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Abstract

This thesiprovided a comprehensive review of tekecurrence measurementand

characterization of colloidal lead in drinkimgter. Colloids have been underestimated in
conventioral drinking water monitoring, where metals are defined as soluble based on their ability
G2 LI aa (KNP dzFé&d skudies shovpthatcylloidahldadicariNdpresent a significant
proportion of total lead concentrationd.his work also explored various approaches to

controlling iron and lead release, and manganese sequestration using blends of
orthophosphate and onefdahree model polyphosphates tripoly-, trimeta- and
hexametaphosphate , or orthophosphate and sodium silicateolyphosphate structure was a
significant factor for determining their behavior with lead, iron, and manganese. Blends with
linear polyphosphtes provided greater capacity for chelating metal ions than cyclophosphates.
Longer chain lengths increased lead but decreased iron rel@asewas attributed to the steric
constraints of cyclophosphates inhibiting their interactions with metals. &nlik
cyclophosphates, linear polyphosphates also appeared to remain in solution rather than adsorb
to mineral surfaces, resulting in greater metals release. Sequesterants may increase manganese
mobility by forming soluble metadomplexes or via their mobiliian with iron colloids. Here,
polyphosphate®r silicatesequestered 2.3J.4and 3times more manganese than

orthophosphate respectivelyOrthophosphatesilicate was thenost effective blend for

reducing iron corrosiorMoreover, field flow fractionatior{fA4F) data were consistent with the
mobilization of manganese via adsorption to suspended iron collSiasll colloids present

unique challenges for maintaining drinking water quality. Techniques used for sampling and
colloids characterization can shaperrosion control decision3.he use of sequestrants entails
considerable risk and may be counterproductive to minimizing consumer exposure to lead and
manganese. The dispersive properties of sequestrants resulted in the mobilization of

manganese via itsti@chment to iron colloids omaintain dissolved metals in solution.
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1.  Chapter lntroduction

1.1. Research Rationale

1.1.1. Lead corrosion and regulation in drinking water

Drinking water can be a significant source of |g@a)exposure(Triantafyllidou et al., 2007)
Lead contamination may occur through contact with lead service lines (LSLS) or premises
plumbing components such as lead solder and brass or bronze fixtures, fittings and joints
(Elfland et al., 2010).ead is a potent toxin. Even at low concentrations, lead exposure is
associated with attention disordef€anfield et al., 2003; Nigg et al., 200Bg-long cognitive
deficits(Reuben et al., 2017)enal disfunctior{lLoghmarAdham, 1997)and cognitive decline

(Shih et al., 2007)

Due to human health risks, lead is regulated as a contamih&aid sampling protocols can be
used to meet various sampling objectives includingfirming regulatory compliance, assessing
corrosion control effectiveness, and estimating expos&egulatory samplingrotocolsvary
between countries and regionk the U.S., the Lead and Copper rll€R}pecifies an action
level of 15ug L measued in firstdraw regulatory compliance samples collected at the point
of-use following a >®our stagnation(US EPA, 1991Revisions to the LCR will regua Ftand

5 litre sample taken after a-r stagnation(US EPA, 202Nleanwhile, Health Canada
recommends a maximum allowable concentration of 5 fignleither 3Gminute stagnant or
random daytime samples collected from drinking water out{gtealth Canada, 2019a)
Although guided by Health Cangd2anadian provinces are responsibletfa selection of

sampling protocolln Ontario(Government of Ontario, 2002nd Quebe¢Government of



Quebec, 2021)30-mininute stagnant saples taken after a-minute flush are used to measure
lead levelsMeanwhile, Albertg Government of Alberta, 2022dopts a 1L random daytime

samging protocol.

CAStR aGdzRASE aK2¢ GKIG O2ft2ARIFt tSIR SEAaGA A
represent a significant proportion of the total concentration (Figure 2). Metals are operationally

defined as soluble or particulate basedontieib Af AGe& (2 LI aa G§KNRdIzZZK | nd
(Baird, 2017; US EPA, 1994a, 1994b). This highlights a critical shortcoming of this operational

definition: the potential to misclassify colloidal or nanoparticulate lead and other contaminants as
soluble.The concern is that the remedial actions taken to reduce soluble lead concentrations (i.e.,

increased orthophosphate dose) may differ from those used to target colloidal lead (i.e., improved

NOM removal, controlling iron oxides), and in some cases coaldegbate the problem.

With the variability in lead sources, water use patterns, and water quality, regulated sampling
protocols may not accurately provide lead concentrations representative of actual consumer
exposure Moreover, a greateunderstanding of particle formation will ultimately inform water
treatment processes and decrease exposure at the Agplead regulations become more
stringent, it is essential that decision makers can confidently extrapolate consumer lead
exposure. Theres a need to better understand how each sampling protacal colloids

analysican provide a reliable estimate of lead exposure.

1.1.1. Manganese occurrence and regulation in drinking water

Manganese (Mn) accumulation and release in drinking water degrades water quality and can

pose risks to public healttn Canada, manganese concentrations in drinking water a limited to



a maximum acceptable concentration of 120 pigahd an aesthetic objeéiwe of 20 ug 1

(Health Canada, 2019b)

While dscoloration of water caused by manganese can compromise public confidéentay

Ffa2 0S RSUNARYSyidlf (2 OKAfRNByQa KSIftdKd aly
cognitive developmer{Bouchard et al., 2018; Dion et al., 2018)d impaired fetal

growth(Rahman et al., 2015Moreover, manganese has been found to increase lead risk in

distribution systemgl'ruemaret al., 2019y).

While a variety of studies have investigat®dnganeseccumulation in full scale distribution
systemgCerrato et al., 2006; Gerke et al., 2016; Schock et al., 2014; Sly et al,,th8@8dhas
been limited research at the bench scale investigatingettiects of various distribution

conditions on Mn accumulation in a controlled setting.

1.1.2. Controlling lead releasavith Polyphosphates andOrthophosphate-Polyphosphates

Several water systems add phosphate based corrosion inhibitors and sequestrants
orthophosphate, polyphosphate, and orthophosphgielyphosphatesto their water(Hazen

and Sawyer, 2019; L. S. McNeill & Edwards, 200Rijle polyphosphates are effective for
controlling aesthetic water quality issues (i.e. discoloration, calcium scaling), they increase lead
releaseby inhibiting lead phosphate mineral formatighi, Trueman, Locsin, et al., 202aayl
through complexatior{T. R. Holm & Shock, 1991b; Rashchi & Finch, 206@jver, the
comprehensive understanding of leadlyphosphate interactions are confounded oo

factors: Firstpolyphosplates encompass a broad range of compounds with varying chain

lengths and structures KA OK RANBOGf & RSUSNNAYSaE L2f &LK234aLK



(Rashchi & Finch0R0) For example, shorter chain polyphosphates are more effective at
sequestering heavy metal ions, while longer chains are more effective for lighter metal ions
(i.e.Ca, Mg)Van Wazer & Callis, 1958B8econd, polyphosphatds/drolyze into smaller
polyphosphates or orthophosphat&dwards & McNeill, 2002a; McCullough et al., 1956)
resulting in the simultaneous presence of different phoatghspeciesit is therefore difficult to
attribute certain effects exclusively to orthophosphate or polyphosphate because the total

effect is due to the interaction of both.

Owing to the complexitiementioned above and the proprietary nature @dmmercidly
availableorthophosphatepolyphosphatesthe mechanisms by whighactsto limit lead

release is uncleapecifically, the effect of orthophosphate:polyphosphate ratios and
polyphosphate structural properties on lead release and mineral formaRoevious studies

have suggested that the successful used of blended phosphates were dependent on having a

high ratio of orthophosphates to polyphosphai€antor, 2017)

1.1.3. Potential impacts of sequestrant stabilized Iron (Oxyhydr)Oxides on Lead release

Corroded iron mains release iron (oxyhydr)oxide particles to distributed water that are
detectable at the poinbf-use(Trueman et al., 2018apuring stagnation within a lead pipe,

lead adsorption to iron oxides may promote lead dissolubgrsuppressing the activity of the
lead cation in solution. Similarly, manganese can be transported through the distribution
system by iron colloid&ora et al., 2020; Trueman, Anaviafiducie, et al., 201%/hen
sequestrants are used, adsorption to stabilized, suspended iron particles could increase lead

and manganese at the pohaf-use.



1.1.4. OrthophosphateSilicate A possible alternative for simultaneous corrosion control
and sequestration

While sodium silicate ian effective sequestran(B. Li et al.2019; Robinson et al., 1992)
performs poorly for lead contralompared to orthophosphate or pH adjustmgiogo et al.,
2017; B. Li, Trueman, Locsin, et al., 2021a; Pinto et al., IB8g)effect is owing to the minimal
direct interaction between silicate and le¢8. Li, Trueman, Locsin, et al., 202Hgwever,
silicates can mobilize lead via colloidaltcansport with other distribution system meta(8. Li,

Trueman, Munoz, et al., 2021b)

Somedrinking water utilities appl phosphatesilicate blends for corrosion contr{fiazen and
Sawyer, 201Mut there isalack ofunderstandingof orthophosphatesilicate treatmentound
in peerreviewed literature. The combination of phosphates and silicates have been effective in
reducing carbon steel corrosion industrial settinggNaderi et al., 2014; Salasi et al., 200}

there are no studief the drinking water context

1.2. Thesis Objectives

The goal of this thesis was to comprehensively understand and evaluate the performance of
blended phosphatesOrthophosphatePolyphosphate and Orthophosphagilicate for

simultaneously controlling leaglease and mitigating discoloration in drinking water.
The main objectives of the work presented in this thesis document are as follows:

1. Investigate the impacts of polyphosphate structure on lead corrosion control with

orthophosphatepolyphosphate blends.



2. Evaluate the performance of orthophosphapelyphosphate and orthophosphate

silicate blends for reducing iron corrosi@nd sequestering manganese.

1.3. Organization of Thesis

To achieve these objectives, the research applowas organized intgixchapters.

The chapters of this thesis are arranged in the style of a series of journal papers. Each of those
chapters contains an abstract, introduction, materials and methods, results and discussion.
Methods that are repeatechi multiple chapters are only described in their initial appearance

and subsequent chapters will refer to these instances appropriately.

Chapter 2provides a brief overview of the state of understanding of lead collgidsticles
between 0.001 and 1 pfin drinking water, including relevant published material that it
pertinent to this work. This section also includescwerview of the occurrence and factors
affecting colloidal lead release and mobilisndsummary of colloid characterization methods

as wdl ashighlights their potential applications and benefits to drinking water utilities.

Chapter 3presents results of adid studyon theimpact of the recent reduction imaximum
allowable concentratiofMAQ and the change in recommended sampling protocolseal
regulatory compliance by means of a midammunity monitoring program. Lead occurrence in
Nova Scotia was compared against the new MAC using four regulatory sampling protocols
flushed, random dayme, 30-minute stagnation, and-@our stagnatiort and the implications

for future compliance monitoring in Canada are discussed.

Chapter 4focuses on the effect and efficacy of orthophosphpatdyphosphate blends on

dissolved and colloidal lead relea3éne dissolution of lead (Il) carbonate was determined as a
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function of polyphosphate structure (cpphosphatevs linearchain) and chain length (short vs
long), orthophosphate:polyphosphate ratio (1:1, 1a?dhydraulic retentiorntime using
continuouslystirred tank reactors (CSTR). The changes in chemical and structural properties
were probed by scanning electron microscopy (SEMayXliffraction (XRD) and Fourier
transform infrared spectroscopy in attenuated total reflectance mode (RTHRR) and used

describe the mechanistic interaction between lead and phosphates.

Chapter5 covers the experimental study of iron and manganese sequestration and iron
corrosion with blended phosphaterthophosphatepolyphosphate and orthophosphate

silicate treatment. Iron and manganese precipitation experiments were used to evaluate
sequestering ability of blended phosphates. Corrosion cells were used to determine the impact
of blended phosphates on iron corrosion and manganese deposition. Corrosion scales were
devebped on new iron coupons at environmentally relevant pH, dissolved inorganic carbon,
andfree chlorine concentrations. The release of colloidal iron and its interaction with

manganese was investigated via asymmetrical flow filed flow fractionation (A4F).

Chapter 6provides a summary and conclusion of the work included in this thesis.
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This chapter is reprinted with permission from the following:

Locsin, J. A., Hood, K. M., Doré, E., Trueman, B. F., & Gagnon, G. A. (2022). Colloidal lead in
drinking water: Formation, occurrence, and characterizat(oritical Reviews in Environmental

Saence and Technologg-27.

J.A.L coordinated data collection, analyzed the data, wrote the paper, and prepared the figures.

2.1. Abstract

Lead colloids particles between 0.001 and 1 npresent unique challenges for maintaining
drinking water qualityMost ofthe published literature on lead in drinking water adopts a
threshold for soluble lead of <0.45 um, ysttong evidence of lead colloids occurring below this
threshold has been reported across North America and Europe. This highlights the potential to
misdassify colloidal lead as soluble. Remedial actions taken to reduce soluble lead
concentrations can differ from those used to target colloidal lead, and in some cases may

exacerbate the problem.

Concentrations of colloidal lead are difficult to measure amgredict from water quality data.
Nevertheless, advances in analytical techniques have allowed for more precise identification

and characterization of lead colloids and their interactions with other compounds in drinking
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water. Analytical cost or expase may be a barrier to utilizing some of these techniques. A
critical analysis, weighing practicality and data quality, of the strengths and weaknesses of these

methods is presented.

This review identifies and discusses four key factors that promoteidalllead formation and
mobility in drinking water: natural organic matter, adsorption of lead to colloidal iron particles,
precipitation with orthophosphate, and complexation or dispersion by sequestrants. This review
also summarizes previous observatoof lead colloids originating from the corrosion of

drinking water distribution system and premises plumbing componantsevaluates the use of
colloidal analysis as a diagnostic tool. Despite the challenges and need for further research,

colloidal analgis is a useful tool to inform better lead mitigation strategies.

2.2. Introduction

Lead exposurgiadrinking water is a significant public health conc@ravallois et al., 2014
drinking water, lead service lines are the dominant source of (@ageman et al., 2016yvhile
brass fixtures and fittings, &ters, goosenecks, and galvanized steel pipes represent other
potential sourcegClark et al., 2015)Colloids particles between 0.001 and 1 pum in diameter
(Nic et al., 2019%ave ben an underestimated source of lead. However, there is emerging
challenges of addresgiread in drinking water while advocating for a renewed commitment to
corrosion science and engineering. The authors acknowledged the formation and mobility of
colloidal lead but were unable to quantify its presence and concentration using known

thermodynanic models The occurrence of lead colloids in drinking waisgaresentsa critical



gap in our efforts to control lead at the tap.

Despite evidence of colloidal lead in drinking water contributing to regulatory exceedélees
Mora et al., 1987; Lytle, Schock, et al., 2020; Trueman et al.p20d8mpling may fail to
accurately quantify catids. Neither regulatory sampling protocols nor common analytical
methods are designed to quantify collddund metals.Standard corrosion control practices
such as orthophosphate or sodium silicate additianay also promote lead colloid formation
under certain conditiongAghasadeghi et al., 2021; B. Li, Trueman, Muetoal., 2021a; Zhao et

al., 2018a)Moreover, recent research has demonstrated that NSF/AIRE3 certified point

of-use (POU) filters may not remove lepdosphate nanoparticles, which may expose
consumers to leadDoré et al., 2021; Lytlé&schock, et al., 2020; Pan et al., 20Eby example, a
study in Newark, New Jersey, reported thadter filtered through POUs had high lead
concentrations (2245 pg/L)(Lytle, Schock, et al., 2020)hese levelexceeded both the United
States Environmental Protection Agency (US EPA) action1&veg/L) and the 2015 NSF/ANSI
53 certification limits (10 pg/lc) later lowered to 5 pg/L in 2019in three of the four homes
sampled(NSF International, 2015, 2019; US EPA, 20h@) same study found legzhosphate
nanoparticles were prevalent in those sampl&his work highlights that POU removal may fail,
under specific water qualities, to effectively reduce total lead concentrations below certification
requirements when lead colloids are present in the water. Effeamitigation of lead exposure

at the tap may require a comprehensive understanding of both the prevalence and formation of

colloids in drinking water systems.

10



Colloidal lead may occur as a result of the dispersion of lead corrosion products, partitioning of
dissolved lead to other colloidde Mora et al., 1987)r nucleation in the bulk watgDai et al.,
2018) For example, lead hagén associated with both iron and natural organic matter (NOM)

in tap water samplegde Mora et al., 1987)Additionally, colloidal matter rich in lead may

detach from lead corrosion scale or othdposits in distribution systen{®8/cFadden et al.,

2011; L. ¥ & Giammar, 2007However, lead may not always precipitate on pipe surfaces, but
rather in solution and remain in the bulk wat@dai et al., 2018)which @n be cause for concern

as it can be associated with elevated lead concentrations at the tap.

Complementing previous work on the importance of nanoparticulate corrosieprbgucts to
drinking water qualitWesterhoff et al., 2018}his article focuses on the characterization,
occurrence, and formation of colloids that contain lead originating from drinking water
distribution systems. Specifically, this review critically evaluates (1¥spagation and

analytical techniques for colloid identification and size characterization; (2) the occurrence of
lead colloids in drinking water distribution systems; (3) factors that promote lead colloid
formation and mobility; and (4) the use of coll@dalysis as a diagnostic tool to determine the

causes of elevated lead concentrations in drinking water distribution systems.

2.3. Colloids characterization techniques

This section will briefly mention important characterization methods and techniques that will be
referred to throughout the remainder of this article (Table e most important parameters
for characterizing colloids include size, shape, crystallineglwdmrge, and elemental

composition. Understanding the interaction between lead with organic or inorganic
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constituents in water requires being able to distinguish between different mechanisms such as
adsorption of soluble lead or agglomeration of leadadk. Information on the size, shape,
elemental composition, and surface charge is essential for differentiating between interaction
mechanismsFor environmental samples, the limit of detection should be lower than the

02 y OS vy i NI ¥ ané obvethetsizecrangd of particles in water. Since natural colloids may
be present in drinking water samples, matrix sensitivity also becomes an important criterion. In
addition, if the quantity and diversity of measurements needed are large, then it is impaatant
reduce the amount of sample preparation or duration for each measurement. Therefore, the
ideal analytical technique is dependent on the type of analyte, expected concentrations, sample
matrix components, and the parameters to be determined. For chgifensamples with

complex matrixes or many analytical requirements, then a combination of complementary

techniques may be usddr the full characterization of colloidal suspensions
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Tablel Comparison of analytical methods for drinking water colloid characterization.

Method Size range (um) | Output parameter Advantages Disadvantages References
1 Discrete size 9 Diverse selection of filter Size selectivity not (Barkatt et al.,
range pore sizes and membrane completely efficient 2009; de Mora &
materials High variability in filtrate | Harrison, 1983;
Membrane f Minimal §ample _ concentration Doré et al., 2021
filtration 0.01¢ 12 um preparation requirements Size speciation and Hulsmann, 1990)
1 Ease of use recovery may differ by
membrane naterial
1 Continuous 9 High resolution over smal Analyte components can | 0 ~ B elzél.,
size size range interact with the column 2003)
Sizeexclusion distribytion i SEC coIL_Jmns cgn cover a material.
chromatography 0.001¢ 1 um i E_ffec'uve wide variety of size range| Tradeqff between _
(SEC) diameter resolutu_)n and overall size
separation range
1 Continuous 1 low sample consumption Low chromatographic (Brewer &
size 1 HDC columns can cover & resolution Striegel, 2008,
Hydrodynamic distribution wide variety of size range; possibility for degradation| 2010; Striegel &
chromatography | 0.01¢ 1 pum 1 Effective of very large and fragile | Brewer, 2012)
(HDC) diameter macromolecules
Sample dilution, (Baalousha et gl
preconcentrationand on | 2011; Dubascou
1 Continuou 1 High resolution, channel concentration can| et al., 2010;
S size continuous analyte lead to artifacts Geckeis et al.,
0.001- 1pm (Flow distributio separation based on Nonuniform density and | 2002; Jackson et
FFF) n hydrodynamic radius or shape in environmental al., 2005)
Fi 1 Hydrodyna equivalent spherical samples may skew actual
ieldflow ) ) ) ) T
. . mic radius diameter size distribution
fractionation (FFF) - : .
0.03-1 pm 1 Minimal sample Particlewall or particle
(Sedimentation perturbation membrane interaction may
FFF) 1 Unlike SEC, no interactiof contribute to lower analyte

with a stationary phase

recovery and artifacts
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Method Size rangdum) Output parameter Advantages Disadvantages References
Current analytical UC (Balnois et al.,
detectors not appropriate | 2007;
1 Size Useful forsample for trace concentrations Wohlleben,
distribution preparation for imaging The particle under 2012)
Ultra-centrifugation via graQient techniques inve.stigati.on needs to
(UC) 0.005- 300pm separation sediment in a reasonable
amount of time
1 Particle Provides size Provides size estimates ( Mitrano et al.,
count determination and using assumptions about | 2012; Montafio
1 Particle mass distribution, particle compositions, density and| et al., 2016; Pace
1 Elemental number concentration, a spherical shape, which | etal., 2012)
composition and elemental may not reflect some
composition of individual complex or noruniform
Single particle particles in a single environmental samples
inductively coupled measurement
plasma mass 0.02¢ 1 pm Provides a distinction

spectrometry

(spICRVS)

between dissolved and
particulate fractions at
concentrations down to
parts-per-trillion levels

Magnetic particle
spectroscopy (MPS

1 Particle size

Primarily useful for
superparamagnetic iron
oxide particles

Can be used to separate
iron colloids with

adsorbed metals by size.

Limited environmental
application since not all
metal oxides have
superparamagnetic
properties.

May not be useful for
detection of lead colloids

(Barkatt et al.,
2009; Senftle et
al., 2®7;
Woodward et
al., 2007)
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Method Size range (um) | Output parameter Advantages Disadvantages References
1 Bulk size Normally used for 1 Low resolution (Boyd et al.,
distribution unimodal particle 1 Not well suited for low 2011; Langevin
1 Hydrodyna distributions sample concentrations or | et al.,2018;
mic Minimal sample large aggregates Stetefeld et al.,
diameter preparation f Cannot provide 2016)
information on chemical
composition
Dynamic light 1 Inconsistencies in particle
scattering (DLS) 0.006¢ 10 im surface can affect diffusion
and alter theapparent size
Larger particles may
block smaller ones,
skewing size
measurements
M Bulk size When combined with Need to assume certain (Kammer et al.,
distributio separation techniques (i.¢ parameters (i.e. 2005; Moore&
n SEC, FFF) or analytical refractive index, shape)| Cerasoli, 2017)
1 Hydrodyna tools (i.e. ICIMS), MALS to calculate size
Multi angle light mic allows f(_)r molar mass i _Cannot provide _
. 0.001¢ 10 pm diameter calculation, composition, information on chemica
scattering (MALS) L .
and characterization of composition
each population in a q
mixed sample
1 Particle Colloids are analyzed in 1 Does not provide (Boyd et al.,
count solution. Prevents drying morphology or imaging | 2011; Filipe et
1 Hydrodyna artifacts 1 Need to assume particld al.,2010; Kim et
mic Ability to visually size and shape al., 2019)
diameter count individual particles
: Can detect individual
Nanotracking 0.01¢ 2 um particles and

analysis (NTA)

agglomerates
Provides hydrodynamic
diameter
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Method

Size range (um)

Output parameter

Advantages

Disadvantages

References

1 Particle
shape

SEM can provide
morphology, size, and, if

Samples need to be
conductive to prevent

(Goldstein et al.,
2017; Harmon et

1 Particle size paired withEnergy charging. (i.e gold coating)| al., 2020)
Dispersive >Ray Sample drying can
Spectroscopy (EDS), can introduce artifacts
provide elemental Need to measure individug
Scanning electron 0.01¢ 1 pm composition particles
microscopy (SEM) Minimal sample Analysis and sample
preparation preparation time restrict
Produces 3D image sample size
1 Particle Minimal sample Need to measure individug (Hulsey et al.,
shape preparation particles 2019)
1 Particle size wet or insulated samples Analysis time restricts
Environmental 0.01¢1 um can be examined sample size
scanning electron canobserve dynamic
microscopy (ESEM) physiochemical processe:
in real time
1 Particle No need to coat samples Difficult to apply TEM to | (Domingos et al.,
shape to be conductive quantify particles in 2009; Egerton,
1 Particle Can provide direct visual environmental samgs at | 2011; Wilkinson
size information on particle t26 02y OSy (N etal,1999)
size andshape, and crystal h
structure and chemical Sample drying can
Transmission composition if paired with introduce artifacts
electron 0.001¢ 1 um X-ray energy dispersive Need to measure individug

microscopy (TEM)

spectroscopy (EDS)
Able to capture
nanoparticle images, from
which its size can be
determined

particles

Analysis and sample
preparation time restrict
sample size
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Method Size range (um) | Output parameter Advantages Disadvantages References
1 Particle Lower vacuum pressure Poor resolution (Daulton et al.,
shape compared to conventional 2001; Peckys &
- . 1 Particle TEM de Jonge, 2011)
Liquid transmission : _—
size Preserved the liquid state
electron
) - 0.01¢1 um of samples
microscopy (liquid .
Allows for insitu sample
TEM) .
observation
1 Particle Provides topographida Sample preparation is (Baalousha &
shape mechanical, and electrical tedious. Lead, 2013; Boyq
1 Particle properties Nanoparticles must be etal., 2011)
size Can be operated under strongly adhered to a
1 Mechanica the ambient conditions of substrate.
| and the sample chemical information
electrical Can be used for both cannot be directly
Atomic force properties conductive and non obtained.
. 0.001¢1 pm . . .
microscopy (AFM) conductive samples Potential sample and tip
relative differences in damage may skew
chemistry can be measurements
determined by using
chemically modified AFM
tips
1 Crystalline Provides crystalline Not always suitable for (Mourdikoudis
phase mineral phase andauticle amorphous particles, et al., 2018;
1 Particle size size disordered crystals, or very Patterson, 1939)
: ; if crystalline small colloids.
X-ray diffraction . .
(XR)I/D) 0.003¢ 1 um phase is Need to assume the colloig
known mineral phase for particle
sizing
1 Particle Minimal sample Requires synchrotron light| (Alp et al., 1990;
composition preparation source for dilute Yano &
1 Particle size Structural information can environmental samples Yachandra,
Xray absorption | o 001c 1 pm be obtained from 2009)

(XAS)

disordered crystalline

samples.
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2.3.1. Size separation

In environmental samples, colloids are mixed with larger particles, therefore the sample may
need to be size fractionated. Common fractionation methods includenbrane filtration, size
exclusion chromatography (SEC), hydrodynamic chromatography (HIuC)pfiefractionation
(FFF), and ultracentrifugation (U®embranes are used to physically separate particles that are
passing through a medium with fixed pore size to provide discrete size fraftierMora &
Harrison, 1983)With membrane filtration, particles can be separatédmicro (0.0§mMmn > Y 0 X
ultra (0.00n ® n p, arrd Yiano filtration (0.00a51 ® n n MR. Singh & Hankins, 2016)
However, size separation by filtration is prone to measoent variability: filter material,
imperfections in filter construction, filtration technique, degree of particle agglomeration,
adsorption onto the membrane, filter clogging, and water quality can impact analyte recovery,
particle size distributions, aneproducibility(de Mora & Harrison, 1983; Doré et al., 2021;

Lytle, Formal, et al., 2020)

More specialized methods provide continuous size discriminatiathe mobility of the

particles when exposed to a medium (i.e., column) or external field (Figure 1). In SEC and HDC,
smaller, lower molecular mass, colloids diffuse more slowly through the column (Figure 1). By
contrast, larger colloids will elute from the column mayeickly. The mechanism of retention of

the two techniques is different, however: in SEC, retention is due to preferential sampling of the
pore volume(Prazeres, 1997While in HDC it is due to prefntial sampling of the streamlines

of flow (Striegel& Brewer, 2012)SEC has a limited size separation range and surface adsorption

may result in unintended intermolecular interactions of analyte components with the stationary
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phase (i.e. column packing materiély~ B elzél., 2003)Unlike SEC, the use of Aparous
beads as the stationary phase in HDCsterably reduces interactions with particlleat may

be less efficient compared to other techniqugriegel & Brewer, 2012)

Size separation Size distribution Particle imaging Particle Chemistry
Q
c T ®
s Membrane DLS & > SEM g XRD
o5 o 2 Q5 e x
o2 des N = BT -ray
i T T 2 e $E| L
(] w Cgoo—b Laser —» 0~ o o . = ® v
k-] | S B l e 5
£ B -
< s
, . & £Q
Centrifugation S 3 XAS
2 3 X-ray
H o 28 2 & Y
o b MALS s 2 TEM E s l_/'
wc = o ® N3 o §
3 0 o \o: &' 0 ]
(=] E Laser —» O s D = )
22 : g3 e :
£ €| SEC/HDC a D € 29
c - =N
0.2 o o o®
O T QT
c
" g &
- .2 ©
NTA T AFM
© © [
FFF Camera [T g- )
X . Ng P %) Magnetic
. N w'E o s 2
Laser » G E g = A‘:v p g % Excitation Field
- o 3] 100 :
€ g £ ——— ‘% = g F
gE8 E8) Fen
Q

Figurel Analytical tools available for colloidal size characterization and their general working principle.
FEC: Size exclusion chromatography, HDC: hydrodynamic chromatography, FFF: Field flow fractionation,
DLS: Dynamic light scattering, MALS: Multi angle Bghttering, NTA: Nanotracking analysis, SEM:
Scanning electron microscopy, TEM: Transmission electron microscopy, AFM: Atomic force microscopy,
XRD: Xay diffraction, XAS:-)ay absorption spectroscopy, sptiB: Single particle inductively coupled
plasma mass spectrometry.

