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ABSTRACT

The paramount objective of drinking wateeatment is the prevention of acute waterborne disease
Filtration remainsa critical barrier for ensuring tharyptosporidiunspp. andGiardiaare removed
during drinking water treatment. During periods of source water quality change is when water
treatment systems have the highest likelihoodpobcess upsets that can result in pathogen transport

through the water treatment systems.

The goal of this researciwvas to develop an approach for rapid detection of filter performance
degradation and method®tassist with prediction of coagulant dosages for increased filter resilience.

Four objectives were studied #ichieve tlis goal.

Rull-scale water treatment plant filtration datavere analyzed to determine periods qdrocess
deviations leading to upset conditions. Filter performance dashboards were developed to summarize
water qualityparameters on a monthly badisidentify emerging or chronic issues impacting filtration
performance Reatime filter performance cotrol charts were developed to detecfilter
breakthroughprior to reaching filterrun termination criteria. Zeta potential was assesseds a

potential critical control elementhroughinvestigatonson a directfiltration pilot plant

The studyfoundthat development of filter performance dashboardan be used to detect underlying
conditions that can lead to filter upset conditions, such as early breakthrougtther correctable
process oscillations that lead to reduced operational resiliclocapset Reaitime control charts
were found to be capable of detecting filter breakthroughll before exceedance of internal alarm
limits for filter run termination. Finally, measurement of online zeta potentias found to bea
promising tool to assess ard control coagulation chemistry to meet water quality needs, and to
prevent chemical overor underdosing conditions that can lead to pathogen transport through the

filtration process.

Data driven analyticand the addition of online zeta potential moaring is recommended as tosl
to improve water treatment plant resiliencagainstpathogen breakthrouglunder changing water

guality conditions.
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1 Introducti on

The paramount objective ofrohking water treatmenis the prevention ofcute waterbornedisease
(Hrudey 2004, Jalba et al. 201@rinking waterassociated disease outbreaks remain a persistent
concern,asthey continue to occuglobally(Schuster et al. 2005; Mason et al. 2010; Wittéra et
al. 2014; Efstratiou et al. 2017Humaninfectiousprotozoa which includeCryptosporidiunspp.
andGiardiaduodenaligalso referred to a&iardialambliaor Giardia intestinalis are of particular
concern. Giardiais the most commonly reported intestinal protozoan worldwidad the cause of
most waterborne infectious disease outbreaks in North Ame(isdam 1991; Hrudey et al. 2004)
In North Anerica, egulatorypoliciesfocus onreducinginfection risk by requiring drinking water
system ownerso implementtreatment by granular mediéltration (or equivalent technology) and
disinfection(USEPA 1998, 2002, 2006; AEP 20MNdtably, source water concentrationds
protozoan parasites are not monitored becausénopracticaities and costsassociated with routine
monitoring Impracticalities includéime-consumingsample collection due to loenvironmental
concentrations of protozodaboriousanalyticalmethods andoften highly variable analytical
recovery(Health Caada 2019b) As a resultAmerican and Canadian regulations for treated water
guality rely on indirectneasuresof treatment system performancand provide pathogen removal
ONBRAGA o0F &aSR 2/1IS\NIRAR £({( 255 2008 YABHRELP; Ontario
Regulation 2020)While Giardiais the most commonly reported enteric protozoan globéfgam
et al. 2016)Cryptosporidiunis often a focus becauseis relatively more difficult to remove by
filtration because of its smaller siz&urther,Cryptosporidiuntannot be adequately treated by
traditional oxidantbased disinfection qmcesses such as chlorinati@danbin Li et al. 2001)
Although UV irradiation can effectively inactivaeyptosporidiunspp., filtration remains a critical
required treatmentbarrier for preventingits passage intdistributedwater supplieUSEPA 2006;

AEP 2012; Ontario Regulation 2020)

Filtration, more formally described as physideemical filtration and sometimes referred to as
échemicallyad a A ilirédidh ¢ CAF)remainsa critical barrier for ensuring tharyptosporidium
spp. andGiardia(oo)cystsare removed during drinking water treatmenCritically, CAF processes
are not size exclusion processet® work, they require adequate destabilization of the small,

colloidalparticles suspended in source watg&dzwald 2011; Lee et al. 202 Particle
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destabilizatiorenablesparticles,whichinclude protozoa, toaggregate aflocsthat range in size

from microscopic to visible, and therefoemablestheir removal by subsequent sedimentation and
filtration processes.Thecriticalrole of coagulation forensuring adequate particle and protozoan
removal by filtration is widely recognizédmirtharajah et al. 1982; Amirtharajah 1988; Tobiason et
al. 1988; Patania et al. 1995; Emelko 2a103; Huck et al. 2001 Pespite this and widespread
general understanding of GAprocess optimization approaches, reported removals of
Cryptosporidiunspp. by CAF are quite variab{@obiason et al. 1988Jieminski et al. 1995; Patania
et al. 1995; Edzwald et al. 1998; Emelko 2@00D3; Huck et al. 2001; Emelko et al. 202805;

Brown et al. 2009; Hijnenetal. 208) ! a | NBadzZ 6 Al 2BSESySREtfe o6S
conventional CAprocesses can achie at least 3og reduction ofCryptosporidium It should be
highlighted that systems with source waters relatively higtuibidity (>~2NTU) and dissolved
organic carbon (DOECpncentrationg>~3mg/LYEdzwald et al. 2000; Valade et al. 2009; Efstratiou
et al. 2017aregenerally expected to have higher source water concentratior@gtosporidium
spp. oocystgDechesne et al. 2007; Srisuphanunt et al. 2010;thi€znada 2019b)As a result,
Cryptosporidiuntemoval by filtration has been predominantly studied in such syst@ratania et

al. 1995; Emelko et al. 2005; Hijnen et al. 201@)whichseveral tools are available for optinng

coagulant dosages prior to clarification (typically by sedimentation) and filtration

In contrast, it can be challenging for utility operators to ensure that adequate particle destabilization
is achieved prior to filtration in syamns treating high gality source water. Although thesgstems
regularly meet the filtered water turbidity targets of the suite of U.S. Surface Water Treatment Rules
and analogous international regulations, turbidity following coagulation and sedimentation (when
present) caroften be higher than in the source water because low applied coagulant doses result in
the formation of micreflocs that are not especially settleal€ulp 1977; Treweek 1979}his
undergores a common lack of connectivivetween coagulant dosing, clarified turbidity, and

filtration performance in systems treating high quality source water. Dfiiettion (DF) plang

(i.e., those with coagulation and flocculation, but not sedimentatiwocesses prior to filtration) are
designed to ensure particle remowvalroughfiltration by optimizing chemical coagulant addition for

particle destabilizatioriTreweek 1979; Mccormick et al. 1982alade et al. 2009)However,
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although DHsa CAF process, it only receives- @& treatment credit for removal of protozoan
parasites because of the assumption that conventional CAF processéscgiorateclarification
(typically by sediment&nn) will achieve 0.50g ofparasiteremovalin addition to that achieved by
filtration alone(Edzwald et al. 1998; AEP 201RJotably, these beliefs about process desigd a
protozoan pathogen removal by various treatment process configurationbelieved to be
precautionary. Critically, however ey arealso potentially concerning because implementation of
conventional treatment (i.e., coagulation, flocculation, sedintagion, and filtration) may provida
false sense of security regarding protozoan pathogen removal by CAF in systems that treat high
guality source water and assume that coagulant dosing is adequate when the filter effluent turbidity
requiremens of the slite of Surface WatefFreatmentRules are me{Batista et al. 2021; Lee et al.
2021)

The importance of protozoan pathogen removal by Caot be underscored enough. All drinking
water systems, and especially those that treat higlality source water, are vulnerable to episodic,
increasingly extreme source water quality deterioration resulting from climate chargeerbated
landscape disirbances such as fires, floods, and hurricafiemelko et al. 2011; Stone et al. 2011;
IPCC 2018)WhileUVirradiation provides an additional treatment barrier against the passage of
infectious protozoa into treated water supplies, increasingly variable source water qudiith

can be expected as a result of these climate chaagecerbated landscape distunbees(Stone et

al. 2011) can lead to conditions that potentially challenge particle removal by filtrafiitmelko et

al. 2011; Kundert et al. 2014hereby potentially reducing the efficaof disinfection by UV
irradiation (Mamane 2008) Thus, there is an urgent need to ensure that critical treatment
processes such as CAF are both-apé#rated and resilient to sudden changes in source water
quality through the application of sufficient coagulant adatiti This need is further emphasized by
observations that both isolated cases andlmataks of cryptosporidiosis and giardiasis have been
linked toweatherrelated factors that also may be exacerbated by changing clig@asman et al.
2001; Semenza et al. 2012)



1.1 Research Goals and Objectives
To address the lack of connectivity between source water quality, coagulant dosing, claaterd
turbidity, and filtration performance with respect to particle and pathogen removal in systems

treating relatively high quality source water, the overall goal of this research was to develop an

approach for rapid detection and prediction of filter performance degradation to assist in coagulant

dosing. Meeting this goal thus also providedmay toincrea® treatment resilience in response to
water quality changes and operational upsetsch as those that can be increasingly expected as a
result of climate changexacerbated landscape disturbancéhe following objectivewere

developed to addresthis goal

1. Toidentify the operational conditionsit which turbidity isan inadequate indicatoof

connectivity between coagulant dosing, clarified turbidity and filtration performance

2. Toevaluatemonitoring toolsand datadriven analyticséo ensure opimal CAF performarecfor

maxinmizingparticle andprotozoanpathogen removaby CAF

3. To develop an approach for application of monitoring tools to achieve filter effluent turbidity

and pathogen reduction targetand

4. To evaluate thémplications of operational configuration (e.gonventional CAF, direct
filtration, inlinefiltration) on application of monitoring tools to achieve filter effluent turbidity

and pathogen reductiotargets

1.2 Research Approach

The esearchstudywasconductedin two phases Phase lddresgdobjectives 1, 2and 3, through
aliterature reviewand evaluationof historical datafrom a highquality source water systein
Calgary, Alberta, CanadHiistorical datdrom the full-scaleGlenmore Véter Treatment Plant were
examined angberiodsof sub-optimal treatment, as indicated by filter effluent turbidityere
identified. A framework for anticipating/rapidly identifying poor filtration events was developed

based on analysis of three key water qualitygraeters postcoagulaion zeta potential, filteed



water turbidity, andtotal filtered waterparticle couns greater than @gm. Phase 2 of the study
addressedabjective 4, whichincludeda series ofpilot-scale, directn-line filtration investigationgo
assess théeasibilityof direct filtration at stable high-quality water conditions to meeturbidity and
particle countfiltered water quality goalsThe use of zeta potential as a key indicator of joéet
destabilization and predictoof optimized pretreatment performance in response to coagulant and

polymer adjustments was also investigated

1.3 Thesis Structure

Thethesis isorganized ito five chapters,areference listand appendies
Chapterl contains the thesisitroduction, thesisgoaland thesis objectives

Chapter Zontainskeybackgroundnformationanda literature review ofrelevant information
regardingdrinking watertreatment, physicechemical filtration, treatment of protozoan pasies,

and associated regulatory considerations in a predomtilyaNorth Americarcontext

Chapter 3ummarizes thenvironmental setting of the fuland pilotscale drinking water
treatment plants that were utilized in this investigation, with a foomssource water qualityThe
researchmethodologyis detailed including experimental development and rationalEhe \arious

materials andnethods developed and utilized through the research are spezified
Chapter 4orovidesthe thesisresearchobservations andesults.
Chapter Sorovides a synthesisf the literature reviewand discussion of theesearchresults

Chapter6 providesconclusionsjmplications, and recommendations for further investigation



2 Backgré&uhdterature Review

2.1 Health Risks Attributable to Enteric Protozoa in Drinking Water

The paramount objective of drinking water treatment is the prevention of acute waterborne disease
(Hrudey 2004; Jalba et al. 2010)hile he combination of effective filtration and €lhfection have
reduced the frequency and severity of waterborne illnesses over tiPagl et al. 2006)drinking
water-associated disease outbreaks have unfortunately persisted over the past several decades
(Schuster et al. 2005; Mason et al. 2010; Widerstrom et al. 2014; Efstratiou et al. Ph7an
infectiousCryptosporidiunspp.and Giardiaduodenaligalso referred to a&iardialambliaor

Giardia intestinalig are of particular concernGiardiais the most commonly reported intestinal
protozoan worldwide, and the cause of most waterborne infectious disease outbreaks in North
America (Adam 1991; Hrudey et al. 2004)

To ensurethe provision of adequate amounts of safe drinking watamulti-barrier approach is
oftenutilized. LG A& aly AydS3INI (i &essedandtiols Yhat 2ofectivély® OS RdzNB a =
prevent or reduce the contamination of drinking water from smuto tap in order to reduce risks to
public hd f {QCHME 2004)Specifically, thenulti-barrier system applies controls or barriers at
several pointgo increasdts efficacy againghreats such as passagehafmartinfective
microorganismsnto treated and distributedvater supples. As shown irFigure2.1, the main

elements of a multbarrier approacho the provision of safe drinking water argource water

protection, drinking water treatmenfor physicaremoval and disinfection of pathogerand

distribution systenoperation to maintainvater qualityto the custome(CCME 2004; WHO 2017)
These elements are managed in a necessarily integrated manner through water quality monitoring;
sourceto-tap water supply management; legislative and policy framewagkglelines, standards

and objectves; public engagement; and research and development of science and technology
solutions(CCME 2004)



Public involvement
and awareness

> Source Clean, safe, Drinking §
Legislative 5 water reliable water 3 Sl
and policy = protection drinking treatment Q . u::I e (llnes,d
frameworks o water 3 standards an
= ® objectives

Drinking water
distribution
system

Research, science and
technology

Figure2.1 Componentsof the multi-barrier approach tosafedrinking water (CCME 2004)

Thekeybreakdownswithin the treatment barriersthat can result irthe passage oivaterborne
pathogens into treated and distributed drinking water supplies, and possibly lead to human
infection, mosttypically revolve around human erréfang et al. 2013)natural hazardssquipment
failures, intrusion of contaminants into the distribution system, or lackesHtment resilien@ inin
responding to source or treated water quality chan@®shuster et al. 2005Although waterborne
pathogens reachingonsumesin sufficient quantitesto cause illnesgemains unlikelythe
likelihoodof infection is greatly increased whenultiple failure scenariosccurconcurrently

(Hrudey et al. 2006; Wu et al. 2009)

The primary nitrobiological contaminantassociated wittoutbreaks of waterborne disease are
viruses, bacteria, and protozoan species. Viruses and bacteria are effectivedyl tite@ugh a
combination of physim-chemicalremoval and disinfection processes, whigpically involve

chemical oxidation oultravioletirradiation. The humarinfective protozoa Giardiaduodenalisand
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Cryptosporidiunspp) are amongsthe highestrisk pathogens for waterborne outbreakd disease
because of their ubiquitous presentesurface watefHealth Canada 2019bjd resistance to
disinfection by oxidants traditionally used in drinking water treatmeWaterborneGiardiaand
Cryptosporidiunare respectivelyfound in watersuppliesas resilientysts andocyststhat can

infect hosts upon ingestion, causing severe gastrointestinal complications and even death
(Thompson et al. 2016; Health Canada 201@iardiacystsare highly resistant tehlorine
disinfection, whileCryptosporidiunoocystsare nearly impervious to chlorine disinfection at
concentrations used for drinking water treatmefWHO 2017) Disinfectants such as UV and ozone
can also reduce concentrations of infectimests andocysts but only at certain operational
conditionsthat include low turbidityKaich et al. 1990; Bukhari et al. 2000; Clancy et al. 2004;
Keegan et al. 2007; Health Canada 201%bcontrast, both CABnd pressuredriven membrane
filtration are effective in removing (oo)cysts Gfardiaand Cryptosporidiunirom water (Patania et

al. 1995; Letterman 1999; Emelko et al. 2005; Hijnen et al. 20fl8purce water concentrations are
extremely ekvated, howeverfurther treatment may be requireUSEPA 2006)otably, this level

of source water quality deterioration has not been widely reported outside of
wastewater/stormwater reuse applicatior{Schoen et al. 2015; Walker et al. 2016; Domenech et al.
2018)

2.1.1 Quantification of health risk

Drinking water quality is managed through preventimeasures to limit harmful exposure#t is

critical to note that the provisio®8 T a &l FS¢ RN yriedessaily iméan tBeNbnPRtS & vy 2
absence of risk. IRINJ OG A OS> (1 KS LINRegnstiiahtite yhie@idhriskisisbicwdhat & I G S NJ
consumers do not need to be worried abobecoming ilfrom ingestingit (Hrudey et al. 2006)

More specificallythis implies thathe probability of illness should be negligible when compared to

other sources of illnesg-or example, ithe case of pathogenic protozodd United States

Environmental ProtectioAgency (USEPA) has defiredupper limit of exposurgsuch that there is

less than a 1 in 10,0q@0*) risk of infection from ingestion of potable watethis is achievedyy

achievinga minimum 3log (i.e., 99.9% reduction of protozoaluring treatment Hgher levels of

treatment may berequired based onhte presence and concentration of these pathogens in source
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waters(USEPA 2006 Agenciesuch as th&Vorld Health Organization (WHO) and Health Canada
(HC) have proposed Quantitative Microbial Risk Assessment (QMRA)ingpdpproacheso
estimatethe risk of infection and illneser disability life adjusted years (DALYs)consider both

the probability of experiencing an illness and the impact of the associated reffdttts resulting

from exposure to pathogens in watéreChevallier et al. 2004; Health Canada 2018)

QMRAIs widely used to informvater safety management decisigrssich as provision of adequate
amounts of treatment to reduce the risk wfaterborne illness to acceptable level§hus, QMRA

can assist with prioritizingazards, selecting appropriate interventions, and setting heladtbed
performance targets Theprobability that disease may occigbased on water quality and

treatment capacity information this process can be reversed to calculate treatment requirements
derived fromhealth-basedtargets and source water qualifgchmidt et al. 2011, 2013; Schoen et al.
2015; Emelko et al. 201.9The WHO, USEPA ahtkalth Canada ha published guidance

documents on utilization of QMRA assessments to quantify health risks for several reference
pathogengUSEPA 2010; WHO 2016; Health Canada 2018, 20480)rdinglyQMRA approadts
have been widely used to assess the treatmeapabiliies of several types of water treatment
systemgMedema et al. 2009; Elliot 2015; Tfaily et al. 2015; Razzolini et al. 2016; Health Canada
2018)

2.1.2 Regulatory oversight

Inthe United States, the USERéts national maximum contaminant lits through the Safe
Drinking Water Act (SDWA, 1974, 1986d associated rules and their amendmerni®. reduce
illnesses attributable to ghogens in water, a suite ofileswas developedo guide treatment
requirementsfor public systemsising surface ater and groundwater under the direct influence of
surface water (GWUDI)n 1989, the Surface Water Treatment Rule (SV¢§Rplished maximum
contaminant level goals (MCLGS) for viruses, bacteriaGaaliaduodenaligreferred to asGiardia
lambliaat the time). The SWTR also established minimum treatmequirementsof filtration and
disinfectionfor surface water and GWUDI systemishout filtration avoidance permissionlt also
included treatmenttechniquerequirements irwhichapproved treatment processes were assigned

