingorganican watet

Wherethereis high TOC, high alkalinity andpH, GAC filters are often found
afterthe clarification stadqeasa prlmaryqr?an[cadsorptlorflltratlon step,prior
to granularfiltration, andupstreanof disinfection

GAC adsorptiorcanalsoremovebiodegradablerganicmatter,microbialfood,
which helpspreventregrowthin the downstreandistributionsystem
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Different organic molecules are available
to be adsorbed into corresponding pores
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= Water Systems- Activated Carbon.

Activated carbonis a covalentadsorbentjn that it adsorbsmoleculeswhich
bondcovalently,whichis the casefor mostNOM, especiallyorganicacids

Activated carbon,also called activatedcoal or charcoal,is a form of carbon

processedo have small, low volume pores that substantiallyincreasethe
surfaceareaavailablefor adsorptioror chemicalreactions

Basedon Van der WaalsForcesthe high surfaceareaporesof activatedcarbon
will adsorb different organic contaminants The absorbancepotential and
efficiencyis dueto the polarnatureof the organicmolecules
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A Control Strategies for DBPs in Municipal
= Water Systems- Activated Carbon.

Physicaladsorptiondoesnot causea changein the chemicalstructureof the
carbon adsorbentor in the organic moleculesinvolved, Therefore, the
adsorptionprocesss reversible Becausdhe organicadsorptions reversible,
It iIs consideredo beasurfaceadsorptiorprocess

If the organicadsorbat@etaineds volatile, a sufficientrise in temperaturawill
causahemoleculego bereleasedrom the activateacarbon

Regenerations carried out at temperaturedpetween500 and 800° C. Norn-
volatile compoundsundergo pyrolysis and gasify at 30® C. The volatile
compoundsrereleasedrom the GAC andgasifyatthe highertemperatures
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A Control Strategies for DBPs in Municipal
= Water Systems- Activated Carbon.

Outsideof the WTP, andwithin thelocal community,Pointof-Entry (POE)and
Pointof-Use (POU) filters utilizing activatedcarbonare effective at removing
tasteandodoursandmanydisinfectionDBPs,especiallyTHMs andHAAs.

Many POU filters typically show greaterthen 90% removal efficiency for
THM, andslightly lower, at 75% to 90%, for HAA dependingon the specific
filter andconditions HAN removalratescanbe > 95%.

POE filters distribute water to the entire building, and can be large and
cumbersomeequiringsignificantmaintenance POU carbonfilters arewidely
availablein faucetmountedor undersink models
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A Control Strategies for DBPs in Municipal
= Water Systems Nanofiltration (NF).

Generallyspeaking organicmatter,especiallythe smallerdissolvedmolecules
consideredprecursorsto DBP, cannot be filtered from treatedwater using
physicalstraining

Some organic material presentin water after clarification, is suspendedr
colloidal, and can be removedfrom the water using conventionalmethods
rapid sandandmulti-mediafilters do providesomebenefit

Dissolved organic carbon, DOC, is usually defined as being able to pass
througha 0.45 um filter. A rapidsandfilter hasan effectiveporesizeof 5 um,
anda MF membrandilter will capturelargerdissolvedorganicmoleculesput
will allow passagef thesmallerDOC molecules




A Control Strategies for DBPs in Municipal
= Water Systems Nanofiltration (NF).
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A Control Strategies for DBPs in Municipal
= Water Systems Nanofiltration (NF).

Rapid sand and multi-media filters are designedto intercept and capture
particulatesandprotozoasuchascryptosporidiumandgiardia

MF membrandiltration is designedo be ableto captureprotozoaandbacteria
UF membrandiltration is designedo captureprotozoapacteriaandviruses

NF membrandiltration, is designedo removeprotozoa,bacteria,virusesand
dissolved organic molecules,including NOM/TOC/SOC, the precursorsto

chlorinatedDBPs



A Control Strategies for DBPs in Municipal
= Water Systems Nanofiltration (NF).

Nanofiltration (NF) and reverseosmosis(RO) are a classof semtpermeable
membranesused in applications that require the removal of dissolved
contaminants treatment processesinclude softening, desalinationor DBP

precursoremoval

The typical range for MWCO levels is less than 100 Daltons for RO
membranesandbetween?200and1,000 Daltonsfor NF membranes A Dalton
IS exactlyl/12 themassof acarbonrl2 atom(a proteinmightbe 50,000 Da).