An advantage of fieldlow fractionation (FFF) over SEC or HDC is its ability to provide a
continuous separation of analyte components over a wider dynamic range without the
disadvantage of interaction with a stationary phase. FFRxe@es different sukiechniques
that utilize the same basic separation principldofce field (e.g., liquid flow, centrifugal force,

temperature, or electric gradients) is applied perpendicular to the main parabolic flow and
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separates particles based timeir mobility in the fieldGiddings, 1993)Figure 1). One of the
major advantages of FFF is the ability to preconcentrate the samples, without any extra sample

preparation, during the focusing st€pyveén et al., 1997)

Ultracentrifugation (UC) is a higipeed, highvolume technique for size fractiotian. Since
analytical UC detectors are not selective or appropriate for detecting trace amounts of
environmental colloids, therefore is rarely used for environmental sampi@¥ohlleben,

2012) On the other hand, preparative UCs are useful in sample preparation for pamatgng
techniques. For example, gradient separations or depositing aquatic nanopatrticles on electron
microscopy substrate@@alnois et al., AW7). One obvious limitation of UC is the requirement of

the particle under investigation to sediment in a reasonable amount of time.

2.3.2. Size distribution and particle imaging

Size distribution can be accomplished using a variety of techniques such as light scattering,
atomic force, and electron microsco@asic operations of light scattering methods require
little operator training and measure the bulk sample size distribuithositu Light scattering
cannot distinguish between individual particles and agglomerates or between particles of
different compositiongLangevin et al., 2018yor provide infomation on chemical

composition. Dynamic light scattering (DLS) obtains a hydrodynamic diameter based on the
Brownian diffusion of particle®LS suffers from low resolution and is susceptible to skewed
measurements from large aggregates present in thedartbtetefeld et al., 2016)
Furthermore, measurements may be unreliable when sample gunatons are too low or

particles are very smalHassan et al., 20159)loreover, particles may not be spherical in
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environmental samplef_ytle, Schock, et al., 2020; Trueman, Anavi§uoikcie, et al., 2019
limitation that can be addressed by taking multiple measurements abwvarangles. But this is
only possible when the particles are large enough (radius > 10 nm) and not too polydisperse

(Langevin et al., 2018)

Static, multiangle light scattering (MALS) addresses the single measurement angle limitations of
DLS by simultaneously measuring the intensity of scattered light at different scattering angles.
This technique can provide users with information on the shapd structure of particles.

There are some limitations in using MALS, particularly in environmental samples where neither
the analyte concentration, the molecular weight, nor the refractive index increment are known

(Kammer et al., 2005)

With nanotracking analysis (NTA), a particle under Brownian motion can be measured
individually and simultaneousiyalaser light scattering captured by an optical microscien

et al., 2019)Analysis can be performed situand requires minimal sample preparation.

In some cases, direct visualization of colloids may also be desired, which is impossible in
methods previously discussed. Electron microscopes use electrons to produce an image of an
object with magnification controlled by electric fields (Figure 1). Taworoon electron

microscopy methods are scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). Since conventional SEM and TEM must be operated under a high vacuum,
samples are dried. Thus, sample preparation is critical: the dryogeps may make it difficult

to distinguish between agglomeration due to drying and aggregates already present in the
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sample or induce the crystallization of salts and structural alteration of col{Bidsiingos et al.,
2009) In contrast, environmental SEM (ESEM) and liquid TEM allows-$ita observation of
the sample(Daulton et al., 2001; Hilsey et al., 2019pwever, they suffer from lower

resolution due to electron interactions with the liquid lay@eckys & de Jonge, 2011)

Atomic force microscopy (AFM) is a versatile tool, not only limited to topographical
measurements but also able to assess mechanical and electrical material prop&RM<an

be operated under the ambient conditions of the liquid sample and topographic images in the
sub-nanometer size can be obtainéBaalousha & Lead, 2013Jowever, angtes have to be

fixed on a flat surface for imaging, making sample preparation for environmental samples more
tedious(Baalousha & Lead, 201Barticle measurements via electron microscopy (i.e. TEM,
SEM, and ESEM) or AFM are selective enough to avoid matrix effects and can provide particle
size and distribution, albeit with some difficulty. Particles in environmental samples may be
polydispersgLead & Wilkinson, 200@nd, owing to the singkparticle measurement property

of electron microscopy, characterization of these samples can be tedious. However, AFM and
electron microscopy can give a clear and easily understandable picture of structure, which, in

turn, can inform us about the chemical behaviorasystem.

2.3.3. Particle chemistry

Once size parameters have been obtained, particle chemistry information can determine colloid
reactivity or origin in the environment. -pay diffraction can be used to identify both mineral
phase and particle size howeverigtnot suitable for amorphous materials or very small colloids

(Mourdikoudis et al., 2018A key parameter needed for particle sizing is knowledge of the
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colloids are crystalline nor are they uniform in size or compwsiti

X-ray absorption (XAS) is an excellent tool for providing the local structure of the colloid without
interference from matrix effects. XAS is uniquely suited to environmental samples due to its
limited sample preparation requirements, independence frompstallinity, and ability to

preserve the original physical and chemical states of the safijaleo & Yachandra, 2009)wo

XAS techniques applicable for colloidal metals arayXabsorption fine structure (EXAFS) and X

ray absorption near structure (XANES). EXFAS can identify the chemical state of a colloid even at
very low concentration§B. Singh & Grafe, 2010)/hereas, XANES probes the electron density

of states to provide oxidation states and coordination environm@tSingh & Grafe, 2010)
Furthermore, XAS iselemeatLISOAFA O | yR aAyOS AidQa y20 fAYAQ
be done on solid or aqueous samples. One major limitation ofi#&t dilute environmental

samples are measured in fluorescence mode and require a synchrotron light ¢8ipc al.,

1990) Due to the limited number of institutions with synchrotron light sources, instrument

accessibility becomes challenging.

Single particle inductively coupled plasma mass spectrometry ($98)Rimultaneously
provides the determinations of size, size distribution, particle number concentration, and
elemental composition of colloids in suspens{dfontario et al., 2016)While particle size can
be calculated from its mass, thegalculations require assumptions about particle density and
geometry; particles are generally assumed to be sphefiRate et al., 2012Accordingly, spICP

MS can detect lead containing particles but may not distinguish between different particle
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compositions (i.e., POPbCQ etc.). In these cases, assumptions about particle geometry or
density influences the ability to determine pante size with spICMS. Generally, these
assumptions are not ideally suited for complex environmental nanoparticle compositions and
morphologies and may result in biased particle sifMgntafio et al., 2016)Nonetheless, there
are several dvantages of spIGMS, including its high sensitivity and ability to detect colloids in
environmental sample@Mitrano et al., 2012; Pace et al., 2012dditionally, this method can
distinguish between patrticles of interest from other particles of the samevsizheir

elemental composition.

Magnetic particlemeasurement methods have been used to characterize superparamagnetic
nanoparticles; particles having no permanent magnetic digSknftle et al., 2007; Woodward

et al., 2007) The moment for each particle fluctuates between different directions at a rate
given by the temperature and the applied magnetic field. For gugnr@magnetic patrticles,

there is no magnetization or agglomeration in the absence of an applied magneti(Sesittle

et al., 2007; Woodward et al., 2007his method is a good bulk sampling technique that works
better with narrow particle size distributions. However, it is limited by the need to assume a
particle stape and size distribution range, as well as can be subject to experimental artifacts
(e.g. ferromagnetic hysteresis) when attempting to determine quantitative re$wfisodward

et al., 2007) Its application to environmental samples is limited as the particles need to be
superparamagnetic, which is problematic for Pb since they exhibit diamagnetic be(laao&
Misra, 1972) This method may only be useful for the detection of adsorbed species on

magnetic particles like iron oxides.
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2.4. Integratinganalytical approaches to colloid characterization

Changes in speciation or losses of trace metals during storage present challenges in the study of
environmental colloids since environmental samples are not usually analyzed immediately after
sampling. Long term storage can produce significant alteratiotise chemical composition
(Quevauviller & Donard, 199y size distributior(Tso et al., 201®f colloids due to chemal

reactions between species, microbial activity, pH, light action, and adsorption to the container
(Daye et al., 2019; Tso et al., 20IDhere are very few reports on the impacts of sample storage
conditions and time on drinking water colloids. Therefore, it is importarddnsider the

influence of these factors with respect to sample storage to get a representative analytical

assessment of the sample.

Most often, the characterization of multiple parameters is required to determine the presence,
effects, and origins of dloids in drinking waterThe combination of membrane filtration with
element detection, electron microscopy, and mineral phase identification @ray Miffraction)
allows for comprehensive identification of important size fractions in drinking wataepkss

and overcomes the inherent limitations of each technique. For example; XM can identify
colloidal mineral species present, while the total elemental concentrations (i.e. dissolved,
colloidal, and particulate) species in each size fraction caacbeunted for via IGRIS. While

the drying process in conventional electron microscopy results in artifiac$stuelectron

microscopy techniques, like liquid TEM or ESEM, allow for the characterization of the sample in

its native environment. They camqyide unique insights into the fundamental mechanisms,
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One advantage light scattering techniguesse over electron microscopy is that they can be
coupled with continuous size distribution separation techniques (i.e. SEC, HDC, and FFF) to
provide a quantitative assessment of the particle size directly in the solution phase. Further
colloidal charactazation can be accomplished by coupling size separation, light scattering, and
element detection. For instance, a study on colloidal organic matter from a wastewater
treatment plant (WWTP) observed that WWTP effluent organic matter is a primary contributo
to total organic matter in urban water systems and that it has similar reactivity and metal
complexing abilities as natural organic mat(@orms et al., 2010)To circumvent the non
selective limitation of light scattering, metal binding was measured vidMASUV-ICRMS

and further characterization with fluorescence and total organic carbon detectorsesthtivat

the effluent was mainly a low aromatic, huriike fraction.

In cases where sample preparation should be minimal, and where colloids, natural or inorganic,
are within the same size range as the target analyte (i.e. Pb), then-s8CGRay be the mas
suitable. Additionally, this method can distinguish between particles of interest from other
particles of the same sizgatheir elemental composition and can measure trace

concentrations. There is also a clear advantage of spEBver FFF in simultaously

quantifying dissolved from nanoparticulate components, as any dissolved components move
through the FFF membrane and cannot be directly quantifiditrano et al., 2012)In spICP

MS dissolved metals contribute to the background and can be quantified by subtracting the
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baseline measuremer{Mitrano et al., 2012put matrix effects (ex. high concentrations of
organics odissolved solids) may reduce the instrument sensitivity. Alternatively, size
separation coupled with spI@RAS can help overcome the limitations of splk2B, specifically

the need for assumptions on particle density. Size separation can provide siZeudiistr;

mass, and number of particles to complement the particle number concentration and elemental
composition provided by spl&®S.Another key advantage of spKBAS is its ability to nearly

simultaneously capture multiple isotopéslontafio et al., 2014)

2.5. Occurrence of colloidal lead in drinking water

Over the last three decades, evidence of colloidal lead occurring in drinking water distribution

systems has been reported throughout the United States, Canada, and the United Kingdom. This

I NI AOEt SQa NBOGASE 2F SR 2t00szp6B pfevdehice sf & f A YA
colloids and factors associated with their presence in drinking water. One observation was

persistent and clear: colloidal lead in the distribution system is prone to be included within the
operational definition of soluble lea@0.45 um) (Figure 2Bothtotal lead concentrations

(expressed here as mass concentration) and colloidal size distributions (proportional) differed

across studies, and this variation may be explained by differences in water quality, sampling

method, andtype of site sampled (Details provided in Table S1, Supplementary Information).
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Early work umg various filter pore sizes found evidence of small lead colloids that would have
otherwise been classified as soluble. In first draw samples from homes in Bentham and Glasgow
(United Kingdom), 37% and 69% of total lead, were betweenc0.@8um, while 2% and 15%

6 SNB Xnonmp (HamisoNSLaxelt D8PSy Be Rosa and Williams_(1992)
observedthat significant proportions of lead occurred between ;08 um (1@45%) and

0.0150.08pm (2o > 0 GAUGK £ SI R X1 ®nwmpglke¥acrdsadioams i A y 3

sampled after énhour stagnation.

Continuous size separation techniques provided hetlistinction between small colloids and
soluble lead species. In random daytime samples from a Northern Canadian community, FFF
chromatograms indicated that@23 % of total lead was present in the 1 kDa size fraction, which
was clearly resolved from didsed species. An estimated 8% total lead was present in the
1000 kDa size fractiofTruemanet al., 2019). Although lead concentrations were not reported

in an SEC analysis of samples from the same community, data presented similar colloidal lead

distributions as the FFF sampl@sueman et al., 20%9.

Using a combination of membrane filtration, SEM, TEM, and XRD, Lytle and colleagues (2020)
measured particulate lead in homes with elevated lead concentrations passing throlgh PO

filters in Newark, NJ, a system with orthophosphate treatment. The findings indicated that the

'.|I

majority of lead was particulate (§98%), and mostly colloidal inthe 0L®H >Y &AT S NIy

(Lytle, Schock, et al., 2020foreover, solidanalyses revealed most of the colloidal lead was

composed of lead (Hrthophosphate.
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When examining drinking water samples from a building with copper piping and lead solder via
XRDBarkatt et al., (2009bseweda significant amount of iron particleshamely magnetite

and lepidocrocite, and iron oxides, which effectively adsorbed dissolved lead.

Despite the differences in methods, colloidal size fractions, and proportions of total lead, there
are common thems across these studies, highlighting the impacts of iron, NOM, and corrosion
control treatment on the occurrence and size distribution of colloidal lead. Further, very few
studies determined the chemical species of lead, limiting the ability to idersifyoitirce or
appropriate treatment. More extensive analysis, other than simple size separation, should be

considered to better identify the conditions that promote lead colloid formation and mobility.

2.6. Factors that influence colloidal lead formation and mdiby in drinking

water distribution systems

The release of colloidal lead is determined by the physical and chemical interactions of lead
corrosion byproducts with organic and inorganic species in the distribution system. Lead
corrosion byproducts differ between distribution systems and water dtie$. For example,

lead service line scale from 22 Midwestern utilities in the US included a variety of minerals.
Most had a mixture of amorphous layers rich in iron, manganese, calcium, or phosphorous and
lead carbonates or phosphates, while only twatiged lead (IV) oxideGully et al., 2019a)

Figure 3summarizes factors affecting lead colloid formation and mobility in drinking water

distribution systems; discussiorof each factor is provided below.
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2.6.1. Natural organic matter increases lead release

Some drinking water utilities rely on source waters where NOM is increasing over time
(Anderson et al., 2017peverabsurface waters in North America and Europe are experiencing
brownificatiormt a change in sourewater color, due to climate change, changes in land use, or
declining atmospheric acid depositiorwhich is characteristically accompanied by increased
NOM concetrations (Anderson et al., 2021Lhanges in source water have implications for
treatment and drinking water quality, given the link between NOM in surface waters and lead
O2f f 2 A Ra (TweKyarbet g)., 261¥. de Mora et al. (1987)oted that total andcolloidal
lead concentrations decrease with NOM removal (i.e. via coagulation). The same study

observed that this déct was particularly pronounced for colloids <0.08 um in waters with
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coagulation (Sites 3 and 4) compared to the water with no NOM removal (Site 1) (Figure 2).

NOM is rich in functional groups that, (1) promote reductive dissolution of lead mirn@ra®hi

& Stone, 2009)(2) complex dissolved lead ®fChristl et al., 2001)3) retard lead precipdtion
(Lang & Kaupenjohann, 2003nd (4) stabilize lead bearing collo{@®rshin & Liu, 2019)

(Figure 3)NOM is a key driver for the rediion of lead (IV) oxides. This was demonstrated by
Dryer and Korshin (200@ndLin and Valentine (2008)vho noted that the amount of lead from
dissolving lead (V) increased with NOM concentrations. Additionally, Lin and Valentine (2008)
provided direct exdence of the reductive dissolution of lead by NOM by specifically measuring
lead (1) ions released during the reaction via anodic stripping voltamnigiiyand Stone (2009)
explained their results viawo distinct NOM fractions: a reductant fraction, responsible for
reductive leadV) dissolution, and an inhibitory fraction, which prevents reductive lead
dissolution. Reductant capacity was hypothesized to be tied to less reactive, nonaromatic NOM
moieties, while the inhibitory fraction may adsorb onto active sites, preventing tadtiaccess

(Z. Shi & Stone, 20Q9)

Dissolved lead may bind to NOM colloids, an effect that is positively associated wigthpsil

et al., 2001) As pH increases, NOM is more negatively addhend may readily accumulate lead
ions(Christl etal., 2001) While conventional water treatment (i.e., coagulation, settling, etc.)
removes the strongest complexing fractions of NOM, mbtating NOM may remain in treated
water (Z. Shi & Stone, 20Q9)he binding of lead ions to NOM is mainly due to the presence of
acidic (e.g., carboxylic and phenolic) functional groi@wistl et al., 2001)_ead ions

preferentially interact with phenolic rather than carboxy@iroupgLishtvan et al., 2005)
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However, when lead has exhausted all phenolic binding sites, ebe@@s®ns may bind with

carboxylic groups as wéllishtvan et al., 2005)

NOM adsorption may also ratd lead precipitation by blocking active crystal sites, inhibiting
nucleation, and resulting in smaller particlgeng & Kaupenjohann, 2003; Zhao et al., 2018a)
For instance, inhibited chloropyromorphite precipitation and smaller particle sizes due to NOM
blocking active surface sites have been observed, thus preventing crystal growth @f pH 5
(Lang & Kaupenjohann, 200&reater negative surface charge accumulatig¢arshin et al.,
2005)or steric interferencgMosley et al., 2003 the presence of NOM may also result in
increased metal colloid stability. Foristance, colloidal dispersion of Pb oxides by NOM has

been observed in laboratory experimer{tsorshin & Liu, 2019)

2.6.2. Iron particles transport Lead

Iron particles represent important transport vectors for le@keshommes edl., 2010; Q. Shi et

al., 2020; Trueman & Gagnon, 2016Bjven the diversity in water qualities (e.g. acidity, redox
conditions, temperature, presence of inorganic/organic ligands), the structure and chemistry of
iron oxi(hydroxi)des is very rich and a mixture of iron oxide phases at different size fractions can
be found(Demangeat et al., 2018fbnsiderable proportions of total lead (§83% between

0.01%1 pm) and iron (1€82% between 0.0161 um) concentrations have been observed in the
same colloidal size rangde Mora et al., 1987; Hulsmann, 199%@drinking water samples.

More recently, Trueman and Gagnon (2016b) observed conditefeactions of lead (45 + 10%)
and iron (40 = 6%) in drinking water samples in the §00% pm size range, with theniversal

coelution of lead and iron in SEC chromatografrsother studyBarkatt et al., 2009)ith
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different premises pimbingt a 90year old building with copper piping, supplied by a cast iron
maimt reported that tap water had a significant concentration of iron particles associated with

lead and copper.

It has been proposed that dissolved lead adsorbs onto suspendedramnupstream iron
corrosion and may deposit onto pipe scale or be transported through to théDaphommes et

al., 2010; Trueman & Gagnon, 2016klpreover, particles rich in both iron and lead can detach
from lead service line sca{®asters & Edwards, 2015; McFadden et al., 2@Eiure 3). Lead

ions can bind directly to the surface (inner sphere) or within a hydration shell (outer sphere) of
iron oxideg(Bargar et al., 1997; Glover et al., 200&ner sphere complexes are generally
stronger and less reversible than adsorption via ion exchange (outerepfdre adsorption of
lead ions onto iron oxide surfaces is strongly dependent ofQutshi et al., 2020; Trivedi et al.,
2003; L. Xie & Giammar, 20@&f)d can be explained as surface complex formations with

deprotonated fOH] groupgLeung & Criscenti, 2017)

At pH >8more iron functional groups are deprotonateaiid lead binding at deprotonated sites

is more energetically favorable and provides stronger electrostatic interactiensg &

Criscenti, 2017)However, the precipitation of neadsorbing lead species may decrease this
effect (Ostergren et al., 2000Although lead generally hydrolyzes above pH 7, its high
electronegativity allows for the formation of covalent bonds with oxygen atoms on iron oxide
surfaces even at low p{&lover et al., 2002)At pH >7, dissolved lead carbonate complexes may
inhibit lead ion adsorption onto iron oxidé®stergren et al., 2000Moreover, the aggregation

of iron oxides at higher pH may result in fewer available adsorption @itésedi et al., 2003)
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Leadsorption to iron oxides may be further enhanced whendidgsuch as chloride, sulfate,
and phosphate are preselfElzinga et al., 2001; Q. Shi et al., 2020; Trivedi et al., 2003; Weesner
& Bleam, 1998)For instance, phosphate used in comscontrol may increase lead adsorption
through two mechanisms: Lead may form ternary complexes with phosphate on iron ¢&des
Shi et al., 2020)and phosphate adsorptioonto iron oxides may reduce their surface charge
and increase their affinity for positively charged lead iinsXie & Giammar, 2001)ead
phosphate phases may also form if lead binds directly to isolated phosphate present on iron
oxides(Weesner & Bleam, 19983lternatively, negatively charged lead phosphate particles
may adsorb onto positively alnged iron oxide$¢Q. Shi et al., 2020Adsorbed lead phosphate
particles may slowly dissolve, with free lead ions beirgdsorbed through the formation of
surface ternay complexegQ. Shi et al., 2020%imilar interactions between lead, iron oxides,
and sulfate have been reportg@lzinga et al., 2001 onditions that favoincreased adsorption

of lead to suspended colloidal iron may result in increased lead concentrations at the tap.

2.6.3. Nuances of orthophosphate corrosion control

Orthophosphate is widely considered the most effective corrosion control treatment for
reducing éad corrosior(Dodrill & Edwadls, 1995) Its addition is intended to form a layer of
insoluble leagphosphate mineral on the pipgchock, 1989However, lead phosphates may,
instead, precipitate in solution (homogeneous nucleation) ae transported with flow{Dai et

al., 2018)Figure 3), increasing colloidal lead mobi{ityXie & Giammar, 2011¥hao et al

(2018) argued that elevated total lead concentrations observed post phosphate addition can be
attributed to the formation and stability of colloidal lead phosphates in solution. Although the

slow formation of lead phosmate minerals on the pipe surface occurs, the total lead
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concentration may be dominated by colloids.

Orthophosphate can stabilize lead phosphate colloids by imparting a negative surface charge
(Figure 3), keeping them suspend@l Li, Trueman, Locsin, et al., 2021a; Zhao et al., 2018a)
Waterswith low hardness (<50 mg Ca#lQ may have optimal conditions for the formation of
stable colloidal lead phosphaffan et al., 2021 However, high ionic strength, calcium (Ca),
and magnesium have been observed to counteract the dispersion ébectet al., 2018; Pan et
al., 2021; Zhao et al., 2018ayromoting aggregation and possilsgducing colloidal lead

mobility through deposition.