NBY2 @It 2N Ayétdpioted agairsithé adivetabbBltRefféctfrom exposure to
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specific waterborne pathoger(&§/ SEPA 1989)n 1998 the Interim Enhanced Surface Water
Treatment Rule (IESWTR) senaximum contaminant level go@ICLG of zero forCryptosporidium
and a 2log (99%XCryptosporidiumiemovalrequirement for filtered system@JSEPA 1998 he
protozoan removals were to be achievlegd meeting a combined filter effluent turbidity limit of
<0.3NTU. In 2002 and 2006, the IESWTRressectively supplemented by the Loiigrm 1
Enhanced Surface Water Treatment Rule (LTLESWTR) and thedrong Enhanced Surface Water
Treatment Rule (RESWTRgonventional drinking water treatmemiants (i.e., those with
coagulation, flocculation, sedimentation, and filtration) receiveld@ (99%) atdithen 3-log (99.9%)

Cryptosporidiuntreatment credits respectively under these rule§USEPA 2002, 2006)

In CanadaHealth Canada publishes the GuidelinesGanadian Drinking Wat€yuality (GCDWQ)

on behalf of the FederdProvinciadTerritorial Committee on Drinking Wat@dealth Canada 2019c)
Provicial environment ministried @ LJA OF f f & F2fft2¢ | SIfGK /I ylFRIFIQa NB
contaminant levels and heaklbased treatment targetsamended regularly to incorporate new
standards or updated treatment targe(AEP 2012; Ontario Regulation 2Q28gse regulatory

criteria are generally analogots those in the United Stated.ocal water utilities are then

responsible for thelay-to-dayoperation of the water treatment systemsSome Canadian provinces
also utilize the water safety planning approaches recommended bymibied Health Organization
(WHO 2017) Water safety plans build on the GG and help utility managers and operators
ensure that treated water of consistently excellent quality is delivered to consumers by providing a
frameworkfor decisioamaking based ofil) collectingand evaluatingriticalinformation available
about the wder supply and treatment system, (2halyzing and understanding potential risks,

(3) assessing risk mitigation to correctly reduce rigkan acceptable level, and (dg¢termining

what resources and actions are necessary to ensure that the identifieslare reduced
2.2 Particle and Pathogen Removal During Water Treatment

2.2.1 Treatment of surface water i Overview
As a result of either natural events or human activitiegagety of particles including
microorganismsorganic materialsand inorganics are presenttime source waters that entewvater
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treatment plans (WTP3$. Conventional drinking water treatment systems use chemical
pretreatment(i.e., coagulation, flocdation, andsedimentation) and subsequeriltration to

remove patrticles, including microbial contaminaiEslzwald et al. 1998)Ihese treatment steps are
critical to subsequently ensuring effective disinfectiohbacteria,viruses(Templeton et al. 2007)
andprotozoa(WHO 2017)

Most particlesand microorganisms that are suspendedviater have a negative surfaadarge so

they tend to repel each other and therefore remain largely dispersed in the watgs negative

surface charge is typically because of natural orgawgitter (NOM) adsorptin on the particle

surfaceqDrozd et al. 1996; Sharp et al. 2004; Sharp, Parsons, et al. 20@6put chemical

LINBONBIF GYSydx LI NIAOE S & whiichthely eledtBafdtidally repeloner  a a G 0 f ¢
another, therebyprevening attachmentand removal. Thus, coagulation and flocculation processes

are designedo déconditioreX 2 NJ & R SuapéndeiparickedtoSacourageheir aggregation

into larger floc particles famore efficientremoval duringsubsequent processesuch as

sedimentationandfiltration (Tobiason et al. 1988)

Additionof positively charged cations and/or polymer chains are used in pretreatment to destabilize

and bind particles togetherChemical pretreatment also enharsihe removal oforganicmolecules

found at elevated concentrations somesource watergPernitsky et al. 2006)Removalof natural

organicmatter prior to chemical disinfection is important for minimmg the formation of

disinfection byproducts(DBPsjhat form upon its reaction with chlorinated disinfectantsnse

DBPs are associated with higher ravésome cancers (e.g., bladder cancer) after g

exposure thoughthose linkageNB Y Ay aljdzSadA2ylFo6tS FyR tA1Ste ay
factors(Cotruvo et al. 2019)

Surfacewater quality varieswidely betweenenvironmental settingsWater treatment process
selection and sizing is based site-specificphysical, chemical, microbiological, and radiological
water quality; source water particle/suspendedlids and total or dissolved organic carbon
(TOC/DOC) concentration and character, as well as the presence of anthropogenic contaminants,

are especiallyritical to treatment process desigMWH 2012) Where particleconcentrationsand
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coagulant requirementé I £ 82 NB FSNNB R { 2 dolnét prd@ifle-eBodif matérinl tat RS Y I Yy R €
flocculate andsettle effectively ahead of the filtration proceghe sedimentation step can be

eliminated The resultingreatment schemeis referred to as direct filtration (DF);ritlies on

effective particle destabilizatiofor particle removalexclusively by deposition diiter media

surfaces DFoccurs where coagulantze dispersed with mechanicalixingflocculation prior to

filtration; direct inHline filtrationo 2 TG4 Sy a A Y LI &f N$F SRIBuRNith@it tei ¢ G A y
mixing stepwhere contact flocculation occurs at the surface of the filter me@iatchison et al.

1974; Culp 1977; Mccormick et al. 1982; MWH 2022){lters areconstrainedby the number of

effective particle attachment sitethat are available on the media that they contain, tlsits the

mass ofparticles that can be removed befotiee filter mediaare fully utilized angbarticles begin

passing intsubsequent treatment processegor direct or inline filtratiorsystemso function, high

guality source waters are typicallgquired tohave turbidity of less than 10 NTU aR@C or DOC
concentrationsof less than 24 mg/L (Valade et al. 2009; MWH 2012)

Other pretreatment adaptations have been developed to deal with spasfflieghat challenge
conventionalpretreatment systers, such asigh turbidity swings(e.g., during runoff periodgjr
highTOC/DOC load$-or managing rapighifts in turbidity, solids contact units suchsand
ballasted flocculatioriSBFhave been developed. SBiEorporates a microsand and polymer to
increase thalensity and sedimentation characteristics of the coagulated watedgreatly
enhanceghe sedimentation rate¢§Ghanem et al. 2007; Sieliechi et al. 2016; Lapointe et al. 2017,
2018) Powdered activated carbon A€) can be integrated into piteeatment processes to remove
synthetic and natural organic mattéBhatnagar et al. 2017; Sillanpaa et al. 20I3psolved air
flotation (DAFuses the properties of finely dispersed air bubbles to fluaticles to the water
surface forskimming andemoval DAF has proveparticularlyeffective in systems with high
organicand low particle content which makésditional settlingof low densityfloc particles
problematic(Edzwald et al. 1999, 2001fnhancementsuch as these improve pretreatment
resilience to changes in source water quality and character that can challenge treatment. To

illustrate the increasing complexity of treatment process requirements as source water quality

12



deteriorates and/or becomes monariable, simplified process flow schematics depicting DF,

conventional treatment, and SBF are presenteigure2.2.

Chemical Pretreatment 1° Disinfection (Chlorine) 2° Disinfection (Chlorine, UV)

Direct Filtration

Mixing

Conventional
Treatment

Mixing Settling

Dual Media Clearwell &
Filters Distribution

Polymer & Sand

Sand Ballasted

Flocculation
Mixing & -
Floc Growth  Settling and
sand recycle

Figure2.2 Simplified direct filtration (DF), conventional, and sanballasted flocculation (SBF)
water treatment process flow diagrams illustrate the increasing complexity of
treatment process requirements as souraeater quality deteriorates and/or kecomes
more variable(Adapted fromMWH, 2012).

2.2.2 Coagulation

Chemical coagulants comprised of positively charge cations apdigmer chains are typically
added to destabilize and aggregate particles by four mechanisms: (1) double layer compression,
(2) adsorption and charge neutralization, (3) enmeshment in precipitate (sometimes referred to as

sweep floc coagulation), and (#erparticle bridging (by polymers); notably, double layer

13



compression, adsorption and charge neutralization occur concurrently and cannot readily be

differentiated in practicEdzwald 2011Yhus, they are discusséd Section2.2.2.1below.

2.2.2.1 Double layer compression

Attraction forces exist between all types of particles. The intermolecular force, termed Van der
Waals forcesare comprised of weak London Dispersion Forces and stronger -diipolie forces;
they are attractive forceshat act on partiles at close separation distaregiamaker 1937; Shen et
al. 2017) Repulsive electrostatic forcesmssociatedvith the overlapping ion clouds that surround
like-charged particles limit how closely particles can interact with one ampthereby creating an

energy barrier taaggregation (or adhesion on surfacésiizwald 2011)

Coagulation reactionand subsequent particle flocculation depend & heutralization of

electrostatic surface charge between partickesd compression of the electrical double layer that

surrounds each particl@=gure 2.3). Negativdy charged suspended particlesccumulate ions of

opposing charge in the region immediately surroundingrtBarface; this fixed layer is called the

Stern layer. Beyondthislaygra | GRATFTFdzaS NBIAA2y ¢ 2F FiNBSt e Y20Ay
areLINB & Sy G Aiywhieh ther® s & gizRliént of counterianheconcentration ofthis

gradientdecreases with distance from the particle surfadée combination of ions in the stern and

diffuselayers forms the electrical double layer at the pele-liquid interface. The counteriomgear

the particlesurface will move witlit through the fluid. The distance from the particle surfaze¢he

edge of the diffuse layer is called thglane of shear ¥ 2 NdLJ& B @IB/H RIL2)

Asthere is a change in electrical charge betweenghgace of the particle and the sheplane, an
electrical potential is formed, called the zeta potential (ZF). particles to aggregateufficient
counterions must be added to the water mattoxccompresthe width of the diffuse laye(Gregory
et al. 2003; Davis et al. 2014 generala higher density of counteyns in solution will mean that a
higher number of counterions witle in the vicinity othe negatively charged particlassirfacego
neutralizeoverall particlecharge oveshorterdistances. Once coagulant addition has added
sufficient volumes of count#ns to the bulksuspensiorto minimize interparticle separation
distances, the energy barrier is lowered, and Vander Waals fareesufficientlyattractive so that

the particles remain aggregated as flocs (or deposited on filter media surfaces)
14
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Figure2.3 lllustration of negatively charged particle and associated elestatic double layet
Attraction of the predominantly positive charged ion cloudext to the negatively
charged particle surface creates an electrical potential, with chadgnsity declining
with increasingdistance from the particlesurface lon cloud thickness compressés.,
double layer compression) as ionic strength of the water increases and surface charge
is neutralizd over a shorter distancéadaptedfrom MWH, 2012).

Zeta potentiaimeasurementgluring water treatmenthave been shown to follow distribution.

That distributionis caused by a variety of factors, including particle shape and ang(kantyet al.
2008) The implication fronpresence of a charge distributiasithat process trains within thevater
industrycan operate over a range of zeta potential values. Each source widlteontain a non
homogenous mixture of particles with varying surface chadga®n by pH of solution, reactivity of

surface function groupgemperature, NOM anthorganic iongJefferson et al. 2004)
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2.2.2.2 Charge neutralization, adsorption and sweep flocculation

When coagulant is mixed into water, its chemical solubility limit will evdiytise exceededDavis

et al. 2014) At the solubility limit, further addition of chemical will drigquilibrium reactionto

form coagulant solids. The newly formed solids can form weak attachments to both themselves and
to other particles in the watefGregory et al. 2003)Depending on the chemical and water

conditions, the solids will chemically transition into more complex forms of varying surface charge,
allowing for adhesion to the naturally occurring particles in the raw water strigzdawald 2011)

As floc density surpasses that of the surrounding water matrix, the floc particles settle via gravity.
Sweep flodormation and settling is a fundamental process required in naturally occurring surface
waters with high chemical demand, to ensure that the downstream filtration processes are not

overwhelmed with solids.

Alumcoagulantused in water treatment systemsgenerallypurchasel in liquid form. Typically

denoted a®® & , concentrated liquid alum exists in its hydrated foamo & Y0 00

(Pernitsky et al. 2006)0Once added to water, the highly positive alumimionsseparate from the

sulphate iongo form aluminum tetrahedron structuresd &O U (Dentel 1991)with strong

bondsto the surrounding oxygen atoms of the water moleculesgjure2.4).
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Figure2.4 Aluminum sulphate hydrolysis reactions, dimerization, and growth (Adapted frRmiz,
McAdon, et al. 199Y.

The strong aluminuroxygen bonds result in a weakened interaction between the oxjrgehogen
bonds of the water molecules, resulting in hydrolysis, or the release of protons into the surrounding
water matrix under the pH conditions typical of surface water treatment systaiith the loss of

each proton, the total positive charge of the tetrahedron declines by, asalescribed in the

followingreaction(1):

ﬂi-bn mCV

—w b lw” Safq gk T @

For alum, ke first hydrolysiseactionoccusswithin seconds oinjection into the water matrixand
requires a rapiemix step to distributeghe aluminum ionsveny into the water matrix for firststage
charge neutralizatioifLetterman 1999) Thepositively charge@luminum tetrahedramonomers

will attach preferentially to negatively charged species in the water matrix with the highest charge
affinity. With morealumaddition, the total metal ion in theystem will allow remaining single &

monomers tocombine with additional water molecules form complex polynuclear specié<.,
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AL(OH}* octahedronsand undergo further hydrolysis reactiofSeorgantas et al. 2006t
sufficient concentrations and longer reaction times, in the order of minutes, solid aluminum
hydroxide floc will begin to formAt high pH conditionshe solid hydroxidevill undergo further
hydrolysis to reform a highly soluble and negatively charged aluminatg.é® & O ). The
aluminate ion represents an undesirable product for water treatménwill remain dissolved in
solution, passinghrough the filtration process and adding to the total aluminum concentration of
the final potable water producfAEP 2012; Health Canada 2019a)contrast, fithe water pH of the
subsequent treatment units (i.e., typically clearwells or reservbiespmemore acidicthe
reversiblehydrolysis reactiorranoccur,and solid hydrgide floc can reform and deposit within the
digtribution system Thus, pH control after coagulant addition is a critical component of any

treatment process.

The release of positively charged hydrogen atdimsugh hydrolysiss buffered by thepresence of
alkalinity in source waters, where the released protons combine with carbonates to consume
alkalinity(Edzwald 2011) In low alkalinity waters, the pH of solution quickly drops, requiring the

addition of alkalinity to maintain pH levels within optimal ranges.

Based on the presence of firgstder hydrolysis prodcts andsubsequent formation a$olid

hydroxide floc, distinct coagulation and flocculation mechanisarsbe considered; they depeiot

the raw waterquality, includingorganic and inorganic particempositiors. Source wateNOM

can vary widely in sticture and charge density depending on its origindoften varies seasonally
(SharpParsons, et al. 2006)Organics with surfaces containing carbogyld 0 , amino 0 O , or
hydroxyl 0 "O functional groupsfor exampleare stronglyattracted to the aluminum monomers,
andexert high coagulant deman@hurman 1985; Sharp, Parson, et al. 2006drganic particles,

such as clay, are typicaftyrmed fromlayered silicebased sheetsSlica atonswithin the clay

sheets can bsubstitutedwith other atornrs, such as aluminum, to create a weak negatively charged
framework the resultingcolloid contains a weaker surface charge relative to organic molecules and
exerts a comparatively lower coagulant demgitbnderson et al. 2006)In the absence of
significantsource wateiorganics, turbidity forming particles will drive coagulant demaRajure2.5

summarizes the typical hydrolysis reactions and coagulation regimes for a given water source.
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Figure2.5 Reaction pathways of hydrolysis products, following coagulant addition to water
(modified from Letterman 1999.

As detailed by etterman(1999) pathwaysA and Bn Figure2.5 represent reactions between the

first orderalumhydrolysis product and birdg sites on contaminant partickurfaces. Pathway C
occuiswhere the solubility limit of aluminum is exceeded, and hydroxide floc is subsequently
formed. The hydroxide solids collect and enmesh waterborne particles into larger agglomeration
that arecapable of settling or attaching to filtenedia Pathway D occurshere excess alum is
added, to form a large amorphous floc particRathway D can lead to an ovepagulation

condition, whereparticles restabilize within the water matrix tonpedesedmentation and

effective filtration. Pathway E represents the soluble aluminum species formed during coagulation,
which can pass through filtratigmrocesses Thiscan be minimized by controlling pH to the point of
minimum solubilityprior to filtration; it also dependon temperature and reaction times. Iigh

guality source waters with very low organics and particle palle overall coagulant demand
producessolittle hydroxide floc that a sedimentation step is not required to remove the coagulated

flocsprior tofiltration (Letterman 1999)

Amirtharajah & Mills (1982)nalyzechumerous coagulatiostudies togenerate a generic solubility
diagram to describe thdominant mechanisms of alum coagulatiohhat diagram iseproduced in
Figure2.6 andillustrates theregions ofsuspensiorpH andappliedalum concentrationthat

correspond to eaclmechanism.Water treatment systenoperators canutilize the generic solubility
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diagram to targetreatment system pHo minimize soluble aluminum levedsmdto maximize (or

minimize) floc formatiorbased ortheir uniquesource water characteristiendthe removal

mechanismghat are relevant to the treatment processes utiliz@mirtharajah et al. 1982)
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Figure2.6 Aluminum hydroxide solubility diagrantMWH 2012)

In generalfor water treatment processethat requireadditional coagulant beyonthe minimum

aluminumsolubilitylevels (sweep flo¢operatorswill endeavor tominimize the amount of

hydroxide flogproducedfor sedimentation.In addition, as alum is added beyond the optimal sweep

floc boundarycontinued growth of theamorphous floaesults ina large particle with low density

and poor settling characteristic§ he increased turbiditgnd formation of excess solids require

additional processing toollect, thickenand dispos, all of whichdrive total treatment costs up.pH
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control canboth maximize the amount of floc formed per unit of alum addition aedtralize
surface chargef certainfunctional groupswvithin the organicstructures susceptible to re

hydrolysisthereby reducingverallcoagulant demandAshery et al. 2010; Naceradska et al. 2019)

2.2.3 Sedimentation

Conventionalvater treatmentsystems generally requirufficientcoagulantaddition for

precipitation ofthe coagulantmetal salthydroxide solids In particularhigh quality source waters

(i.e., water with lownumbers ofnaturally occurring particleshay require the additional solids to

increase the collision frequeigsand attachmentsiecessaryo growflocto a sufficient size for

settling In drinking water treatment, igh coagulandemandsresult in an increased nsa of

generated solids foneutralization typically througlenmeshment (sweep flocyesulting iremoval

of colloidal NONMand particles (Edzwald 2011) Sedimentation is necessaatthe higher coagulant

loading conditions associated with sweep ftmagulationso that subsequent filtration processes

are not overloadd with cariied-over particles generated during pretreatmerin DFsystems,

sedimentation is avoided through the addition of sufficient coagulant to neutralize particle surface

chargeto enableattachment to the filter mediaurfaces, with minimajeneration of excess solids

(Culp 1977; Carns et al. 1989hus, ilDFE G KS 32+t 2F O2F 3dzt + yid | RRAUGA::
Ft20a¢ GKFG YIe 2yite 0S sothalmRosribe @ckhtlyirémyoded ByF Y A ONE

filtration, without causing excessive headloss accumulation.