NF and RO utilize semtpermeablemembraneghat do not have definable
pores NF and RO processesachieveremoval of dissolved contaminants
throughthe processf reverseosmosiqgandnot by conventionafiltration).
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Reverse Osmosis




A Control Strategies for DBPs in Municipal
= Water Systems Nanofiltration (NF).

NF andRO targetdissolvedparticles,definedassolidsandgasegboth organic
& Inorganic)whichwill passhrougha0.45emy | t er

Most oftenNF andRO areusedto removedissolvedmetalsfrom groundwater

Thedissolvedinorganicmoleculescommonlyfound in waterat concentrations
betweenl.0 - 500 mgL* include calcium, magnesium,sodium, potassium,
bicarbonatechloride,sulphateandnitrateions

The dissolvedinorganic speciespresentin water at concentrationdetween
0.01to 10mgLt includeiron, lead,copperarsenicandmanganese



A Control Strategies for DBPs in Municipal
= Water Systems Nanofiltration (NF).

How Nanofiltration Works

Principle of Organic Solvent Nanofiltration
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During nanofiltration,
pressure is used to
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source water through

a semi-permeable
membrane.

Nanofiltration
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Nanofiltration removes
nearly all bacteria and
viruses, most organic
matter, divalent ions
and up to 90% of
monovalent ions.
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A nanofiltration membrane
is capable of removing
contaminants down to
0.001 microns in size.
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A Control Strategies for DBPs in Municipal
= Water Systems Nanofiltration (NF).

Reverseosmosisandnanofiltrationare both capableof removingbacteria(0.2
um) andviruses(0.004 um) from awaterstream

Nanofiltration membraneswith anii e f f gare si i vzee0001 um, and a
correspondingMWCO value between200 - 500 Daltons, will also remove
dissolved organic molecules,including NOM/TOC/SOC, the precursorsto
chlorinatedDBPstrihalomethane§THMS).

Nanofiltrationis alsousedto removepesticidesandotherorganiccontaminants
from surfaceandgroundwatersources



A Control Strategies for DBPs in Municipal
= Water Systems Nanofiltration (NF).

Nanofiltration (NF) is an effectivetechnologyoption for the removalof DBPs
andtheir precursorgrom watet

NF membranesachieve high rejection rates for the dissolved organic
molecules 90 - 98% for DBP precursorsand> 90% for specificDBPssuchas
trihalomethaneandhaloaceticacids

DBP rejection by nanofiltrationis governedprimarily by three mechanisms,
SizeExclusion,ElectrostatidRepulsiomandSurfaceAdsorption



A Control Strategies for DBPs in Municipal
= Water Systems Nanofiltration (NF).

Size Exclusionis a nonspecific mechanismwhere the membraneacts as a
ohysicalbarrier NF membranehvavea MWCO between200- 1,000 Daltons
andann e f f eaoresiivzee0001 - 0.005 em, efficiently blocking larger
DBP moleculesandnaturalorganicmatterprecursors

ElectrostatidRepulsion,commercialNF membranefiavea negativelycharged
surface which repulsessimilarly chargedDBP molecules(such as HAAS)
pushingthemawayfrom the membrangyoresandenhancingejection

Adsorption, hydrophobicinteractionsand hydrogenbonding can causesome
DBPs,to adsorbonto the membranamaterial This caninitially leadto high
rejectionrates but may causdong-termfouling andperformancealeclineasthe
membrane'sadsorptiorncapacityis saturateavertime.
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a Size effect Permeation through pores  Solute-solute interaction
DBPs size > effective pore size DBPs < effective pore size NOM / Ca** / Mg* DBPs + Solute > effective pore size
log K,, <25

b Electrostatic repulsion (o] Hydrophobic interaction Adsorption/diffusion
DBP pK, < pH log K, > 2.5

Solute-membrane interaction
Ca* / Mg*



A Control Strategies for DBPs in Municipal
= Water Systems Nanofiltration (NF).

The efficiency of DBP removal by nanofiltration is influenced by several
factors

MembranePoreSize/MWCOandSurfaceCharge
DBP molecularweight& size,electrostaticharge/polarityandhydrophobicity

PrevailingpH (higherpH valuestypically increasehe negativechargeof both
the membraneandthe DBPs,improving rejection)temperatureandthe degree
of membrandouling/NOM.
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