While traveling through the distribution system, concentrations of phosphate in the bulk water
may decrease due to the formation of phosphate containing s¢Ba® et al., 2020Dther

metal ions (e.g. Ca) may compete with lead for phospli@se et al., 2020)f initial phosphate
concentrations are too low or are depleted below a critical level, other lead minerals,
potentially those with higher solubility, like lead carbonates, may dominate lead re(¥asée

& Giammar, 2011)

2.6.4. Complexation and dispersion by sequestrants

Polyphosphates and blended phosphates (a combination of eethd polyphosphates) are
generally used to sequester iron and manganese by binding the metals, preventing
precipitaton, or by aiding in dispersion. However, polyphosphate may significantly increase lead
release by forming soluble lead compleX@&sR. Holm & Shock, 1991a; Trueman et al., 2018a)

or stabilizing lead partles by imparting negative surface charge over a wide pH rage (B.
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Li, Trueman, Locsin, et al., 2021@dlyphosphate has been shown to inflgerthe size

distributions of colloidal metals: iron and lead were observed at different sizes in two
distribution systems, one with high and another with negligible residual polyphosphate,
respectively(Trueman et al., 2018ayVith the high polyphosphate residual, lead and
phosphorous were strongly associated at a low apparent molecular weight (<1.5 kiza)wéds
attributed to the complexation of lead by polyphosphdeueman et al., 2018a)n contrast,
lead,iron, and trace phosphorous in the low polyphosphate residual system were strongly
associated at a higher apparent molecular weight (>669 kDa), indicative of lead adsorbing onto
iron colloids, perhaps stabilized by phosphéfeueman et al., 2018aPolyphosphates chelating
ability is strongly dependent on its structural propegidn regards to complexation, linear are
more effective compared to cyclic polyphosphafdiyahima et al., 1981; Van Wazer & Callis,
1958a) The difference in lead complexation behavior can be attributed to two @igisms:

First, linear polyphosphates can sterically conform around lead ions or colloids, the structure of
cyclic polyphosphates inhibits this deformatifirambert & Watters, 19575econdly jhear
polyphosphates can form partial covalent bonds with lead whereas cyclic polyphosphates can

form weaker electrostatic bondd/an Wazer & Callis, 1958a)

Silicates are nogffectivecompared withorthophosphatefor lead corrosion control
(Aghasadeghi et al., 2028; Li, Trueman, Locsin, et al., 202Iait silicate treatment has been
linked with lower lead release relative to polyphosphate treatmgthock et al., 2005 pilot
studies, a substantial concentration of colloids (~ 1000 kDa, 0.008 urbekasobserved in the

presence of silicate, with a negligible amount present with orthophospfattasadeghi et al.,
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2021; B. Li, Trueman, Munoz, et 2021a) For silicate concentrations found in drinking water
conditions, rapid and complete depolymerization occurs resulting in the dominance of
monomeric species (Si(Qtnd HSI) (ller, 1979)hat imparts a significant negative surface
charge on lead particlg®. Li, Trueman, Locsin, et al., 202Td&e depolymerization and its

dispersioreffect is expected to be greater as pH increa@kes, 1979)

The sequestering capacity of polyphosphates and silicates can also impact iron related colloidal
lead mobility. Information on how phosphates and silicates can stabilize iron oxides in the
colloidal sizeange can be found elsewhe(B. Li et al., 2019; Lytle & Snoeyink, 200R&tably,
phosphates and silicates reduce the size of iron colloids and inhibit their crystalligtibnet

al., 2019) Increased adsptive capacity and surface charge density of smaller colloids or
amorphous iron have been reported in other stud{€sirusawa et al., 1992; Xu et al., 2006; H.
Zhang et al., 1999For instance, partitioning of &l ions to silicatestabilized colloidal iron or

the dispersion of lead directly from corrosion scale may increase lead rglBake Trueman,

Munoz, et al., 2021a)

2.6.5. Effects of flow rate and ionic strength

Once suspended, the settling behavadrlead particles or lead containing colloids are partly
dependent on solution ionic strengiiNapper, 1970and hydraulic considerations (i.e., flow

rates, stagnationjAbokifa & Biswas, 2017; Clark et al., 2015; Doré et al., 2019)

The impact of ionic strength can be described¥LO theory. The thickness of the diffuse

double layer of a colloid determines its dispersivity. The effective thickness of the double layer is
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directly proportional to the dielectric constant of the solution and zetapotential of the colloid
but is inverséy proportional to the surface charge density. Consequently, the double layer is
thicker when solutions are dilute, resulting in higher colloidal dispersion. Since the dielectric
constant is inversely proportional to the electrolyte concentration, the dedayer thickness
decreases with increasing ionic strengiapper, 197Q)Since most of the studies in the
preceding section were carried out in soft waters, the colloidal concentrations can be partly
explained by their dispersion due to low iorgtrength. In water with higher ionic strength,
groundwater for instance, colloidal dispersion would be expected to be lower, allowing more

colloids to settle out.

Whiled KS NBt SFasS 2F LINIAOdz 4GS 6% ndnp xYO

consuner water use patterns, the effect of flow on colloidal Pb is unknown. However, a

02YL

comparison between particulate and dissolved lead release may provide some idea of colloidal

lead mobility. If lead release is controlled by dissolution, lead concentrasionsld decrease as
flow through the service line increases due to lower contact t{f.eCardew, 2009But
particulate lead tendso increase with higher flow rates. Particulate release from flow
conditions can be attributed to shear stress, which is strongly dependent on the velocity and
acceleration of flow(Zidouh, 2009)Varying water demands in homes can create regular shear
stress events in lead service lines which would mobilize (Eaditier et al., 2012; Clark et al.,

2015; Dekommes et al., 2010)

2.6.6. Variability from sampling methods

Other factors that influence colloidal lead measurements at the tap include temporal variability
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and hydraulic factors (i.e. stagnation time, flow rates). Regarding the former, variations in both
colloidal lead size distributions and total lead concentrations from the same sites varied

temporally in studies reviewed (Figure Epr instance, in Scotland, -30inute stagnation

samples taken from Site 1, supplied with untreated water (pH = 7.4 + 0.2), in June (121 pg/L)
5SNBE R2YAYLl G§SR 0 &de M&d eRal., XX98®ByY conthst, Sampies daken in
b2@3SYOSNI KIFIR KAIKSNI G2alf fSFR O2yOSYiGNI A2ya
(81%). Additionally, random daytime samples taken from the same sites on different days

exhibited dayto-day variationgTrueman, Anaviapioucie, et al., 2019Further evidence of

temporal variation has been found in other wdBarkatt et al., 2009)ut in that study, the

effects are more difficult to extract from those wéried stagnation time. Barkatt and colleagues

(2009) found first draw samples taken after mortbag stagnation presented extreme lead
concentrations that were predominantly (98.8%) in the large particulate fraction (>5 um),

whereas samples taken in tlsame building after a shorter, wedtting stagnation were mostly
LINBaSyd Ay (GKS XnduHuH xY AATS FNIOGAZ2Y O6pnodm:0

distribution between studies and within sites may also be a result of the sampling method used.

Long stagnation sampling (i.eh6ur stagnant) has been used to approximate maximum lead
exposure by allowing more time for dissolving lead to reach soluble equilibrium concentrations
with stagnant bulk wate( Lytle etal., 2021; Riblet et al., 201%owever, stagnant bulk water

may facilitate the settling of larger inorganic collo{@okifa & Biswas, 2017/ Random daytime

and 3@minute stagnation sampling have been used to approximate average consumer exposure

to lead. However, the lack of fixed stagnation time inherent in random daytime sampling may
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produce higher vaability in total lead concentration&Cartier et al., 2011)Currently, there is
no clear understanding of the effect of sampling protocol on colloidal lead measurements

making meaningful comparisons between studies complicated.

2.7. Colloid characterization provides practical guidance for drinking water
providers

When lead concentrations exceed maximum acceptable concentrations or action levels,
researchers and utilities often seek to determine the cause. Scale amagpasnination of the
corrosion byproducts on a harvested pipehas been used to identify how corrosi@ontrol
treatment (Wasserstrom et al., 2017apd other water quality parametei@ully et al., 2019a)
interact with existing scale. @oidal analysis could be used analogously, or complementarily, to

identify factors associated with elevated lead concentrations at the tap.

Colloidal analysis may require determination of both size distribution and elemental
composition, but it can prode practical guidance to better target appropriate mitigation
measures. For example, colloidal analysis can reveal whether lead is associated with NOM or
iron particles, or how the existing corrosion control strategy is functioning. The diagnostic
capabilty of colloidal analysis can reduce the needtfore-intensive, complicated, and

expensive experimental tests, such as pipe loop studies. This type of analysis can aid in
determining the cause and prevalence of the colloidal fraction, and ultimately nzi@im
O2yadzYSNEQ SELIRadaNB (2 tSFR® {2YS SEI YLX S&
techniques to study colloids in drinking water samples are reviewed in more detail below. To

date, these studiegde Mora et al., 1987; Gora et al., 2020; Lytle, Schock, et al., 2020; Trueman,
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AnaviapikSoucie, et al., 2019; Trueman et al., 2017; Trueman & Gagnon, 2tdebpeen
conducted by academics or researchers to inform utilities or small systems, rather than directly

conducted by utilities themselves.

2.7.1. Membrane filtration identifies key water quality characteristics: NOM and pH

Although simple, membrane filtraith can be a potent tool in identifying the impact of water
quality characteristics on colloidal lead release. Using membrane filtrateMora and

colleagues (1987) reportettiat lead colloid occurrence was markedly different between five
single family bmes, supplied by the same source water but serviced by different water
treatments: NOM removalia slow sand filtration or coagulation, or corrosion contva pH
adjustment. Generally, treatment improved both total and colloidal lead concentrationghbut
effect was particularly pronounced for waters with both NOM removal and pH adjustment (pH ~

9) (Sites 3 and 4).

2.7.2. SEACRMS/UV identifies lead mobility due to colloidal iron

Size separation via SEC or FFF paired with element detection (eMiS)@RI UV spectroscopy
are effective methods for examining colldiead interactions. SEC paired with UV detection
(254 nm) along with ICMS was used to identify leahd iron in a common size fraction in->6
hour stagnant samples collected at houses in Halifax, Nova $€aiieman & Gagng 2016a)

A total of 23 sites were sampled and analyzed with-lRERMS, with 8 of these sites also being
analyzed with SEGQV. Trueman and Gagnon (2016) found a sizable fraction of iron and lead
eluted with NOM in a single colloidal fraction. Thisdstyprovided evidence that lead mobility

was due to adsorption to mobile iron colloids. In a subsequent study further examining the role
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of iron corrosion on lead release, Trueman et al. (2017) observed increased lead release
associated with greater iron c@sion from unlined cast iron compared to cemdimed iron
mains.The implication of these findings highlighted the importance of minimizing iron corrosion

as a mitigation strategy for lead release.

2.7.3. FFF analysis reveals elevated lead linked to corrosiwerce water

Determining factors affecting lead release may be crucial in formulating a mitigation strategy,
particularly for small or remote communities with limited resources. For instance, FFF coupled
with ICPMS and UV detection was used in a remAtetic community to demonstrate the link
between high organic carbon, iron, and manganese concentrations in source water and high
lead and copper concentrations in tap wa{&ora et al., 2020; Trueman, Anaviafiaucie, et

al., 2019) Drinking water for the Hamlet of Pond Inlet (Nunavut, Canada) is drawn from a
surface water reservoir, dosed with sodium hypochlorite, and transported directly to consumers
via water trucks. No additional water treatment is provided, and distributed wiatstored in

indoor cisterns until it is used. Sequential sampling in the community identified that lead
occurrence is localized and building specific. TEM micrographs determined that colloidal matter
was in the 0.0§0.2 um size range. FHFERMS UV anafsis on random daytime samples from

three buildings discovered that supplied water in Pond Inlet is conducive to the corrosion of
premise plumbing components and metals transport to the tap. Drinking water in Pond Inlet is
abundant in NOM, iron, and mangase, and colloidal fractions of these analytes were
associated with the occurrence of colloidal Ig&bra et al., 2P0; Trueman, Anaviapioucie,

et al., 2019)
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2.7.4. Membrane filtration, SEM, TEM, and XRD find lepldosphate nanoparticles

Colloidal analysis can evaluate and diagnose problems with a corrosion control program, such as
was the case with Newark, NJ. Afteriteling to orthophosphate treatment, high lead

concentrations were found in tap water filtered through NSF/AMB53 certified POU filters

(Lytle, Schock, et al., 202Uembrane filtration, SEM, TEM, and XRD were used to attribute the
source of elevated lead concentrations in filtered water to lgqwbsphate nanoparticles. Two
YSYONIYS &aAl Sa 6SNB dzaSR (2 FdzZNIKSNJ &aSLJI NI &GS
KYO0O FYyR a2tdzotS £tSIR o0Xon {({5F% 9 nonMB xYOLP a.
provided both colloid concentrations and sizistdbutions. SEM and TEM, coupled with EDS,

were used to both confirm size measurements as well as provide other physical characteristics
(e.g. shape and crystal structure). In certain cases, colloids were too small to identify their
crystalline structurausing SEM or TEM. To overcome this, XRD was used to identiy lead
phosphate patrticles retained on 0.2 um membranes. In combination, membrane filtration, SEM,

TEM, and XRD determined the prevalence, size, and structure of colloidal lead passing through

the POU device.

2.8. The case for colloidal analysis as a diagnostic tool

The use of colloid characterization was useful, in these cases, for three reasons: First, the
identification of sources and causes of colloidal lead using routine water sampling procedures
can help large, small, and remote utilities better target theirrosron control strategies

without the need for costly experimental saps. Secondly, evidence of lead adsorbing onto
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iron colloids can direct utilities to reducing iron corrosiondrgduct release as a strategy to
minimize lead at the tap; likewise, eece of lead binding to NOM might highlight treatment
process improvements to minimize lead release. Finally, when lead mitigation strategies are
failing, colloid characterization cdoe used to identify unintended consequences of corrosion

020)or the complexation of lead by polyphosphdfierueman etl., 2018a)

2.9. Conclusion

The evidence of lead colloids in tap water dates back to the work of Hulsarahoolleagues
(1980), and despite relatively little research attention for decades, the landscape is changing.
Newark, NJ represents a prominent case study on the role of lead nanopatrticles in lead
exceedances at the tafhytle, Schock, et al., 202®ut a growing body of work highlights the
importanceof these small colloids from source to tap. Colloidal lead and other metals have
been measured in tap watef§ora et al., 2020; Lytle, Schock, et al., 2020; Trueman, Anaviapik
Soucie, et al., 2019; Trueman, Gregory, et al., 2@&gn their link with elevated total lead
concentrations, and the challenges of controlling their formation and mobility, the presence of
lead colloids poses potentially significant public health concerns. Lead colloids can occur in
different size ranges and concentrations and even differ between sagpl’ents from the

same sites. Moreover, under specific water qualites|oids have been shown to pass POU
filters, such as NSF/AN&2/53 certified POU filter@_ytle, Schock, et al., 202®hich are

typically viewed as an effective mitigation strategy when elevated lead concentrations are

presentat the tap.
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Despite the growing interest, colloids have been underestimated in conventional drinking water
monitoring, wheremetals are operationally defined as soluble or particulate based on their
ability to pass through a 0.45 um membrane fil{Baird, 2017; US EPA, 1994a, 1994b)

However, field studies show that colloidatld)R SEA &Ga Ay aAl S TN OGAzya
can represent a significant proportion of the total concentration (Figure 2). This highlights a
critical shortcoming of this operational definition: the potential to misclassify colloidal or
nanoparticdate lead and other contaminants as soluble. Here, the issue is not the lack of
distinction during routine monitoring, rather it is the potential to misdiagnose, and thus,
mistreat the source of the exceedance. The concern is that the remedial actiomsttakeduce
soluble lead concentrations (i.e. increased orthophosphate dose) may differ from those used to
target colloidal lead (i.e. improved NOM removal, controlling iron oxides), and in some cases

could exacerbate the problem.

When lead concentrationsxceed regulatory levels, size separation can determine if the
increased lead concentrations are caused by soluble, colloidal, or particulate (>0.45 pm)
fractions. There are a range of methods available to characterize colloids in drinking water
samples. Bch of these tools presents its own strengths and limitattoeeme methods are

more accessible and require less specialized training (e.g., filtration) compared to others (i.e.
spICPMS, TEM/SEM, SEC, FFF). These distinctions are important: while mosticaipd

analytical techniques present some obvious advantages in research spheres, they may require
more capital and operational costs, and may not be suitable or necessary for frequent analysis.

Utilities may also be ibquipped to characterize colladn their distribution systems under
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routine monitoring, but colloidal analysis may be beneficial in some circumstances. A few, well
targeted samples paired with colloidal analysis can provide a great deal of information.
Nevertheless, advancements in pale detection and characterization will be critical in future
research beyond trace metals analysis, including emergent topics such as micrplaatios in

source waters and distribution systems.

Finally, a greater understanding of particle formatieiti ultimately inform water treatment
processes and decrease exposure at the tap. To minimize colloidal lead transport and formation
in distribution systems, a utility can potentially modify the following water quality
parameters/treatments of drinking war: (1) reducing natural organic matter (NOM), (2)
controlling iron corrosion, (3) optimizing orthophosphate corrosion control and (4) optimizing

the use of sequestrants.

Based on the review presented, there are important gaps in the literature requiradvance

our understanding, which can broadly be categorized into questions related to formation and
water quality, and exposure prevention and monitoring. The former include: (1) determining
what water quality conditions are favorable to colloidal leadtiation, and (2) understanding

the role of NOM in lead release. Whereas the latter involves, (3) how colloidal lead in drinking
water can be controlled if existing POUs fall, (4) determining what aragpeopriate sampling
methods and types of sampleg@&ded to identify colloids. Finally, another important research

area will be improving predictive capabilities for lead colloid formation.

47
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guideline

This chapter is reprinted with permission from the following:

Locsin, JA®Y ¢ NUzZSYlFYysS . & CoPI {SNNIOAymtAGOASE 503 {
regulatory implications of Health Canada's new lead guideANéWA Water Scienc@(4),

€1182.

J.A.L coordinated data collection, analyzed the data, wrote the paper, and prepared the figures.

3.1. Abstract

| SFEGK /Iyl RIQa 3IdZARStAYS F2NJ Sl Rwohgv RNAY { AY
sampling protocols were introduced random daytime and 3@ninute stagnation sampling

and the maximum acceptable concentration (MAC) of lead in drinking water was decreased

from 10 to 5 g/L. This study examined the possible impacts that changes in guideline might

have on water utilities in Canada.lead mortoring survey of seven drinking water distribution

systems was conducted using the random daytime andthB8lute stagnation protocols.

Random daytime sampling captured an estimated 45% more lead thamr8@e stagnation

sampling. However, both protocolssfded samples above the new MAC5% and 5.4% of

random daytime and 3@ninute stagnation samples exceededTihese data indicate that some
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drinking water providers especially those supplying systems with legacy lead pluntbing

may havedifficulty achieving 100% compliance with the new guideline.

3.2. Introduction

Drinking water can be a significant source of lead expofnantafyllidou & Edwards, 2012)

is usually leadree upon leaving the water treatment plant, but lead contamination may occur
through contact with lead service lines (LSLs) or premises plumbing components such as lead
solder and brass or brae fixtures, fittings and joint&Elfland et al., 2010While many water
utilities use corrosion inhibitors to control lead in drinking water, lead release can still be a
problem in homes with lead plumbijncomponentgCardew, 2003; Hayes et al., 2008ater
characteristics (e.qoH, dissolved inorganic carb¢8chock, 1989}emperature(Masters,

Welter, et al., 2016)orthophosphate concentratio(Noel et al., 2014the age of materials
(Schock & Lemieux, 201@he duration of stagnatiofCartier et al., 2012)and consumer

behavior(Del Toral et al., 2013 ffect lead leaching into drinking water.

In light of the health risks linked to lead exposure, Health Canada has updated its guidance on
lead in drinking wate(Health Canada, 2019a)he new guidelines reduce the maximum
acceptable concenttagon (MAC) of lead from 10 to‘5g/L and introduce two new sampling
protocols to better estimate lead exposure: random daytime andrB0ute stagnationThe

former specifies sample collection during the day without a fixed stagnation time or prior
flushing, while the latter specifies that sample collection be preceded byranbite flush of a

drinking water outlet and thirty minutes without water use prior to sample collectidris
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represents a significant change; Nova Scotia, where this study was cedduaatrently

regulates based on afinute fully flushed sample and a 1@/L MAQNova Scotia

Environment, 2010While flushed samples have been previously recommended for
compliance monitoringHealth Canada, 1992; Nova Scotia Environment, 2€16) tend to
grossly underestimate lead exposyiaron, 2001; Deshommes et al., 2013; Riblet et al., 2019;
van den Hoven, et al., 1998y contrast, the new sampling methods require a stagnation

period, albét one of unspecified duration in the case of random daytime sampling.

The European commissigeuropean Commission, 201&s aso recommended random
daytime or 3@minute stagnation sampling for compliance monitoring, and both protocols
provide reasonable estimates of lead expog@ardew, 2003; Hayes & Croft, 2012; van den
Hoven, et al., 1999 hirtyminute stagnation sampling may, however, underestimate lead
exposure in homes with lead serviced#{Riblet et al., 2019)Nevertheless, the 3finute
stagnation period is approximately reggentative of consumer intauise stagnation timgRiblet
et al., 2019; van den Hoven, et al., 1999n den Hoveat al. (1999)noted that mean inter
use stagnation time is 30 mireg. This was derived from a statistical analysis of water use
patterns in the United Kingdom. Riblet al. (2019)found that 68 % of inteuse stagnation
times at the kitchen tap were less than 45 minutes and just 15% of those events were less than
15 minutes. For optimizing corrosion control, first drawhdur stagnant sampling is
recommended by regators(Health Canada, 2009; Nova Scotia Environment, 2@10}this

method is likely to overestimate lead expos\Riblet et al., 2019)
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This studyattempted to predict the impact of the recent reductionMhAC and the change in
recommended sampling protocols on regulatory compliance by means of agoaitnunity
monitoring programLead occurrence in Nova Scotia was compagainst the new MAC using
four regulatory sampling protocofs flushed, random daythe, 3@minute stagnation, and-6
hour stagnatiort and the implications for future compliance monitoring in Canada are

discussed.

3.3. Methods

3.3.1. Lead sampling at the tap

Drinking water samples were collected from 147 homes in seven communities across Nova
Scotia. Sample sites were selected by the participating water utilities with emphasis on single
family homes with suspected or known lead plumbibgad service line lotans were

confirmed in communities A and B using utility records, but service line or premises plumbing
materials data were limited for communities-G. In order to capture the seasonal maximum
lead exposure, samples were collected in the warmer mob#tsveen May and October of
2018.Six of the seven communities added a phospHadeed inhibitor for corrosion control

and free chlorine for disinfection. Community C did not use a phosgbaged inhibitor and

used chloramine for disinfection (Talfg Distributed water pH for all communities fell

between 7 and 7.8.
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Table2 Summary of water quality conditions.

Homes
Community| Sampled pH Corrosion Inhibitor | Disinfectant
#)

Orthophosphate Chlorine Gas
A 30 7.3

(Img PQL) (2 mg/L)

Orthophosphate Chlorine Gas
B 17 7.5

(Img PQL) (2 mg/L)

Chloramine
C 10 7.8 None
(unknown)

Blended phosphate Chlorine Gas
D 31 7.5

(3mg/L as product) (2.5 mg/L)

Blended phosphate Chlorine Gas
E 13 7.6

(0.4 mg/L as Product) | (2.7 mg/L)

Blended phosphate Chlorine Gas
F 6 7.5

(0.6 mg/L as Product) | (2.5 mg/L)

Blended phosphate Chlorine Gas
G 40 7.2

(2.75 mg/L as Product] (1.8 mg/L)

Three 1L samples were collected at each site at the maxiaehievable flow rate; flushing was
also performed at maximum flowFirst, a 1L random daytime sample frorkichencold water
tap was collected during work hours (MeFri, 8 am 5 pm) and without prior flushing.
Afterward, the tap was flushed for 5 minutes and then left undisturbed for 30 minutes; during
this time no water use was permitted in any part of the horéer the stagnation period, two

sequential 1L samples were collected representing the first 2L drawn from th&aap.were
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checked for poinbf-use filters, and if a filter was present, an alternate tap (e.g. bathroom sink)

was selected for sampling.gresent, aerators were not removed.

Additional paired éhour stagnant and flushed samples were collected in communities A and B
from the same drinking water tap within the same weé&ke presence of LSLs at these sites
was confirmed by visual inspectiamd water utility records. At each site, a 1L sample volume
was collected after a minimum 6 hour stagnation period without-flushing. The tap was then

flushed for 5 minutes and a second, t&presenting the flushed sampleas collected.

Lead samplewere sent to an accredited laboratory for analysis. All samples were acidified with
concentrated nitric acid (Fischer Chemical, Trace metal grade) (20 mL per litre) in their original
containers and held for a minimum of 16 hours at room temperature befioegals analysis via
inductively coupled plasma mass spectrometry (Perkin E¢oNaxion 300X) per standard

method 3125BAmerican Public Health Association, American Wdterks Association, Water
Environment Federation, 2012y he reported detection limit (RDL) for lead was‘Qy.. For

data quality assurance, blanks and spiked solutions of known concentrations were measured
every 10 samples. In 40 randomly selectednes, aliquots from each of the three acidified

sample litres was measured to ensure pH was below 2 prior to storage.

All 1L wide mouth high density polyethylene sample bottles used in this study were first soaked
for 24 hours in 2M nitric acid (Fischer Chemical, Certified ACS Plus). Bottles were then rinsed
three times with deionized water and once with ultrapure watary -©M> ¢h/ fH >3IK][ (

left to dry completely.
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3.3.2. Statistical analysis methods

As described in the Health Canada guideline, the twaon8tute stagnation samples were
averaged to yield a representative value for comparison with the (#iaglth Canada, 2019a)
When one of the two samplesere below RDL, the average was calculated by substituting the

RDL (0.5g/L).

Since a substantial fraction of the data werededinsored (i.e., below the RDL of Og/L),
sample protocols were compared using the paieentice Wilcoxon test, a ngoarametric
procedure for comparing matched pairs with censoring, using the R sofeaatreontributed
LI O1 F 3S «BeXCizddl201¥; Team, 2018)Wilcoxon signed rank test was used to
compute a difference estimate between the lead concentrations yielded by each sampling

protocol.

In communities A and B, lead levels via four sampling protocols were compared using-a three
way ANOVA on ranks, wigitotocol and the presence of LSLs as independent variables and site
as a blocking factdiBrownie &Boos, 1994)To account for censored observations, a rank
transformation was applied by assigning leéinsored values the minimum rank prior to
conducting ANOVEConover & Iman, 1981For mdtiple comparisons of sampling protocols
paired by site, adjustments to theymlues that control the family wise error rate (FWER)

Holm, 1979hnd false discovery rate (FORpchberg, 1988)ere applied.
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3.4. Results and Discussion

3.4.1. Lead occurrence across seven communities

To examine lead occurrence and estimate future compliance using the revised Health Canada
guideline, statistical estimates and exceedance rates were calculated by protocol (random
daytime and 3@minute stagnation sampling) using the full data set (N =.14lthough a large
number of homes were sampled, knowledge on lead plumbing was limited: just 16 homes
(Community A = 13, Community B = 3) were known to have LSLs, 27 were known not to have
LSLs (Community A = 13, Community B = 14), and the remainingd 0¢hknown plumbing
configurations. Across the full data set, 74 homes yielded lead concentrations below the RDL in

all three sample litres. Lead levels for each community can be found in Jable

Over the full data set, random daytime (median = .88, 10" - 90" percentile = <0.512.1
‘ g/L) yielded a greater exceedance rate than thendiiute stagnation protocol (median = 1.05
‘ g/L, 10" - 90" percentile = <0.56.35° g/L): 7.5% and 4.8% of random daytime samples

SEOSSRSR p | yivelycompar8dwitnss.49%Bnd 138 0tBhute stagnation

samples (Figuré).
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Figure4 Cumulative distribution of lead concentrations by sampling protocol and comn{rvty1 47).
The dotted lines represent the 5 and*I@JL guideline MACs.

These rates varied substantially by location: in communitie® A0- 10% of random daytime
samples exceeded 1(@/L and 6 17% exceeded 5g/L (Table3). In the same communitie®,-
3% of 3@minute stagnation samples exceeded 1)L and O 16.7%, exceeded ‘5g/L. No
samples collected in communities B exceeded 5g/L. Moreover, a large proportion of sites
in these communities yieetl sample sets with lead concentrations below the RDL in all three

sample litres, and there was no confirmation of leaded plumbing at any of these sites.
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Table3 Summary of lead sampling results from seven communities in Nova Scotia.

Random Daytime 30-minute Stagnation
Number | Number of
% samples %samples
Community of homes with
Lead concentration' (/L) > MAC Lead concentration’ (/L) > MAC
homes no leadt
10" | Median| Mean | 90" Max | 5‘g/L | 10' g/L | 10" | Median | Mean| 90" | Max | 5‘g/L | 10‘g/L
A 30 4 <0.5 2.1 7.03 12.7 114 10% 10% <0.5 2.2 4.42 7.45 | 48.15| 16.7% 6.7%
B 17 12 <0.5 <0.5 1.06 2.9 5.9 6% 0% <0.5 <0.5 0.64 | 1.15 | 1.85 0% 0%
C 10 2 <0.5 0.95 2.33 7.45 10.1 20% 10% <0.5 0.78 0.99 | 2.08 2.6 0% 0%
D 31 8 <0.5 1 341 6.6 28.9 17% 7% <0.5 0.6 1.66 3.9 10.2 7% 3%
E 13 11 <0.5 <0.5 0.52 0.6 0.6 0% 0% <0.5 <0.5 0.5 0.5 0.5 0% 0%
F 6 2 <0.5 0.55 0.98 2.9 2.9 0% 0% <0.5 <0.5 0.58 | 0.85 | 0.85 0% 0%
G 40 35 <0.5 <0.5 0.57 0.5 2.7 0% 0% <0.5 <0.5 0.56 0.5 1.7 0% 0%
Nova Scotia 147 74 <0.5 1.85 5.2 12.1 114 7.5% 4.8% <0.5 1.05 2.9 6.35 | 48.15| 5.4% 1.4%

2Lead concentrations in all sample litres were below reported detection limit (<@'15.

b Maximum acceptable concentration.