2.2.4 Chemically assisted filtration (CAF)

In drinking water treatment, gnular media filtratioris usedo removefine and/or colloidal
particles from waterthe filter mediaact as collectorsParticles entering the filter beds typically
range in size from 0.0dm to 100mm (Boller et al. 1995)Given that pore spaces between filter
media grains aralmost alwaysnuchlarger than the particles to be filteretlyo key stepsnust
both occur for effective particle removal by physideemical filtration:(1) particles must be
transportedto the vicinity of the filter mediasurfaceqor the surfaces of previously deposited
particleg, and (2)particles mustttachto filter media surfacewith sufficient strengttfor retention

(McDoweliBoyer et al. 1986; Boller et al. 1999)hus, theparticlesurface chemial conditionsmust
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be suitable to retain the particles, and that shear forces do not exceed the strength of the bonding
sites which woulddetach particleand wash theninto the clearwells(Moran et al. 1993; Kim et al.
2004) ¢ CA £ G SNJI 0 A f abilitp af claNfledrvitecio meat walleKgBality limits (expected
production volumesj)hrough CAF processesn contrat, cun-filterables water refers tothe clarified

water streamsthat are unable to meet water quality limitsrough CAF

Removal of particles through granular meditxation istypicallyachieved througla combination of
three separate capture mechanisms, includingkefiltration, straining filtration, and physico
chemical attachmentRigure2.7) (McDowellBoyer et al. 1986)Cake filtration(Figure2.7-A), often
referred to as sizexclusion occurs where particles largdran the pore spaces between media
grains areprevented from pasagthrough the filter by physical size exclusiowhere the ratio of
colloid to collector diameter exceeds 0.154, the colloids will be too large to pass through the filter
pore spaces andre collected on the surface of the filtenedia(Herzig et al. 1970)Straining
filtration (Figure2.7-B), also a form of sizexclusionoccurs where colloids anghysically restrained,
but trappedwithin the smaller regions of porgpacesadjacent to the graifio-grain contact points
throughout the filter(Bradford et al. 2005) The third mechanism is physichemical attachment of
particlesto filter media(Figure2.7-C) Destabilizedsuspendedarticles remainingwithin the water
matrix following pretreatmentwill havehad theirsurface chargeslectrostatically alteredluring
coagulation thereby enabling depositioon the media or other particles and polymers already
attached to the media surfacgBoller et al. 1995)
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Figure2.7 Porous media iftration mechanisms:cake (A), straining (B) and physicechemical
attachment (C), (reproduced with permissionfrom McDowellBoyer, et al. 1985 In
drinking water treatment, the pore spacedetween filter media are typically 100 to
1,000 times larger than the particleéseing removed generally precludhg straining.

Effective removal of particles aqdithogers by physicachemical filtration requires botthe
transportof particles/pathogens to the vicinity of filter media/collector surfaces attdchmenton
those surface¢Tobiason et al. 1988)As illustrated irFigure2.8, particles deviate from the fluid
streamlines due to gravitational forsdi.e., sedimentationdiffusion gradients, hydrodynamics, and
inertial effects of momentund h QY S t 1957) iftérceptidn @ laminar boundary layers is
generalized to include the effect of inerfjfgernandez De La Mora 198&ach mechanism describes
how the particles move acros$ise fluid streamlines to reach the filter grasurfaces The
mechanisms illustrated iRigure2.8 depend on velocity, particle size, density and fluid viscdsity
the particleto exit the flowstreamlinesand pass close enough to an attachment point to be

retained through electrosttic attractionforces(lves B70; Amirtharajah 1988)
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Figure2.8 Particle removal during physicohemical fitration (A), which requires both particle
transport (B) and attachment to media surfacéseproduced with permissionPanelB:
Amirtharajah, 1988and Panel Ailves, 197(Q. Attachment is possible because the
particle surfaces are adequely destabilized by coagaht additond h QY St A My p 0

2.2.4.1 Filter ripening and operation

Filter operationis made up ofepeatingcyclesof conditionng2 NJ & NJA LJShe Anifiafigeriod of @ S & >
rapid filtered water quality improvement during which particles deposit on filter media surfaces and

act as additional collectoygmirtharajah 1988 operaion, termination, refresh andeturn to

service Thesephases ofypical filtercyclesareillustrated inFigure2.9, andinclude a filterto-waste

(FTW) periodi.e.,the period of time thatwater is sent to waste until water quality limits are

reached) a stable operating perioda breakthroughperiod, arun terminationperiod, a backwash

periodandareturn to service for the next filter run cyc{&dzwald 2011)
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Figure2.9 Typical filter run profile(Adaptedfrom Amirtharajahet al. 1980Q.
Thephasef the filter run aredefined as follows:

1 RipeningHlter-to-waste (FTW) Phase ofthe filter cycleduring which water is passed
through the filter, but has not yet reachedpecifiedwater qualitytargets Theintensity and
duration of this phase could be affected by several parameters, including raw water quality
characteristics, coagulation efficiency, and backwash redimburgey et al. 2005)FTW
water is directed away fromsubsequent treatmentto be retreated o discharged with the
other waste streamsNotably, not all systems have the capability to FTW.

9 Stableoperation: Phase of the filter cycle during whickegreated water passgthrough the
filters andon to subsequent treatment processegpically, a clearwell. The filteresater
meets specifiedwater quality targets Deposition of particleslowly constricts pore spaces
between media grains and causes fluid veloaityg hydraulic shear forces to increase over
time.

1 Breakthrough Period in the filter cycle during which the ons#tdegradation in filtered
water qualityis evident. It ixaused by reduced deposition and/or detachment of patrticles.
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Breakthrough is not always observatithe end of dfilter run, espedally where common
utility practice is tderminaterunsearlybased on either headloss criteia time/operational
practice

1 Run termination Point in the filter cycle at which ater passed through the filter has
exceeded enebf-run criteria forany of the following: turbidity breakthrough, particle count
breakthrough, maximum allogd loss of heador maximum allowed run time.

1 Backwash Period during which theilter is removed from servicand refreshed Retained
solids within the filter are eparated from the media through the actions of air scour and
reverse flushing of potable water prior to returning the FTW period and start of the next
filtration cycle.

The filter ripening sequence is distinguished by five different stdgigsire2.10), which may not be
observed for all filters as a result of operational details. The lag phase is associdtédenditean
backwash water that existghenfilters are first put back into servicel he intramedia remnants stage

is observed next and reflects particles detached from the filter media during backwash that have
remained in the watematrix trapped between thefilter media grais. Backwash remnastthat
remain in the water column above the filter media are observed during the third phase of filter
ripening Thereafter, the second peak in filter effluent turbidity is observed during the fourth phase
of filter ripening; it occurs as a result of déitinfluent water mixing with the backwash remnants.
Finally, tle fifth stage of filter ripening include$é& improvement in thdiltration efficiency as newly

attached particles serve as collectors of other parti¢amburgey et al. 2005)
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Figure2.10 Typical filter ripeningsequence(Amirtharajah et al. 1980; Amburgey et al. 2005)

2.2.4.2 Filtered water turbidity

Turbidityis ameasureof the relativevisual clarity ofvater, based on the extertb which light is
scatteredor absorbed by suspendeqmirticleswithin the water matrix Turbidimetersoperate by
detectingthe intensity of light scatteredat one or moreanglesby particleswithin the sample The
measure of light scatter is referred to as nephelometric measurepraamd urbidity is measured in
nephelometric turbidity units (NTUWMHart et al. 1992; AWWARF 200®)se of standardized
calibrationsuspensiondetweenturbidimeter models allows for direct comparisdretween

analyzerdor regulaton of potable water qualityEabn 2005)

Particlesof differing size, shapeand chemical compositi@will reflect,absorb,or re-emit light to
differing degrees.Consequently, turbiditgoes not necessarily correlate to the number or mass of
particles in a water matrigl_etterman 1999) Notably,light scattering otolloidatsizedparticles

(i.e, rangingfrom 1 nm to 1um) depends on theinumber, size, shape and refractive indas well

as the wavelength of the lightsed by the turbidimeter As a consequencirge numbers of
particleswith very smalbr very lage diameters may scatter very little ligkand hence have a lower

relative turbidity)when compared temaller numbers oparticleswith the same diameteasthe
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incident lightwavelength(Edzwald 1983)However, tirbidity is an effective tool tandicatereak
time removalof partiaulates or organic materia during treatmentthat would otherwise reduce the

effectiveness of disinfectioprocesses osupport transport of harmful organisn{Sadar 2007)

Turbidity has been widely used in the water treatment industry for monitoring performance of
treatment systems. Turbidity has also been adopted as a critical parameter for controlling the
quality of filtered wate{USIPA 2006; AEP 201Zjilter effluent turbidity hasvidely been shown to
correlate to pathogen logeduction levelgPatania et al. 1995; Emelko et al. 2005; Health Canada
2016) with filter effluent turbiditiesof <03 NTUand <0.1 NTldommonly cited ashe maximum and
optimalfiltered water turbiditytargets for reduction of protozoa pathogens in drinking water
treatment (Campbell et al. 2014; Health Canada 20193 such, turbidimeters provide a surrogate

indicator to presence of microorganismstinated drinkingwater (Sethi et al. 1997)

However Batista et al(2021)found that turbidity alone was nalwayssufficientto predict
adequatepathogen removalsat all conditions Suboptimal particle destabilization, under certain
source water quality conditionsesultedin filter effluent water quality less than 0.1 NTU, but with
Cryptosporidiuntog reductions approximately haHiat of filters with optimized particle

destabilization Logremovalsreactedless thanl-log removaln certain cases thatxhibited poor

particle destabilization prior to filtratiofFigure2.11). This resulteinforcesthe extreme

importance of ensuring adequate particle destabilization to ensure safe drinking water quality under

all source water qualitgonditions.
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Figure2.11 Comparison ofCryptosporidiumremovals during filtrationunder both optimized and
sub-optimal particle destabilizatiorconditions(Batista et al. 2021)

2.2.4.3 Filtered water particle counts

Particle counters provide dfterent and complementary measute turbidity for monitoring filter
ripeninganddetecting filter particlebreakthrough Particle countersised in water treatment
measure the numbeand size rangef suspendedarticleswithin a sample streamThe
measurements accomplishetby light obscuration Shadowscastby particles areountedby a
photodiode detectorand converted to aaumberof particlesper mL ofsample(NP/mL) and
shadows used toategorizeparticlesby sizerange(Lewis et al. 1992; Kochevar 2008)ue to the
particle counters ability to detect particles in size ranges outside of the normal turbidimeter
response zone, they provide redundancy to turbidimeter readings, and provide indication of filter
breakthrough for the largesized particles, of whh protozoa species belong tochevar 2006)
Particle counter response is sensitive to changes in fikeformance it is alscsensitive to
coagulant overdosing conditionisat would not normally be picked up by turbidimetdis., where
lower amounts of light scatter is generated frgrarticlesof increasingly largesizethan the
wavelengthof the turbidimeter light sourcg (Guminska et al. 2015Paticle counters on filtered

water also tend to be more sensitive, as a percentage of change, when compared to turbidity

29



meters. For example, dring onset of filter breakthrough conditions, particle cosinmtay increase

by a factor of 10 to 50, while turbity may only change by 20% (i.ggm 0.025 NTU to 0.030 NTU).

Particle countersare limited in their ability to directly correlate filtered water particle numbtrs
either pathogenconcentratiors or their removal efficiencyy filtration processesAlthough particle
counters ae capable of countingyst- andoocystsized particlegprotozoan parasiteoncentratiors
remaintoo low to bedifferentiated from background particled~or example, gery high source
water concentation of oocystssuch ad00o0ocysts/100L, would correspond to onl.001
oocysts/mLon the particle counter Assuminghat pretreatment and CAF processes achiaddog
reduction in oocyst concentratigrand &filtered water particle counter detectiodimit is1 NP/mL
(i.e., very goodiltered water quality), the source water oocyst concentration would need to be
several orders of magnitude greater poovide a measurabléetectable)valueon the particle
counter. Additionally, lecausemetal saltcoagulation actually adds particles to water a result of
the hydrolysis and precipitation reactiottzat occur upon coagulant additipreductionsin particle
countbetweenraw andfiltered waterstreamsdo not provide meaningful or reliablguantitative
indication of microorganism removhl CAF process¢Edzwald et al. 1998Particle countergan
alsohave difficultiesachievingconsistent results between sensoms,evenbetweenparticle
counters that areof the same model fromthe same manufacturefSethi et al. 1997)These
limitation areimportant consideratios when evaluatingperformancebetweenfilters. Despite
these limitations particle couns remain agoodqualitative measure of treatment performande
response to unoptimized coagulation conditions doddetection offilter breakthrough
(Hargesheimer et al. 1995, 1998)

2.2.4.4 Filtered water headloss

Filter headlossefers to the change in pressubetween the top andhe bottom of agranular media
filter. As filtration proceeds, particlesccumulate on the filter medigraing causinghe pore spaces
to become restricted.As pore spaces constrichcreasingoressue is required to force the same
volume of water through the filter media to maintain flow rat@8WH 2012) The increase in
pressurerequired to force the water though the filter is referred to as headlosdeadloss is

continuously monitored and helps to determine when a filter should be backwadnegktreme
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cases, when headloss increases beyond the watal availablebove the mediasuction
conditions can b formed. When that occurs, a vacuum is created at the particle sufffaroing
dissolved gasses in the fluin come out of solution antb form bubblesthat remain attached to
the filter media The bubbles further restrict the pore spacand result in velocity increases that
can sheaparticles away from the media and into the clearw&iland Environmental Protection

Agency 1995) For this reasommaximumheadlosdimits are placed on filtexto triggera backwash

2.2.4.5 Unit filter run volume (UFRV)

Unit filter run volume (UFRYV) isfiter operationmetric that normalizes thenumberof water
volumes passed througla unit area of the filter For granular media filters, UFRV represents the
throughput per unit area (following ripening) and allows for comparison of production between
filters of different dimensions and total are&dlFR\Vs calculated bylividing the accumulated flow
by thesurface area of the filtein m3m?(or gallons/f¢). Efficiency of filter operation can then be
assessed bgompaison ofresultsto optimizedsystems.Filtration systems that are preceded by
clarification shoulgroduce400 m3m? or morefor optimal filtration efficiencywhereasa DF
process should be capable of achieving 260m? (AWWA 2011)

2.2.4.6 Electrokinetic measurements

Electrokineticsurface chargeneasurements are used to assess the effect of coagulants on particle
surface chemistry (or electric potential at the plane of shear of the electric double layer). The two
primary types of electrokinetic measesused inwater treatmentare streaming current detection

and zeta potential analys{getterman 1999)

Streaming current is a measure of electrical current developed as a reciprocating piston moves up
and down within a sample cell. As the wall and piston pass across one another the tesofheisl

in between to generate a measurable electrical current, which is detected by electrodes at opposite
ends of the flow pati{Dentel 1991; AOrf et al. 1997) Once an ideal coagulant dosage is set, an
operator will set the analyzer output to zero. Any shifts in streaming current output can then be
attributed to changesn the solution chemistry (i.e., coagulation interruption, changing source water

quality, etc.). Unfortunately, because the analyzer output representahue relative to when the
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dzy A (i zedokdd thedvalues become arbitrary and cannot be correlated siew quality

parameters over time.

Zeta potential is measured directly via electrophoretic mobility of particles, where the velocity of
particles subjected to an electric field is converted to an electrical potential (in millivolts, or mV).
Electrophorett mobility is correlated and converted to an electric potential (zeta potential) through
I LILX A OF GA2Y 2(Bumhesef NEIBE JeHaiggntiah 2094)

Monitoring of zeta potentiatiuring water treatmemn provides a direct assessmentaiarge
neutralization for effective coagulation of particlegeta potential measurements for optimization

of drinking water pretreatment processes in literature have focused primarily on settled (clarified)
water turbidity, with the optimized zeta potential correlated to the minimum settled water

turbidity, or DOC removal efficiency rather than filtered water quggntel 1991; Ravina et al.

1993; Jefferson et al. 2004; Sharp, Parsons, et al. 2006; Morfesis et al. 2009; Wu C.D. et al. 2011)
However, to ensure that coagulation resudtiee optimized for the removal of particles (including
waterborne pathogensthroughfiltration, zeta potential values should also be correlated to

filtration efficiency. Consideration of zeta potential impacts on filtered water quality is an important
aspect to fully link source water quality through pretreatmemnid CAF processde ensure effective

pathogen removal (i.e., by achieving a minimum filtered water turbidity and particle count).

2.2.5 Critical control points (CCP s) for filter performance monitoring

Critical control points (CGParelocationswithin the drinking watertreatment process at which
hazards can be prevented, eliminated, or reduced to acceptable |ahelg are often determined
from a thorough review of associatdéthzard (Jagals et al. 2004Water treatment systems are
designed around dical control pointgHellier 2000) TheCCBare monitored continuoudy, to
ensurethat unit processefeedback (i.e., such as filtered veatturbidity) operateat all timeswithin
pre-set boundariegJagals et al. 2004; Hamilton et al. 2006; Damikouka et al. 2007; Walker et al.
2016) CCPs are located where operators can influence treatnieatigh manipulation of process
elements, such as chemical dosages or flow ratesptrectsystem performancélagals et al.

2004) Feedback fron€CPsaissociated with coagulation and filtration processesraiired to

ensure thatany given filteis optimized to meetegulatoryand/or operationalbobjectivesat all
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operatingconditions Most WTP supervisory control and data acquisition (SCADA) systems do not
include modules that enable either integrated viewinfgCCP data or their statistical analysthese
capacities are needetd enable filter performance optimization, especially in real or Aea time.
These limitations are further complicated thye number of discrete unit processes, including filters,
that are present in typical conventional WTP&sualization and analisof all of the requisite data
streams that must be considered identify potential concerns on a continuous basisomplicated

and impossible in neaeal time without automated support in generating summary statistics

Without adequatereattime feedback to alert operators of changespmcessnfluent or effluent
water quality,the performanceof treatment processes such as QxR become compromisedn
CAF, on-optimized coagulation chemistry, in conjunction with poorly controlled operatingrres,
can lead to pathogen breakthrough by allowing solids to pass through the filter and into the

clearwell during vulnerable periods of the filter run cyftrick et al. 2002)

To ensure that CAF processes are achieving optimal pathogen and particle removals, development
of process metrics aroundCPs$s necessary to detect and to quantify impacts on filtration. Early

and aubmated detection of process degradation provides an added layer of resilience under
changing conditions, such as those imparted during unit process alterations, operational
adjustments, or source water quality changes. Monitorin@GPallows for reatime feedback on
operational decisions and provides a basis for continuous improve(@amikouka et al. 2007)As

well, process metrics can be used to summarizetarsimplify the complex data streams for
interpretation and action by the operatofThe development of such tools can be expected to
increase procesresiliencedecrease costs attributable twvertreatment, and providesafeguards

to operational upsets.