Communities A and B have similar water quality and corrosion control. Higher lead levels in
random daytimeand 30minute stagnation samples from community A may be, in part, due to

a significant proportion of homes with LSLs (43.3%). In contrast, lower lead levels in community
B were likely due to a lower proportion of homes with LSLs (17.6%), with many hodn@%o}

having all samples below RDL (T&d)le

Community C experienced the highest rate of fwmmpliance across all the communities and
sample protocols (Figure 1). This may be due to the lack of corrosion inhibitors used in this
system. Lead levels insggms with corrosion control are expected to be much lower than
systems withoufCartier et al., 2013Phosphate addition has been shown to decrease average
lead levels by up to 86% (28 to 8.¢/L)(Sandvig et al., 200@)nd reduce rates of nen

compliane by up to 50.3%City of Toronto, 2018)

Plumbing information on community D was limited. However, three homes with a galvanized
steel service line on the private side of the pesty experienced lead levels above /L

(random daytime = 17.9, 12.5, 6.8/L, 30minute = 6.5, 10.2, 6.9g/L). The utility could not
confirm the material of the service line on the public side. Galvanized steel may serve as a
significant source dead with concentrations reaching 6 g/L in 6hour stagnation profile
samplegqClark et al., 2015; McFadden et al., 2011; Schock & Oliphant, I1¢@@&aiyllidou &

Edwards, 2012)
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Since lead plumbing information was limited in communitie$ssamples were taken from
homes at higher risk of having an LSL (built before 1960 and with no records of LSL
replacements). A significant number of homesommunities E (11 of 13) and G (35 of 40) had
lead levels below the RDL in all sample volumes. Over both sampling protocols, the majority of
samples taken from community F (5 of 6) had lead levels below or close to the RDL, with only
one sample exceedinl’ g/L (via random daytime sampling). This may suggest a low
probability of having LSLs at those homes. This along with the use of corrosion control may

partly explain the low lead levels from these communities (T8ple

3.4.2. Comparison of fousampling protocols

The greater propensity for random daytime sampling to yield elevated lead in this study was
confirmed by a direct pairwise comparison of the method within@@ute stagnation sampling.
Over the full data set, sites yielding samples (N)véth lead above the RDL in at least one

litre were used to compare the two protocols.

Random daytime samples captured an estimated 45% more lead thamr@e stagnation

(PairedPrentice Wilcoxon, N = 68, Z = 0.399gtue <0.05) (Figur®). Of the 68sites,

47 (69.2%) and 13 (19.1%) yielded the highest lead levels via random daytime sampling and the
30-minute stagnation average, respectively, while 8 (11.8%) yielded equivalent levels via the
two methods. Higher lead concentrations in random daytimmples may be due to collection,

on average, after greater than 30 minutes of stagnation. Differences in stagnation time can

cause significant variability in lead levels (&@30% difference between 30 minutes and 60
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minutes)(Schock, 19895tagnation times (no distinction between LSLs and tap) may vary
between single occupant (47 minutes) to nudtcupant (18 minutes) homéBailey et al.,
1986) In Montreal, median stagnation time at the kitchen tap (18 minute¥, @ércentile =
394 minutes) was longer than in the service line (11 minuted,@dcentile = 72 minutes) with
33% of stagnation events &sg more than 45 minutegRiblet et al., 2019)inter-use

stagnation time was not measured this study but is expected to vary in a similar fashion.

100.01

10.01
5.01

0.5+

30-minute stagnation ( pug Pb/L)

0.5 5.0 10.0 100.0
Random daytime (ug Pb/L)

e Community A © Community C © Community E © Community G
© Community B ® Community D © Community F

Figureb Lead concentrations from random daytime vs the averageohiBite stagnation samples
separated by communitfN = 68 homes). The shaded band represents the 98fidexace interval (0.58
0.81) around the difference estimate. Lead concentrations below reporting limit are represented by
colored dashed lines.

The tendency of random daytime to yield greater lead levels compared-tiB0te stagnation

isconsistent with previous studigBaron, 2001; Hayes et al., 2016; Rileteal., 2019; van den
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Hoven, et al., 19995everal studies have estimated true exposure by composite proportional
sampling, wherein a portion of each volume of water drawn for dietetic consumption is
retained for analysis; this protocol captures &k tfactors influencing average lead intake
through drinking watefRiblet et al., 2019; van den Hoven, et al., 1993)mpling protocols
were evaluated against true exposure and yielded similar results. Random daytime was similar
(random daytime= composite = 10g/L)(Riblet et al., 2019r overestimated true exposure by
up to 27% (slpe = 1.27, R= 0.6 (van den Hoven, et al., 1999 contrast to both the
Europearstudy(van den Hoven, et al., 1998)d this work, sampling in the Montreal study
(Riblet & al., 2019)was carried out by participating homeowners, thus eliminating the issues
with possible exaggerated interse stagnation times due to sampling during working hours.
Conversely, 30ninute stagnation sampling underestimated true lead exposiyr@0% (slope =

0.8, R=0.58)(van den Hoven, et al., 199®) 25% (mean = 7.98.8‘ g/L)(Riblet et al., 2019)

Random daytime has been found to exceed §fL. more frequently than 3@ninute
stagnatior{Baron, 2001; Hayes et al., 2018king random daytime and a modified-8nute
stagnation protocol (4 x 1L average), Hagkal. (2016)found that 15.3% and 13.9% of random
daytime and 3@minute stagnation samples exceeded 1L, respectively. Due to its larger
overall volume drawn, the modéd 30minute stagnation profile would be expected to result in

much higher lead levels in homes with LSLs compared to thmeil@te stagnation
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(2 x 1L average) protocol used in this study. The contribution of LSLs may be seen after the 1st
litre resultingin higher lead levels in succeeding lit(€eshommes et al., 2016; Lytle et al.,

2019)

To evaluate lead capture via new versus previcustpmmended sampling protocols,
additional 6hour stagnation and flushed samples (N = 40532LSL) were collected in
communities A and B and compared with their paireend@@ute stagnation (2x 1L average) and
random daytime samples. Sampling protocol (ANOVA, N = 40, F= 4vdldep< 0.05) was a
significant predictor of lead concentration. & p-values for multiple comparison tests can be
found in Tablet; Lead concentrations were significantly lower in flushed (median =" <fil5
10" - 90" percentile = <0.53.3‘ g/L) compared with éour samples (median = 1.0g/L, 1%

- 90" percentile = <0.57.6* g/L) (PaireePrentice Wilcoxon, N=40;\ymlue < 0.05) but were
similar in flushed compared with random daytime (median = 0§%, 10" - 90" percentile =
<0.5-10.6' g/L, PairedPrentice Wilcoxon, N = 40;yalue >0.05) and 3fhinute samples
(median = 0.55g/L, 10" - 90" percentile = <0.55.37‘ g/L, PairedPrentice Wilcoxon, N = 40,
p-value >0.05). In this subset of data, the lead concentrationshaous, 30minute, and random
daytime samples were not significantly different (Pa#@m@ntice Wilcoxon, N = 40;v@alues >

0.05).
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Table4 Comparison of sampling protocols using PaiPedntice Wilcoxon tests with multiple
comparison correctionsontrolling the family wise error and false discovery rates separately.

Protocol A Protocol B p-valuerwed | p-valueror
30-min Random daytime 0.423 0.241
Random daytime Flushed 0.187 0.097
Random daytime 6-hour 0.423 0.241
30-min Flushed 0.216 0.108
30-min 6-hour 0.193 0.097
Flushed 6-hour <0.001 <0.001

aFamily wise error rate
b False discovery rate

Sixhour stagnation sampling is used for compliance monitoring in the(USAPA, 2010n
both Canada and the USA, it is also used to assess the effectiveness of corrosion control
treatment (Health Canada, 2009, p. 200; US EPA, 26i@yever, it was not intended to
provide estimates of consumer exposure, overestimating gxgosure (composite = (/L)
by up to 29% (#our = 14 g/L) (Riblet et al., 2019} ongstagnation times (e.gz 6 hours)
substantially increase particulat€artier et al., 2013nd total(Lytle & Schock, 200@®ad
release. Lead levels in a 1.6 (5/8)9 (3/4) cm (inch) diameter lead pipe are estimated to be
between 80- 100% @ equilibrium concentrations after abour stagnatia (Kuch & Wagner,
1983) Here, the median lead level vieh6ur stagnation was low; however, some homes
encountered up to 150 g/L. High lead levels have been reported in Brandon, MB (median = 21
‘ g/L, 90" percentile = 44 g/L, max = 110g/L) (L. Winning, 2015Winnipeg, MB (median =
7.3° g/L, 90" percentile = 23 g/L, max = 35g/L) (L. Winning, 2015)and Flint, Ml (after
orthophosphate addition, median <‘Ig/L, 9¢" percentile = 9 g/L, max = 221.1g/L) (Pieper

et al., 2018)
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Lead levels were the lowest in flushed samples with 57.5% of them being below the RDL. All but
one (7.6 g/L) of the samples had lead levels belowdiL. Estimates of lead levels viashed
sampling range from 47% (mean = 5@L) (Riblet et al., 2019) to 57% (slope = 0.5% ®R29)

(van den Hoven, et al., 1998/ true exposure. Flushed samplesy also fail to identify at risk
homegRiblet et al., 2019; van den Hoven, et al., 1988)mes in communities A and B had lead
levels above 5g/L in random daytime (N = 6, 5.914° g/L) and 36minute stagnation (N =5,

5.1-48.2" g/L) wten paired flushed samples were below &L (<0.5 4.9* g/L).

3.4.3. Lead release may be sporadic and unpredictable

Similar to findings by Cartiet. al.(2011) the difference between random daytime and-30

minute was not as impactful as the difference in household plumbing. This was confirmed by a
one-way ANOVA on ranks with site as the independeniaéde, wherein the variation among

sites was significantly greater than the variation between sampling protocelal(ye < 0.001,

N = 68).
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Figure6 Cumulative distribution of lead concentrations for homes with (N = 13) andwvitlsh.s as a
function of sampling protocols for community A &MRe dotted lines represent the 5 and L
guideline MACs.

The presence of LSLs (ANOVA, N = 40, F = 28&Biep< 0.05) was a significant predictor of
lead release. Across all the sampling protocols, lead levels in homes with LSLs were an
estimated 5.8 times greater (Wilcoxon, N = 40, 95% CI =656} than lomes without LSLs
(Figure6). Even with the use of phosphate corrosion control, median lead levels filoou6
stagnation samples in homes with LSLs (@) were 11 times that of homes without LSLs (0.6
‘ g/L). This trend carried through the other saling protocols as well. Median lead levels in

homes with LSLs (13 homes) were the highesthio@ stagnant (6.6 g/L), followed by
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random daytime (4.2 g/L), 30minute stagnant (3.2 g/L) and flushed samples (2.9/L)
(Tableb). Lead concentrationsxceeding 5 g/L occurred in 2, 3, 3, and 8 homes via flushed,
30-minute, random daytime and-Bour sampling, respectively. Additionally, for the small

sample of homes with LSLs (N = 13), median lead levels via random daytime (Wilcoxon,

p-value = 0.2809%nd 308minute stagnation (Wilcoxon,-palue = 0.1239) were similar tel®ur
stagnation samples. Other studies have found that these methods can be used to assess
corrosion contro(Cardew, 2000, 2003; Hayes et al., 2016; Hayes & Croft, 2012; Riblet et al.,
2019) Cardew(2003) cautioned that the sampling size requinent to determine
representativeness is unique to each distribution system and water quality conditions, requiring
a good understanding of lead variability in the area. It has been suggested that at least 8 (up to
100) random daytime samples analyzed arltyuaver several years are required to represent a
distribution system(Cardew, 2003; Hayes & Croft, 2012pd service lines provide a

consistently high source of leg@artier et al., 2011; Schock & Oliphant, 1996; Y. Xie &
Giammar, 2011and can contribute up t@5% of the total lead at the tagsandvig et al., 2009)
Lead corrosion bproducts from an LSL may be incorporated into corrosion scale on premises
plumbing(Sandvig et al., 2009)n homes where an LSL was completely removed, lead levels
after 6 months decreased significantly (by 40%)-hro@r stagnation sample@rueman et al.,

2016)
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Table5 Summary of lead sampling results from homes with lead serviceg Nred.3).

Lead Service Line
Lead concentrationsHg/L) % samples > guideline value
Protocol Median | Mean 10th 90th Max 5°g/L 10° g/L 15 g/L
Flushed 2.9 34 2.1 4.9 7.6 6.8% 0.0% 0.0%
30-minute stagnation 3.2 6.9 <0.5 8.6 48.2 15.4% 7.7% 0.0%
Random daytime 4.2 12.8 <0.5 13.3 114 23.1% 7.7% 7.7%
6-hour stagnation 6.6 16.9 2 13 150 53.8% 15.4% 7.7%

Median lead levels in homes without LSLs (N = 27) were the highesioar&tagnant (0.6

‘ g/L), with flushed, random daytime and-B@inute stagnation having lead levels below RDL

(Table6). None of the éhour or flushed samples collected exceededdgdl, but two 30minute

stagnation and four random daytime samples did. Notably, two homes without LSLs had lead

concentrations of <0.5¢g/L, 5.35.4° g/L, 12.119.8' ¢g/L, and <0.8..1* g/L via flushed, 30

minute, random daytime, and-Bour stagnant sampling, respectively.

Table6 Summary of lead sampling results from homes without lead servicd Nre27).

No Lead Service Line
Leadconcentrations Hg/L) % samples > guideline value
Protocol Median | Mean 10th 90th Max 5'g/lL 10° g/L 15 g/L
Flushed <0.5 <0.5 <0.5 0.9 1.2 0.0% 0.0% 0.0%
30-minute stagnation <0.5 1.2 <0.5 4.2 6.4 3.7% 0.0% 0.0%
Random daytime <0.5 2.3 <0.5 9 19.8 11.1% 3.7% 3.7%
6-hour stagnation 0.6 1 <0.5 3 3.6 0.0% 0.0% 0.0%

Surprisingly, lead levels in random daytime aneh@fute stagnation samples from these two

homes exceeded the pairedh®ur stagnation samples, median lead concentrations in homes

with LSLs, and the recommended &L MAC Eigure6). Higher lead levelsauld be expected
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in 6-hour stagnation compared to either random daytime orBthute stagnatiorn(Riblet et al.,
2019) However, lead release is not only dependent on stagnation time. The variability in
premises plumbing materials and construction can result in unpredictable spikes of lead due to
the semirandom release of particulat@Masters, Parks, et al., 2016; Sandvig et al., 2009)
Compared to paired-6our stagnation, higher lead concentrations in some randtaytime

and 30minute stagnation samples may indicate a sporadic but significant contribution of
particulate lead from the premises plumbing; brass fixtures or faucets andileadlder are
possible sources in this cad@eshommes et al., 2010; Elfland et al., 2010; Sundberg et al.,
2003; Y. Zhang & Edwards, 20(Riyure6). Distinguishing between lead levels due to
characteristics of the home (e.gonsistent particulate lead levels from premises plumbing) or
sporadic release of lead particles was not possible as each home was only sampled once using

the four protocols.

3.4.4. Lead service lines increase rates of nRoampliance

Homes with LSLs would see increased exceedance of the NBAC(§. To highlight the effect

of the guideline change on nesompliance, sampling protocols were compared against their

respective gideline values. Noigompliance is defined in this study as having a value above the

JdzA RSt Ay S @ f dabidalthfChrdmaKLSRandom daytime ahe Beninute

aaGl 3yl OA HgaltthCamada>281Q49nd 6hour stayy | G A 2 Y (HlealthpCaradhk |

2009y Cf dzZa KSR &l YL S&4 RAR y2i SEOSSR wmn >3k][ AY
gAGK2dzi YR é6AGK [{[aX SEOSSRIyYyOS 2F p >3k[ A
via30YAydziS adl3yradAaz2y FyR NIXYyYyR2Y RIFEIBGAYSI NBa&LX
6-hour stagnation samples increased from 0% (no LSL) to 7.7% (LSL).

68



Substantial rates of exceedance have been reported in other studies using the same protocols.
Using a Monte Carlo simulation for a system with low plumbosolvency, H29@9)reported

that 30-minute stagnation and random daytime samples exceeded th'egIlDwere 0% and
between 0.41- 3.47%, respectively. Rates of roompliance increased with an increasing
proportion of homes with LSLs (100%) and plumbosolvency. In three communities across
North America, Deshomme=t al. (2018) reported that the exceedance of 1@/L via flushed
sampling was greater in homes with LSLs82%, depending on community) than those

without LSLs (0%). Random daytisaamples in Montreal exceeded /L 82% and 32% of the

time in homes with and without LSLs, respecti@iplet et al., 2019)n two Manitoba

distribution systems, 75% and 0% of homes with (Brandon) and without (Steinbach) LSLs

exceeded 15 g/L, respectivel (L. Winning, 2015)

3.5. Implications for water utilities

3.5.1. Increased norcompliance and corrective action

The reduction in MAC from 10 to' ®/L, paired with the change in sampling protocol, may
increase rates of nonompliance. None of the flushed samples collected from communities A
and B (N = 40 homes) exceeded HiL but 2 samples exceeded §/L. Conversely, random
daytime (10% > 10g/L, 17.5% > 5g/L) and 3éminute stagnation (2.5% > 1@/L, 12.5% > 5

‘ g/L) sampling exceeded these thresholds at much higher rates. Other studies show consistent
results: data from Montreal show that the reduction in MAC and change in sampling ptotoc
from flushed to 36minute stagnation would be expected to increase the exceedance rate by up
to 76% and 7% for homes with and without LSLs, respeg(iRéblet et al., 2019)The
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exceedance rates were even higher when the same comparison was made with random
daytime and flushed sampling: rates increased by 82% and 32% for homes with and withou
LSLs, respectivefRRiblet et al., 2019) Similarly, a comparison between random daytime a
flushed sampling data from Winnipeg showed a 20.5% increase HearaplianceCity of
Winnipeg, 2019)Additionally, systemwithout corrosion control or homes with LSLs

experienced higher instances of neompliance.

Unlike the Lead and Copper rule, which assesses compliance against a 90th percentile lead
level, Health Canada measures against the MAC on a per site basmme@hsthat each home
with lead levels above the MAC will require corrective action. Increased rates of non
compliance may pose new challenges and add significant cost to utilities. Repeated sampling
using the same or a more appropriate sampling protoca.@hour stagnation profiles) may

be needed to help determine the sources of lead in a home. However, additional sampling
would, again, require homeowner participation. Premises plumbing Beags fittings, lead
solder) may also be a significant souatdead in drinking water, contributing up to 55% of

total lead measured at the tap by some estimagsmbrough, 2001; Korshin et al., 2000;
Sandvig et al., 2009; Y. Zhang & Edwards, 2024yl contamination is not restricted tdder
properties. Lead levels above 106/L have been observed in newer construct{&tfland et

al., 2010) If lead plumbing is present in a home, utilities may recommend replacing leaded
plumbing components. If a large proportion of homes have lead levels exceedgily,5
additional systemwide corrosion control measures (e.g. phosphate addition, pH adpt$tone

water treatment processes may need to be optimized or applied. Phosphate used for corrosion

70



control can effectively limit lead release by adsorbing to lead scale or forming low solubility
lead phosphate¢Edwards & McNeill, 2002b; Noel et al., 20INgtural organic matte¢Korshin

et al., 2000; Lin &alentine, 2008)iron (Masters & Edwards, 2015; Schock et al., 2014;
Trueman & Gagnon, 2016ahd manganes€lrueman, Gregory, et al., 2019py increase lead
release. Decreasing their concentrations throughout the distribution system may be a method

for reducing lead corrosion.

3.5.2. Random daytime captured more lead and is more convenient

The need for resid# participation in the revised protocols introduces new challenges. Perhaps
first among them is the greater inconvenience placed on the homeowner, which may increase
the difficulty in recruiting participants for lead monitoring. Random daytime capturecemo

lead, has fewer logistical constraints, and is representative of customer stagnation(Biauésy

et al., 1986; van den Hoven, & Slaats, 20f26)exhibits more variability compared to the-30
minute stagnation protocolCartier et al., 201; Riblet et al., 2019; van den Hoven, et al., 1999)
Consequently, a greater number of random daytime samples are needed to be representative
of a distribution systenfHayes & Croft, 20124 risk exists that random daytime sampling is not
truly random owing to the need for efficient scheduling acaogato the availability of the

resident. Strictly speaking, random daytime samples should be collected at random to better
reflect customer water use patterns. Here, sampling was carried out when homeowners were
available with no specific instruction on tea use before the sampling events issued. This
approach may lead to higher than average stagnation times as it avoids periods of frequent

water use (e.gcooking or mealtime). Sample collection by homeowners may have added
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guality control aspects but thspproach may better capture the random nature of water usage
patterns and should be considered. Thirtynute stagnation sampling sidesteps the issue of
user variability, but it is a more involved process (there are more steps) and requires more of

therea A RSydQa GAYS (G2 O02YLX SiSo

3.6. Conclusios

| SFftGK /1yl RIFIQa NBO2YYSYRSR &l YL Ay3a LINRG202f
better protect consumers from lead exposure through drinking water. Sampling protocols have
shifted from flushed samples in the distribution system to random daytime eni3ite

stagnation samples inside the home to better represent average consumer lead exposure. This
dddzRe LINPGARS&E Ayaradakad Ayd2 GKS AYLIOG 2F 1St
on regulatory compliance, with a data set comprising 147 sifaghily homes in Nova Scotia.

Some of the principal limitations of this study are the lack of information on plumbing volumes,
configurations, and water usage patterns that limits a mechanistic understanding of the results.

The fundamental messages ofghgtudy are as follows:

w The reduction in MAC from 10 to' §/L and change in sampling protocol from flushed to
random daytime or 36ninute stagnation may increase the rate of rRoompliance. This

may necessitate more instances of corrective action.

w Flushel samples may fail to identify homes at risk for elevated lead levels.
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Random daytime captured higher lead levels and more frequently exceedgt.5

compared to 3@minute stagnation.

Homes with lead service lines or systems without corrosion controlerpgrience
increased rates of nenompliance. Consistent with previous work, higher lead levels are

expected under these conditions.

More sampling across different distribution systems using random daytime anadirdte
stagnationprotocols is needed to provide comprehensive comparisons of protocol
performance under varying water qualities. Although water usage was not measured in
this study, future lead surveys should make efforts to collect water usage datdige.g.
rate, stagnéion times, volume) to provide a better understanding of lead exposure

through drinking water.
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4.  Chapter 4 Impacts of orthophosphategyolyphosphate blends on the
dissolution and transformation of lead (ll) carbonate

This chapter is reprinted with permission from the following:

Locsin, J.A., Trueman, B.F., Doré&Esagnon, G.Ampacts of orthophosphatgolyphosphate

blends on the dissolution and transformation of lead (II) carbon@te Refd2, 17885 (2022).

J.AL coordinated data collection, analyzed the data, wrote the paper, and prepared the figures.

4.1. Abstract

Orthophosphatepolyphosphate blends are commonly used to control lead release into drinking
water, but little is known about how they interact with leadrrosion scale. Conventional
corrosion control practice assumes that orthophosphate controls lead release by forming
insoluble Pkphosphate minerals, but this does not always occur, and under certain conditions,

phosphate blends may increase lead release

Gontinuouslystirred tank reactorsvere usedo compare orthophosphatg@olyphosphate
blends with orthophosphate on the basis of lead (Il) carbonate dissolution and transformation
at environmentally relevant phosphate concentrations. Three model polyphates tripoly-,

trimeta- and hexametaphosphate were used. Hexametaphosphate was the strongest

74



complexing agent (1@2.10 molry/molpolyphosphatg, followed by tripolyphosphate and

trimetaphosphate (100and 0.07 maly/molpolyphosphate respectively.

At equivalent orthophosphate and polyphosphate concentrations (as P), orthophosphate
trimetaphosphate had minimal impact on lead release, while orthophosphgielyphosphate
increased dissolved lead. Orthophosphéiexametaphosphate alsacreased dissolved lead,

but only over a 24r stagnation. Both orthophosphatigipolyphosphate and orthophosphate
hexametaphosphate increased colloidal lead afteh24increasing the concentrations of
hexameta and tripolyphosphate increased dissoldéead release, while all three
polyphosphates inhibited the formation of hydroxypyromorphite and reduced the phosphorous
content of the resulting lead solid$he impacts of orthophosphatpolyphosphatesvere

attributed to a combination of complexationgdaorption, colloidal dispersion, polyphosphate

hydrolysis, and lead mineral precipitation.

4.2. Introduction

While many drinking water utilities add phosphate chemicals for corrosion control or
sequestrationyevisions to the Lead and Copper Rule ({CREPA, 202W)ll increasethe

number of utilities evaluating, changing, and implementing phosphate treatment. Utilities may
need to provide both adequate sequestration and optimized corrosion control using blends of
orthophosphate and polyphosphate. The use of polyphosphate arttbphtosphate
polyphosphate blends for corrosion control in drinking water distribution systems is

controversial. While polyphosphate is effective for controlling aesthetic water quality issues
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(i.e.discoloration, calcium scalin¢))in & Singer, 2005; Lytle & Snoeyink, 200Rlcreases
lead release through aspous complexation or colloidal dispersi(Edwards & McNeill, 2002b;
T. R. Holm & Shock, 1991b; B. Li, Truemassihpet al., 2021apand leadpolyphosphate

complexes have been observed in tap wafBrueman et al., 2018b)

While the impact of thophosphate (OrthoP) on lead corrosion is well studigdLi, Trueman,
Locsin, et al., 2021a; Noel dt,&2014; Zhao et al., 2018lihe mechanisms by which
orthophosphatepolyphosphate blends act to limit lead (Pb) release are unclear. One major
problem is that the formulation of orthophosphaj@olyphosphate blends is generally
proprietary, with orthoghosphate concentrations ranging between 5 to 7Q%% Environmental
Protection Agency (USEPA), 20Mdreover, the precise concentrations of specific
polyphosphate species are not always known, even to the nzufer(\WWasserstrom et al.,
2017b) and hydrolysis of polyphosphate in the distribution system can result in a variable
mixture of OrthoP and smaller polyphosphates, further confounding the effects of each

phosphate species.

Individual polyphosphates may differ widely in their effectsamter quality: structural
differences strongly determine polyphosphate interactions with metal ions. Linear
polyphosphates (e.dripolyphosphate) are more effective sequestrants than cyclophosphates
(e.g.trimetaphosphate, hexametaphosphaté}osselin & Coghlan, 1953; Van Wazer & Callis,
1958b) McGaughg(McGaughey, 1983howed that trimetaphosphate was least effective at

preventing calcium precipitation compared to tripolyphosphate or hexametaphosphate and it
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inhibited the dissolution of hydroxyapatite, whereas the other two polyphosphates solubilized
the mineral. This may be due to steric constraints characteristic of cyaépblates that can be
mitigated by increased chain lengfiMiyahima et al., 1981 Fundamental polyphosphate
chemistry predicts that, at equivalent chain lengths, cyclophosphates will have a smaller effect
on lead release thalinear polyphosphates and that lead release will increase with

polyphosphate chain length.