2.2.6 Statistical process controls (SPCs)

t NPOSaaSa FNB Y2yAG2NBR FyR YIAydl Aambsipointsy 02y G}
that define minimum or maximuroperationalthresholds forindividualprocesgs arethe most

basic forms of control used in water treatment systems. Foafitin, exceedance of alarm

setpoints alerts operat@and triggerscorrective action. A high alarm limit would normally be set at
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avaluebelowa complianceor safetythresholdto allow time for intervention and correction. For
example|f filtered waterturbidity breakthrough is detectedearthe end of a filter runthe

operator willplacethe filter offline for backwashing. Basic alarm setpoints provide the minimum
feedback necessary to ke@pocesses or equipmeimiperating withinsafe limits The next layer of
resilience ighe incorporaion of automatedcontrol system interventioiif a processcrosses a
critical alarm limit, indicating that the systemabout to entera noncompliantor unsafestate.
Automated shutdowns will override the operator in the event that they missed the initial alarm

beacon or were unsuccessful in returning fhrecesgo a compliant state.

Statisticalprocesscontrols (SPCrprovidea basigdo differentiate between the causes of variation
during any process operationVhen certain auses of variatiomare present that result in excessive
procesaupset, the process would be classifieddaastable or dout-of-statisticatcontrole. An out
of-control processepresents system responses that our outside of expected random variation
(Jelali 2013) Through understanding of normal process variatiamacceptable control limit can be
statistically determineqMahmoud et al. 2010; Qiu 2017Control chartcan begenerated to

detect changes in the performance of a proce@sntrol chartscompare the current process
performanceagainst histrical norms andpromptsfor correcive actions wheran upset limit has
been detectedShah et al. 2010)

One method ofpplying statistical contrelk & (i K Ssixslzad Ymheé#hivdolagy(Liebermann

2011; Aldowaisan et al. 2015; Pohimann et al. 2015; Rimantho et al..2Bikg)gmais a quality

management progralR S @St 2 LISR Ay (GKS wmdy n @dcess ehviratghistdr f (G KS
reduce the number ohon-conformitiesand toclose the gap betweeactual process performance

and desired performancelUndersixsigma,a process metrigzvhichexceedst3 standard deviations

from the mean would indicate an owlf-control process that must be investigatemdetermine and

to correctthe cause of the deviatiofLiebermann 2011; Aldowaisan et al. 2018hhann et al.

2015; Rimantho et al. 2017The upset limiis also defined as ddpper ControLimit (UCLjo

define the distribution or spread of data points considered to be within the normal variabflity.

UCL att3 standard deviations from the mean represents that approximately 99.7% of the data
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points within a normally distributed bell curve fall within aptable variability and are not

considered data outliers.

Sixsigmaapproachesare notcommonin the water treatmentindustry, butthey are common
manufacturing industries, where process inefficiency can nedgtingactproductioncapability

and profitability (Liebermann 2011)

2.3 Climate change influences and impacts on treatability

As discussed in Secti@ril.2 the USEPAUSEPA 1998, 2002, 2003, 206&alth CanadéHealth

Canada 2013apnd the Canadian Council of Ministers of Ervironment{(CCME 2004l rely on

0KS GOYIENRASNI | LILINR I OK¢ (2 GLINBZSYyid 2NJ NBRdzOS (KS
G2 GFL¥ G2 NBRIzZOEmMKS et 4. 20144 vatidtiohd of tls friirelvdrkiidéntify

source water protectiofSWPJor risk prevention ad in-plant treatment tecmologies for risk

management; all barriers in this framework must be effective to ensure drinking water security.

Recently, it has been recognized that this reliance on traditional SWP approachespdenat in

treatment technologies is inadequaf&ham et al. 2013; Emelko et al. 2Q1wWhile it is effective for

preventing and managing risks from anthropogenic landscape disturbances such as urbanization,

climate changeassociated disturbances have revealed alarming inadequacies in current

implementations of the multbarrier approach.Specifically, climate change undermines the basic
FaadzYLiAz2y 2F adFdAz2yl NRGe I & fStatibnRBdnvelope bfid  y I G dz
GFNRIFOATAGEE OGKIG KFra KAAG2NAOFfte 0SSy (KS 7T2dz
risks(Milly et al. 2008)

Climate change is impacting hydrological cyglesally(IPCC 2018)For example, shifts in the
timing and quantity of precipitation are resulting in increased rainfall and flooding in some regions
and droughtin others(Mirza 2011; IPCC 2018jotter and drier atmospheric conditions have
resulted in the increased frequency of larger, more severe wildflu&EPA 2016)vhich can be
SALISOAL f & dFkrlexdiRple, tikey capdltei tBeNithing of snow melt and increasing net
precigtation (Williams et al. 2019)Postfire stream temperatures can be elevat@d/agner et al.
2014)and significant amounts of suspended slides/sedin{&uinze et al. 2006; Silins et al. 2008;
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Silins, Stone, et al. 2009; Bladon et al. 20hdjrients (Ranalli 2004; Bladon et al. 2008; Aiken et al.
2011) heavy metal§Wolf et al. 2008)and other contaminant§Crouch et al. 200&)an be released
to receiving streamsAssociated water quality shifts can be long lasting (i.e., decades or longer) and
far-reaching (i.e.propagating downstream for tens of kilometers, or farth€jone et al. 2014,
Emelko et al. 2016even at large basin sed with already deteriorated soce quality, once

believed unlikely to be markedly impacted byldiire (Emmerton et al. 2020)Wildfirescan also

lead to significantly more variable source water qualyone et al. 20113nd alter stream ecology
(Silins, Bladon, et al. 2009; Silins et al. 2014; Martens et al. 2008} importantly for drinking
water operators, greater variability argkterioration in source water quality can challenge water
treatment operations especially coagulant dosinghereby threatening filtration performance and
pathogen removalEmelko et al. 2014; Shams 2048} increase treatment costtEmelko et al.

2011, 2014; Price et al. 2017; Skwaruk et al. 2020)
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3 Materials and Met hods

3.1 Research Approach

As outlined irsectiors 1.1and 1.2, the goal of tlis researchwas to develop an approach for rapid
detection of filter performance degradation amdethodsto assistwith prediction ofcoagulant
dosages for increased filter rdigince Fourresearchobjectives were developet reach the

overall goal, including1)identification of operatbnal conditionsat which turbidity is an inadequate
indicator of connectivity between coagulant dosing, clarified turbidity filirdtion performance

(2) evaluationof monitoring tools to assist in achieving filter effluent turbidity and pathogen
reduction targets (3)developmentof datadriven analytics to ensure optimal CAF performance
(through faster, partially automated andics and identification of opportunities for potential
operational responsepnd (4)to evaluate implications of operational configuration monitoring
tools in achieving filter effluent turbidity and pathogen reduction targéeli/o project phases were

required tomeetall of the objectives.

Phase 1 of this researelddressedbjectives 1, 2 and 3 through amalysis of historicdilter
performancedatafrom afull-scale WTkh Calgary, Alberta, Canada (Glenmore Water Treatment
Plant) Objective 1 included aitoricalreview of filterperformance datdo identify periodsduring
whichfilter performancewas likelystressed or challengeddentification oftime periods where

filter stresswaslikely, followed by amore indepth analysis ofvater quality and operational
informationto determinethe root cause ofdentifiedissues anddentify how the process was

brought back into controlObjective2 was addressed bgssessing whethehe zeta potential of
coagulated water could be used itaform filter performance(i.e., particle remova))by comparison

to observed filtered water quality mats(i.e., turbidity, particle counts)Objective 3 was achieved

by examinationof over100full-a OF £ S aAy 322 R 2 LISNI ( Ay@ayperiod O2 y (i NP f
to develop dataR NA @Sy | y I f & (i A Gatp ehsur® Sptinial GAB R foind®Ehes® K | NJi
approaches were designed to rapidly identify filtdrat deviated from expectetteated water

guality value/rangeso that they could be investigated angimoved from service before exceeding

internal alarm setpoints or regulated water quality limits.
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Phase 2 of this researeddresseddbjective 4 througha series of piloscale direct inline filtration
experimentghat were conductedto determinethe optimal combinations of coagulant and polymer
chemicalconcentrationsneededto maximize filter yieldi(e., UFRV), while meeting or exceeding
regulated filtered water qualitgriteria (i.e., turbidity) In addition tomeetingor exceeding filtered
water quality requirements, theutility of zeta potential analysigrior to filtration to indicate or
possibly predict filter performance in removing particles (and therefore pathogens), thereby

increasing treatment resiliencevas also investigated.
3.2 Research Site

3.2.1 Site characteristics

The City ofCalgary (CoCAlberta, Canadsrelianton a generally higlquality source watethat is

derived from forested, showmeltiominated landscapesn the eastern slopes of the Rocky

Mountains; it has generally low raw vea turbidity and total orgait carbon contentValeo et al.

2007) Water quality can deteriorate annually during spring freshets originating in the foothills and

high mountains; during these periods, source water turbidity and natural organic matter

O2yOSYUNY GA2Y YR OKI NI Ol SNJ NBI chégeyfapidyii KS / AGeQa ¢
Notably, the exposure of thEoCdorested watersheds$o wildfire hazard is higfRobinne et al.

2019) thus wildfire risk is substantial with significant potential for source water quality

deterioration in the event of severe wildfig&melko et al. 2011)

One of the main factors drivirtgeatment process selection at the study site has been the
historically lowsource waterconcentrations oprotozoa. A long history ofautine (i.e. large bi
weekly)Giardiaand Cryptosporidiunmonitoring hasndicatedeither low or nonrdetectable

protozoa levels oveat leastnine years(Schmidt et al. 2019)Under the existing regulatory
frameworks for protozoa treatmerin Canaddor the U.S, the CoC must only achieve the minimum
3-log reduction ofCryptosporidiunoocysts and up to Sog reductionof Giardiacysts(USEPA 2006;
AEP 2012; Health Canada 2019Byior to the wider adoption of UV systems for protozoa
treatment, thetreatment systemat the study site hadeen upgradedo significantly increase
chlorine contact fotreatment of Giardia Thus, public health risk attributable to waterborne

38



protozoa is veryow in the CoC and additional disinfection such as UV irradiation is not required.
However, since the treatment @ryptosporidiunrelies entirely upon filtratioomechanisms at the
study site, the utility requires that its filtration mechanisms be able to meet or exceed its regulated

filtered water quality limits at all times.

Capacity upgrades at teoCgslenmore Water Treatment Plantcurred between the year2003

and 2012.During that time, the chemicgretreatment processewere changed fronconventional
flocculation and sedimentation systems to a high rate SBF process. The upgraded processes were
housed in a newly constructed Pretreatmdtdcility (PTFyyhich includefour separate treatment

trains torespond toa seasonally wide range of flow demands. The original sedimentation tanks
were repurposedas flowthrough chambers to maintain chlorine contact time Biardia

disinfection. The hydraulic retéion time from the exit of the PTF to the filters, via the chlorine

contact tanks, ranged from-Hdours to 8hours depending on seasonal WiTd®v rates.

Waste residuals from backwash procesaassent to a new Residuals Treatmdrdcility (RTRpr

further processing. The residuals treatment procesgeslesigned to concentrate and separate the
solids into thickened sludge and clarified supernatant streams. Supernsatitsequently

returned back to the head of the PTF. Thickened sludge straesent to holding tanks for
centrifugation and offsite disposal of the solid wastes. The residuals treatment process averted the
prior need to dechlorinate and release the solidden waste streams back to ti#bow Rver. The
updated PTF and RTF pesses allow the treatment facilities to treat water at full plant capacity,

regardless of time of year or source water variability.

The WTRrocesses at the research site includes pH correction with carbonic acid, rapid mixing of
coagulant (alum), flocdation and sedimentation through a high rate SBF process using a fine
(85>m microsand) ballast and medium density cationic polymer, chlorine disinfection from onsite
generation of sodium hypochlorite, dual media filtration (anthracite and sand supposted b
stainlesssteel underdrain), and final chlorine disinfection prior to pumping water into the water
distribution systen(See Appendix Aigure Al). The overall tratment process meets the demands

of a seasonally variable raw water source. However, the added resilience afforded by the newer
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processes at the study site was accompanied by the higher costs of higher energy and chemically

intensive treatment processes

3.2.2 Source water quality

TheCoCsource water originates in the eastern foothills of the Rocky Mountains, from the Elbow
River and Bow River Watersheds. Watershed drainage into the surface river network originates
primarily from glacial and groundwater soesf{Valeo et al. 2007)and as such, experience periods

of stable raw water anditions through the winter, punctuated by intense seasonal water quality
fluctuations in the spring and summer. The source waters are generally low in turbidity (<2 NTU)
and total organic carbon (<2 mg/L), with brief spring freshets resulting in a tempseasonal run

up and rundown of turbidity (up to 4,200 NTU) and total organic carbon (up to 30 nfig{l)dert et

al. 2014) Freshets at the research site have historically occurred in two distinct phases. Early runoff
from the localized foothills (Marctpril), associated with rising temperatures, mobilizes localized
snowmelt into the river system. Since the underlying soils remain frozen, the accumulated organics
wash into the receiving waters with minimal erosioks a resultsource water organics and color
increase at the WTP, but turbidity remains loWhelate spring snowmelt (Mayjune) occurs when

the high mountain snowpack melts and flows into the river systems.largerunoff water volumes
increase the depth andelocityof the river resulting inincreasa erosionof the primarily glacidill
deposits(Jackson et al. 198@nd mobiliation oftrapped sediments in the riverbedlhe late unoff

period results in high turbidity and high organaaghe WTP Thehigh seasonal variability in

turbidity, organicsand temperatureduring these period¢Beers et al. 1993; Bladon et al. 2012)
enabled extensive assessment of filter performance during periods of rapid and significant water
quality changewherebysub-optimal particledestabilizationand increasegbotential for protozoan

pathogen passage through filtration processes would be most l{Rehak et al. 2007)

Figure3.lillustrates the monthly variability inource wateiturbidity over afive-year period (2Q3-
2018). Aside fromnthe spring and summer freshets, the median turbiditgsless than 2 NTU for the
remainder of the yearlLess variability occued between August and March, with a median turbidity

of less than 1 NTU.
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Figure3.1 Source water turbidity at the GlenmoréeNTPin Calgary(20132018) The fgure
illustrates median, quartiles, maxima, minima, and averagenthly values

Figure3.2 illustrates the monthlysource watefTOC and DOC concentratiaighe Glenmore WTP
overafive-year period in Panels A angrBspectively Median TOC and DOC valuesre typically
less than 2 mg/L for the late summandfall months. Variabilityn source water TOC and DOC
concentrations was lowesturing the winter monthsedianvaluesranged betweerapproximately

0.8and1.5mg/L and0.7 and 1.2mg/L,respectively, thereby leading to stable coagulant demand
conditions
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Figure3.2 Source water Total Organic Carbon (Panelafyl Dissolved Organic Carb@Ranel B)
concentrations at the Glenmore WTP in @aty (20122018). The figuredllustrate
median quartiles, maximaminima, and average montly values
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Figure3.3illustrates the monthly ranges fosource watepH. Soils high in glacial and sedimentary
deposits impart high hardness and alkalinity to the regional groundwater networkssolinee

water exhibits a relatively high raw water pH throughout the year, due in large part to the geology
of the area(Jackson 1980)As a greater fraction of the water originatieom overland flowsluring

the spring and summer months, source wateripkhcreased, likely as a result of the tisport of
carbonaterich surficial materials to receiving streams. Vheability of source water pH also

increased, especially between April and Jafya result ofrequent summer storm events.

8.6

8.4 I . 1 1 I

PSRN R

7.8

pH

7.6 -

= o <t [=)] <t [=)] =t =T ()] oM [=)] (2]
[Tp] < [Ta] < [%a] < [Ta] [Tg] < o~ - ~
— — — — — — — — — — — —
1] 1] 1 1 1] 1] 1] 1] 1l 1l 1 1
c [ = c c c c = c f=4 c c c
7.4
A QA & & A 2 B o & & & &
& * & W S S ¥ & & & & S
& 3 A\ S & & & &
NP <<€,° v & (e} 0 &
5 ™ Q

Minima/Maxima Whiskers O Quartiles # Average

Figure3.3 Source water pH at the Glenmore WTP in Calgary (220388). The figure illustrates
median, quartiles, maximaminima, and average monthly values

Sasonaktmospheridemperature variatios contribute toa wide rangeof surface water
temperaturesin the CoCas reflected in theourcewater temperature profile figure3.4). In
November through Apkithe mediansourcewater temperatures are less than°e. Between

December and Marclsourcewater temperatures ardypicallyless than 2C.
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Figure3.4 Source water temperature at the Glenmore WTP in Calgary (20Q@37. The figure
illustrates median, quartiles, maxima, minima, and average monthly values.

Several important generalizations about source wageality and its relationship to treatment

needs can be made based on the overall raw water quality trends exhibited at the study site and
discussed above. They are:

9 Sourcewater characteristics displaubstantialseasonatrends in aspects of sourceater
chemistry(i.e., TOMOC, pH, and turbidity) thaypically drive coagulant demand&regory et
al. 2003; Davis et al. 2014; Sillanpaa et al. 2018)

9 High and variable turbitly and organic loadingduring the spring and summer periods require
operation in the sweegloc coagulation regime to achieve metal salt coagulant hydroxide
precipitation. The incoming particle loads, as wellths precipitatedfloc generated, would
quickly exceed filtration capacity withosedimentationand solids removaglrocesses; thus, the

source water is notvell-suited for DRluring these period¢Valade et al. 2009and
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1 Long stable periods of low turbidity, low organics and stable pH lesdtsg the winter periods
indicate that the source water is optimally suited to seasonaf\[2ffade et al. 2009as long a

3-log removal of protozoan parasites is reliably achieved

3.3 Phase 1 Framework Development for Improved Control of CAF Processes

3.3.1 Introduction

As discussedbove, maintaining high quality, low turbidity filter effluent quality is considered
essential to protecting public health from waterborne pathogens, espegiadipzoan parasites;
this is mandated by both the USEPA and Health Canada, through the RESWTR and its
international equivalent¢AEP 2012; Ontario Regulatid®20) Thus, the filtration process is a
GONRGAOFE O2y dNRf LAY (O sithdvaterborae pt20an gaiaSitescanl | NRa |
be prevented, eliminated, or reduced to acceptable levels at this point in the treatment process
(Hellier 2000; Jagals et al. 2004; Damikouka et al. 2007; Walker et al. 2016; WHOChiH)on
metrics used tanform filtration control and performance that were used include filter effluent
turbidity anddifferential pressure across the filterisg(, loss of head)affiliated filter control
elementsallow for limited control of filter effluentvater quality, andincluded water level and flow
controls (AWWA 2011) Particle countersiere also usedbecause they caprovideadditional
information regarding filter effluent quality and process perfance(Hatukai et al. 1997;

Hargesheimer etla1998)

As system complexity increases, utilities require a means to summarize and to present operational
performance metrics in an efficient manner to ensure processes remain within control limits,
relative to internal operational thresholds and régtory requirements.Process monitorings
typicallyachieved through application of alarm setpoints to algperators when internal

operational limits are exceededHere investigationsvere undertakerto improve operational
resilience options throughpplication of data analytics to assess and optimize filter performance

all operationalconditions,in reaktime. Rather than solely relying on reactive approaches to adjust
coagulation chemistry following exceedance of-pst internal alarm setpointfor filter effluent

turbidity or head loss accumulation, zeta potential analysis was investigated as an indicator for
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detecting suboptimal coagulation and particle destabilization issues that would impact subsequent

filtration performance

3.3.2 Objective 1. Identification of operat ional conditions to connect coagulant

dosing to filtration performance
Data trending allows for visualization of system performamweer selected periods of timeTime
series analysisanassist in detection cdmerging conditions that would trigger early intervention
before an alarm is received. However, manual monitoring of multiple processes with trending
charts on a continuous basigs untenable in a highly complex treatment system with limited
operator resources. Added metrics are therefore necessary to consolidate available data streams,
and to present relevant data to operators in a form that is quickly digestible and can be acted upon
when the system is trending out of complian@e.,through generaibn of summary dashboards

and key performance indicators)

Here,nineyears(i.e.,3,285days) of filter operation and performance data fromigdividualfilters
were utilizedto generatekey performanceindicators KPI13, which included filter effluenturbidity,
filter effluent particle counts, headloss, filter ripening time, and UFRWdata pointswithin the
historical databasétypically recorded in 38econd intervals for filte€CPpwere used to generate
the KPIdbased on the average or maximudaily values from the analyzer§heKPlsvere plotted
in monthly intervals, thereby enabling rapid scannirigprocess performance to detect periods of
non-ideal performance Examinatiorof large data setenabledquickidentificationof process
deviations(and their associated time of occurrenée)arge batches, rather thareliance orthe

time-consuming method of viewing timgeries filter runs one at a time
The followingtasks were conducted to generatiee KP1 dashboards

(1) Online historicaldatawere cleansed to remove blocks associated with backwashing or FTW
periods,sothat onlywater ser to the filtered water clearwell was considered

(2) Averageminimum, maximum and standard deviatiomaluesfor KPIs (filter effluenturbidity,
filter effluent particle counts, headloss, filter ripening time, and URR3¢ calculatedon a daily
basisfrom each filter in operation
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(3) Data collected during thénal 15minutes of each filter runvere extracted to determindilter
run termination values fomaximumturbidity andmaximumparticle count

(4) Monthlysummary chartsvere generatedrom the average daily value$ each parameteras
well as daily average terminal turbidiandterminal paricle count

(5) Monthly summary charts were generated fdailyturbidity and particle countestandard
deviatiors on individual filters to illustrate dailyariability of resultsand

(6) Monthly summary chartfor the KPlsvere used tadentify periodsof potential filter stresgi.e.,
sub-optimal performancéfor further investigation into root causes of tla@parent performance
issues

3.3.3 Objective 2. Evaluation of zeta potential analysis to inform filterability

3.3.3.1 Equipment

To achievébjective 2, an nline zeta potential analyz€Malvern Instruments Ltd., model
ZetasizeMWT, Worcestershire, JKvas used at the study site issess howoagulation impacts on
particle charge and destabilizati@ould be linkedlirectlyto filter performance Zeta potantial data
were collected toestablish theoptimal zeta potential rangéor optimizingfilter effluentwater
guality and operational efficienat the study site Internalconfigurationsettings for measuring

frequencyand operating modes were set accardito Table3.1.
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Table3.1 Malvern Panalyticabnline Zetasizer W® instrument configuration

SETTING PARAMETER SELECTION
Sample Dispersant: Water
General Options Model: Smoluchowski
Viscosity: Dispersant
Temperature: Auto: Auto temperature
sensor
Cell: Disposable capillary DT
1070
Measurement Duration: Automatic
Number ofmeasurements: 3
Delay between measurement: 0
Advanced: Auto attenuation: Yes
Auto voltage: Yes
Data Processing Analysis model Monomodal

The sample points for online zeta potential analysis were selected downstream of coagulant

addition, but prior to polymer and microsand injection from the SBF pretreatment process. Samples

were required to be free of abrasive microsand, which would asttatch and compromise the

integrity of the sample cells over a short period of time. The coagulated water sample points also

avoided interference and charge uncertainty introduced from subsequent cationic polymer addition.

Continuous sample streams faw and coagulated water were pumpedt high rate (i.e., 350pm)

to the online ZetasizerWIb minimize sample transit timand to provide fresh sampler analysis

How control valvesocated on each sample streanere used to direct specific samplesga the

zetasizer for online analysis. Within the ZetasizerWT housing was a benchtop Zetasizer Nano Z

analyzer, complete with an onboard computer and continuous sampling system. The onboard

computer served to control sample flows through the zetasizeasuneng cell, as well as to handle
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the data transfer protocols to the main WTP control system. The ZetasizerWT was programmed to
take three sequential zeta potential measurements from each sample aliquot, and to provide the

averaged value back to the Wténtrol system and data historian.

Routineweekly,monthly,and annuamaintenancewas performed byicensednstrumentation
technicianspasedupon manufacturer recommendatiorfsr flow cell replacenents, wear
components replacementsand calibrationgMalvern Instruments LtdDTS1235 zeta transfer

standard, Worcestershire, UK).

The followingaskswere conductedto determine suitability of zeta potential monitoring for filter

optimization

(1) Online zeta potential resulf®r both raw and coagulated water streams wegieansedvia the
online data historian, to remove data pertaining to calibration and internal system checks, and
to correlateanalyzer results to the active sampling poin@Bleansediatawere then imported

into a spreadsheet for subsequent analysis.

(2) Assessment of normality was performém stable raw water quality values to determine the
range and standard deviationCoagulated water zeta potential was analyzed for litiits to

detectchangingaw water quality conditions, andesponse to coagulant adjustment

(3) Theonlinedata historianutilized at thestudy sitehasbuilt-in analyticsto generatestatistical
quality control (SQ€charts from time-seriesvaluesof all of the KPIsncludingzeta potential
Zeta potentiakime series datavere plottedwith the calculated standard deviatiarior the
selectedoperational periods (i.e., those representing both stable operation and challenge
periods) and ahistogramchartwasgeneratedto compae values against a normal distribution.
SQC charts were plotted footh stableand unstablésub-optimal coagulated wateguality
conditionsto assess the sensitivitf zeta potential resultén signaling the need faroagulant

dosage adjustmentm response to changing water quality
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(4) Coagulated water zeta potential values were compared to filtered water turbidity to determine
whether a performance linkageetween the two parametersas evidentas would be
expected according to classical filtration theorfo compare coagulated water zeta potential to
filtered water performancetime series performance data (i.e., zeta potentfdtered water
turbidity, and filtered water particle countsyere compared Sincethe goal was to determine
whether zeta potential could be usex a predictoof filter breakthroughfilter ripening peaks
were removed from thdiltered water turbidity and particle count dateRipening peaks
common to filter startuptypically indicatédbackwash remnant water qualifAmirtharajah 1985)
and would mask the quality of recently coagulated water entering the fill€imination of
ripening peaks was achieved syppressiorof data points corresponding tearly filter run
UFRYV values of less than 5&/m’. Coagulant dose was alsomparedon the same plot$o see
how coagulant dose andoagulated watereta potential conditions were reflected in filter

performance.

(5) Online zetasizer results were comparedthmse obtained frongrab sampleswhich were
analyzed on a separate benchtop Zetasizer Nartee benchtop zetasizer was configured to run
five consecutivezeta potential measurementsising both fasfield and slowfield
measurementdo derive an average zeta potential for each samfliguat. The ZetasizerWT
analysis involved thrediscrete measurements as noted previoydiyt with slowfield
measurements only Temperature compensation on the ZetasizerWT was based on an
integrated temperature thermocouple tselect tie proper internd temperature compensation
settings on the zetasizer. Samples transported to the lab weoded back down to the
temperature recorded on the raw water stream at the time of samplamd the temperature
settings manually input into the benchtop zetasigeftwareto account for changes in viscosity

due to temperature effects

3.3.4 Objective 3. Application of monitoring tools to achieve filter effluent turbidity
and pathogen reduction targets
Objective 3vasfocusedon developnga method for early detectionfgarticle and pathogen

breakthroughfrom filters. To achiev&bjective 3, control charts were developed that could be used
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to link particle countprocess performance againgt alarm thresholdderivedin real time(i.e., an
upper control limit, or UCL)To detect filter breakthrough as early as possithle UCLwas
established based on water quality performance data from prior filter ruresticle coundata used
for control limit developmentvere based on theutcomes of the analysis conducted to meet
Objectivel (Sectiord.1.1), which indicated that observed filter effluent particle count values
increased by orders of magude during filter breakthroughTo detect filter breakthrough in a
timely manner the filter runs were required to be segmented into smaller, discrete UFRV ranges
within each filter run. TheUCL for each filter run segments then derived from the jr filter run
particle count datacorresponding to the same UFRV rangéke UCL was calculated based on the
average particle counts, plus three times their standard deviatidthree standard deviationwide
spreadincludesapproximately 99.7% of dafoints within a normadistribution; thus, data within
this range were consideradithin acceptableange ofvariability andwere not consideredas
extremevalues oroutliers(Infinity QS n.d.; Mahmoud et al. 2010; Shah et al. 20E@erage

particle count valuesutside of this range were thus considered as indicative afgrof-control

operating conditionwhich wouldsignd the needfor an operator to respond and investigate.
The following tasks were conducteddevelop a reatime control chart for earlyilter effluent
particle breakthrough detectian

(1) Data from individual filters wererganizednto discrete filte runs for analysis. Filter run start
and end times were calculated based on control valve position anddiéday

(2) Allindividualfilter runswere furtherpartitioned intosmallersegmentsbased ordiscreteUFRV
ranges The normalization of filteunsby UFRV segment, rather than run hours, accedrior
both time and volume of water passed through the fijter

(3) Average particle count and standard deviation values were calculated for each UFRV segment

(4 PriorA RS f -8RIENK B SRE UV TanfifiddSoNktaMding e tgpRaldnge diiter
effluent particlecount values as the filter runs progressed

(5) Particle count averages and standard deviations were calculzedd orequivalentUFRV
segnentsover sequential filter rungof a single filterjo create a normal distribution

(6) The UCL was calculated from the wegerated filter runs
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(7) Under the assumption that the test filter ryrarticle countsvould follow the same sample
distribution as prior filter runsthe test filter effluent particle count values wenresedto
calculatethe number of standard deviations from the ideal me#Hrthe dcontrol runs, and

(8) Filter effluent particle countsn the test filterrunswere converted toa standard deviation
(based on the mean and standard deviation of the priecontrol filter runs),and plottedas a
function of UFRYV for each filteun under investigation.

3.4 Phase 2 Pilot Scale Direct Inline Filtration Trials

3.4.1 Objective 4. Implications of direct inline filtration on application of monitoring
tools to achieve filter effluent turbidity and pathogen reduction targets

3.4.1.1 Rationale

Apilot-scale filtration investigatiomwasconductedto evaluate theeffectiveness andesilience of
direct inline filtrationin removing particles and especialyyptosporidiunoocystsized particles
from a typical high quality source watére., low in organics and turbidijyat the study site Given
the relative lack of tools availabfer linking settled water quality indicators to filtration
performance and the potential for zeta potential application for this purp@dderfesis et al. 2009;
Pernitsky et al. 2011)yeta potentialanalysidmmediately following chemical additiomas assessed
to inform its utility as a tool for maintaininfijter effluent water turbidity below regulatory
thresholds while concurrentlymaximizng water production(i.e.,UFRY. Pretreatment chemicals
were adjusted at the start of eadxperimentaltrial to determine the relative impacts of coagulant
and polymer on filter influent zeta potential and filter effluent turbidity and particle coupttitese
impactswere evaluated with the objective ofiaximizing filter production capacity (UFRV).
Constantchemical concentrations were appligdringeach filter run. Polymer (MagnaflocLT22S
cationic polymer, prepared from dry polymer powder provided by BASF Canadddsages
ranged from 0 to 0.22 mg/L, and alimim sulphatecoagulant{Chemtrade Logistics Inc., 48.5%
Ab(SQ): 18H0)dosages ranged from O to 18 mg/L. With two chemical agents used for
pretreatment chemical adjustment, a high number of trials were required to determine optimal

ratios of polymer to coagulant for filterppimization.
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3.4.1.2 Design criteria

To successfully complethe experiments outlined in Objectiveid a manner that would be

meaningful for fullscale operations at the study sjta pilot filter apparatus was required that could

meet the following criteria:

1 Coagulant and polymeselectedto match the existingslenmoreWTPpretreatmentprocesses
for particle destabilization Consistency of applied chemicals was requirechusehere would

be no opportunity to substitute alternative coagulants or polymersa@easonal basis at the
full-scale WTP

1 The seasonal use of direct filtration would be required to functisimgthe existing full scale
filter media designsPilot filter mediaphysical propertiegi.e., effective size (ES), uniformity
coefficient (UCand density)filter mediadepthsandfilter underdrairs were configuiedto
matchthe full-scale WTHilters;

9 Filter operating regimes were selected tanimize the potential for onfounding factors or
sources okrrors between trial runsncluding

o Filters operaté in a declining rate mode, to eliminate issues associated with valve
movements and flow pulsing through the filter media;

0 Backwashing regimselectedto match full scale WT@peration forconsistery (i.e., air
scour followed byhigh rate backwashind

o Triplicate filter columnsisedto ensurerepeatability andconsistency at each alum and
polymer chemicatlosagecombination

1 Pilot filtration systentonfigured to povide continuousneasurements foheadloss, filter
influent turbidity, filter effluent turbidity, filterinfluent particle counts and filteeffluent particle
countsfor further analysis.

3.4.1.3 Source water

Thewinter period at the Glenmore WTP was seledidinvestigationto ensure stablesource
water pH turbidity, andtemperature conditionghroughout all of the triafiltration investigations
Since the trial runs were to be compared against one another to determine the most suitable
chemical combinationgonsistentchemical conditionshroughout the piloting periodvere
essentiako avoid potentially confounding sources of variatioom unstable influent water quality
Source water entering the main WTP was pretreated with carbonic acid-scalé for pH
correction which ensured stable pH values prior to cheshiadjustment Pilot plant feed watewas

therefore withdrawn from the fullscale WTRLt pretreatment facility influent channelgust prior to
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full scale coagulant additionAcentrifugal jetpump, complete with a manual flow control valve and
inline rotameter were used t@rovideastablefeed water flow ratei(e.,20 Lpm) to the pilot plant
constant head tankor chemical dosage contrdrigure3.5). Excess watgrovided by the jet pump
was diverted back to the main WTP through a separate flow control valve, in order to maintain

adequate flow and pressure on the pump head for continuous operation.

Full-scale BSF pre-
treatment facility

Y

Clarified water streams
to main filtration plant

T
Main Wat SourceWater | ¥
Trzgntmeantell;lant I l”iUo“

Return Flow
Pl | Ot Wate r Inline static mixers ~ Constant head tank
A4 |
&% Rot t
Treatment Pla nt Transfer pump otameter I |
Chlorine, alum, polymer To drain
injection
To pilot filter
columns

Figure3.5 Pilot plant feedwater withdrawal locationin relation to mainWTR

3.4.1.4 Pilot-scale filtration process configuration
The configuration of the direct iline filtration experimenisillustrated inFigure3.6. Itshows the

general process flow and sampling locations for each experimeizhl
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Figure3.6 Direct inline filtration experimental process flow diagram (modifiedrom Wang,
Kundert, and Emelko 2018

3.4.1.5 Hydraulics

Aconstant head tank was fitted with an overflow wairprovidea constant static head to drive

flow through the pilot filter columns. Water was passed from the constant head tank via gavity t
the filter distribution header, where flow was split evenly to three paralleich acrylic pilot filter
columns. From the distribution header, water was passed through a flow control valve and
rotameter on each filter for flow balancing. Water wagnhdirectedthrough a sidewall

penetration on eaclof the threeinchacrylicfilter columrs,where flow was directedownwards
through the filter mediaandexcess flowdischargedupwards through an overflow pipe farovide a

constant water level above thidter media

3.4.1.6 Filter media

Filter media (sand and anthraciteere collectedfrom the CoCfull-scaleWTP filters, to ensure that
the physicamaterial propertiesvere matched between the pilot filter columns and the fattale

WTP.Media siesand deptls are detailedn Table3.2. A stainless steel underdrain was
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incorporated to math the fullscale water treatment plant underdrain desigmprovide media

support and to distribute air scour and backwash flows evenly

Table3.2 Pilot column flter media configuration

Layer Depth Effective  Uniformity  Specific
(mm) Size Dy  Coefficient  Gravity
(m m) D1o/Dso
Anthracite 457 1.01.1 1.35 1.331.40
Sand 305 0.45-0.50 1.40 2.65

3.4.1.7 Filter column wall effects

Filter performance can degrads pilot-scale, especiallywhen water shortcircuits between the
media grains and the inner wall of the filter columil SNY SR agl € STFFSOG &
easily along the column wall than through the medi#all effectson pilot filter columrs occur
where highporosity grain arrangementalong the inner wall of filter columnallows large particles
and floc to pass deeper into the medi@an what would occur between adjacent media grains
(Mcwhirteret al. 1997) Typically, the wall effects declineasteady value within five media grain
diameters from the column waftle Klerk 2003) To reduce column wall effects, the ratio bét
column diameterD) to the media diameterd) must be low (i.e.D/d ratios of 20 to 30jLang et al.
1993; Mcwhirter et al. 1997)The anthracite media &dl in this experiment had an effectigeain
sizediameterof 1.1 mm (compared to & mm for the sand layer). With the filter columns inner
diameter sized at 75 mm, the/d ratio wasgreaterthan 50 for the larger anthracite grains, as
recommended by anget al.(1993) Thus, the piletcale filter design allowed for hydraulic loading

rates of 15 m/hiwithout wall effectsimpactingfilter performance.
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3.4.2 Pilot filter column o peration

3.4.2.1 Backwashing

Air scour andvash watemere used duringpackwashingpressurized awaspassedupwards

through the media, followed by a pressurized water backflush to simalai@mal backwashing
sequenceon a fultscale filter Air was passed through the media at a flow rate of three cubic feet
per minute (CFM) per square foot of media surfaghich is typical of many fedlcale filtration
operations andnatched the approah used in the fublscale WTP. Water backwash rates were
monitored with rotameters and effective backwashing of the filter media visually confi(@eltion

et al. 1996) High rate backwash was set for an optimal media expansitaof 30%(Amirtharajah

et al. 1990) Following backwash, thidter columns were tapped with a rubber mallet to ensure
media settled back to its original elevation, without mounding against the walls of the filter

columns.