In addition, theoretical lead solubility predictions with blended phosphates are difficult due to
the lack of solubility and formation constants as well as a lanitederstanding of their effects

on lead corrosion scale formation. While the orthoP component is expected to form an
insoluble leaebhosphate, this is not always observed in lead pipe $€aly et al., 2019b;
Wasserstrom et al., 2017bnstead, field studies have documented complex amorphous layers
of phosphorous and epreciptated metals (e.gAl, Ca, Fe) forming in orthophosphate
polyphosphate treated systen{3ully et al., 2019b; Wasserstrom et al., 201 Xile corrosion
scale plays an important role in lead release, mineral formation due to blended phosphate has
not been systematically studied. A limited understanding of orthophosppatgphosgate-

lead interactions leaves utilities that use these additives vulnerable to lead contamination at

O2yadzYSNAQ (I LA ®

To address these knowledge gaps, lead carbonate dissolution in the presence of

orthophosphate and polyphosphateas studied The goals ahis work were to:
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(1) Compare lead release, quantified as the net conversion from suspended lead (II)
carbonate to dissolved (<0.2 um) and small lead colloidsQ@2 pm), in the presence

of the three representative polyphosphates: tripolyphosphategdlyP),

trimetaphosphate (TrimetaP), and hexametaphosphate (HexametaP). Each was tested
alone and blended with orthophosphate, using a continutlaw stirredtank reactor

(CSTR).

(2) Evaluate mineral formation in the presence of OrthoP in combinatidm TvipolyP,

TrimetaP, or HexametaP.

4.3. Materials and Methods

4.3.1. Preparation of solutions

Ultrapure water (18.2M cm, TOC < 2 ugiywas usedo prepare all solutions in this study.
Solution composition was chosen to reflect drinking water conditions with low inorganic carbon
content. All chemicals were reagent grade or better. Sodium hexametaphosphate gp)aPO
(Alfa Aesar, Haverhill, MA),diam trimetaphosphate ((NaP{3) (Alfa Aesar, Haverhill, MA),

and sodium tripolyphosphate (M&0O10) (Alfa Aesar, Haverhill, MA) were used to represent
different polyphosphate structures. Polyphosphate stock solutions were obtained by dissolving
TripolyP,TrimetaP, or HexametaP in 100 mL ultrapure water, before each experiment. All
polyphosphate solutions were prepared and used the same day. OrthoP was added as ACS
grade phosphoric acid (Fisher Chemical, Fairlawn, NJ). The dissolved inorganic carbon (DIC)

concentration of 5 mg Clwas achieved by dissolving sodium bicarbonate powder (Fisher
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Chemical, Fairlawn, NJ) in 20 L of ultrapure water. The pH was adjusted by the addition of 1N
trace metal grade nitric acid (Fisher Chemical, Fairlawn, NJ) or fresplred 2N sodium
hydroxide (Fisher, Fairlawn, NJ).

4.3.2. Flowthrough reactor Pb dissolution experiments

Gontinuously stirred tank reactors (CSTR) made with glass columns (Kimble, Rockwood, TN, 144
mL)were usedo evaluate the impacts of phosphate compositicalcium, and pH on lead

solubility and mineral formation (Figui®. Before each experiment, all columns, tubing
(Masterflex LE4, internal diameter = 1.6 mm), stir bars, and glass carboys were immersed in
dilute HNQ (~ 1.6M) for 24 hours and rinsed latst four times with ultrapure water.

Experiments were carried out in duplicate at room temperature (21 + 2°C). The CSTRs were fed
using peristaltic pumps (Cole Palmer, Montreal, QC) and capped with 0.45 um cellulose nitrate
membranes (Whatman, Maidston&K) to prevent the loss of lead solids from the reactor
(Figure7). Using peristaltic pumpsghe influent flow rate was maintained at 4.9 mL rmin.

providing a hydraulic retention time (HRT) of 30 minufidss was chosen to reflect current
Canadian anduEopean lead sampling guidelingsealth Canada, 2019a; Hoekstra et al., 2009)

To ensure saturation, 1 g'lof lead (II) carbonate powder (Alfa Aesar, Haverhill, MA),

composed of a mixture of cerussite and PREDOJB. Li, Trueman, Locsin, et al., 202 1sed

as a surrogate of lead corrosion scale, was suspended in the reactors.

Previous studies have noted the high variability in lead release due to labile lead phases in
first 48 HRT®. Li, Trueman, Locsin, et al., 2021b; Noel et al., 2&b&ed on previous waii.

Li, Trueman, Locsin, et al., 2021it®actors were considered stable and sampled after 58 HRTSs.
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At the end of the flowthrough experiment, the influent was shut off, reactors were sealed with

plastic caps and lefo mix for 24 hours (24HS) to evaluate the effect of long stagnation times

on lead release.

a)
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Figure7 A schematic overview of the (a) CSTR assembly used in dissolution experiments and (b) batch
reactor used in the adsorption exfiments.Effluent from the CSTR was separated into 0.45 um filtrate,

colloids (0.20.45 pm), and dissolved (< 0.2 pm) lead.

Lead release was quantified as mass released per unit surface area under (ajssttady a

30-min HRT, or (b) at the end of the-Béur stagnation. Here, steaeltate was defined as less

than 30% variation (standard deviation/mean) in lead concentregiover at least four

consecutive effluent samples, spanning at least eight HRTs. Once the reactor effluent had

stabilized, mass release per unit surface area was calculated according to Equation (1).
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Equation 1

6 i
Y& O oi ®@aQ

i AG

wherel is the mass release per unit surface area (SA) (figdn is the effluent lead
concentration (ud-, SA is the surface area of lead powder determined to be 0%@'mand

0o isthe mass of lead powder in g.L

The efluent was further filtered through a 0.2 um polycarbonate membrane (Whatman,
Maidstone, UK) to get dissolved lead using a syringe apparatus. The 0.2 um membranes were
decontaminated with dilute nitric acid (~0.16 M), washed with 10mL ultrapure water, pheen
conditioned with 10 mL of sample to minimize losses to adsorf@ohi, Trueman, Locsin, et

al., 2021b)

Since at least 8.6 L of reactor effluent passed through the 0.45 um cellulose nitrate membrane
before sample collection, adsorption losses to that membrane were expected to be n{i@imal

Li, Trueman, Locsin, et al., 2021b)

4.3.3. Experiment design

Frst, the performance of four phosphates at 1000 ug*P@rthoP, TripolyP, TrimetaP, and
HexametaPon lead release in the CSTR at pH 7.5 sv@r2 evaluatedThe effect on lead

release of two factorsorthophosphatepolyphosphate composition (OrthePripolyP, OrthoP
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TrimetaP, or OrthofMexametaP), and OrthoP (300 pg¥to polyphosphate (300 (1:1) or 700

(1:2) pg P B concentrations; were evaluatedagainst OrthoP at 300 pug Pat pH 7.5 + 0.2.

4.3.4. Short term phosphorus adsoprtionbatch experiment

To support the CSTR experiment, the effect of OrthoP or polyphosphate on phosphorous
FRA2NLIAZ2YS ljdZr yGAFTASR a GKS RATFSNBYyOS o6Sis
beginning and end of the 30 min reaction, was concurrently measured with leadulisaah a

batch reactor. In a 250 mL Erlenmeyer flask, a1 djgpersion of lead (I) carbonate was

prepared in a 5 mgiDIC solution. The roles of phosphate composition were explored by
adding 1000 pg Plof either OrthoP, TripolyP, TrimetaP, cexdmetaP at two pH (7 or 9).

These pH would represent the upper and lower bound of pH at which phosphate inhibitors are
used in drinking watefBae et al., 2020; Edwards & McNeill, 200dte effects of different
combinations of OrthoP (1000 ug ) with each of the polyphosphates (52000 ug P

were investigated at pH 7. The suspensions were shaken mechanically for 30 mins, at 150 rpm
and room temperature (21 + 2°Clhirty minuteswas chosen to both mirror stagnation in the
CSTR experiment and minimize polyphosphate hydrolysis to Gth&?Holm & Edwards,

2003) After 30 minutes, an aliquot was taken from the vessel and filtered through a 0.2 um
polycarbonate membrane. The filtrates were analyzeddissolved phosphorous and lead via

inductively coupled plasma mass spectrometry {M3).

4.3.5. Effect of phosphates on lead carbonate interparticle forcdsatch experiment

The electrophoretic mobility of lead carbonate particles in solution (2)gvas neasured as a

function of pH (%0.5) and phosphate typ®rthoP, TripolyP, TrimetaP, and Hexame&PL000
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ug P L. The solution pH was controlled within 0.2 pH units. The solution was initially set to
approximately pH 9.5, after which the pH was graduddlgreased to 5 via the addition of 1N

NaOH. Independent reactors, run in duplicate, were used.

4.3.6. Analytical methods

4.3.6.1. Element quantification

Metals were quantified by IGMS (X Series Il, Thermo Fisher Scientific, Waltham, MA) using
Standard Methods 3125 arRD30 (American Public Health Association, American Water Works
Association, Water Environment Federation, 2012). Reporting limits for lead and phosphorous
were 0.4 and 4.9 pgi.respectively. Filtered effluent was acidified to pH <2 with concentrated
trace metal grade HN@nd held for a minimum of 24 hours, at room temperature, before
analysiqUS EPA, 1994d)issolved phosmte (PQ) concentrations were measured using EPA
300.1(US EPA, 199¥Vija ion chromatography (Dionex Aquion IC with AS22 column, Thermo

Fisher Scientific, MA) with a reporting limit of 10 pigobosphate.

Dissolved metals were defined as lead passing through a 0.2 um meenfrae colloid (0:2
0.45 um) fraction was calculated by subtracting dissolved from the 0.45 um filtrate (Figure

Particles smaller than 0.2 um may be present in the dissolved fraction.

4.3.6.2. Structural characterization of Pb particles

Scanning electron (SEM) (Hitackt®0, Tokyo, Japan) microscopy with energy dispersiag X

spectroscopy (EDS) was used to observe the morphology and analyze elemental composition of
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powder surfaces. -Xay diffraction (XRD) (Rigaku Ultima Fa¥ Diffactometer, The

Woodlands, TX, copper Kource) was used to identify crystalline phases. Diffraction patterns
were analyzed using Match! 3, version 3.9.0.158 software and Crystallographic Open Database
Rev.218120 database. The surface area of the leadaflbonate powder was determined via

BrunauerEmmettTeller analysis (BEN2) (Nova 4200E, Quantachome, Boynton Beach, FL).

4.3.6.3. Infrared spectroscopy

A singlebeam Fourier transform infrared spectroscopy in attenuated total reflectance mode
(ATRFTIR) (BrukalphaP, Billerica, MA) was used. Each infrared spectrum (IR) was recorded
with the blank cell as the background. Fifty scans at a wavenumber range betwed®d00

cnrt were measured to obtain each spectrum, with a resolution of 4.dfR spectra of

dissolved phosphate species were measured by using a phosphate solution, composed of either
OrthoP or polyphosphate in ultrapure water at pH corresponding to the experimental

conditions. The pure water IR spectrum was subtracted to produce the spectra avdibs

phosphate species.

At the end of the flonthrough experiment, the resulting lead powder was dried in a desiccator
for 1 week. Samples were spread evenly across the surface of the ATR crystal using a plastic
spatula and their IR spectra were recordéd the end of the batch adsorption experiment, the
spectra of adsorbed phosphate species on the Pb surface were measured using the phosphate
solution in the Pb suspension as the sample and the same suspension, without phosphate, as

the reference.
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4.3.6.4. Zeta poential

Zeta potentials were measured using a Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK).
Aliquots of lead (Il) carbonate suspension were extracted and measured after a 5 min reaction

period at the corresponding pH.

4.3.7. Data analysis

R, along with camibuted packageswas usedor data analysis and presentatiffeam, 2013;
Wickham et al., 2019All experiments were duplicated, with lead concentrations expressed as
mediars with ranges provided in parenthesi&k HodgesLehmann estimatevas usedo

guantify the difference between dosed and recovered phosphorus in the batch experiments

(Helsel et al., 2020)

4.4. Results andiscussion

4.4.1. Impacts oforthophosphate or polyphosphate on lead release in CSTR experiments

As expected, OrthoP decreased median lead concentrations compared to the pho$@eate
condition. With an HRT of 30 min, OrthoP treatment decreased lead in 0.2 um filtrate
(dissolved) bp8.1(range = 91.89.3) ug Pl2umm™, lead in 0.45 pm filtrate b99.1 (95.3
104.9)ug Pla.asumm?, while colloidal lead the difference between 0.45 and 0.2 um filtrate
did not vary significantly. With a 2dour stagnation period (24HS), OrthoP tre&imh
decreased lead in 0.2 um filtrate A$9 (130.8149.0)ug Pl.2umm?, lead in 0.45 pm filtrate by

245 16 pg Pbus m m2(Figures).
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Figure8 Median mass lead release per unit surface areaglaje) during reaction at pH 7.5 and DIC 5

mg C k. from the CSTRead release from a phosphate free conditieais compared with

orthophosphate (1000 pug P)Land three polyphosphates (1000 ug¥. Bends of orthophosphate (300

ug P B) and polyphosphates (300 or 700 ugiPvere also comparedgainst orthophosphate (300 ug P

LY). Each set represents at least two reactor runs, and error bars span the median absolute deviation of

measurementsTabulated data can be found in Table S1.

TripolyR the linear polyphosphate, yielded the highest lead concentrations among the
polyphosphates, and the dissolved fraction was dominant (>4F#¥ire8). Compared to the
phosphatefree condition, median lead release increased by 2@8872849)ug P 45umm

and 2664(26402667)ug Ph.4summ?at a 30min HRT and 24HS, respectively. TripolyP had a
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potential complexation capacitycalculated as the molar ratio of median dissolved lead and
median residual polyphosphateof 1.00 0.01 mobymoltripayr(at both a 36min HRT and
24HS). Moreover, TripolyP achieved apparent equilibrium within 30 minutes. Thag.isu b
concentrations between a 3thin HRT and 24HS did not vary by more than 38.5¢(2466) g

Pl 45um m2,

TrimetaP, a cyclophobpte with equivalent chain length, had the least impact on lead
concentrations among the polyphosphates, with a potential complexation capacity ©f 0.0

0.01 mobymoltrimetar(at both retention times). Lead release due to TrimetaP was similar to
that representing the phosphatéree condition at 24HS. At a 3fin HRT, lead release was

higher by 145.7141.4149.7)ug Pk 4spmm™.

When HexametaP, the larger cyclophosphate, was added instead, lead complexation capacity
was greater than TrimetaP: 60 2.10 0.01 moby/MOlHexameta(30-min HRT and 24HS). This

is consistent with previous work describing lead release from pipes in the presence of
HexametaFEdwards & McNeill, 2002bl)ead release was mostly dissolved (>89%) and
exceeded that representing the phosphétee control by an estimated 22522482435)ug

Ply.4summ™? and 2626(25592693) ug Pl.asymm? at a 36min HRT and 24HS, respectively.

OrthoP and cyclophosphates dispersed colloidal lead atmi8HRT (Figure 8). OrthoP
treatment resulted in a higher proportion of small colloids compared to polyphosphates (65%
VS 2.4% vs 29.2% vs 4.8% of Bl for OrthoP, TriployP, TrimetaP, and HexametaP,

respectively). While the proportion of small colloids increased with stagmaioe (24HS) for
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OrthoP (71.1% of Bhsum and TrimetaP (50.8% of Pdun) treatment, it was similar with
TripolyP and decreased with HexametaP (0.9% @id7k). Lead colloids dispersed by
HexametaP at the 3thin HRT appeared to dissolve over theeexted stagnation (24HS), based

on the large decrease in the colloidal fraction with increasing reaction time.

Excess OrthoP is known to promote Pb colloid formation, especially above a P:Pb molar ratio of
1 (Zhao et al., 2018bAt 1000 pug PLOrthoP, the P:Pb molar ratio of 302:1 (321M P: 107

nM Pb) would encourage leggthosphate precipitation. Polyphosphates also promote colloid
formation: TrimetaP can impart a negative surface charge (See Section 4.1: Impacts on
electrical double layer and adsorption of orthophosphate or polyphase) and has been

observed to promote apatite formation even at relatively low (@¢lbem et al., 2014)

HexametaP can also stébe colloidgB. Li, Trueman, Locsin, et al., 2021b)

4.4.2. Combinng orthophosphate and polyphosphate

Median lead concentrations in the <0.45 um filtrate from reactors dosed with OrthoP alone
were 77.1 (61.996.4) and 108.0 (101-813.1)ug Ph.4summ? at a 3@min HRT and 24HS,
respectively. Dissolved lead concentrations webel (34.583) and 97.1 (94:101.1)ug PR.2um
m2 while colloidal lead concentrations we8e90 (6.7614.5) and 8.40 (4.202.2) ug Plh.»

0.45pm m2 (Flg u re8)

Blending eithe TripolyP or HexametaP with OrthoP increased lead release relative to the
OrthoRonly control. Adding TripolyP increased dissolved lead at both doses and stagnation

times (1:1 orthophosphate:polyphosphate rateb4.0 (540.8%72.8) and 213.5 (191-235.5)
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ug Ph.oymm2at 30-min HRT and 24HS, respectively; 1:2 rdt#81 (19362005) and 1453
(14451459)ug Ph.oumm?) (FigureB). Adding HexametaP increased dissolved lead at 24HS

(256.3 (243.1269.7) vs 1046 (958.7134) ug Ph2ymm=2at 1:1 and 1:2atios, respectively).

Both OrthoPTripolyP and OrtholPlexametaP increased small colloidal lead concentrations at
24HSCompared to a 3nin HRT700 ug £ of TripolyP(1:2 ratio) accompanied a decrease in
dissolved lead d602.4 ¢71.8-510.0)ug Ph.oumm and an increase of 173(144.9190.8)ug

Ply 20.45pmMm?in small colloidal lead. After 24HS, OrtRdBxametaP treatment increased smalll
colloid concentrations by 12@(119.4131.7) and 980.0 (831-B102)ug Py 2.0.45umm™ at the

1:1 and 1:2atios, respectively.

Blending TripolyP or HexametaP with OrthoP inhibited the formation of hydroxypyromorphite.
At equivalent OrthoP:polyphosphate concentrations (1:1), XRD peaks (Baghre), IR peaks
(=540 and 570 cr) (Figuredd,e,f), and rodike crystals(Bigi et al., 1991(Figurel0a,e)
characteristic of hydroxypyromorphite were observed. At the higher TriployP concentration
(1:2), hydroxypyromorphite was no longer observed. Instead;ldiskcrystal{Dermatas et al.,
2004)and XRD peaks characteristic of hydrocerussite were seen. Furthermore, the proportion
of adsorbed phosphorus measured via energy dispersigg Xpectroscopy (EDS) decreased
from 41.69 + 3.74% to 1.55 + 1.41% (weight %) as TripolyP was increased frqm0800g P L

1 (OrthoRTripolyP at 1:1 and 1:2 ratios, respectively). Similarly, increasing the HexametaP
concentration by the same mass (1:1:2) resulted in the disappearance of diffraction peaks

characteristic of hydroxypyromorphite{2=22, 26.9, 8.5, 32.4, and 5873 (Figuredb). This
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result was further supported by a decrease in the proportion of phosphorus on the lead solid

from 13.79 3.46 (1:1) to 0.24 0.11 wt% (1:2).
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Figure9 (a-c) XRD and {f) FTIR spectra of lead particles from CSTR experiments after reactions with
orthophosphatetripolyphosphate, orthophosphateimetaphosphate, and orthophosphate
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hexametaphosphate at pH 7.5 and DIC 5 mg.Braminent mineral or IR peakse identified above. XRD lead
mineral peaks are identified as follows: €erussite, Hehydrocerussite, and Hpyhydroxypyromorphite.

OrthoRTrimetaP had minimal impact on lead release at both stagnation times (Ryukea

1:1 ratio, median lead release in the presence of OrtfioihetaP differed from OrthoP by just
2.0 and 9.3 pug Rhspmm.2 whereas lead release at a 1:2 ratio was greater by just 1.9 and 28.0
Mg PB.4aspmm-2 at a 30min HRT and 24HS, respectively.: Aldlend of OrthoP and TrimetaP
decreased lead release at 24HS by 239.4 (20081) and 372.7 (347-395.4) ug Phusymm?
compared to the equivalent blends with TriployP or HexametaP, respectiiédy, the

inhibition of hydroxypyromorphite formatiowith TrimetaP was not as extreme as with
TripolyP or HexametaP. While XRD (Fi@arb,c) and IR peaks (539 to 546 and 570 to 57%cm
(Figure9d,e,f) characteristic of hydroxpyromorphite were observed across all OrthoP
polyphosphates at the 1:1 ratioheir intensities were lower with HexametaP or TripolyP
compared to TrimetaP. Hydroxypyromorphite was clearly visible (F&iyrEc) with OrthoP
TrimetaP treatment (1:1 ratio) but increasing the TrimetaP concentration (1:2) appeared to
inhibit its formaton (Figurel0d). Hydroxypyromorphite crystals at the 1:1 ratio presented-rod
like particles with sharp, defined edges (Figlife), whereas crystals with the 1:2 ratio were

still rod-like but presented round edges (Figuréd). Moreover, phosphorus in tHead solid

was reduced from 25.8 + 7.3% to 6.4 £ 2.4% (weight %) when TrimetaP was increased from 300

(1:1) to 700 (1:2) pug P:L
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a) OrthoP-TripolyP (300 ug P L) b) OrthoP-TripolyP (700 ug P L)

c¢) OrthoP-TrimetaP (300 ug P L) d) OrthoP-TrimetaP (700 ug P L)
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Figurel0 SEM images of lead particles from CSTR experiments after reactions with (a,b)

orthophosphatetripolyphosphate, (c,d) orthophosphatemetaphosphate, ande,f) orthophosphate

hexametaphosphate at pH 7.5 and DIC &
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4.4.3. Exploration of interaction mechanisms for Pb and phosphates

44.3.1. Impacts on electrical double layer aradsorption of orthophosphate or

polyphosphate

In a batch experiment, the surface charge and adsorption behavior of phosphorous onto lead
(I1) carbonatevas examinedt pH 7 (0 0.14 mV) and 925.2 0.3 mV) to allow for both
neutral and negatively chaegl surfaces, respectively. Of particular interest was the effect of

chain length and structure on phosphate adsorbed on the lead surface.

Phosphates shifted the isoelectric potential (g@)Hof lead carbonate. At equivalent chain
lengths, TripolyP impartegreater charge reversal than TrimetaP (Fidli&). Although only
present at half the molar concentration, HexametaP imparted more negative charge to the lead

surface than TrimetaP, suggesting that chain length is important.
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TrimetaP, HexametaP) at DBGng C £ from the batch experimenEach set represents at least two
reactor runs, and error bars span the median absolute deviation of measurements. Colored lines
(representing y=Cx) are labeled by their corresponding C, where C is the estimateal dfeotial

phosphorous remaining in solution at the end of 30 minutes. The solid black line represenitgey=x.
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estimates (C) were obtained by computing a multiplicative difference estimate between-the log

transformed influent and effluent phosphorus canications.

Similarly, the reduction in effluent dissolved (<0.2um) phosphorus.éin), measured as the
ratio of effluent to influent phosphorus, presented an apparent dependence on structure and
chain length (Figure 11b). The estimates feidtion were obtained by computing a

multiplicative difference estimate between the kigansformed influent and effluent

phosphorus concentratiorfslekel et al., 2020)At pH 70, ReductonWas greatest for OrthoP

(0.12, or 12% of initial P remained after reaction (95% confidence interval (CH).@D5At
equivalent chain lengths,dducionwas greater with TripolyP (0.16, 95% CI: @123) than

TrimetaP (0.50, 95% CI: 0:@64). Increased cyclophosphate chain length resulted in less
Preduction HexametaP adsorption by molar basis of polyphosphate wésf@lé (95% CI. 1(5

4.50) lower compared to TrimetaP. The similar, albeit reduced, phasghadsorption

observed at pH 9 could be attributed in part to electrostatic repulsion. At pH,1ead (II)
carbonate is neutrally charged whereas both lead (1) carbonate and phosphate are negatively
charged at pH 9, likely resulting in more adsorptad pH 7 and repulsion at pH 9 (Figure 11a).
Moreover, hydroxypyromorphite is more soluble at pH 9. At pH 7.5 at which the CTSR
experiment was conducted, phosphate species would be more deprotor{deeMorais et al.,
2020; Michelmore et al., 2000and the lead (ll) carbonate would have a slightly more negative
surface charge-7.5 = 0.65 mV) than at pH 7. For instance, orthophospieateld comprise of
59% HPQand41% HPE, and31% HPQ-and69% HPE at pH 7 and 7.5, respectively. While

this may result in reduced phosphorus adsorption in the CSTR, the adsorption trend seen in the
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short-term batch experiment can be extended teetiCSTR. The apparent independence of
trimetaphosphate adsorption from pH may be due to steric constraints, rather than
trimetaphosphate species, reducing its ability to interact with the lead (ll) carbonate surface

(SeeChemical surface interactions betwekead and phosphatégs

4.4.3.2. Chemical surface interactions between lead and phosphates

To understand the interactions between phosphates and lead carbonate in the CSTR
experiments, a deeper analysis of the surface properties of the lead carbonatehtisphate
adsorption in a complementary batch experiment was carried out viaFATR. IR spectra of

free phosphates in solution exhibit several characteristic pet#bl€7). Following surface
adsorption, IR bands experience either shifting or changagensity and are discussed below.
The peak assignments for the AFRIR spectra of adsorbed phosphates on lead carbonate are
extrapolated based on the data of condensed phosphates adsorption on titania, serpentine,
and metal (hydr)oxide@Guan et al., 2005; Lu et al., 2019; Michelmore et al., 2000; Socrates,
2004; Wan et al., 2020 detailed description of the ATRIR analysis can be found in

Appendix B
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Table7 Assignment of AFRTIR peaks for phosphates in soluthased on Guan et al., 2005, Lu et
al., 2019, Michelmoret al., 2000, Socrates, 2004, and Wan et al., 2020

Wavenumber
Phosphate Type pH Species (cm) Assignment (free in solution)
Orthophosphate 3.7 HPOr 1157 VaP-O)

1075 vs(P-O)

940 Vag(P-OH)

872 Vs(P-OH)

9.1 HPQ? 1075 Vag(P-O)
990 vs(P-O)
850 vs(P-OH)
125 | PO* 1008 Vag(P-O)

Tripolyphosphate 6-9 1212 Vag(P-O)

11911199 VadP-O in terminal HPgand BPQ)

1120 VafP-O) in PG

1101 VagP-OH in HP3010)

1060 vs(P-OH HP:010)

1029 Vs(P-O in terminal Pg)

1002 vs(P-OH)

975 Va(POr%)

905 Va(P-O-P)
Trimetaphosphate 6-9 1260 Vag(P-O)

1150 v{(P-0)

1086 vs(P-O)

1002 Vb(P-O)

902 Vag(P-O-P)
Hexametaphosphate 6-9 1260 Vag(P-O)

1115 v{(P-0)

1090 Vag(P-O)

1030 Vb(P-O)

1008 vb(P-O)

882 VaP-O-P)

868 vs(P-O-P) in long chain

Note: \s ¢ asymmetric stretching vibration
Vs - symmetric stretching vibration

Wb ¢ bending vibration
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Lower lead release in the presence of cyclophosphates (TriP@etd HexametaP) compared to
linear polyphosphate (TripolyP) can likely be explained by fundamental chemistry. First,
TripolyP (5 oxygens) has more available reactive oxygen sites than TrimetaP (3 oxygens)
(Rashchi & Finch, 200@RIthough HexametaP (6) has more reactive oxygen sites orlaa mo

basis than TripolyP, at equal mass concentrations, as in our study, TripolyP would supply a
greater number of reactive oxygen sites, resulting in the higher lead concentrations observed in
the CTSR. Secondly, while TrimetaP would be more ionized tipaiyP(Gosselin & Coghlan,
1953) the greater flexibility (relative freedom of molecul@srove, entangle, and disentangle)

of TripolyP more easily allows metal ions to be fitted into its structure while cyclophosphates
are sterically inhibited from assuming all possible configurations, reducing their interaction with
metal ions(Miyahima et al., 1981)urthermore, longer chains allow for greater flexibility in the
polymer bonds and metal incorporation into the polyphosphate struc(ile/ahima et al.,

1981) The increased lead relse with HexametaP compared to TrimetaP may be due to a

combination of decreased ring strain and a greater number of reactive oxygen sites.