3.4.2.2 MNormaldoperation

Filtration cycles were initiated immediately followiagreshbackwash.The filtersinfluent flows
werefed from the constant head tankThe filters wereoperatedwith a constanthydraulicheadset
by the filter column overflow pipingFiltration rates were set at the start e&ch filterrun and
allowed todeclire throughout the run as headloss accumulatud slowed the rate diltration;
this is also known asd@onstant head, decliningate¢ modeof operation The filtration rate
started at approximately 15 m/h and declined to approximately 12 m/h throughloaffilter rurs,

until the maximum headloss crite (i.e., 2.0 m) was exceeded

3.4.2.3 Chemical pretreatment

Influent water to the pilot plant was dosed with sodium hypochlositdution (6%, W.E. Greer Ltd.)

at approximatelyl mg/L as free chlorine to suppiemicroorganism growtho act as an oxidant

and promoteefficient particle removalEdzwald 20113nd to match tpical chlorine levels on the

full scale WTP.Chlorinated water wamixed via an inline static mixer, followed by concurrent

addition of alum coagularftChemtradd_ogistics Inc48.5% A(SQ): 18H0) andMagnaflocLT22S

cationicpolymer(0.2%% or 0.30% by weight, prepared from dry polymer powder provided by BASF
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Canada Inc.) The chemically adjusted water was then passed through a second static mixer, prior to
discharging into an opetopped constat head tank (Figure3.6). The doses of each chemical were

determined based on the varied experimental conditions.

Peristaltic pumpsised for chemical dosingere caibrated for each chemicakith daily drawdown
tests utilizing a graduated cylindewith theinfluent water flowrate set by the manual rotameter
and needle valve downstream of the pilot plant feed centrifugal jet p@Rigure3.5). When low
coagulant dosagesere requiredthat the peristaltic pumps could not deliver in low enough
volumes dilution of concentrated alumwas achieved by mixing equal volumeslefonized water,
andpH maintainedess thar3 to ensure hydrolysis would not occur priordoagulantinjectioninto

the source water stream
3.4.3 Water quality and filter parameters

3.4.3.1 Headloss

Filter headloss was continuously monitored with a differential puesgiauge (Omega Engineering
Inc., Stanford, CT, model numid@X771AL00WCDI)Headloss was manually verified by measuring
the liquid differential level between the filter column overflow and liquid level infiter effluent

site glasdocated immediatly upstream of thefilter discharge flow control valves

3.4.3.2 Filter column effluent flow rate

Pilot filter columneffluent flow rates werecontinuouslymonitored downstream of themanualfilter
effluent flow control valves withrainsertion magnetic flowmet (Omega Engineering Inc.,

Stanford, CT, model number FMG 3@2R). Flows were set at the start of editier column test to
reach the specifiefilter startup hydraulic loading limii.e., 15 n¥m?hr). The selected loading rate
represented a worstase scenario for velocity and shear forces across the filter media grains, which

would require ideal attachment mechanics to retain particles during the pilot filter trials.

3.4.3.3 Sample flow

Sample water was collected downstream of the filter efflueffdw metersand transported to the

filter effluent analyzersvith peristaltic pumpsvia flexible tubing connected to the drain header of
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each filter A single peristaltic pumfitted with a multiheadroller wasused to send identical flows
from individual filter columrsto their respectiveurbidimeters. Similarlya secondnulti-head
peristaltic pump was used to sendraple flowsfrom each filter column to their respectiyaarticle
counters Filterinfluent water was intercepted above the filter medram filter column number
two and sent toa dedicatedurbidimeter and particle countensingthe same peristaltic pump
headsas the filter column effluent sample$lowratesthrougheach of the turbidimetersvere set

at 250 ni/min, andflows through eah particle countemwere set at100 ml/min, as per the analyzer

manufacturers recommendations

3.4.3.4 Particle Counts

Filter influent and effluent particle counts were monitoratllizing continuous online analyzers

The particle counters (HACH 2200 PCX Particle Counter, Hach Co., Loveland, CO.) measured total
particles from 2750um, with the data reported as total number of partickgg um per mL (i.e.,

NP/mL). Datawere collectedby the main WTP control system aato 20mAsignalloop, with data
points stored every 30 secondEach particle counter was calibrated-site by industrycertified
instrument technicians Standard protocols were used to calibrate and verify particle coungers
recommended by the maufacturer. Calibration was achieved by passing maiperse polymer
microspheres (Duke Scientific Corporation, Palo Alto, CA.) through theGalibration verification

was achieveas perHach documentgAnalytical procedures 2200 PCX Particle Caunparticle

counter performance verificatian document numbe2804389.

3.4.3.5 Turbidity

Filter columninfluent and effluent tirbidity wasmeasuredusing online turbidimeters (HACH Model
172CE, Hah Co., Loveland, CO.) that were calibrated with dilute formazapensionso USEPA
Method 180.1: Determination of Turbidity by Nephelometry, witfierence toStandard Method
2130B(Eaton 2005) Validation of all turbidimeters was perfoed dailyagainsta benchtop

turbidity analyzer (HACH Model 2100MNach Co., Loveland, CO.).
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3.4.3.6 Chlorine

Free chlorine residual was monitoratithe constant head tan&uring each pilot filter ruriollowing
equilibration of chemical feed#irough the consant head tank (i.e., alunpolymer,andsodium
hypochlorite) An amperometric titrator (Vallace & Tiernan, Series A7#¥oqua Water
Technologies, Pittsbulg PA) was used to testor free chlorine residuabperated in accordance
with Standard Method 480-Cl D(Eaton 2005)

3.4.3.7 pH

Source water pH wagcorded continuously from the fudicale WTP onlingH probes (HACINModel
DPD2P1 Hach Co., Loveland CQvjth an accuracy af 0.02 pH units The online pH probe was
calibrated weekly based on Standard Methi&D.1(Eaton 2005)by certified instrument

technicianswith a measuring range of 0 to 14 pH units

3.4.3.8 Zeta potential

The &ta potentialof source and chemically pretreatedhter matrices was analyz¢Malvern
Instruments Ltd., model ZetasizWano Z Worcestershire, UK)Source watesamples were
collectedat the pilot plant transfer pump. @mically pretrea¢d water samples were collected
from the pilot plant constant head tankollowingequilibration of alum coagulant and polym@or
each of the tested chemical combinationisiut prior to startup of chlorinedosingto the constant
head tank Sample collection foreta potentialanalysisvas performedprior to chlorinationto
match the chemical addition regime more closetythe online zeta potential sampling point on the

full-scale pretreatment facility

Samples were transferred the onsite laboratoryn 250 mL Nalgene bottles for analysis within one

hour of sample collection.
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Table3.3 summarizes the internal settings of the benchtop zetasiddre zetasizewas maintained

and verifiedby themanufacturef @presentative at the frequencyrecommendedoy the

manufacturer.

Table3.3 Malvern Panalytical BnchtopzetasizerNano 2 instrument configuration

SETTING PARAMETER SELECTION
Sample Dispersant: Water
General Options Model: Smoluchowski
Viscosity: Dispersant
Temperature: Manual Daily source water
temperature
Cell: Disposable capillary DT
1070
Measurement Duration: Automatic
Number of measurements S
Delaybetween measurements 0
Advanced: Auto attenuation: Yes
Auto voltage: Yes
Data Processing Analysis model Mixed Mode (M3)

3.4.4 Data collection & analysis

3.4.4.1 Direct Filtration pilot column study data collection

In total, 48 direct inlindiltration trials were conductedisingvarying dosages of coagulant and

polymer(Appendix B) Filter run parameters were recorded from the pilot plant online analyzers for

each filter run and automatically saved by the main WTP control system for ldgeex@action.

Saved parameters included tag-filter (TOF) turbidity TOF particle count, fét effluentturbidity,

filter effluentparticle count, filter flow rate and headloss through each filter.
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Filter rure were analyzed to determine basic filtanr characteristics. Run characteristics included
calculation of ripening times, ripening volumes, run termination times, UFRV at time of run
termination, and cause of run termination (i.e., turbidity breakthrough, particle count breakthrough,
or headlosexceedance)The stable operating period began once both filtered water turbidity
reachedXt).1 NTU and total particle counts greater thapr@ reached0 NP/mL. Run
terminationoccurredwhen any of the following conditions wereet: (1)headloss reaatd 2.0 m,
(2)turbidity reachedk0.1 NTUor (3)total particle counts greater than |2m reachedk50 NP/mL.

Where filter runs were unable to reach the ripening criteria, a UFRV of zeraseds

To determine whether zeta potential could be used asetljgtor of filter performance (in a direct
inline filtration setting), filter runs were compared to determine relative performance at each

chemical doseombination The following analyses were performed

(1) Comparison of alum dose versus UFR\¢pastant polymer dose

(2) Comparison of polymer dose versus UFRV, at constant alum dose

(3) Assessment of normality and standard deviation for raw water zeta potential samples
(4) Comparison of zeta potential versus UFRYV, at constant polymer dose

(5) Comparison bzeta potential versus UFRV, at constant alum gasd

(6) Assessments of normality were conducted on source water zeta potentiangH
temperatureto ensure minimalmpactto coagulant demands throughout the tripériod.

This was done through leastuaresand ANOVA analygiappendixC).
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4 Results and Discussi on

4.1 Phase 1 Results and Discussion

4.1.1 Objective 1. Identification of operating conditions to connect coagulant

dosing to filtration performance
GCombined flter performancetrendswere usedto visualize average and terminal turbidity and
particle count data.The green shaded zones within tRgure4.1 charts represent the target filter
performance criteéia for each parameter (<ONTU, or <SANP/mL). Yellow shading represents the
performance zone which exceeds the operational setpoimis remains within regulatory limits up
to the automated filter shutdown setpoint (<0.25 NTU). The red shading repiesnacceptable
filter performance valueghat will trigger a filter bed shutdown (>0.25 NTU, or > 50 NP/mL).

The dashboards providefiast step toquickly view ando identify periods of time where filter
performancemay beabnormalor trending towards amndesirable state Because of data handling
limitations, chartsare constrainedto 30-day increments.Thirty days allovg for a reasonable
amount of time to sedongerterm trends in filtered water quality, where slowly changingisme
water chemistry could result ingradualdecline in filter performancewithout correction by
chemical adjustmentFigure4.1 shows the compositetime-seriesoutputs forfilter performance

dashboardduringa select30-daywindow.
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Figured.1 Combinedfiltered water performanceresultsfrom all online filters. Daily averageand
terminal values forturbidity (Panel AJand particle count(Panel Bare illustrated over
a 30day period

The dashboardhownin Figure4.1 illustrates howa composite trend can be used to identify periods
of potential filter stress for further investigation. In this exampéntinal filtered water turbidity
remained close to th average turbidity for the runs represented. However, terminal particle counts
deviated significantly from thaverage run performance. The high terminal particle coumald
indicatethe potentialthat certain filters experiencednset of breakthrouglior those days The
maximum turbidityline fromPanelA maybe cause foconcern but may also represerintermittent
data spikes from particles detaching freaample line walls to cause temporary increases in
turbidity.
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Figure4.2 Averageturbidity (Panel Aland maximumturbidity (Panel B¥rom individual filtersover
the evaluated period Gyclical trending of daily averageand maximum turbidity
observed on alternating days corresponded to backwagripds. A limited number of
filters are shown on each panel for clarity.

Compared to more typical combined filter effluent water quality charts such as those shown in
Figure4.1, individual filter effluent water quality charts provide a more detailed breakdown of run
parameters for each filter on a given dalgereby allowing greater resolution of potential challenge
periods. Therends inFigure4.2 show a slight cyclical oscillation in the daily average filtered water
turbidity. The maximum daily readings for filtered waterbidity (PanelB)illustratesa much higher
apparent cycling thaobserved with theaveragefiltered water turbidity(PanelA). The cyclical

nature of the maximum turbidity trending would indicate issues with either filter ripening,
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breakthrough, or recuing turbidity spikes pasginthrough the analyzers, and reqesfurther

investigation to determine the root cause.

Thedaily standard deviatiorirom individualwater qualityanalyzes is captured ifrigure4.3.

Analyzer variabilityprovides a means to target specific filte(er analyzerythat exhibit higher than
normalvalue changes throughout the dayhichcould beindicative offilter performanceor

analyzer quality control issuesligh sandard deviations which exceed values observed on adjacent

filters, could be flagged for further investigation into the source of the variability.
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Figure4.3 Daily analyzerstandard deviations forfiltered water turbidity (Panel A)and particle
counts(Panel B) High analyzer standard deviations, when compared to adjacent filters,
are illustrated for the selected time periods for further investigation.
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The oscillations obseed inFigure4.2 for the combined filters, aralso fourd inFigure4.3 for

stardard deviation on individual analyzerExamination of filtered water particle count and
turbidity standard deviation cahe used to identifyspecific filtersfor which KPlare highly variable
on a given day, when plotted alongside other filteAdthough some oscillation is expected from
filter ripening, where water quality improves steadily during the initial hours of the filter run cycle,
the difference between the observed beds remamgh. Heightened variability on both turbidity
(PanelA)and paticle count(PanelB)indicate a potentially problematic filter which requiirther

investigationto rule out orto confirm a filter performanceelated issue

Based on the timdramesof suspected water quality issuaentified in the filter dashboards

Figured.4 representdfilter trending directly from the WTP data historiaRecorded filter opeating
parametersare overlain on a timeseries plot to visualizactualfilter performancethroughout the

time range selectedFigure4.4 illustrates an example of pograrticle attachment to the filter

media, as demonstrated by early and repeating turbidity and particle count breakthrough at the end
of each filter run. Of note, is that although there is a rise in turbidity and particle count values near
the end of thefilter run, the regulatory parameters for filtered water turbidity were not exceeded
(i.e., turbidity remained below the regulatory threshold of 0.3 NTU at all times). Subsequent
changes to coagulant dosage were able to rectify the turbidity breakthrbyghe time of the final

filter run illustrated inFigure4.4. Early filtered water particle count and turbidity breakthrough is a
condition that requires correctiondfore regulated limits are exceeded, as latm turbidity and

particle breakthrough correlates to increased pathogen transport through the filter n{etliek et

al. 2002; Emelko et al. 2003; Campbell et al. 2014)
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Figure4.4 Online filter run datafrom the WTP SCADA systentime range ifased on the time
seriesobserved inFigure4.3. End of run breakthrough was evidebised on increase
of terminal turbidity and particle couns. Subsequent increasgo coagulant dosge
eliminated the terminal breakthrouglconditions and improved the UFRYV results.

Figured.5illustrates howadditional issues can hdentified by overlayingparametersother than
just water quality indicators. Filter loading rgtar flowrate per unit area per hour, #fm?%hour) is
included tonote how the impact ofabruptflow rate changesluring the filter run carincrease the

severity offilter breakthrough eventss filters near the breakthrough period of the filter run
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Figure4d.5 A Filter experiencingend-of-run turbidity and particle counts breakthroughis
illustrated. Online analyzertime-series trending shows emerging breakthrough
conditions, evidentby the increasingly high turbidity and particle count valuegtected
on filter effluent with each subsequent surge in filtered watdlow rate.

The single filter run sequence illustratedrigure4.5 shows the impact of frequent filter flow

control valveoscillations, as the control system attempts to automatically maintain a flow setpoint.
Particle count and turbiditipreakthrough are seen emerging near the end of the filter run. As onset
of breakthrough begins, each valve movement and subsequent surge in filter flow rate displays
increa®d turbidity and particle count passage into the filtered water clearwelshtuld be noted

in this case, that turbidity changes at levels less than 0.1 NTU are more difficult to detect without
detailed trending, when compared to particle count increases during filter breakthrough
development. During the initial turbidity surgeshe turbidity levelsincreased above stable

operating leveldy only approximately0.0L NTU(i.e., from 0.025 NTU to 0.035 NTuhile particle
counts surged by up to 39P/mL(i.e., from 1 NP/mL to over 30 NP/iyfor each flowsurge The

higher relative bange in particle counts make it easier to detect change than for turbidity.

Figured.5illustrates the difficulty in reliance on turbidity alone to detect the onseffitter

breakthrough, where both particle count and turbidity remain well below operatisegdointsbut
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displayincreasingly more severe breakthrough peaks with each subsequent hydraulic disturbance

through the filter.

4.1.2 Objective 2. Evaluation of online monitoring tools for use in prediction of
filterability

4.1.2.1 Online zeta potential analysis

Zeta potential results from full scale WTP datere evaluated as a potential CCP for connecting
coagulation and particle destabilization to filter run performanca.itd most simplistic form, utility
operators can monitor zeta potential tresdb identify whether coagulation chemistry hakifted,

or chemical dosing has been interrupted, and bring the system back to an optimal zeta potential

State.

Zeta potential dservations on the test site coagulated watlsmonstratehigh variabilitybetween
individual sample resultsvhere individual step change$ten exceed one standard deviation from
the mean(Figure4.6). To enable further statistical analysis, conformance to a normal distribution
can beevaluatedon a statistical quality control (SQC) cha#t noAnormal distribution would

render the zetgpotential data unusable for statistical analysisthout further manipulation to

transform them into a normal distribution.
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Figure4.6 Statistical Quality Control (SQC) plot generated by the WTP SCADBfensyfor
coagulated water zeta potentialuring stable water quality conditions Eachof the
horizontal colored barsoverlain on the trendlinerepresent1-standard deviationfrom
the mean. A normal distribution of results is illustrated during stable veatquality
conditions over the selected time periodased on theinset histogramplotted with the
expected+3 standard deviatiomormal distribution curve

Figure4.6 shows a histogramand trendlineof coagulated watereta potential valuesprior to

polymer additiontaken during a window of stable operating conditiori3ata from the selected

time periodappeaed consistent and followd an approximately normal distributioribased on the
histogram results However, a high standard deviation was obserfied, where adjacent data

points often exceed one standard deviatian more), which suggestthat a lage number of

samples would be necessary to generate a more precise average zeta potential value over a longer
time period. The zeta potentiadf both coagulated andncoagulated(i.e., source wateryamples

had high standard deviatioover all of the sesons that were evaluated

Sharp, transientlropsin coagulated water zeta potentialere observedon several occasionsThe

low values represented periodakiring whichthe pretreatment trains were stopped and restarted
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thus impacting coagulation effectivenefes particle destabilization The éngth of thecoagulant

dosinglines(i.e., distancédetween the chemical control valves and dosing pQirgsulted inseveral

minutes of transit time and hencealagperiod, betweencoagulantsystem startupand chemicalto

reach te dosing point These decreasem zeta potentiavaluesduring treatment train startups

closely matched theaw water zeta potentiavaluesand thus indicatedunder-coagulation Further

analysis showed that each of these startup periods resulted in a subtle, but measurable increase in
filtered water turbidity when thepoorly destabilizedvater passed througlthe filter media The
increased turbidiy remained below regulatory limits for all filters impacted. Zeta potential

monitoring, in this case, allowed for detectiand correctionof a potential risk to water quality and

pathogen transportesulting fromsub-optimal pretreatment chemistry(Figure4.7).
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Figure4.7 Timeseries illustration (from SCADAPf impacts on filtered water tubidity due to

temporary interruption of coagulant dosing (i.e., during startup of individual SBF
clarifierst shown by the verticated line), whichresulted inatransient volume of water
reaching the filtersthat exhibited poor particle destabilization. The time between

clarifier startup and temporarysurgein filter effluent turbidity matched the hydraulic
transit time for the poorly destabilized particles to reach the filters.

72




The SQC plot shown Figure4.8 represents a period of source water quality chemical change which
did not follow a normal distributioffillustrated by the histogram plaiverlain with the sixstandard
deviationprobability airve embedded withinFigure4.8), as coagulated water zeta potential
increased by a measurable amount over a short period of tifrfee abrupt change in source water
quality (i.e., without changes to pretreatment chemical dosing) resulteddouble-peak histogram

for source water zeta potentialyhich resulted from thelimb in zeta potential, represented by a

nearly sixstandard deviation change in zeta potential foe time period analyzed.

SQC Plot - Actiflo 2 & 4 Zetasizer --> 30 minute averaged samples : [X - Bar]
Chart Tag: GM PTF ZETAPOTENTIAL (MV)
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Figure4.8 Statistical Quality Control $QQ¢ plot generated by the WTPSCADA systenfor
coagulated water zeta potentiatiuring changing water quality conditionsHighlighted
periodin redillustrates increasing zeta potential duringsource water quality change,
in absence ofpretreatment chemical adjustments Without chemical adjustments
during shifting source water qality, poor particle destabilizationand early filter
breakthrough can occur. The embedded histogram illustrates the deviation of zeta
potential distributions away from theexpected normal distributionrshown by the solid
line within the histogram. The sfting zeta potential pattern(i.e., away from normality)
indicatesthat a change haoccurred in the coagulated water chemistiyot explained
by normal variation
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For the same time period illustrated Figure4.8, zeta potential values for coagulated water were
plotted alongsiddfilter effluent turbidity and particle courst in time-series, to detect filterability
changes at varying coagulated zeta potential valiégufe4.9). This was done to determine
whether the changing zeta potential values would create a detectable change in filtration

performance, under changing ramater quality conditions.
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Figure4.9 Time seriesSSCADAchematicillustrating development ofterminal filter breakthrough
during periods of increasing coagulated water zeta potentiah single filter is sbwn,
with turbidity and particle count ripening peaks removed for clarity. Filtered water
turbidity remained below 0.1 NTU at all times for all filters during the onset of
breakthrough, while particle counts exceeded 300 NP/mL, in some cases. Online
coagulated water zeta potential values (black) ranged fror6.3 to -9.1 mV, while
coagulant dosages (red) ranged from 26 mg/L down to 14 mg/L.

The evaluatiorof time-seriesfilter performancedatain Figure4.9 indicated terminal breakthrough

occurtingover consecutive filter runs. Analysisfitter effluent turbidity found a marginal increase
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in turbidity prior to filter run termination at values welbelow 0.1 NTUIn contrast filtered water

particle couns during the terminal breakthrough periods exceeded 300 NP/mL in certain filters.

Examination of filter effluenturbidity andparticle countdata as a function of zeta potential
providesa sharpe illustration of zeta potentialmpactson particle removal byiltration.
Breakthroughconditionsare pronourced at the more positive zeta potential valuas indicatedn
Figure4.10 andFigure4.11.
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Figure4.10 Filtered water particle couns (NP/mL, multiple filters ripening peaks removed for

clarity) plotted as a function of cagulatedwater zeta potential (mV). Thechart, output
by the WTP SCADA system, shows the coagulant dosage as blue ciR#gkiction in
particle counswasevident & the lower coagulant dosges whichcorresponddto the
more negativezeta potential values.Increased particle countat higher zeta potential
valuesindicate an over-coagulaton condition, resulting in restabilization of particles
and subsequent passage through the filtershis is corrected at the lowered coagulant
dosages.
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Figure4.11 Ritered water turbidity (NTU, multiple filters ripening peaks removed for clarily
plotted as a function of oagulatedwater zetapotential (mV), during the identical time
period illustrated inFigure4.10. The chart, output by the WTP SCADA system, shows
the coagulant dosage as blue circledlhe same surface charge conditiorikat had
resulted in filtered water particle count breakthroughRigure4.10), resulted in nearly
undetectable filtered water turbidityincreasesat similarly high(i.e., more positiveyeta
potential values.

Based on the elevated particle counts found at higher coagulated zeta potential vadiggtsonal
trends in filter effluentparticle counts as a function of zeta potential werammned. Example

trendsobtainedduringthe spring freshet seasaare shown irFigure4.12.
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Figure4.12 Filtered water particle counts (NP/mL, multiple filters, ripening peaks removed for
clarity) plotted as a function of coagulatedater zeta potential (mV)during the annual
spring freshet A wide range of coagulant dosages (blue) were required to maintain low
filtered water particle counts.Optimized ®agulated water zeta potential values ranged
from between-8 mV to-4 mV. Opimum filter effluent turbidity during the freshet
differed from results observed inFigure 4.10 and Figure 4.11, where early run
termination via particle count breakthrough occurred as zeta potential values increased
above-7 mV Figure4.10).
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Coagulant demands viad widelythroughoutthe periodillustrated inFigure4.12. Throughout all of
the coagulant dosing adjustmentstable filtereffluent particle couns wereachieved over the

entire range of zeta potential results encountered (nV to-4 mV). There appear to be other
mechanismsnvolvedwhichallowsfor good filtration resultsn the Figure4.12 time period

compared tathe time period inFigure4.10 whichexhibited high particle couns andbreakthrough

at more positive zeta potential value3.hese dta suggest that seasonal adjustment of coagulated

water zeta potentiatargetrangeis warrantedto maintainfilterability within acceptable limits

4.1.2.2 Comparison of online zeta potential to discrete lab analysis

Online zeta potential resulfsom the Malvern ZetasizerWiere compared tahose obtained from
grab samplesgvaluated witha benchtop zetasizer-igure4.13 includes the monthly averagealues
for online zeta potential alongside thmonthly average fograb sampleon coagulated waterprior

to polymer addition Both the online analyzer and laboratory analyzer incoafea the Malvern

Zetasizer Nano for sample analysis.
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Figure4.13 Monthly average zeta potential for coagulated wateError bars indicate one standard
deviation. Grab samplezeta potentialsare contrasted with those obtained using an
online zetasizer. Highestandard deviationand negative bias were observed in
laboratory analysisof grab samplegascompared to onlineanalysis)

Similar to the resultebservedfor zeta potential and coagulant dose, both the online and grab
sample zeta potential valuesflecteda decrease in zeta potentiaksociated with optimal filtration
performancebetweenspringand summer periods this may reflect shifts in bulk water quality and
differences in the distributions of individual particle zeta potentials that yield instrument readings
Nonetheless, the grab samplasad laboratory analysis here yieldednsistently loweindividual
andmonthly zeta potentialvaluesand higher standard deviaticsthan the corresponding online

ZetasizerWT Factors that mayave contributed to théab sample analysliasng low mayinclude
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unaccounted temperature effects, variable holding tinbetween sample collection and analysis

and/or variable sample vial agitation & mixing during transport.

Ascoagulant hydrolysis reactions occur on the scale of min{@esgory 2009)the increased
variability seen in the latratory analyzedamples resultsis reasonableasdelays between sample
collection andrunning the sample on the zetasizane inherently variable Extended holding times
prior to zeta potential analysillow additional time fosuccessiveoagulanthydrolysis reactions to
proceed. Sampleagitation and mixingluring transpot alsoact to increasearticle collision
frequency which would be expectetb enhancethe progression ohydrolysisreactions
(Amirtharajah et al. 1982jesuliingin an increasinglynore negative zeta potentialalueasthe
aluminum species beme lesspositively charged Converselythe continuous sample line flow to
the online analyzer provides consistent transit times and mixing energies for each sample ahead of
analysis.As a result of the large number of samples required to calculate an accweatage zeta
potential value when standard deviations are high, and gtheruncertainty in transport and
holding times from time of collection to running samples, this analysis demonstrate<stlaiae
on infrequent zeta potential grab samples for fittming coagulant dosagés lessoptimal than

reliance on online analysis.

The changes to optimal coagulation zeta potential readings overduggest theneedto either

establish seasonakta potential targets to optimize filtration performanoe obtain more accurate

zeta potential distributions Given the high level of effort to continuously create new zeta potential
targets, it would be simpler tevaluate filter effluent turbidity and particle counssa function of

zeta potential to ensure thdilter performanceremains withinoperational goals ancegulatory

limits (Figure4.10 ¢ Figure4.12). Thus, asource water quality shifts, WTP operators would be able
to adjust coagulant dosages to maintain the zeta potential ragésizedfor that season.Of

course, filter effluent turbidity and particle counts necessarily must serve as the primary metrics
used to finetune coagulant dosing; however, this analysis demonstrates thatptntial analysis

can be a useful tool in expediting that process, especially during rapidly changing raw water quality

conditions
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4.1.3 Objective 3. Application of monitoring too Is to achieve filter effluent turbidity
and pathogen reduction targets

To determine the suitability dflter effluentparticle countvaluesfor UCLdevelopment, average

particle count datadr specifiedJFRV rangesere calculatedovera series offilter runs spanning

one year Average particle count results for three selected UFRV ramigigis individual filter run
cycles were extracted anglotted in Figure4.14.
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Figure4.14 Seasonal variability observed for average particle count data within discrete UFRV
segmentsover sequential filter runsspanning one year Lowparticle countvariability
is observedduring cold water winter conditions (i.e., November through April) with

increasing variabilityevident through the warm water periods (i.e., May through
October)

The variabilityin filter effluent particle counsfor each of the UFRV segments investiggad
representing a one year period$illustrated inFigure4.14. In this figure, slection of the UFRV
ranges(i.e., the spacing between the points on the ordinate for whighability in particlecounts
was evaluatedjs arbitrary three values were utilized to determine particle cogonsistency at
different stages of the filter run cycléAlthough not shown heresmaller run segmentdid not yield

significant improvements to response characteristicganability.
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TheFigured.14 trend illustrates a long period of consistent particle counts through the winter
seasonNovember to April)followed by fluctuation during the warmeapring and summeseasons
(May to Octobe). The higherparticle count levels through the summer warm water conditions are
typical at the study site. Highesverall variability appears to correlate to onset of early spring
snowmelt, storm events and an annual freshet during the late June t@drityd. Each seasonal
change would have triggered coagulant dosage chamgssilting in some particle count variability
as dosages are optimizeéal the changing water quality conditiongJsing these data j)ssigma
methodologies were appliedtogene&t 'y ! / [ 2 o6FaSR 2y G(KNBIYaZEIOYRI
above the mean particle count valuderived from sequential data poin{gigure4.15). For
subsequent filer runs, any UFRV segment exceeding tiseggBa boundary could be alarmed and
investigated. Figure4.15illustrates how multiple filter runs are overlain to create a particle count
envelope, from which the standard deviation (yellow & green bars), as well assigena UCL (red

bar)were derived.
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Figure4.15 Statistical quality control chart developmenthroughout a filter run cycle A particle
count envelopeis built from prior in-control filter runs on a single filter bed Mean
particle count and standard deviatioms usedto calculatean upper control imit for
future filter runs on eachUFR\&ub-range Upper control limits are based on&andard
deviations above the meaparticle countof in-control runs

Historical filter runghat exhibited terminal particle count breakthrough were usedttst the
modelling results foearlydetection of breakthrougtiormation. The stressedilter runsin Figure
4.4 (Setion 3.3.2 were evaluated as a functiarf the UFRYparticle countrelationshipin Figure
4.16. Incorporationof smallerUFR\6egmentssusedhereto better definewhenonset of

breakthrough wa®ccurringbetweensubsequentuns.
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Figure4.16 Application of particlecount UCIQ on stressed filter runsAverageparticle countvalues
betweenUFR\&egmentsare illustrated. TheUCL iexceededor eachof the illustrated
filter runs, indicating a filter state that must be investigategrior to exceedance of
regulated water qualitythresholds

Figured.16illustratesthe progressively earlier and more severe particle count breakthrough over
two successive filter runs. The approximate point at which breakthroughsssarisible wha
average prticle counts deviate from prior ioontrol filter runsand exceedhe upper control limit
The earlier and more severe particle count breakthrolgween run 1 and run Bnpliesthat the
CAF processas worsening undethe givenwater quality conditios and would require a chemical

adjustment torecover control

A key limitation with comparison of raw particle count data is that each analyzer has slightly
differing calibration ranges and filter bed performance, which are not directly comparable. To
overcome that limitation, the particle count data for the run under observatiene converted to a
standard deviation valudased orthe particle count distributiorof the prior ideal filterruns. The

normalization of particle count data attenuates anffefences in analyzer response or relative
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differences in run performance betweditter beds. With particle count data Figure4.17

converted to relative standardaviations for eactuFR\6egment, the normalized result®uldbe

directly compared against any filter bed, with an upper control limit represented as a straight line.
Once the filter run standard deviation crosses the UCL threshold, the filter should be investigated or

shut down for backwash.
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Figure4.17 UFRVas a function of filter effluentparticle count standard deviatiorbetween UFRV
segments based on data illustrated irFigure4.15 and Figure4.16. Resultsfor each
UFRV segmerdre normalized based othe distribution of particle count dataof prior
idealfilter runs. Normalization of particle courgr datato standard deviation allows for
comparison of performance betweernnalyzers of varying calibration rangeand filter
beds with differing run performance

A number of assumptions and limitations are evident from the analysis. As filteprogiess
through their stable operating period, &t effluentturbidity and particle count continuegto
improve with time, as particles attach to one anotimeore efficiently As a result, @on-normal
distribution of particle count datavasformedwithin eachUFRV segment. However, the

improvement in water quality is generailyconsequentiatompared tathe particle countvariation
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observedbetweenidealfilter runs; therefore, it wadgnored for this analysis. Additionally, with
sufficiently small BRV segments, the subtle improvement in water quality is insignificant compared
to changsin filter effluent particle couns when filtersexperience termina¢énd-of-run

breakthrough.

5dzNAy 3 aStSOGA2Yy 2F GKS ARSI eZobseiNdd Ge@2hg anNBf f ¢  NIzy 2
each run may exhibit early signs of breakthropigit remain within acceptable limits. Beldhe

cut-off point triggering a backwash (i.e., <S®/mL) these runsvereA Yy O2 N1LJ2 N>} 6§ SR Ay d2
run profilesto increase the3-sigma thresholdi.e.,althoughthe increased variability of data points

increased thestandard deviation, and hence the U@iey were included if they fell within the

existing 3sigma boundary Of coursethresholds can be adjusted by tuning theoaled variability

to be incorporated into theéange of acceptable valuegdditionally,in situationssuch as those

shown inFigure4.14, conditions such as seasonalitfyparticle count dataequire that the particle

count envelopdor each UFRYV randee updated on aoutine basis. In such cases, the ideal filter

run envelops will require routine updates with optimized filter runs, either through continuous

incorporation of filter run values within standard deviation limits, or by rebuilding profiles, such as

when an analyzer realibration results in a step change in padicbunt values. This issue can lead

to false alarms for the first several runs following analyzer recalibratiBeestablishment of

particle count ranges should resolve within a few backwasbetalarms could be suppressed until

at least three consadive filter runs are available to establish a new UCL. Alternatively, the average
standard deviation of adjacent filters could be used to determine an interim standard deviation

the affected filteruntil a minimal number of filter runs are completéalre-establish its own filter

run particle count envelope

Although he @ntrol chartsdeveloped foithe completion ofObjective 3wvere successful in
detectingfilters which exhibitedfilter effluent particle breakthroughthe number of test runs were
limited to the knownperiods of filter breakthrough illustrated through Figufeigure4.1 through
Figure4.9, which exhibitedilter effluent breakthrough The large data setand computer rurtime
required to(1) synthesize the itontrol runs and (2) analyze each filter run segnmrer

consecutive fikr runs,limited the number of test scenaria@ble to becompleted during this study.
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With sufficient computing powetthis approach may be used for continuous improvement of filter
performance. Importantly, this type ofcontrol chartapproachprovidesa compact and concise

check on performance of the many critical control points monitored by operators, that may or may
not have been picked up otherwise. As operaigas insight fronthe control charts, thewill be

able to see the immediate impacts dfeir control decisions on filter performance. The added
resilien@ is especially important in systems susceptible to climate change, vdaichiesult irrapid

or unforeseen swings in background chemistry and filtration performémaerequires operator

intervention to correct

4.2 Phase 2 Results and Discussion (Obijective 4)

4.2.1 Directin -line filt er column trials experimental observations

Pilot plant source water quality remained generally consistent throughoubDtfeials, based on

the following parameters ifable4.1 (Wang et al. 2018)

Table4.1 Source water qualityrangesover duration ofdirect in-line experimentaltrials.

PARAMETER VALUE UNITS
Temperature 3.3£29 °C
pH 7.7£0.1 -
Turbidity 15+03 NTU
TOC 12+04 mg/L
(UVass) 0.013 £ 0.004 cm?
Zeta Potential -11.8+1.89 mV

Directfiltration trials for eaclalum coagulant and polymelosage combination were run
concurrentlyin triplicate filter columns.Zeta potential of water in the constant head tank, FTW

volumes FTW ripening timedilter run times filter run termination criteriaand filter UFRV for all
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pilot columnchemicalcombinationswvere evaluatedTable4.2). For comparison,ull scale WTP

water gqualityconditions ancchemical dosagesre also summarized iffable4.2.