The interaction between lead carbonate and TripolyP may be regulated by the formation of
bidentate or tridentate canplexes with ionized terminal R@r when the middle phosphate

group is also bounflLambert & Watters, 1957; Rashchi & Finch, 2008)s is seen via the
vibration bands at 1108115(Michelmore et al., 200(gnd 1205 cm (Guan et al., 2005)
respectively Figurel2). However, IR spectra suggest that not all phosphate groups were bound
to the lead surface, as indicated by the presence of unbou @67-975 cm) (Wan et al.,

2020)possibly allaving for further lead complexation.
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TrimetaP bonds with lead via OP@roups, seen in the increased vibration frequency at 1159
(vs P-O) and 1268 crh(vas P-O) (Socrates2004) Steric conformation of cyclophosphate is
suggested via the shift in vibration bands, indicating the lengthening and shortening oiQhe P
P (902 to 874 crt) and PO bonds (1002 to 1010 chy respectively (Figure 6). Compared to
TrimetaP in soltion, the vibration band at 1088 cf(vs P-O) did not shift positions suggesting
that some phosphate groups in TrimetaP are sterically inhibited from interacting with the lead
surface. Moreover, the intensity of the bands at 1008R¥D), 10861090 (¢ P-O), and 1268

cnt! (vas P-O) are larger in spectra representing TrimetaP than in those representing
HexametaP, possibly caused by the binding of more phosphate groups per polyphosphate

molecule with the lead carbonate surfadeéiqurel?).

TripolyP
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-
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TrimetaP 1268 1088 — OrthoP
1010 — TTi|

874 TripolyP
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= HexametaP

HexametaP

1600 1400 1200 1000 800
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Figurel2 ATRFTIR spectra of adsorbed phosphates as a function of pH (7 or 9) and phosphate
type (OrthoP, TripolyP, TrimetaP, HexametaP) at DIC 5 rhfyothlthe batch experimentAll
ATRFTIR spectra were recorded in a DIC 5 myetettrolyte solution
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4.4.3.3. Orthophosphatepolyphosphate blends

Using mineral formation and lead dissolution results from the CSTR, along with the zeta
potential data and ATHRTIR spectra from batch experimerttss proposed mechanisms for
blended phosphateniteractions with lead carbonatare as followsFirst, the less pronounced
imparted negativeeharge with orthophosphatg@olyphosphates than polyphosphates alone, as
well as the presence of IR peaks belonging to both adsorbed OrthoP and polyphosphates,
suggests that both phosphate species simultaneously interact with the lead (Il) carbonate
(Figurel3a,b). Second, the formation of legmblyphosphate complexes is expected to keep
free lead concentrations low, resulting in decreased hydroxypyromorphite foomatnd

increased lead solubility.
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Figurel3(a) Zetapotential and (b) ATIRTIR spectra of adsorbed orthophosphate,

polyphosphates, and orthophosphapelyphosphates at pH @rthophosphate:polyphosphate
ratios are presented in brackets. Reference-ATIR spectra of free orthophosphate and polyphate
solutions are presented as solid black lines. AIHATIR spectra were recorded ina DIC5 my C L
electrolyte solution.
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FTIR data from the batch experiments suggest that polyphosphates interferes with OrthoP
adsorption to the lead carbonate sude. This is supported by a comparison of phosphorous
and phosphate adsorptiori-{gure 14a,}y quantified as the difference between the influent and
effluent concentrations. Supplementary experimemgpendix Bshowed that polyphosphate
hydrolysis to OrtbP was expected to be less than 10% within the 30 min reaction time in
solutions at pH Dand a DIC df mg C £. Therefore OrthoP (from phosphoric acid)the
dominant source of P£adsorbedafter the 30 min reaction. Polyphosphate loss (adsorption +
precipitation) to lead carbonate increased whilen the case of TrimetaP and HexametaP

OrthoP loss decreased with increasing polyphosphate concentrations.
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Figurel4 Loss of (aprthophosphateand (b)polyphosphate at pH 7 from the batch reactors as a
function of polyphosphate concentration (52000 pug P t). The solutions contained 1000 ug® L
orthophosphate and 5 mg G DIC.

IR spectra suggest that OrthoP (6888 and 99098 cm') was adsorbed to lead (ll) carbonate
in all blendsKigure 14b. In tests with cyclophosphate blends, increases in the peak intensities
at 12661272 cm* are consistent with competitive adsorption of cylcophosphates. However,

more TrimetaP than HexametaP or TripolyP was lost to the lead (ii) carbdngied 4a).
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Moreover, the increase in peak intensities corresponding to TripolyP at-100% and 1199

1205 cmt as well as the disappearance of the OrthoP peak at 888stmggests that more
TripolyP than OrthoP was present on the lead (ii) carbonate surface at the 1:2 ratio. This was
supported by the 8.8 + 2.5% decrease in the proportion of adsorbed plosps as OrthoP

when TripolyP was increased from 1000 (1:1) to 200® t(1:2).

When lead (I) carbonate starts to dissolve? b released from the surface into aqueous
solution. PB*ions may either form complexes with polyphosphate, adsorb tolé¢ael
carbonate surface, or precipitate with other anions (e.g.4)RDor away from the surface
(Figure 1%. Precipitation may result in a different surface layer, possibly cerussite,
hydrocerussite, or hydroxypyromorphite, forming. While OrthoP is exgueti reduce lead
release by forming hydroxypyromorphite, polyphosphates compete with OrthoP for lead
binding sites. As binding sites on the lead (II) carbonate fill with adsorbed polyphosphates,
vacant sites may be more difficult to access by free polgphates due to a combination of
electric repulsion and structural interference from neighboring phospfiidied sites. This was
reflected by comparing the cyclophosphate blends: There wa®.@ + 1.4 mV change in
surface charge and a 10.7 to 8% decrase in adsorbed phosphorous between blends of
OrthoP with TrimetaP than HexametaP. The amount of dissolved lead increased with

polyphosphate concentration.
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Figurel5 Schematic representation of phosphdgéad interaction mechasms.Bonding
information was sourced from Michelmore et al., 2000, and Rashchi and Finch, 2002.

4.5. Conclusion

Despite decades of use, significant knowledge gaps concerning corrosion control with blended
phosphates remain. This study explored the effect of polyphosphate structiuméblended
formulations with orthophosphate on lead release and mineral formationmeving the
uncertainties associated with proprietary blend formulatio@sthophosphatepolyphosphate
blends made using either linear or cyclophosphatese comparedagainst orthophosphate

alone, reaching the following conclusions:
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w TripolyP had greater &l-binding capacity than TrimetaP.(Dvs 0.07
molpymolpoyphosphate respectively). The longer chain length cyclophosphate, HexametaP

(1.6.0-2.2.0 molpymolpolyphosphatd, bound more lead than either TrimetaP or TripolyP.

w Blending OrthoP and TrimetaPstdted in the lowest lead release among the
orthophosphatepolyphosphate blends. Blending trimetphosphate with orthophosphate

had minimal impact on lead release compared to orthophosphate alone.

w The application of TripolyP or HexametaP exacerbated theuatraf dissolved and
small colloidal lead. OrtheHexametaP treatment increased small colloid
concentrations by 124.0 (119¥31.7) and 980.0 (831-B102)ug P®.20.45pmMm at the
1:1 and 1:2 ratiosandyielded a high proportionf colloids(26 and 49%or 1:1 and 1:2
ratio, respectively) at 24H8Vhereas OrthoHripolyP increased colloidal lead by 173.7
(144.9190.8) ug Pépo.sspmm?only at thel:2 ratio.However, colloidal lead only

accounted for 10% of total lead release at 24HS.

w Polyphosphate inhibited formation of hydroxypyromorphite. Lgadyphosphate
complexes may have kept the solution undersaturated with respect to the lead minerals
present, resuing in higher lead release. This effect was more pronounced at higher

polyphosphate concentrations.

This study provides insight into the interactions and subsequent release of lead associated with
blended phosphate treatment. These findings Wélp us better understand the conditions that

might result in higher dissolved or colloidal lead as well as the formation of lead corrosion scale.
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OrthoRTrimetaP blends may be a promising solution for simultaneous corrosion control and
sequestration butdirther investigation on their ability to mitigate aesthetic water quality is

needed.
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5. Chapter 5 Blending orthophosphate with polyphosphate or sodium
silicate: Effects of sequestrant type and polymer structure on iron corrosion and

manganese sequesttan

5.1. Abstract

Corrosion inhibitors for drinking water usually comprise a blend of orthophosphare
effective inhibitor of lead and copper corrosibrwith polyphosphate or sodium silicate.
Polyphosphate and sodium silicate are used widely to prevent whseploration, but less is
known about their impact on iron corrosion. Moreover, the proprietary nature of blended

inhibitors makes it difficult to understand their effects on the distribution system.

Here,the effect of orthophosphate, polyphosphate, soui silicate, and blends of these
additives on: (1) doloration due to iron and manganese precipitation, f2Zanganese

deposition on ironand (3)ron release from couponsere investigated.

Compared to orthophosphate alone (719 Feot L), adding 12 mg Si@-! to orthophosphate

was the most effective, decreasiueglorand iron corrosion by 68 gto and 477 g F@ota L,
respectively. When blended with orthophosphate, trimetaphosphate, hexametaphosphate, and
tripolyphosphate performed siitarly to orthophosphate for reducingplor. Orthophosphate

did not increase iron release However, blends with tripolyphosphate or trimetaphosphate
increased iron release by 1621 and 15lFeot L2, respectively.
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While Mn accumulation on the iroroapon was inhibited by the sequestrants, Mn deposits
decreased colloidal (<0.45n) iron release by 177 and 88 F@.4s m Ltin

hexametaphosphate or silicate blends, respectively. Blends with short chain polyphosphates
tripolyphosphate and trimetaphgshate- were the most effective for sequesing manganese.

Both polyphosphates and silicate lost sequeisiy capacity over time due to depolymerization.

5.2. Introduction

Although water leaving the water treatment plant is typically within the healthy standards for
potable water, its quality can deteriorate as it travels through the distribution system (WDS).
Therefore, the interaction between the pipe surface and bulk ware crucial to maintaining

drinking water quality.

Iron pipes comprise a large proportipap to 67 %of distribution systers (American Water

Works Service Co, 2004he corrosion of iron pipes and the subsequent formation of corrosion

scale could serve as a sink for organic (e.g biofilm) and inorganic contaminants
(e.g.manganese(Peng et al., 2010, 2012phorganic contaminants, present only in trace

amount in treated water, can accumulate in pipe scale where their concentration can be

several orders of magnitude greater than in bulk wgteeng et al., 2010, 2012)on species

found in corrosion scale including goethite FeOOH), lepidococitg FeOOH), margtite

(F&0Os), hematite (FeOs) and ferrihydrrite (Fe0Ow4(OH») (Peng et al., 2010; Sarin P. et al.,

2004)can have strong affinity for trace inorganic elemeatd St a2y SiG I ®X mdppp T

2001) Manganese oxides are also commonly found in pipe deposits where there is residual
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manganese inreated water. The higher surface area and lower isoelectric pointasfganese
oxides(Trivedi et al., 20019an result in higher adsorption capacity thaonroxideqGreen

Pedersen et al., 1997; McKenzie, 1980)

Corrosion scale rich in iron and manganese can be resuspended by numerous factors, including
changes in water chemistry or hydraulic disturban(sxall et al., 2003; Polychronopolous et

al., 2003; Seth et al., 2004)his may result in aesthetic water quality complaints, such as
discoloration, that can be difficult to addressid negatively impact consumer confidence in

water safety.Coloed water can be due to the presence of suspended fine particles

(Polychronopolos et al., 2003; Seth et al., 2004)

Sequestrants, like polyphosphates or sodium silicate, can be used to mitigate aesthetic Fe and
manganesassues in the distribution system. A major drawback to using polyphosphate or
silicate sequestrants is their diby to mobilize regulated heavy metals like le@l Li, Trueman,
Munoz, et al., 2021a; Trueman et al., 2018While sequestration does not reduaen or
manganese&oncentrationdn bulk water it inhibits their precipitation for a period of time,

ideally longer than the retention time in the distribution system. Polyphosphates form
complexes with metal iog) the strength of which is dependent on polyphosphate dined
properties(Rashchi & Finch, 2000Most sequestration studies with sodium silicate have
predominantly focused on its impact on Fe precipitat{@art & Foley, 1970; B. Li et al., 2019;
Robinson et al., 1992%odium silicate inhibits the oxidation of Fe(ll) through ogignere

complexation of Fe(lto silicateferrinydrite and may inhibit the crystallization wbn oxides
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(Kinsela et al., 2016; B. Li et al., 20¥®wever, they may not be as effective for sequestering

Mn (Robinson et al., 1992)

Utilities may usélendsof orthophosphate and sequestrants to simultaneously manage
aeshetic water quality and corrosion control: orthophosphate protects against lead and copper
corrosion while the sequestrant preventsn and manganese@recipitation. However, little is
known about how they impact concentration and properties of metalsasteland scarce
information is available on multontaminant interactions betweeimon and manganesi the

presence of blended phosphates.

Currently there is no simple guidance for the selection of a blended product for a given case, as

product formulations are proprietary and dosage choices still are largely based on experience.

The objectives of this study were to

(1) Evaluate the effect of ohophosphate blended with polyphosphateipolyphosphate,
trimetaphosphate, or hexametaphosphater sodium silicate on iron and manganese

precipitation;

(2) Identify the impact of sequestrant type ananganeseaccumulation on corroded iron

surfaces
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(3) Investigae the impact oforthophosphatepolyphosphate and orthophosphatslicate

blends on iron release from coupons.

5.3. Materials and Methods

5.3.1. Preparation of solutions

Ultrapure water (18.2 M cm, TOC < 2g L) was usedo prepare all solutions in this study.

Sdution composition was chosen to reflect drinking water conditions with low inorganic carbon
content. All chemicals were reagent grade. Sodium hexametaphosphate ({¥afADa Aesar,
Haverhill, MA), sodium trimetaphosphate ((NapD(Alfa Aesardaverhill, MA), and sodium
tripolyphosphate (N&P:0O10) (Alfa Aesar, Haverhill, MA) were used to represent different
polyphosphate structures. Polyphosphate or sodium silicate (3.22:1 NaxPQIQJSA) stock
solutions were obtained by dissolving tripolyppbsite, trimetaphosphate,

hexametaphosphate, or silicate in 100 mL ultrapure water, before each experiment.
Orthophosphate was added as ACS grade phosphoric acid (Fisher Chemical, Fairlawn, NJ). The
dissolved inorganic carbon was added as sodium bicarb@ateler (Fisher Chemical,

Fairlawn, NJ). The pH was adjusted by the addition of 1N trace metal grade nitric acid (Fisher
Chemical, Fairlawn, NJ) or freshly prepared 2N sodium hydroxide (Fisher, Fairlawn, NJ). Sodium
hypochlorite (NaOCI) was used to provaléree chlorine residual of 1 mg-.Uron (Il) and

manganese (Il) were added as FeB®O (Fisher Chemical, Fairlawn, NJ) RimEQH,O (Fisher

Chemical, Fairlawn, NJespectively. All solutions were freshly prepared and used immediately.
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5.3.2. Precipitationexperiments

The intent was to simulate conditions similar to the distribution system wherein Fe(ll) is
released from pipe wall or Mn(Il) from source water is oxidized. The particle formation
approach used in this study is also representative of drinkingmanditions wherein a
chemical sequestrant is added to prevent particle precipitat®duliagram of the experimental
setup can be found in Appendix Experiments were performed in 500 Etlenmeyer flasks
(Figure 25a)A background solution containiigmg C £ (0.42 mM) DIC were prepared at pH
either 7.5 or 8.5 and 21 2zC. Freshly prepared iron (lI) and manganessiflfatesolutions
were added to achieve the target concentrations of each experiment. Iron and manganese
particles were generatedybreacting Fe(ll) and Mn(ll) withissolvedoxygen(~9 mg Q L) and
NaOCI to a target free chlorine residual, after 24 h, of 1 mg'*CBamples were mixed at 150
rpm and kept in the dark for 24 or 120 h. The pH was measured and adjustedtardiee pH

every 15minutes for the first 4 h. Each run was duplicated at a minimum.

5.3.2.1. Iron or Manganese precipitation

The ability of sodium silicate {620 mg Si@L?, 80-1920° M) and three polyphosphates &0

mg P £, 160640‘ M) to reduceiron and maiganeseprecipitationat pH 7.5vas evaluated

with a batch experimentManganese or Iron were added dtmg t* (18‘ M). At the end of the

24 hhydraulic retention time (HRTaliquots were extracted and sampled for true and apparent
color, andphosphate. The reactors were-sealed and set to mix for 120 h thensampled to

determine the longterm effect of the sequestrants.
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5.3.2.2. Iron and Manganese cprecipitation

Iron (1) and manganese (ll) were added at 50§0e t: (90‘ M) and 500 g Mn L (9‘ M),
respectively. Total concentrations are on the higher end of measured concentrations in some
waters(Ahmad et al., 2019)ut werechosen to enable sufficient particle generation to allow

for measurements of different size fractions. Using a full facto?@ldesign with centre points,
the formation of colloidal iron and manganese in the presence of three polyphosphate blends
at eguivalent orthophosphate to polyphosphate concentrationgtfiophosphate = 3009 P L,
polyphosphate = 300g P £)- orthophosphatetripolyphosphate orthophosphate
trimetaphosphate, anerthophosphatehexametaphosphateand anorthophosphatesilicate
blend (Orthophosphate = 300y P L, silicate = 12 mg Si@?) were evaluatedagainst
orthophosphate (300 g P L) alone at two pH (7.5 or 8.5). Samples were collected for analysis

at theend of the 24h reaction period.

5.3.3. Iron corrosion cells

A diagram of the experimental sep can be found in Appendix Bew iron coupons (76 x 13 x
1.5 mn?#, BioSurface Technologies Corp.) were polished #dthgritsandpape(3M Pro grade
Precision) thersoaked in a pH <2 HN6bolution for 1 h. They were #golished then hung
vertically in a 240 mL Polyphenylene Ether (PPE) bottle at a depth of 40 mm from the water
surface(Figure 25h)The coupons were immediately immersed in 200 mL solutions at varying
water quality to simulate the exposure of iron pipes at relevant drinking water conditicors.
corrosionwas evaluatedn the presence of in the presence of three polyphosphate bletids
equivalent orthophosphate to polyphosphate concentrationgi{ophosphate = 300g P L,
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polyphosphate = 300g P £)- Orthophosphatetripolyphosphate prthophosphate
trimetaphosphate , andrthophosphatehexametaphosphateand anorthophosphatesilicate

blend prthophosphate = 300g P L, silicate = 12 mg Si@?) againsbrthophosphate (300 g

P LY alone at pH 7.5. All solutions contained 0.42 mM DIC, with a free chlorine residual at the
end of 24 hrs of 1 mgiand temperature of 21 2zC. Solutions were replaced daily. Prior to
sampling, solutions were left to stagnate for 24 h. The pH, dissolved oxygen, free chlorine did
not vary by more than 0.23, 0.07 mg,land 0.18 mg-L, respectively. All experiments were
duplicated. Coupons werconditioned for 70 hydraulic retention times (HRT) prior to obtaining
a baseline iron measurement (HRTBM). Manganese (100Qy L) was then added and the

O2dzLl2yad 6SNB O2yRAGARIVSR 6SGoSSy IlweQa 2F wmnn

To examine the impact of blended phosphatessmall colloid formation and mobility,

stagnated suspensions were passed through a Omxellulose nitrate membrane prior to
analysis with asymmetrical flow filed flow fractionation (A4F). To minimize adsorption, the first
10 mL of each aliquot wasgtéred to waste, then next 10 mL was collected into a polypropylene

tube.

5.3.4. Analytical Methods

Turbidity was measured with a TL2350 turbidity meter (Hach, Loveland, CO). Color was
measured using the platinum cobalt method (DR 5000, Hach, Loveland,rG®©golor was

measured on 0.1 pm filtratd=ree chlorine was measured using the Njidthyl-p-
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phenylenediamine method (DR 5000, Hach, Loveland, CO). Dissolved oxygen was measured

with a dissolved oxygen meter (Thermo Orion, UK).

Metals were quantified by inductively coupled plasmassspectrometry (ICRMS, iCAHRQ,

Thermo Fisher Scientific, WalthaMA) using Standard Methods 3125 and 3(®@erican

Public Health Association, American Water Works Association, Water Environment Federation,
2012) Reporting limitsdr iron, manganese, silica, and phosphorous were 7, 0.8, 18, an@4.9

L1, respectively. Small colloidal metals were defined as passing through @.48embrane.

Filter membranes were decontaminated with dilute HfN®ashed with 10 mL of ultrapure

water, then 10 mL of sample was passed through to waste to minimize adsorption. Samples
were acidified to pH <2 with concentrated trace metal grade E&@ held for a minimum of

24 h, at room temperature, before analysis. Dissolved phosphatg ®@centratons were
measured using EPA 30@QL1S EPA, 199Vija lon Chromaigraphy (Dionex Aquion IC with AS22

column, Thermo Fisher Scientific, MA) with a reporting limit of 4@ phosphate.

For examination by transmission electron microscoEL 1230EM), 50 L of sample was
deposited in 10L increments on a TEM gilormvar/Carbon FCF200) and drawn through the
grid with filter paper. TEM grids were stored in@siccatomuntil analysisParticle sizes were

measured via dynamic light scattering (Zetasizer NS, Malvern Instruments, Worcestershire, UK).

Golloidal metaldn the iron coupon effluentvere characterizedia A4F (Post Nova AF2000

Multiflow, Germany) with a 300 Da poly(ethersolfone) membrane described in Truetran
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(2022. The system was coupled sequentially with a UV absorbance detector at 254 nm, and an

ICRMS. The details of the A4F method are summarize&pipendix C

5.3.5. Data Analysis

Rversion 4.2AR Core Team, 2022)d a collection ofcontributed packagegAllaire et &, 2022
Trueman 2022 Wickham et al., 2019yas used for data analysis and graphical representation.
Effect sizes of experimental factors were calculated as describ&thbBerthouex and Brown

(1996)

5.4. Results and Discussion

5.4.1. Particle aggregation and sequestration

The effect of sequestrants without orthophosphate on color due to iron or mangawese
evaluatedin NaHC®buffered water with a free chlorine residual of 1 m§(Eigurel6). At an
approximate sequestrant to analyte molar ratio of 3:1 (P/Fe or P/Maolyphosphates were
effective for reducindhe averageapparent color after 24 h, with a greater reduction in

manganesdby 4660 pt-co) thaniron (by 2337 pt-co).

At equivalent chain lengths, tripolyphosphate, the linear polyphosphate, was more effective
than trimetaphosphate (cyclophosphate) for reducing ca@veragecolordue to iron or
manganese was lowday 14 and 7.5 pto with tripolyphosphate than trimetaphopshate,
respectively. Hexametaphophate, the larger cyclophosphases the most effective for both

iron and manganese, reduciglorby 60 and 37 pto, respectivelyAside from
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hexametaphosphatgyolyphosphates typically experienced increased color over longer

retention times possibly due to depolymerization (See Section 5.4.2)

Similar to previous studigfkobinson & Rk, 1987) sodium silicate was more effective for
reducingcolordue to Fe than MnSlicate atan approximate sequestrant to analyte molar ratio
(SiQ/Fe or Si@Mn) of 3:1reducedcolorin iron and manganeseuspensiogsby 24 and 63 pt
co, respectively Apparentcolordid not increase iiron suspensionafter 120 h, that is color

did not vary by more than 2.6 2.1 ptco between 24 and 120 h. However, the 42.@ pt-co
increase in apparent color but 25.84 pt-co decrease in true color iInanganeseuspensions
suggests that silicate may stabilize colloids rather than form dissolved complexes with

manganese
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Figurel6 Effect of sequestrantsripolyphosphate, trimetaphosphate, hexametaphosphate, and sodium
silicateat an approximatesequestrant (P or Si{2o analyte (Fe or Mrnolar ratio of 3:1- on true

(<0.1um) and apparent color due to iron or manganese (1-'m#8 uM)after 24 and 120 h. The
background electrolyte solution was buffered with Naki®@ng C £) at a free chlorine residual of 1 mg
L*and pH 7.5.

5.4.2. Loss of sequestration capacity due to depolymerization

Theincrease ircolorover time may be attributed to Fe and Mn catalyzed polyphosphate
hydrolysisor the depolymerization of silicaténcreased polyphosphate hydrolysis may have
resulted in the formation ofron or manganes@hosphate precipitates and the reduced
amount of polyphosphate available for complexation. The hydrolysis of linear
(i.e.tripolyphosphate) or longer chains (ilsexametaphosphateis greater thanthat of cyclic
or shorter chains (i.drimetaphosphate)Wan et al., 2019, 2021yVhile hexametaphosphate
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did partially hydrolyze into orthophosphate, it did not exhidit increase irolorafter 120 h.
Hexametaphosphateontains moreeactive oxygen sites for binding withetal ions which
could explain lowecolor observations This result highlights that polyphosphate structure,

more than concentration may be a strong determinant for successful sequestration.

Therelativelypoor peformance of silicate may be due to a combination of its loss of
effectiveness due to depolymerization as well as the slow oxidatiomamiganesdoy chlorine
(Robinson & Ronk, 1987Silicate can depolymerize and lose its effectiveness within 24 h
(Robinson & Ronk, 198[8ading to the worse results after 120 h. Additionally, manganese
precipitates walld be negatively charged at pKiGtay et al., 197&nd hinder its interaction

with anionic silicate.

5.4.3. Coprecipitation of Iron and Manganese

An extended studyvas conductedo investigate the impacts of blending orthophosphate with
polyphosphat or silicate on th@recipitationof Fe(ll) and Mn(Ilorthophosphate treatment

(OP =300¢g P t) at pH 7.5vas useds the reference condition, which produced an apparent
color of 200.3 17.8 ptco. At pH 7.5, blending orthophosphate with silicate reduced apparent
color by-68 ptco (95% CH9 to-76 ptco),the largest reduction among all the blen@fSgure

17). Meanwhile, blends of orthophosphate and hexametaphosphate-#ypt-co, 95% CFL5

to -34 ptco), trimetaphosphate (byl8 pt-co, 95% CFkL3 to-22 ptco), or tripolyphosphate (by

-21 ptco, 95% CHL2 to-30 ptco) produced similar reductions in colancteasing pH to 8.5 did
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not have significant impacts on apparent color, varying by only 2¢® (5% CI2.1 to 2.8 pt

co) from pH 7.5.