Table4.2 Direct intline filter column trial results summary

Filtration conditions _ Direct In-line Pilot Column Results Main WTP Data
Effective Influent WTP

R Polymer Ripening Effective Effective  Effluent TOF Zeta| Zeta Influent WTP Alum Polymer Influent
U|Alumdose dose Time runtime RunEnd UFRV  Chlorine Potential | Potential  Turbidity — dose dose Temperature Sample Datf
N[ (mg/L) (mg/L) (min) (hrs) Criteria___ (m°im?) (mg/L) (mV) (mV) (NTU) (mg/L) (mg/L) Influent pH (°C) (DD-MMM-YY
1 0.0 0.000 DNR 0.0 Turbidity 0 0.9 -12.18 -12.00 13 12.0 0.11 7.55 0.9 29-Jan-16
2 0.0 0.024 DNR 0.0 Turbidity 0 1.0 -10.98 -12.70 1.3 12.0 0.11 7.70 0.9 12-Feb-16
8 0.0 0.048 DNR 0.0 Turbidity 0 0.8 -11.28 -11.90 17 12.0 0.12 7.84 85 18-Mar-16
4 0.0 0.072 DNR 0.0 Turbidity 0 0.8 NS NS 13 12.0 0.11 7.83 3.2 15-Mar-16
5 0.0 0.096 DNR 0.0 Turbidity 0 0.9 -13.64 -14.30 17 12.0 0.12 7.85 3.7 19-Mar-16
6 0.0 0.144 DNR 0.0 Turbidity 0 0.8 -10.30 -11.50 16 12.0 0.12 7.85 3.7 20-Mar-16
7 0.0 0.216 DNR 0.0 Turbidity 0 0.8 -7.90 -11.40 1.9 12.0 0.12 7.85 Y4 20-Mar-16
8 1.0 0.024 DNR 0.0 Headloss 0 0.8 NS NS 15 12.0 0.12 7.79 2.1 5-Mar-16
9 2.0 0.024 266 17.9 Headloss 225 0.8 -9.60 -12.10 16 12.0 0.12 7.80 2.2 6-Mar-16
10| 2.0 0.048 38 15.3 Headloss 188 11 NS NS 1.6 12.0 0.12 7.82 2.9 12-Mar-16
1ﬂ 3.0 0.000 DNR 0.0 Particles 0 1.0 -10.30 -12.00 1.4 12.0 0.11 7.74 2.0 15-Dec-15
12 3.0 0.024 66 14.7 Headloss 193 1.4 -10.10 -12.00 1.3 12.0 0.11 7.71 0.9 16-Feb-16
11{ 3.0 0.036 44 815! Headloss 179 0.9 -10.60 -11.80 S 12.0 0.11 7.76 1.7 29-Feb-16
14 3.0 0.048 40 12.3 Headloss 166 0.9 -10.01 -11.10 13 12.0 0.11 7.74 14 24-Feb-16
lj 3.0 0.072 14 11.9 Headloss 159 0.9 NS NS 15 12.0 0.12 7.73 1.3 23-Feb-16
16 3.0 0.096 34 9.1 Headloss 122 0.9 -8.24 -12.20 1.4 12.0 0.11 7.74 14 25-Feb-16
171 3.0 0.144 17 6.3 Headloss 82 1.0 -4.56 -11.20 13 12.0 0.11 7.70 0.9 11-Feb-16
18| 3.0 0.216 28 52 Headloss 70 0.8 -2.11 -11.10 1.4 12.0 0.11 7.75 1.5 26-Feb-16
1q 6.0 0.000 DNR 0.0 Particles 0 1.0 -8.54 -12.50 13 12.0 0.11 7.34 0.9 9-Feb-16
20| 6.0 0.024 25 3.1 Particles 44 0.8 -10.03 -13.20 1.3 12.0 0.11 7.71 1.0 17-Feb-16
Zﬂ 6.0 0.048 16 7.0 Particles 90 1.3 -9.38 -10.90 1.6 12.0 0.12 7.82 2.8 11-Mar-16
22l 6.0 0.072 13 9.8 Particles 124 1.2 -9.41 -9.87 15 12.0 0.12 7.78 1.9 3-Mar-16
2:# 6.0 0.096 12 8.6 Headloss 114 0.9 -9.13 -11.80 S 12.0 0.12 7.77 1.8 1-Mar-16
24 6.0 0.144 11 8.1 Headloss 102 0.8 -5.22 -11.50 1.4 12.0 0.11 7.56 0.8 1-Feb-16
2# 6.0 0.216 10 5.6 Headloss 71 iL5 -4.15 -12.50 1.6 12.0 0.12 7.78 1.9 3-Mar-16
260 9.0 0.024 DNR 0.0 Particles 0 0.8 NS NS 17 12.0 0.12 7.81 2.7 10-Mar-16
271 9.0 0.048 13 3.8 Particles 51 1.2 NS NS 0.8 12.0 0.12 7.80 2.3 7-Mar-16
28 9.0 0.072 9 21 Particles 29 0.8 -7.79 -13.20 1.6 12.0 0.12 7.79 2.0 4-Mar-16
Zq 9.0 0.096 12 4.1 Particles 54 0.8 NS NS 17 12.0 0.12 7.81 2.7 10-Mar-16
30| 9.0 0.108 10 5.2 Particles 66 0.9 NS NS 1.6 12.0 0.12 7.83 3.1 14-Mar-16
Sﬂ 9.0 0.120 11 5.7 Particles 73 1.0 NS NS 17 12.0 0.12 7.81 2.5 9-Mar-16
32l 9.0 0.144 8 6.8 Headloss 87 0.8 NS NS 1.4 12.0 0.11 7.75 15 26-Feb-16
3:# 9.0 0.216 9 5.8 Headloss 75 0.8 -4.14 -11.90 16 12.0 0.12 7.79 2.0 4-Mar-16
34 120 0.000 DNR 0.0 Particles 0 1.0 -6.61 -12.50 13 12.0 0.11 7.57 0.9 8-Feb-16
35‘ 12.0 0.024 DNR 0.0 Particles 0 1.0 -7.96 -12.10 13 12.0 0.11 7.72 1.0 18-Feb-16
360 120 0.048 DNR 0.0 Particles 0 0.8 -8.44 -13.80 17 12.0 0.12 7.81 2.7 10-Mar-16
371 12.0 0.072 11 15 Particles 19 0.8 NS NS 16 12.0 0.12 7.84 3.4 17-Mar-16
38 12.0 0.096 11 2.2 Particles 29 0.8 -6.92 -13.10 1.6 12.0 0.12 7.84 3.4 17-Mar-16
Sq 12.0 0.120 9 2.4 Particles 31 0.9 -5.34 -11.50 7.83 3.1 14-Mar-16
40| 12.0 0.144 7 2.4 Particles 33 0.8 -4.56 -12.90 1.6 12.0 0.12 7.77 1.8 2-Mar-16
4ﬂ 12.0 0.216 9 53 Headloss 70 0.8 -2.88 -11.50 16 12.0 0.12 7.77 1.8 2-Mar-16
421 18.0 0.000 DNR 0.0 Particles 0 1.0 -6.13 -13.10 1.4 12.0 0.11 7.57 0.8 5-Feb-16
4:# 18.0 0.024 DNR 0.0 Particles 0 0.9 -5.78 -12.40 1.3 12.0 0.11 7.73 1.2 21-Feb-16
44 18.0 0.048 DNR 0.0 Particles 0 1.0 -3.82 -11.30 13 12.0 0.11 7.73 13 22-Feb-16
4& 18.0 0.072 DNR 0.0 Particles 0 0.8 NS NS 1.6 12.0 0.12 7.83 32 15-Mar-16
46  18.0 0.096 DNR 0.0 Particles 0 0.8 -3.62 -11.40 16 12.0 0.12 7.83 3.2 15-Mar-16
471 18.0 0.144 11 0.7 Particles 10 0.7 -3.34 -13.40 18 12.0 0.12 7.86 3.9 21-Mar-16
48 18.0 0.216 20 1.3 Particles 19 0.9 -4.44 -11.20 1.5 12.0 0.11 7.76 1.7 29-Feb-16

TOF = Top of Filter

DNR = Did Not Ripen

NS =No Sample
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4.2.2 Directin -line filtration experimental results

Alum and polymer doses are the independent variables that were adjusted during the ditieet in
filtration experiments, with the objective of  EA YA T Ay 3 FA £ ( Tkl resuitSife R a
trendedin three dimensions ifrigure4.18to visualze the impacbf eachchemical dosagehange

on maximumUFR\production.

Alum Dose
(mg/L)
2
3
6
9
12

o
=
£ Polymer Dose (mg/L)

Figure4.18 Direct inline filtration trial summary. UFRVs obtained by pilegcale direct inline
filtration of water pre-treated with various combinations of alum and polymer for
particle destabilization. Each chemical pteeatment combination was investigated in
triplicate.

At the loading rates investigated, the filtensere unable to ripen without some combination of both
coagulant and polymerChemical combinationthat were unable tareach thefilter water quality
performancecriteriawere assignetFRWaluesof zero. Maximum UFRWalues for all trial
conditions wereachievedat the lowestchemical dosageombinationghat were able to meethe

filtered water qualityperformance criteria

Relative impactson filter productionwere assessedeparatelyfor eachindependent variable(i.e.,
coagulant and polymer do}with the opposingndependent variabldeld constant(Figure4.19 A-B
andFigure4.20 A-B). UFRV was then evaluated as a function of these independent variables to

identify optimal filter performance, and to evaluate impacts on filter ripening times
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Figure4.19 Direct inline filtration trial results, with polymer dose plotted as a function of UFRV
wherealum dosagesvere held constant PanelAillustratesimpacts to relative ripening
times, with larger circles representingonger ripening periods PanelB illustrates the
sensitivity of increasing polymer dosagesThe shaded areas illustrate theange of
chemical dosages required to maximiz¢-FRWield (i.e., the data points surrounding
maximum UFRYV for eactoagulant dose) At low chemical dosages, UFRYV is hégh
but can sharply decline with minimal changes to particle destabilization. The idaah
dose appears to occur betwee® mg/L and 6 mg/L to maximize production, minimize
filter ripening time, and increase the stability gbarticle destabilization to changing

conditions.
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Byviewingpolymer dose as the independent varialeFigure4.19-Aand B amaximumUFRYV is
visible for each coagulant dose profilgnder steady state and low coagulant dosage conditions
(i.e.,2-3 mg/L), UFRV values increase quickly to their maximum observedwitiidnly minimal
polymeradded(<0.05 mg/L).Further increases to polymer dosage result in a dedliJFR\ield.
Figure4.19-B connects the maximum filter yields feach of thecoagulant dose profiles to illustrate

a loss in maximum filter yield above the minimum coagulant dose tested (i.e., 2 mg/L aksm)
coagulant dose is increasgdigher levels of polymer are required to achieve a maximum filter yield
at the expense of increasingly lower UFRYV yieldse alum dose can be deduced frétigure4.19

by following the shaded bands for each alum dpesfile, which surroundhe maximum UFRV

points for eactcoagulant dosage profileAlthoughthe alum dosages at-3 mg/L yield the highest
UFRVthe particle destabilization appears very sensitive to disruption, and requires tight control of
polymer tomaintain UFRYV level#\ coagulant dosagbetween3 mg/L and 6 mg/L appears to be
optimal, where the shaded bands kigure4.19widen out, such that increases or decreases in
polymer have a smigr effect on UFRV values. Maximum filter production is somewhat reduced,

but particle destabilizatioappears tabe easier to control with polymer.
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Figure4.20 Direct inline filtration trial results, with coagulant dose (i.e., alum) plotted as a function
of UFRV, whergolymer dosages were held constant. Panel A illustrates impacts to
relative ripening times, with larger circles representing longer ripening jpels. Panel
B illustrates the sensitivity of increasingpagulantdosages. The shaded areas illustrate
the range of chemical dosages required to maximize UFRYV yield (i.e., the data points
surrounding maximum UFRYV for each coagulant doseyident here isa UFRV plateau
formed with increasing polymer dosagkands. The purple banding (i.e., 0.072 mg/L
polymer) appears ideal to maximize UFRX coagulant levels betweer8-6 mg/L.
Particle destabilization appears sensitivat dosages below @72 mg/L, resulting in
narrow UFRV peaks, indicatirgyisceptibility to subtle changes in source water quality.
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By viewingcoagulantdose(i.e., alum)as the independent variable Figure4.20-A and B, a

maximum UFRYV is visible for egailymerdose profile. Figure4.20-B connects the maximum filter
yields for each of the polymer dose profiles to illustrate a loss in maximum filter yield above the
minimum polymer dose tested (i.e., 0.024 mg/Under lowpolymerdosage conditions (i.€0.024
0.048mg/L), UFRV valuescirase quickly to their maximum observed yields with only minimal
coagulantadded (8 mg/L). Further increases twagulantdosage result in a decline in UFRV yield.
Asalumdose is increased, higher levelspoflymerare required to achieve a maximudfRV, until a
UFRYV plateau is reachedheoptimal polymerdose can be deduced frofigure4.20 by following

the shaded bands for eaglolymerdose profile, which surrouhthe maximum UFRYV points for each
polymer dose Although the alum dosages aBang/L yield the highest UFRV, particle
destabilization appears very sensitive to disruption, and requires tight contedliofto maintain
UFRYV levels. golymerdosage bewveen0.048-0.072 mg/L appears to be optimal, where the
shaded bands ifigure4.20 widen out, such that increases or decreasesdagulanthave a smaller
effect on UFRValues. Maximum filter production is somewhat reduced, but particle destabilization

againappears to be easier to control.

Based on theH ranges for coagulation, alum dosing ranges for io¢hDFunsand fultscale WTP

are indicatedon analum coagulation phase diagraffigure4.21).
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Figure4.21 Alum coagulation phase diagram compariso@oagulation pHand optimized coagulant
dosing range fordirect inine filtration trials and full-scale WTRconfigurations are
illustrated on the diagram. While the main plant operateat the low end ofthe sweep
coagulation range, the direeinline filtration was optimizedwhen operatedwithin the
combination sweep and adsorptiomone of particle destabilization

Based on the operating pH range and coagulant dosages applied, the optimum Dfutribts
coagulation regime within theombination sweep & adsorption zonén thisoperating regime
suspendedartidesare destabilized through attachment foin-sizedaluminum hydroxidemicro-
flocs whichremain too small to settle, and carry directipto the filtersfor attachmentto the filter
media Comparatively, the fulicale WTRPequiredcoagulantdosngat levels in thesweep
coagulationzone to allow for capitre, settling and recirculationf the microsand ballastThe result

strongly suggestthat the utility could save costind improve efficiency bsuspendingsBRunction
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and operating the filters in a direct-dime filtration mode when treating high qlity source water
during the winter months. While evaluation of zeta potential and oesiz#d microspheres should
suggesthat removals ofCryptosporidiunand Giardia(oo)cysts by filtration would also be

concurrently maximized, this confirmation wasybead the scope of the present investigation

4.2.3 Assessment of zeta potential for optimization of in-line Direct Filtration

Prior to each triglsource waterzeta potentialwasanalyedfollowing full scale pH adjustment, but
prior to coagulant and polymer additiomhese eta potentialresultswere plotted as a function of
time to verifyraw water consistency over the duratioof the filtration experimentsandto assess
the variability spread of dataKigure4.22). The red squares iRigure4.22 represent the aveage of
five consecutiveeta potentialmeasurements for each sample aliquot. The small gray dots
represent each of the five consecutive measusats from which those averages were calculated.
An approximately straigHine (slope =0.007 R=00051; h =0.05) is formed through the data, which
represented the leassquares analysis on the pilot plant feed water throughout the entire testing
period (AppendixC- Figure Cl). Thsanalysis indicates thato significant or abrupt raw water
guality change¢that would have resulted in changes in zeta potentiad)ye experienced
throughout the testing period this was critical because such changes would likely have affected
coagulantdemandduring the trials. Similarly, source watgrarameterswhich would impact raw
water zeta potential, includintemperature (AppendiX-Figure @) and pH(AppendixC-Figure

C23), were assessed for consistency throughout the trial period.
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Zeta Potential (mV)

Discrete Sample ZP O Avg daily raw ZP ——Linear (Discrete Sample ZP)

Figure4.22 Zeta potential findings for pilot plantsourcewater prior to coagulant, polymer, and
chlorine dosing, but after pH adjustment Individual sample resultsindicated a high
spreadof data between sampling eveniswhile average zeta potential was relatively
consistent over the length of the pilot trials The average zeta potentiaver the
duration of the pilotwas-11.8 with a standard deviation oft 1.89mV.

Assessmentf the rawwater zeta potentialdataindicates that although the data were highly
scattered, they fell within a normal distributipbased on a 5%ignificance levedf expected

Z-values(Figure4.23).
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Figure4.23 Comparison of raw water zeta potentialaluesto the expectednormal distribution at
a5%significance level

The histogram illustrated iRigure4.24 showsthe sample frequency distribution against the
expected normal distribution at a 5% significance level. This riespliesan approximately normal
distribution for raw water zeta potenal datathroughoutthe pilot filter testing periodwhen
compared tathe expected normal distributio(seeAppendixCfor detailed calculationfor source

water zeta potential normality
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Figure4.24 Histogram of raw water zeta potential with observed frequencye@) and expected
normal distribution frequency at a 5% significancelevel (grey). Results confirm that
zeta potential resultswvere within the bounds of a norral distribution.

Confirmation of normalityn the raw water sampleisnpliesthat coagulated water zeta potential
resultswould alsobe expected tdall within a normal distributionwhere consistentwater quality
parametersremain stablg(i.e., temperatureturbidity, NOM,pH, conductivity, and pretreatment

chemical dosaggs

Zeta potential waglsoanalyzed on chemically ptecated water, for most ofthe chemical
combinationsand wassampledfrom the pilot plant constant head tartk ensure consistent
reaction time and mixingnergiesprior to collection The relationship between zeta potentihd

UFRWvas evaluated, as shown Figure4.25 and Figure4.26.
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Figure4.25 UFRYV is illustrated as a function oéta potential following chemicalcoagulantand

polymer addition. Circlesizesin Panel Arepresent the relative ripening time for each
chemical combination. Panel A shows coagulantimpacts (indicated by the colored
callout boxes)on zeta potential with polymer dosages held constant PanelB shows
the relative maximum UFRYV for each of the displayed polymer dosing bar@stimal
UFRYV yield occurred at approximatel9 mV, based on maximum UFRWHowever the
Zeta potentialvaluesdid not follow a curveconsistent with increasing chemical dosages
between points, aswas seen where chemical doseas used as the independent
variable The discrepancy is likely explainday the high standard deviation in zeta
potential results obtained duing the trial period.
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The zeta potential trendingsillustrated inFigure4.25, isless clearly defined thawith the

chemical dose versus UFRV trefrdsn Figure4.19 andFigure4.20. Forinstance the zeta potential
value(-4.6 mV)at 3mg/Lalum and 0.144ng/L polymeris approximately equal to the zeta potential
value(-4.6 mV)observedfor the filter run at12 mg/L alum and 0.144 mg/L poter. That resultvas
not expected, given theubstantialdifference in coagulant dage between the twosampledi.e., a
less negativahore positive zeta potential is expected at higher coagulant dosadésjvever, thee
results could not beexcluded given thesubstantial variability (i.ehigh standard deviatiorgf the
raw water zeta potential valugg 1.89mV) Figure4.26illustrates UFRV as a function of zeta

potential, while coagulant is held constant.
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Figure4.26 UFRYV is illustrated as a function oéta potential following chemical coagulant and
coagulant addition. Circle sizes in Panel A represent the relative ripening time for each
chemical combination. Panel A showsolymer impacts (indicated by the colored
callout boxes) on zeta potential, witkoaguant dosages held constant. Panel B shows
the relative maximum UFRVwith shaded portions corresponding toeach of the
displayedcoagulantdosing bands. Optimal UFRYV yield occurred at approximatély
mV. However, the zeta potential values did not folloa curve consistent with
increasingpolymerdosages between points, as was seen where chemical dose was used
as the independent variable making it difficult to determine the polymer dose
responsible for the maximumUFRV The discrepancy is likely expfed by the high
standard deviation in zeta potential results obtained during the trial period.
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