Orthophosphate-Tripolyphosphate - ——

Orthophosphate-Trimetaphosphate - —— -8 p=0.05
p=005

Orthophosphate-Hexametaphosphate ——

Orthophosphate-Silicate - ——

pH 8.5

pH 8.5 + Orthophosphate-Tripolyphosphate 7

pH 8.5 + Orthophosphate-Trimetaphosphate -

pH 8.5 + Orthophosphate-Hexametaphosphate -

pH 8.5 + Orthophosphate-Silicate

90 -60 -30 0 30

Estimated effect on Apparent color (ptco)

Figurel7 Estimated effects of sequestrants and pHcolor. Points indicate the effectzais and error
bars span the 95% confidence interval.

5.4.3.1. Particle size and composition

Orthophosphate treatment was not effective as sequestering Fe or Mn (87.8% and 93.5%
removal of Fe and Mn from solution, respectively) at this concentration and produced large
particles with a fraction of solighasemanganese to irofiMnmol/Femol) of 0.112 mol/mol
(Table8). Adding a sequestrant produced smaller colloids-046* m) in suspension and

reduced the amount of phosphorous present in the precipitate (T8hle

Orthophosphatetripolyphosphate produced smaller colloids (169.6 nm, 0.126 mol/mih a

higher solidphase Mn/Fe than orthophosphateimetaphosphate (345 nm, 0.107 mol/mol).
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While orthophosphatehexametaphosphate was not effective at preventthgir precipitation,

it was effective at reducing particle size (252 nm). Hexametaphosphatar concentrations
were only half of tripolghosphateor trimetaphosphate which may have resulted in its poorer
performance for preventing precipitation. In contrast to silicates alone, orthophospéiitaite
was the most effective for sequestrimganganese Orthophosphatesilicate treatment resulted

in both the smallest particles arldwestsolid-phaseratio (112.5 nm, 0.07 mol/mol).

The larger surface area of smaller iron colloids availablenborganesedsorption should have
resulted in highemanganese residualwith orthophosphatesilicate suspensions. However, the
species of iron oxides formed may influence metals adsorption. The formation of poorly
ordered Fe(lll) precipitates via the oxidation of Fe(ll) by HOCI or through the inhibitiontaf crys
formation with phosphates and silicates seen here are concurrent with other st(@éliresad et

al., 2019; Jones et al., 2014; Kandori et al., 19PRurel8). Needlelikgoarticles were

observed in the orthophosphate and orthophosphatelyphosphate experiments. In
orthophosphatesilicate systems, small spherical particles with low apparent crystallinity were
seen instead. While, previous work has reported the enhancemgktngll) adsorption by
phosphate or silicate, the pronounced effect with polyphosphates may be due to the formation

of direct Mn(1I}O-P bonds on the iron oxide surfacgshmad et al., 2019)
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Orthophosphate-Tripolyphosphate Or(h‘ophosphate-sil icate

Orthophosphate-Trimetaphosphate

Figurel8 Transmission electron micrographs of iron (5 mgd0 uM) and manganese (500 pg
L1, 9 uM) particles formed after 24 h in NaHCOS3 (5 nmig) ®uffered pure water systems at pH
7.5, free chlorine residual of 1 mg, land tempeature of 21 + 1 °GA) the reference system with
orthophosphate (300 pg PL~10 uM), (B) orthophosphate (300 ugP+10 uM)- tripolyphosphate
(300 ug Pt, ~10 pM), (C) orthophosphate (300 ug*P~+10 pM} trimetaphosphatg(300 pug P £, ~10
uM), (D) orthophosphate (300 pg ® £10 uM) hexametaphosphate (300 pg P, =10 uM), and (E)
orthophosphate (300 pg PL~10 pM) sodium silicate (12 mg SiO', ~200 uM).
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Table8 Initial composition, Fe and Mn removed by filtration and solids ratio-oxatation experiment.

Experiment ID Initial solution composition Hydrodynamic Fe and Mn removed by 0.45 um Fe and Mn removed by 0.1 um | SolidsRatio
diameter (nm) filtration filtration
Fe‘Mn‘OPITP‘TMIHM‘PS Fe ||v|n |P ‘Si Fe ‘Mn ‘P ‘Si >0.1 pm
pumol Lt % % Mn/Fe
Orthophosphate 90 |9 10 | O 0 0 0 953+88 87.8+24 | 90.9+26 | 70.5+19 | NA 87.8422 | 93.5+20 | 72.5+15| NA 0.112+0.006
(Ref) 2 2 .3 T .9
Orthophosphate 90 9 10 10 0 0 0 169.6+15.7 29.3£12 | 49.319. | 24.3£1. | NA 74.1+21| 86.8£15| 59.9£1 | NA 0.126+0.007
Tripolyphosphate A 6 2 3
Orthophosphate 90 9 10 0 10 0 0 345.1+25.3 74+£1.4 | 75.5+0. | 20.4£1. | NA 85.2+16 | 96.5+11 | 21.4+1. | NA 0.107+0.003
Trimetaphosphate 8 7 2 2 8
Orthphosphate 90 9 10 0 0 10 0 252.33+6.7 59.4+17 | 85.7+2. | 37.1£3. | NA 99.2+2. | 99.9+3 | 55.84#0. | NA 0.122+0.002
Hexametaphosphat 2 5 6 3 9
e
Orthophosphate 90 |9 10 | O 0 0 200 | 112.5+7.6 71+10 | 14.3+1. | 11.8+4. | 2.31+1. | 81.5+11 | 56.3+10 | 55.7+3 | 4.27+2. | 0.070+0.006
Silicate 6 4 16 2 75
Table9 Composition of corrosion scale from coupons.
Cell 1 Cell 2
Treatment Fe Mn P Si Fe Mn P Si
Hgperg | %by | pgperg | % by | ugperg | % by | ugperg | %by | pgperg | %by | pgperg | % by | uigperg | % by | ugperg | % by
of scale | mass | of scale | mass | of scale | mass | of scale | mass | of scale | mass | of scale | mass | of scale | mass | of scale | mass
Orthophosphate
(Ref) 909677| 99.6 2594 | 0.28 1109 | 0.12| NA NA 885143| 99.6 2203 | 0.25 1246 | 0.14 | NA NA
Orthophosphate
Tripolyphosphate 690352 99.4 1942 | 0.28 2040 | 0.29| NA NA 756104 99.5 2295 0.3 1660 | 0.21| NA NA
Orthophosphate
Trimetaphosphate 627635 99.3 2006 | 0.32 2311| 0.37| NA NA 872008 | 99.3 3545 0.4 2921| 0.33| NA NA
Orthphosphate
Hexametaphosphatel 870868| 99.6 1831| 0.21 1760 0.2 | NA NA 879232 99.3 2233| 0.25 3800 | 0.43| NA NA
Orthophosphate
Silicate 769215| 99.1 2624 | 0.34 1053 | 0.14 | 7788 0.49 781440| 98.8 3224 | 041 1322 | 0.17 | 9765 0.59
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5.4.4. Phosphorus accumulation on Fe coupons in ftae systems

Although there was a decrease in total effluent phosphorous concentrations compared to the
initial phosphorus dose in the iron corrosion cefgy(re 19, thediscrepancy in phosphorus
consumption behavior may be attributed to phosphate structural characteristics that impact

their complexation with free iron ions or adsorption to the coupon surface.

75
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Figure19 Residual phosphorous fratime corrosion cells after 24 h in NaHC®mg C £) buffered pure
water systems at pH 7.5, free chlorine residual of 1 faguhd temperature of 21 + 1 °Cthe reference
system with orthophosphate (300 pg 2 £10 uM),orthophosphate (300 pg PtL~10 uM)-
tripolyphosphate (300 ug P'L~10 uM), orthophosphate (300 pg® £10 uM)- trimetaphosphate (300
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ug P B, ~10 uM), orthophosphate (300 pugP £10 pM) hexametaphosphate (300 pg P, 10 uM),
andorthophosphate (300 pg PYL.~10 pM) sodium silicate (12 mg SiO', ~200 uM).

While most of the orthophosphat&ipolyphosphate remained in solution, phosphorus loss

from solution with the other treatments increased until HRT 60 then began to decrizase.

oxide corrosion productsay havedacilitated the initial accumulation of phosphorus on the

coupon surface via their high sorption capacifjigerndon et al., 2019; Weng et al., 2012)

the case of orthoposphateli NA L2 f @ LIK2 a LK 6 ST GNRLIRf @ LIK2 & LK G 8
may have, instead, produced soluble irphosphate complexes. This is supported by high

concentrations of iron and phosphorus present in the 0.45filtrate (Figure203).

With blendsof orthophosphate and cyclophosphaigolymerchain lengthappearecdto

determine phosphorus adsorption by the iron coupon. The structural constraints associated

GAGK f2y3ISNINAYy3I OKIFIAYy&as YlIé KIFEgS tAYAGSR KSE
corroded iron surfac€Miyajima et al., 1981)

5.4.5. Mn accumulation on Fe coupons

Compared to the initial Mn dose (100@ Mn L), the decrease of total Mn in solution reveals

that it accumulates on the coupon surfa@ieigure 20b). Acid digestion of corrosion scale
estimated the amount of Mn accumulation during the experimérdlfle 9. Orthophosphate

was predicted to accumulate 2.70.25 mg Mn per g of scale. Compared to orthophosphate
alone, blends with silicate or trimetaphosphate were predicted to increase Mn accumulation by
1 and 0.9 mg Mn per g of scale, respectively. However, it was not detected on the corroded iron
surface visSEMEDS.
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Figure20: Iron released (A) and residual manganese (B) from the corrosion cells after 24 h ins (8aHCO
mg C &) buffered pure water systems at pH 7.5, free chlorine residual of I nagdl temperatue of 21

+ 1 °CManganese was added at 1 mg (18 uM): the reference system with orthophosphate (300 ug P
L%, ~10 uM), orthophosphate (300 pugR £10 uM}- tripolyphosphate (300 pg P'L~10 uM),
orthophosphate (300 pg PL~10 uM) trimetaphosphate (300 pg PL~10 uM), orthophosphate (300

ug P &, ~10 uM) hexametaphosphate (300 pg P, =10 uM), and orthophosphate (300 pug®+10

UM) - sodium silicate (12 mg SiO*, ~200 uM).

The lack of Mn accumulatiaon the surfacenay bedue toits incorporation into layers of iron
scale as it forms which is consistent with field observati@errato et al., 2006)ron corrosion
products could facilitatenanganesaccumulatio, possibly by enhancing the autocatalysis of
adsorbed M#A*to form Mn oxidegJunta & Hochella, 1994)lowever, the rate afmanganese

adsorption declines after the initial phase (HRT =280), likely due to the saturation of, or a
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localizedpH drop at the adsorption sites aron corrosion scale due to Mn (1) adsorption

(Buamah et al., 2008)

Here, orthophosphate was not effective for sequasgrmanganeseBetween HRTs 24560,

920 1.2% of influent Mn was retained in orthophosphate treated reactors. Blends with
hexametaphosphate or silicate showed limited effectiveness, with 17097% and 24.8 6.8%

of Mn remaining in the <0.45m filtrate, respectively. Blends with short chain polyphosphates
were more effective and resulted in the highest Mn residuals in the <Odfiltrate: 56 5%

and 54 3.3% for tripolyphosphate and trimetaphosphate, respectively. However, the highest
particulate Mn (357 56° g Mreariculate L) concentration was seen with orthophosphate
tripolyphosphate. This may be due to Mn adsorption to Fe particles, as seen via the high co

occurring Fe and Mn particulate concentratiofrggure20a,b).

5.4.6. Ability of blends tocontrol iron corrosion

The ability of blends to inhibit iron release had apparent dependence on sequestrant type
(i.e.silicate vs polyphosphate) or polyphosphate structure. Orthophosphiitsate was more
effective than polyphosphate blends at reducing iron release. Compared to orthophosphate
alone,adding 12 mg SiQ-* exhibited the lowestron concentrationsyedudng total and

colloidal (<0.45m) iron concentrations b$77.2 g Feowa L*and407.4‘ g F@.45m L2,
respectively Salaset al. (2007)showed that combining phosphorous and silicates provide
synergistic efcts for reducing the corrosion of carbon steel, providing a more compact,

homogeneous corrosion layer compareddiphosptonate or silicae treatment alone.
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In contrast,blending orthophosphate wit800 pg P £short chain polyphosphates
tripolyphosphate and trimetaphosphaténcreased iron release by 1621 and 15lFe ot L2,
respectively Addingtripolyphosphatealsoresulted h a 4D g Fe.4s m L increase in colloidal
iron as well as &ighparticulate fraction (56 33%). Meawhile, adding trimetaphosphate
resulted in mostly particulate iron (76 13%) with similar colloidal iron compared to
orthophopshate alone (538.1 48.4 vs 561.4 68.9° g Fe.ss m L%, respectively). In contrast,
orthophosphatehexametaphosphate, the blend with the longer cyclophosphate, reduced iron
release byl71‘ g Fe.ss m L%, respectively. It was unclear if particulate iron was a product of
weak scale layemdislodgingduring ampling or from precipitation in solution. In distribution
systems, the mobilization of particulate iron may be unpredictabid is acknowledged to be
occurring(Liu et al., 2016; Vreeburg & Boxall, 200Me physical and chemical properties of
the corrosion scale may provide protection from further corrosion or may detach into the

water.

The asorption of Mn onto corrosion scale appeared to benefit blends with silicate or
hexametaphosphate. While the addition of Mn (HRT >150) did not impact iron release with
orthophosphate or blends with tripolyphosphate or trimetaphosphate, colloidal iron
coneentrations in blends with hexametaphosphate or silicate decredseld’3and73.2* g

Feras m L'1. While nomanganeseninerals were observed via XRD (Figure 21), the adsorption of
Mn(ll) could have provided a barrier reducing iron corrosion with these treatments. High
manganeseesiduals seen with blends with tripolyphosphate or trimetaphosphate could have

inhibited manganeseccumulation on the scale surface.
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5.4.6.1. Scale morphology, structe, and elemental compaosition

Iron scale with orthphosphate or orthophosphat@olyphosphate blends developed scale that
was mostly uniform in structure and col@¥igure Z). Similar to field studies, iron scale was a
combination of lepidocrocite, goettat and magnetit€M. Li et al., 2016; Yang et al., 2048)
seen via XRD and SEMgure 2128). Tall tubercles were developed in samples with
orthophosphate or orthophosphat&rimetaphosphate, a characteristic not observed with other
samples. Corrosion scale in orthophosphatiéate systems were dominated by goethite,
magnetite, ad silica minerals. The absence of lepidocrocite can be attributed to its inhibition

by silica
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Figure21 X-ray diffraction patterns of corrosion scale from iron coupdine characteristic peaks of
goethite (PDF: 9800-8767), lepidocrocite (PDF:-961-5232), magnetite (PDF: 9&22-8111), and silica
(PDF: 96.52-6861) are shown for reference.
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Differencesn scale formations are likely due to the incorporation of phosphorus and silica
within the scale and the amount of iron released into the solution as the reaction progresses
(Table9). Here, orthophosphate was accumulated at 1.8.13 mg P per g of scalEhe

addition of polyphosphate increased phosphorous in scale by 263, 3.5 0.24, and 3.2

1.6 mg P per g of scale with tripolyphosphate, trimetaphosphate, and hexametaphosphate
respectively. The lower phosphorous concentration with tripolyphoselaatdition is due to

the inefficient adsorption of phosphorous (Figur@) 1The greater iron release followed by
deposition may be responsible for the tubercle generation with orthophosphate

trimetaphosphate.

The durability of scale formed might be impantascale that readily flakes off is more likely to
cause water discoloration or act as a transport vector for regulated contaminants (e.x. Mn, Pb)
while tougher scale may provide a protective barrier to prevent further iron corrosion.
Although no quantitive measurements were made, corrosion scale with silicackasrved to

be difficult to remove from the coupons compared to the others.

5.4.7. Dispersion of colloids

Recent evidence suggests that, other than form soluble complexes, sequestrants can also
stabiliz colloids in suspensigB. Li, Trueman, Munoz, et al., 2021a; Trueman et al., 20T8b)
understand the impact of blends on dissolved and small colloid release, colloidal interactions

between 300 D&D.45° min the 0.45 m filtrate were analyzed via A4Figure 2).
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Among the polyphosphate blends, only orthophosphtaitmetaphosphate did not exhibit any
colloids. The lack of distinct colloidal peaks past the void peak, and low analyteniesa1%)
suggests that the analytes (i.&e, Mn, and P) are in species smaller than 300 Da and would

pass through to waste (Tabl®).

Manganese partitioned to phosphorus stabilized iron colloids at approximate molecular weights
of 1000 and 1002000kDa in both orthophosphatéripolyphosphate and orthophosphate
hexametaphosphate suspensions. This is consistent with previous research describing
adsorption or incorporatioffAhmad et al., 2019)f Mn into Fe particles antheir cotransport
through the distribution systenBarkatt et al., 2009; Gora et al.,Z0) Trueman, Anaviapik

Soucie, et al., 2019)

Orthophosphatetripolyphosphatewas the most effective at generating colloids among the
blends.lron concentrations in the 0.45 um filtrate were highest at 992.§6F@ 45 ymL* with
69%(685.57' g F&.4s5 .mL?) being colloidalHere, manganese was mostly dissolved with only
0.44%present in the colloidal fractiarThis suggests thamanganesenay preferentially

partition to dissolvedohosphorous tharcolloidaliron. However smalleriron colloids may
increasemanganesedsorption-57% (1.14 g Mrv.s umLY) of colloidaimanganesevas
associated withron colloids at 1000 kD& his may be due to the greater surface area available

with smaller colloids.

A third peak corresponding to colloids approximately 100 kDa was only present with

orthophosphatehexametaphosphate. This difference can be attributed to the stabilization of
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iron-manganese nanoparticles by hexametaphosphate. The presence of hexametaateosph
(~1001000 kDa) is seen via the principal phosphorous peak in orthophosphate
hexametaphosphate suspensions corresponds to the retention time of pure
hexametaphosphate in NaH@buffered water(Trueman et al., 2022While the A4F

recovered all of the phosphorous with the hexametaphosphate standagdo(Ey= 111%), the
partial recovery of phosphorous, iron, and manganese from orthophosphate
hexametaphosphate suspensions suggests that hexamataphosphate hydroga@essguch as
orthophosphate, trimetaphosphate, and tripolyphosphgtdcCullough et al., 1956mnayhave
chelated iron(Rasmussen & Toftlund, 198&)d manganeséBull, 1977)which would pass

through the membrane to waste. The chelation of iron and manganese by phosphates can also
explain the low recovery with orthophosphateametaphosphate andrthophosphate
tripolyphosphate. Even in a simple system, polyphosphate hydrolysis occurs within 24 h (Figure
26c,d). In distribution systems, polyphosphate hydrolysis is expected to be more signficant

R. Holm & Edwards, 20Q3specially in systems with older pipesgoeater concentrations of

iron and manganese in bulk water.
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Tablel0 Estimated analyte recovery by treatment.

Treatment Analyte |[! nC §>3 [|ndnp >Y TH { Recovery (%)

OrthophosphateTripolyphosphate 31P 144.85 683.38 21.20
OrthophosphateTripolyphosphate 55Mn 2.04 459.19 0.44
OrthophosphateTripolyphosphate 57Fe 685.57 992.56 69.07
OrthophosphateTrimetaphosphate 31P 38.43 542.69 7.08
OrthophosphateTrimetaphosphate 55Mn 0.31 581.78 0.05
OrthophosphateTrimetaphosphate 57Fe 3.54 515.86 0.69
OrthophosphateHexametaphosphate 31P 94.55 674.95 14.01
OrthophosphateHexametaphosphate 55Mn 2.10 170.30 1.23
OrthophosphateHexametaphosphate 57Fe 153.23 313.03 48.95
OrthophosphateSilicate 31P 23.32 291.19 8.01
OrthophosphateSilicate 55Mn 3.80 558.52 0.68
OrthophosphateSilicate 57Fe 19.44 46.45 41.86

Silicate stabilized iron colloids at ~100 kDa. Moreover, largesmranganese colloids were also

presentat 10062000 kDaComplexation of iron and the inhibition of manganese oxidatian

et al., 1999)y silicates may be responsible for the partial recovery of irope{ken= 41.9%)

and low recovery of manganese (Noveny= 0.68%¥puggesingthe presence of iron chelates or

soluble manganese (<300Da).
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Figure22 Fractograms representing colloidal iron and manganese from corrosion cells after 24 h in
NaHC®(5 mg C t) buffered pure water systems at pH 7.5, free chlorine residual of 1*nagdl
temperature of 21 + 1 °C.

5.5. Conclusion

This work identified key factors affecting iron release and manganese sequestration with blends
of orthophosphate and polyphosphates or silicaBethophosphatesilicate and
orthophosphatepolyphosphate blends, made using either linear or cyclophosphates

comparedagainst orthophosphate alone, reaching the following conclusions:

1. Sequestrants impacted discoloration by decreasing precipitate particle sizes and
maintaining suspended colloids or metal complexes in solution. However, they may lose

effectiveness over time due to depolymerization.
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2. Blending orthophosphate with short chain polyphosphates, tripolyphosphate or
trimetaphosphate, increased iron release and resulted in high particulate iron
concentrations but were most effective for sequestring mamgge. Orthophosphate
tripolyphosphate (linear polyphosphate) increased colloids concentrations while
Orthophosphatetrimetaphosphate (cyclophosphate) did not. Orthophosphate
hexametaphosphte was effective for reducing iron release but was the least &ffect
orthophosphatepolyphosphate blend for Mn sequestration. Orthophosphaticate
resulted in the lowest iron release among the blends and had limited effectiveness for

Mn sequestration.

3. With blends, nanganese wamostly dissolved (<300 D&s seen vithe low A4F
recoveriesHowever, dractionof manganesavaseither bound to colloidal iron

stabilized by either phosphorous or silimaformed small colloidon their own

These findings havamportant implicationfor drinking water. When sequestrants are added to
minimize the aesthetic effects of iron and manganese, they may increase iron release.
Heightened iron corrosion may result in the premature failure of distribution mains or disperse
manganese bearing coltls. Recent work has shown that iron colloids can act as transport

vectors for manganese and other heavy metals [gad) with sodium silicate treatment.
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6. Chapter 6 Conclusions and Recommendations

6.1. Conclusions

This work identified key factors affecting the corrosion of lead and iron as well as the

sequestration of manganese. A brief summary of the key findings follows.

Small colloids present unique challenges for maintaining drinking water qualltgchniques
used for sampling and colloids characterization can shape corrosion control decis\bingle
most published literature has adopted a threshold for soluble lead of <d5trong
evidence of lead colloids occurring below this threshold has been reportedsablorth
America and Europé&his thesis provides information on the qualitative and quantitative
analysis of colloidal lead in a literature review (ChapteM@)eover, sampling techniques vary
between studies and can have a large impact on measugatidencentrations at the tap.
Chapter 3 provided aomparison ofwo newregulatory sampling techniqguegandom day
time and 30-minute stagnatiorg taken from a survey of seven drinking water distribution
systems in Nova Scotiat the time of publicationgdata reported here representeqto my
knowledgec the first and largest study comparing random daytime aner80utes stagnation
sampling in Nova Scoti@hese data show thaindom daytime captureédn estimated 45% more
leadand more frequently exceeded'®/L compared to 3@ninute stagnation(7.5% vs 5.4%)
The information from Chapters 2 & 3 helped shapeédkperimental design anihterpretation

of results in the subsequent chapters.
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Polyphosphate structure was a signiéint predictor of lead and iron release and the

explanatory mechanism may be more complex than previously thougbithophosphate is

often applied along with polyphosphate practice with little understanding of the reactions

that may be occurring withinhie distribution systemThis thesig¢Chapters 4 & S)ffers new

insights into these interactions via experimental chemical data and the characterization of
colloid from bench scale studies. Experiments showed that the amplified release of iron and
lead with a short chain linear polyphosphate, tripolyphosphate, could be significant. In contrast,
blends with trimetaphosphate, a short chain cyclophosphate, did not significantly impact
dissolved lead andissolvedron concentrations. However, blends with hexataphosphate, a

long chain cyclophosphate, reduced iron and lead release in certain cases. These phenomena
may be linked to a combination of complexation, adsorption, colloidal dispersion,
polyphosphate hydrolysis, and mineral precipitation: to our knowkdhe potential of lead

and iron release via these mechanisms in drinking water has not been acknowledged

previously.

When iron or lead dissolves, Fer Pl3*ions are released form the surface into agueous
solution. Metal ions may either form complexegth polyphosphate or precipitate at or away
from the pipe surface. Experiments showed that the strong interactions between linear
polyphosphates and metal ions were due to their greater number of reactive oxygen sites as
well as their structural flexibty more easily allowing metal ions to be fitted into its structure
(Chaptes4 & 5). Whereas cyclophosphates are sterically inhibited, having a lower relative

freedom of molecules to move, entangle, and disentangle around metal ions, reducing their
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interactions. Moreover, longer chains allow for greater flexibility in the polymer bonds and
metal incorporation into the polyphosphate structure. Compared to the 30 minute retention
time, an increase in suspended colloidal lead was observed at 24 h with odbpphte
polyphosphate blends. This effect was more pronounced with in cyclophosphate treated
experiments. This may be attributed to the loss of polyphosphate chelation capacity due to its
depolymerization into orthophosphate. Polyphosphate species andesuretion could be

crucial for inhibiting lead phosphate mineral formation. Recent observations showing the lack
of lead phosphate minerals on lead service lines from distribution systems treated with
orthophosphatepolyphosphate blends provide an instrive analogue. This appears to occur
when polyphosphate competes with orthophosphate for metal binding sites on the mineral
surface(Chapter 4)As the binding sites fill with adsorbed polyphosphates, vacant sites may be
more difficult to access by free phosphates due to a combination of electrical repulsion and
structural interference from neighboring filled binding sitéhis effect was morpronounced

with increased polyphosphate concentration (ChapterTis information could inform

corrosion control programs in selecting orthophosphatdyphosphate formulations that

minimize the risk exacerbating iron and lead water issues.

The use of squestrants entails considerable risk and may beunterproductiveto

minimizing consumer exposure to lead and manganegéhile the use of sequestrants are
widely and controversially practiced, little research is available on their effects on lead release
and manganese behavior under drinking water conditidrie dispersive properties of

sequestrants resulted in the mobilization of manganese via its attachment to iron caloids
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maintain dissolved metals in solutioRolyphosphates and silicates reduchkd size of iron
colloids and inhibited their crystallization. Increased adsorptive capacity of smaller colloids or
amorphous iron have been reported in other studies and could potentially transport regulated
metals, such as lead and manganese, to the limphe experiments described here,
orthophosphatepolyphosphates tended to increase lead and iron release but were effective
for sequesering manganes€Chapter 5) Combining orthophosphate and sodium silicate
reduced iron corrosion and sequestered mangsaméut it was not as effective as blends with

polyphosphate.

6.2. Recommendations

Several recommendations follow from these key findings

Given the risk of heightened lead and manganese concentrations in drinking water, the use of
sequestrants should besed wth caution. Polyphosphate species have the potential to
increase lead and iron solubility via complexation reactions, but the extent of species
dependent interactions is uncleddata presented here shows that sequestrants represent a
manganese and lead pasure risk. Other than metal complexation and the stabilization of
colloids, the loss of sequestering capacity over time may result in the deposition and
concentration of contaminant metals on pipe scale. This in conjunction with the formation of
amorphots layers rather than crystalline mineral phases with sequestrants pose a potential

health risk. These deposits may slough off during hydraulic disturbances and be transported to
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the tap. While removal of manganese and lead at the source may be capitasivee that

would be the optimal option to reduce health impacts related with these contaminants.

A better understanding of the practical relevance and optimization of polyphosphate use for
blends is neededDrinking water guidelines and regulations agd®rth America, strongly

advise against the use of polyphosphate for corrosion control but regard orthophosphate
polyphosphate blends as a legitimate alternative. Given the wplead use of
orthophosphatepolyphosphates, potential interactions betweenlpphosphates, lead, iron,

and manganese have received little attention. While these documents point out the limited
availability of information on the interactions and fate of orthophosphpt#yphosphate

blends in distribution systems, but the lack cdrdly on specific corrosion protection

mechanisms, such as the possible formation of a protective phosphorous barrier, may result the
sub-optimal application of blended phosphates. The significance of polyphosphate as a chelator
is supported by theoreticalnd experimental work but understanding the extent of lead

exposure risk due to different polyphosphate species would inform both corrosion control
strategies and health risk assessments. Analytical methods to characterize metal complexation
could be appéd to identify corrosion issues related to polyphosphate use and could lead to a
better understanding of the role of polyphosphates in metals mobility and corrosion

throughout the distribution system.

Sodium silicate combined with orthophosphate may laepossible alternative for

simultaneous corrosion control and sequestratioRhosphorous use is heavily tied to, not only
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the water treatment industry, but to agriculture as well. Moreover, it is a regulated
contaminant in wase water effluent. Although mahate use has been effective for corrosion
control, the development of a more environmentally friendly chemical would be beneficial
either through dose optimization or blend formulation. Unlike some polyphosphates, sodium
silicates have minimal impact d@ad solubility. However, the limited amount of pe@viewed
work on phosphatesilicate blends focused mainly on cast iron corrosion. Thetemg

impacts as well as a more comprehensive investigation on corrosion inhibition and

sequestration with orthphosphatesilicates is worth investigating.
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Appendix A Supporting Data for Chapter 2

Tabk 11 Water quality characteristics of colloidal lead field studies.
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protocol method
Alkalinity (mg/L as CaGO21
L H: 7.5
ancastgr, . Flushed P .
England (building Total organic carbon (mg/L): 9.4
Specific Conductance (uS): 130
Alkalinity (mg/L as CaG)020
. Glasgow,
(Harrison & Scotland >6 hour | pH:6.8 Membrane
Laxen, 1980) . . stagnant | Total organic carbon (mg/L): 1.6 filtration
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Reference Location Sampling Water Quality Characteristics | Characterization
protocol method
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Utility I, USA >6 hour | Alkalinity (mg/L as CaG)06585
(residential) stagnant | pH: 88.4
Membrane
(Barkatt et al.,| Washington, D.C| Weekly n/a filtration with
2009) USA (building) | stagnation magnetic
measurements
Alkalinity (mg/L as CaG)020
pH: 7.3
Total inorganic carbon (mg/L):
(Trueman & Halifax, NS, 15 SEAQCRMS,
Gagnon, Canada >6 hour Membrane
2016a) (residential) stagnant Orthophosphate (mg/L PO4: filtration
0.5
Chloride (mg/L): 9
Sulfate (mg/L): 8.5
Alkalinity (mg/l as CaGP 36 FFRUVAVIS,
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Reference Location Sampling Water Quality Characteristics | Characterization
protocol method
T pH: 7 FFRCRMS
( rueman, Dissolved organic carbon (mg/L] (0.45 pm filtered
Anaviapik Nunavut, Canadd Random 2839 samples)
Soucie, et al., (buildings) daytime —
2019) Specific Conductance (uS): 71.1
SUVA (L/mg m): 3.8
pH: 7'? : Membrane
(Lytle, Schock >ehour | Total inorganic carbon (mg/L filtration,
Newark, NJ, USA
et al., 2020) stagnant SEM EDXS,
7.057.15 TEM, XRD
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Appendix BSupporting Data for Chaptet

ATRFTIR of phosphates in solution

A 50mL volume of phosphate solution wasepared by adding 1 g P bf hexametaphosphate
(HexametaP, (NaRJg) (Alfa Aesar, Haverhill, MA), sodium trimetaphosphate (TrimetaP,

(NaPQ)s) (Alfa Aesar, Haverhill, MA), sodium tripolyphosphate (TripolyfP:Ba) (Alfa Aesar,
Haverhill, MA), and ohiophosphate (ACS grade phosphoric acid, Fisher Chemical, Fairlawn, NJ))
to ultrapure water (18.2 Mcm, TOC < 2g L) with a dissolved organic carbon content of 5 mg

C L. Dissolved organic carbon was achieved by dissolving sodium bicarbonate poisier (F
Chemical, Fairlawn, NJ). The pH, measured on an Acument XL50, was adjusted to either pH 7 or
9 by the addition of 1N trace metal grade nitric acid (Fisher Chemical, Fairlawn, NJ) or freshly

prepared 2N sodium hydroxide (Fisher Chemical, Fairlawn, NJ)

For analyzing the phosphate solutions, a sidggam Fourier transform infrared spectroscopy
in attenuated total reflectance mode (AFHIR) (Bruker alpkR, USA) was used. After pH
adjustment, 20 L of sample was deposited onto the ATR crystal uspigedte and analyzed.
Each ATR spectrum was recorded with the blank cell as the background. Fifty scans at a
wavenumber range between 48800 cm! were ceadded to obtain each spectrum, with a
resolution of 4 crmt. Baseline spectra for ultrapure water Wi mg C-Lat pH 7 or 9 was
measured in a similar way. Spectral subtraction of the IR spectra of baseline water from the

sample spectra produced the spectra of dissolved phosphate species (Eigure
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The peak assignments for the AFRIR spectra of dissolved phosphates were based on the data
of condensed phosphates (Guan et al., 2005; Lu et al., 2019; Michelmore et al., 2000; Socrates,

2004).

ATRFTIR analysis of phosphates adsorbed on to lead carlv®na

Sample preparation and collection

A 50mL suspension of 1 g'lead (Il) carbonate (Alfa Aesar, Haverhill, MA) was prepared by
dissolving sodium bicarbonate powder (Fisher Chemical, Fairlawn, NJ) in ultrapure water (18.2
M cm, TOC < 2g L) to acheve a 5 mg Cldissolved inorganic concentration then adding

lead (1) carbonate powder. Phosphates were added at 1-§a8 kither hexametaphosphate
(HexametaP, (NaRJg) (Alfa Aesar, Haverhill, MA), sodium trimetaphosphate (TrimetaP,
(NaPQ)s) (Alfa Aesar, Haverhill, MA), sodium tripolyphosphate (TripolyfP:Ba) (Alfa Aesar,
Haverhill, MA), and orthophosphate (ACS grade phosphoric acid, Fisher Chemical, Fairlawn,
NJ)). The pH, measured on an Acument XL50, was adjusted to either pH y thieSaddition

of 1N trace metal grade nitric acid (Fisher Chemical, Fairlawn, NJ) or freshly prepared 2N
sodium hydroxide (Fisher Chemical, Fairlawn, NJ). The suspensions were placed on a shaker
table for 3@mins at 150 rpm. At the end of the reaction jmaf, samples were analyzed with a
singlebeam Fourier transform infrared spectroscopy in attenuated total reflectance mode

(ATRFTIR) (Bruker alpka, USA).

A thin layer of lead (llI) carbonate powder from the reactors was deposited onto the ATR crystal
using a plastic spoon and analyzed. Each ATR spectrum was recorded with the blank cell as the

background. Fifty scans at a wavenumber range betweerdd00 cm' were coadded to
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obtain each spectrum, with a resolution of 4 €nBaseline spectra for lead)(farbonate at pH
7 or 9 was obtained by adding 1 ¢df powder to ultrapure water with 5 mg Ctland mixing
for 30-mins at 150 rpm. Spectral subtraction of the IR spectra of baseline suspension from the

sample spectra produced the spectra of adsorbedgphate species.

Sample analysis

The peak assignments for the AFRIR spectra of adsorbed phosphates on lead carbonate are
based on the data of condensed phosphates adsorption on titania and metal (hydr)oxides
(Guan et al., 2005; Lu et al., 2019; Michetmet al., 2000; Socrates, 2004). The important
features are summarized in table S1. Due to the complexity caused by the solubility of Pb (II)
carbonate at these conditions, carbonate bands representative of cerussite were detected at
670 and 835 cmin all experiments. This may indicate surface precipitation of Pb carbonate

species or be due to the incomplete surface coverage of phosphate on the lead surface.

The vibration band positions of orthophosphate adsorbed onto Pb (II) carbonate were fairly
consstent across pH 7 and 9. Orthophosphate at pH 7 contains a mixture of be ldnd
HPQ?, with bands for both species observed. Vibration bands correspondingP@tét 878,
948, 1070, and 1150 chwere present. Vibration bands corresponding to HP&t 855 and

940 cm! were present. The bands at 878 and 948¢iand 1070 and 1150 chare assigned to
the symmetric ¥s) and asymmetricvgs) stretching vibration of #>-P and FO, respectively. The
decreased frequency of the 1077 and 1157'dmandsto 1070 and 1150 crhindicated a
weakening of the f bond. While the increased frequency of the 872 and 940 lcamds to

878 and 946 crmindicated the formation of a#-Pb bond. The weak bands at 1070 and 1110
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cnt?, and the shift to higher frequencies of the 875 and 944' trands were attributed to the
weakening of the FD bond during adsorption as well as the strong&p-Pb bond compaed to

P-OH bonds in solution. Increased pH resulted in similar adsorbed phosphate species, but with
increased intensities in the vibration bands corresponding to #4PThe presence of outer

sphere, electrostatically adsorbed phosphate (1007'cmas notdetected (Figure?2).

Tripolyphosphate adsorption onto Pb exhibited minimal change in the position of phosphate
vibration bands across both pH, indicating that the adsorbed species is independent of pH. In
the FTIR spectra of adsorbed tripolyphosphate pgiaks dominate the spectra at both pH: 897,
967-975, 1027, 1052, 1168115, 1205 cn. These were assigned to thg(P-O-P),va(P0r),
Vas(P-OH),vagterminal P@), andvas(bridging P@. The bands at 1108115 cm' were assigned

to vagterminal PQ@) by the comparison of the adsorption bands of orthophosphate to metal
oxides (Guan et al., 2005; Tejedbejedor and Anderson, 1990). The 1410815 cm! band fell
between the frequency ofag(P-O) bond in EPQ- andvs(P-O) bond in HP£¥, which were
assigned to thera(P-O) bond in the bidentate complexes formed between the terminay PO
and the lead carbonate surface. After the reaction with lead, the appearance of th@®57

cn! bands, attributed to unbound 47, suggested that not Bphosphate groups were bound

to the Pb surface (Wan et al., 2020). Additionally, at higher pH, the increased intensity of the
bands at 897, 975, and 1115 ¢mat the expense of the band at 1050 ¢meflected the

increased interaction of terminal RB@roups.

The FTIR spectra presented by adsorbed trimetaphosphate or hexametaphosphate were similar
across pH (Figure S2). Five distinct peaks dominated trimetaphosphate spectra: bands at 874,

1010, 1088, 1159, and 1268 2gwere assigned tos(P-O-P), bendingibration vp(P-O), vs(P-O),
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andvagP-O). The bands at 1159 and 1268 tsuggested the formation of a®Pb bond.
Furthermore, when compared to trimetaphosphate in solution, the lengthening of t0eFP
and shortening of the  bonds in the adsorbed spies is observed via the shift of the bands
from 902 to 874 cm't and 1002 to 1010 crh respectively. This suggested the steric

conformation of trimetaphosphate on the Pb surface.

Only four distinct peaks were attributed to phosphate species with adsorbed
hexametaphosphate: the bands at 874, 996, 1094, and 1270vegne assigned twas(P-O-P),
vp(P-O), andvas(P-O), respectively (Figure S2). Similarly, the lengthening of i@ O-P) and
shortening of thevy(P-O) bonds indicated steric conformation aéametaphosphate on the

lead surface. Whereas, the shift from 1086 and 1260 to 1094 and 12%(indicated the
depolymerization of hexametaphosphate into shorter chains and the formation -of Pb
phosphate structural units (Jha et al., 2015). The shiftuweldrequency of the symmetrical P
O-P band at 874 crhimplied that some of the phosphate groups were not associated with the
Pb surface. Moreover, the intensity of the bands at 1008 ,1086, and 128&uararger with
trimetaphosphate than hexametaphobkpte, possibly caused by the binding of more phosphate

groups per polyphosphate molecule.

Polyphosphate hydrolysis to orthophosphate within 30 minutes

Experimental design and sample analysis

Polyphosphate hydrolysis experiments were initiatecaldding 1 mg PbPbNQ (Fisher
Chemical, Fairlawn, NJ) in 100 mL of phosphate solution. Sodium bicarbonate powder (Fisher

Chemical, Fairlawn, NJ) was dissolved in ultrapure water (18 @M TOC < 2g L) to achieve

173



a 5 mg C-Ldissolved inorganicancentration. Polyphosphates were added at 300 or 1000 pg P
L1 as either hexametaphosphate (HexametaP, (NgdYQ@Alfa Aesar, Haverhill, MA), sodium
trimetaphosphate (TrimetaP, (NaB)) (Alfa Aesar, Haverhill, MA), and sodium

tripolyphosphate (TripolyM\asPsO10) (Alfa Aesar, Haverhill, MA). For blended phosphate
experiments, 300 pg Ptlof HexametaP, TrimetaP, or TripolyP were combined with 300 fig P L
orthophosphate (ACS grade phosphoric acid, Fisher Chemical, Fairlawn, NJ)). The pH, measured
on an Acument XL50, was adjusted to either pH 7.5 £ 0.2 by the addition of 1N trace metal
grade nitric acid (Fisher Chemical, Fairlawn, NJ) or freshly preparsodiiNn hydroxide

(Fisher Chemical, Fairlawn, NJ). The suspensions were placed on a shaker tabigifer &0

150 rpm. Prior to the addition of Pb and at the end of the 30 min reaction period, samples were
analyzed for orthophosphate (RQvia a HACH DBS0 (HACH, CO, USA) using the PhosVer 3
(#8048) method. The detection range for orthophosphate is 0.02 to 2.5 mg/L. Due to the
requirement for neafinstantaneous P@measurements, the HACH method was chosen over

the more sensitive, but longer, ion chromat@phy method. All experiments were run in

triplicate at room temperature (21 + 2°C).
Results and discussion

Table S5 shows the amount of polyphosphate hydrolysis to orthophosphate at the end-of a 30
min reaction time. Results show that hydrolysis folloWipolyP (6.5%) > HexametaP (3.4%) >
TrimetaP (1.8%) at equivalent phosphorous to lead ion concentrations. When orthophosphate
(300 pg P+ and polyphosphate (300 pg P)lwere blended with 1000 pg PB,Lhydrolysis
followed a similar pattern as abevBlends with TripolyP, TrimetaP, or HexametaP presented

9.4, 6.5, and 7.6% hydrolysis to orthophosphate. The 1000 pg &mtentration was higher
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than what was seen in the reactors with blended phosphates but was chosen to promote Pb

ion facilitated tydrolysis.

Table12 Summary of conditions and results of the CSTR dissolution experiments

ID pH Short stagnation (30 mins) Long stagnation dissolution (24 hr)
Lead dissolution (ug Phosphorous and Dissolv Lead (ug Pb ) Phosphorus and Dissolv
Pb ) phosphateremoved in the | ed lead phosphate removed in| ed lead
reaction in the reaction in
- effluen _ effluen
Dissolved| <0.45 Phosphorus | Phosph | (mol) Dissolved (<0.4 <0.45 pm Phosphorou| Phosph | (mol)
(<0.2 pm) pm (%) ate (%) pm) filtrate s (%) ate (%)
filtrate
Phosph| 7.5 104.4+ | 118.6 = * * 0.39 % 168.4+£10.6 | 344.3+13.1 * * 0.64
ate free 4.3 121 0.02 0.04
OrthoP | 7.5 75.3 80.1 + 93.6+19 * 0.28 + 93.5+0.8 109.7+2.6| 99.9+3.2 * 0.28 =
(150 pg 6.7 6.5 0.03 0.003
P LY
OrthoP | 7.5 65.7 + 771+ 3+13 * 0.25 + 97.1+3.1 108 £ 6.3 41+0.2 * 0.37
(300 pg 16.1 10.2 0.06 0.01
P LY
(Ref)
OrthoP | 7.5 321+ 55.4 + 3.7+34 * 0.12 + 84.2+49 97.6+1.2 3.4+0.2 * 0.32+
(600 pg 13.3 8.6 0.05 0.02
P LY
OrthoP | 7.5 6.1+2 19.2 % 0.9+0.7 * 0.02 + 285+2.8 98.7+11.3| 16.3+4.9 * 0.11+
(1000 3.9 0.01 0.01
HgPL
Y
OrthoP | 7.5 94+33 | 102.6 % 66.8 +0.7 97.9 122.6+£5.9 139+136 | 67.7+0.2 | 87 +32.
(Ref) + 9.4 1.3
Trimeta
P (300
HgPL
Y
OrthoP | 7.5 | 95+11.3| 102.8+% 252+1.1 98.2 + 148.7+25 161.1+9.2| 298+0.2 | 873+
(Ref) + 16.1 1.1 32.7
Trimeta
P (700
HgPL
Y
OrthoP | 7.5 64.5 + 67 + 13+18 8.34 4542 +19.1 | 6155+314| 63.7+1.7 74+
(Ref) + 10.9 14.9 2.9
Hexam
etaP
(300 pg
P LY
OrthoP | 7.5 2122+ | 22329+ 6+4 10.2 + 1467 + 160.7 2887.1 333+12 9.1+
(Ref) + 145 118.2 16 81.6 3.7
Hexam
etaP
(700 pg
P LY
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OrthoP | 7.5 788.2+ | 843.7% 19.2+6.4 126 + 399.2+359 | 446+4238 13.8+4.6 11.2
(Ref) + 35.7 27.4 2.6 4.8
Tripoly
P (300
HgPL
Y
OrthoP | 7.5 2631.5+ | 2626.6 + 34+14 -3.4+4. 1987.3+7.1 2217.3 18.7+9.9 3.0+
(Ref) + 43.9 59.7 36.6 4.2
Tripoly
P (700
HgPL
)
Trimeta | 7.5 188.6+ | 265.1+ 3.1+0.9 * 0.71 + 167.7+6.5 | 340.9+31.8/ 83+0.7 * 0.63 +
P (1000 233 12.6 0.02 0.02
HgPL
Y
Hexam | 7.5 2333.3+ | 2503.8 + 6.6+5 * 6.0+ | 29429+ 111.2| 29705+ 7.7+3 * 7.0
etaP 156.1 211.9 0.09 112.1 +0.16
(1000
MO PL
Y
Tripoly | 7.5 2906.4 + | 2969.9 = 05+28 * 11.0+ | 2907.7+20.9| 3008.3+* 8.8+3.7 * 11.0+
P (1000 27.6 72.2 0.10 21.9 0.08
MO PL

Y

*Data not available
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Tablel3 Summary of energy dispersive spectroscopy (EDS) results of CSTR solids. Data is

presented in weight percent (wt. %).

ID Calciu | Orthophosp | Trimetaphosp | Hexametaphosp| Tripolyphosp | P Pb C O

m hate hate hate hate

mgCa | pgP B wt.% (mean + std dev)

L1
OrthoP (Ref) + 0 300 300 0 0 2582+ | 2405+ | 17.16 32.94 +
TrimetaP (300 pg 7.26 6.1 +8.82 9.39
P LY
OrthoP (Ref) + 0 300 700 0 0 6.44 + 65.84+ | 8.87 20.65 +
TrimetaP (700 pg 2.42 6.74 +4.57 4.64
P LY
OrthoP (Ref) + 0 300 0 300 0 13.79+ | 57.64+ | 1224+ | 16.34%
HexametaP (300 3.46 8.45 6.04 1.51
Mg P )
OrthoP (Ref) + 0 300 0 700 0 0.24 + 7334+ | 763 18.92 +
HexametaP (700 0.11 6.36 2.49 4.29
Hg P )
OrthoP (Ref) + 0 300 0 0 300 4169+ | 4692+ | 3.75+ 771+
TriployP (300 pg 3.74 9.96 2.01 4.48
P L)
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OrthoP (Ref) +

TriployP (700 pg

P L)

300

700

155+

1.41

68.55 +

4.56

10.8 +

3.21

191+

8.84

*ND: below detection limit
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Tablel4 Standard XRD patterns and their PDF entry numbers.

PDF entry
Phase No.
00-089
Hydroxypyromorphite| 6287
96-901-
Hydrocerussite 1389
00-076-
Cerussite 2056
00-005
Calcite 0586

Tablel5 Standard ATRTIR patterns and their RUFF entry numbers.

RUFF

entry
Phase No.
Hydroxypyromorphitel NA
Hydrocerussite R160062
Cerussite R040069
Calcite R040070
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Tablel6 Summary of polyphosphate hydrolysis experiments.

ID OrthoP TrimetaP HexametaP TripolyP Lead Initial PQ PQat end Hydrolysis (%)
of 30-min
HRT
pug P B pg Pb mg PQL? mg PQL?
TripolyP (1000| O 0 0 1000 1000 0.01 0.21+0.01 6.5+0.3
HgP L)
TrimetaP 0 1000 0 0 1000 0.01 0.06+0.02 1.8+0.8
(1000 pug PH
HexametaP 0 0 1000 0 1000 0.01 0.11+0.01 3.4+0.4
(1000 pug Pb
OrthoP (Ref) +| 300 0 0 300 1000 0.94+0.01 1.03+0.01 9.4+0.5
TripolyP (300
Mg P £)
OrthoP (Ref) +| 300 300 0 0 1000 0.94+0.01 0.99+0.02 6.5+1.5

TrimetaP(300

Mg P 1)
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OrthoP (Ref) +

HexametaP

(300 ug P4

300

300

1000

0.94+0.01

1.01+0.02

7.2+0.5

Note: values ised are below detection limit and were assigned half the detection limit value (0.01 md)PO
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Figure23 ATRFTIR spectra of phosphate standards (1 g)PnLsolution at pH 7 and 9. AFRIR

spectra wereecorded in the 5 mgiDIC background electrolyte solution.
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Figure24 ATRFTIR spectra of phosphates (1 gPddsorbed onto lead carbonate at pH 7 and
9. ATRFTIR spectra were recorded in the 5 m@LC background electrolyte solution.
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Appendix CSupporting Data for Chapter 5

Fieldflow fractionation

Suspensions from the corrosion cells were fractionated using an asymmetric flovildield
fractionation (A4F) system (Postna&&2000 multiflow) with a 300 Da poly(ethersulfone)
membrane, a 500 um spacer, and a 1 mL polyether ether ketone sample loop. The system was
sequentially coupled to a UV absorbance detector (Shimadzt28RPat 254 nm, and an ICP

MS (ThermoFisher iCAR)) The mobile phase was a 50 mM tris

(hydroxymethyl)aminomethane buffer, adjusted to pH 7.5 with trace metal grade HCI. The FFF
effluent was mixed with internal standards (Sc, In, and Tb in 2%)HIS{Dg a mixing tee prior

to entering the ICRMS.

The detdls of the A4F method described in Truenwral. (2022are summarized below. A run
was 53 minutes long. The focus period was 10 minutes. During each run, the crossflow was
maintained at 2.0 mL/min for the first 31 minutes. It was then set to decay lineady 2

minutes to 0.1 mL/min. The crossflow was maintained at 0.1 mL/min for 10 minutes. It was

then set to zero for 10 minutes to rinse the A4F channel.
Inductively coupled plasma mass spectrometry

The ICRMS data were acquired using a ThermoFSBRAPRQ operated in kinetic energy
discrimination mode with He as the collision gas. TheMSRvas calibrated on each analysis
with a multielement standard in 2% HM& 25, 100, and 250 pgtLStandards were introduced

to the nebulizer after mixing wh A4F channel effluent via a mixing tee. Detection limits were

184



SadAYlIGSR dzaAy3a I+ o Y S K2 Rl pg Red, 0.608 [RyMin
1.65 ug P°L and 9 ug Sit, respectively.
A
) Ooo Phase 1: Iron or Manganese precipitation Phase 2: Iron and Manganese co-precipitation
O ooo ooo °f-"
) [}
(o]
Sequestrant free Tripolyphosphate Orthophosphate Ortho-Tripolyphosphate
Oog o°°
—_ . =
150 rpm
0.1 ym Trimetaphosphate  Hexametaphosphate Ortho-Trimetaphosphate Ortho-Hexametaphosphate
filtrate ° °
co %90
l o o
pH=7.5+0.2 pH=750r85+0.2
Apparent  True HRT=240r120h HRT=24h
color color
Silicate(3.22:1) Orthophosphate-Silicate(3.22:1)
B)
Orthophosphate Ortho-Tripolyphosphate
1mgMnL?
200 mL
0.45 pm A4F
filtrate 0.45 pm - Ortho-Trimetaphosphate Ortho-Hexametaphosphate
l 300 Da
l pH=7.5+0.2
. HRT=24h
Total Small  Colloid
metals colloids ~ nteractions,
Dissolved
metals Orthophosphate-Silicate(3.22:1)

Figure25 A schematic overview of th{@) precipitationand (B) corrosion cedkperiments. The
background electrolyte was 5 mg €DIC with a free chlorine residual of 1 mgLEl
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Figure26 Effect of sequestrants alorreduction and polyphghate hydrolysis with Fe (A, C) and Mn

(B,D)(1 mg %, 18 uM)after 24 and 120 h. The background electrolyte solution was buffered with
NaHC®(5 mg C t) at a freechlorine residual of 1 mgtland pH 7.5.
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Orthophosphate Orthophosphate-Trimetaphosphate Orthophosphate-Silicate

Orthophosphate-Tripolyphosphate Orthophosphate-Hexametaphosphate

Figure27 Optical imagingf corroded iron coupon surfaces in Nal@ng C £) buffered pure water
systems at pH 7.5, free chlorine residual of 1 hahd temperature of 21 +°C. (A) the reference
system with orthophosphate (300 pug © £10 uM), (B) orthophosphate (300 ugP+10 uM)
tripolyphosphate (300 pg PL~10 uM), (C) orthophosphate (300 pug'P+410 uM)- trimetaphosphate
(300 pug P L, ~10 uM), (D) orthophephate (300 pg P1.~10 uM) hexametaphosphate (300 ug P, L
~10 uM), and (E) orthophosphate (300 pugP-10 pM) sodium silicate (12 mg SiO*, ~200 uM).
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Orthophosphate-Hexametaphosphate

Figure28 Scanning electron micrographs of corroded iron coupon surfaces in NGO C £)
buffered pure water systems at pH 7.5, free chlorine residual of I'napt temperature of 21 + 1 °C.
(A) the reference system with orthophosphate (300 pg, P10uM), (B) orthophosphate (300 ug® L
~10 pM)- tripolyphosphate (300 pg PL~10 uM), (C) orthophosphate (300 pg*P+10 pM)
trimetaphosphate (300 pg PtL~10 uM), (D) orthophosphate (300 ug®+10 uM)
hexametaphosphate (300 pg P, =10uM), and (E) orthophosphate (300 ug® +10 pM)- sodium
silicate (12 mg Si@%, ~200 uM).
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