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RƒSUMƒ 

Le plomb (Pb) est un ŽlŽment nuisible entra”nant des dommages cognitifs irrŽversibles et des 

pertes de quotient intellectuel ˆ faible dose chez les jeunes enfants. Le niveau de plomb dans le 

sang considŽrŽ sŽcuritaire est actuellement en rŽvision par la World Health Organization (WHO) 

et vient dÕ•tre rŽduit de moitiŽ au ƒtats-Unis par le Center for Disease Control and Prevention 

(CDC). Avec la diminution de lÕexposition au plomb par dÕautres sources (essence, alimentation), 

lÕeau potable est devenue une des plus importantes sources restantes dÕexposition au plomb. 

Ainsi, il est envisageable que des impacts neurologiques importants chez des enfants proviennent 

dÕune exposition au plomb par lÕeau potable.  

DiffŽrentes mesures peuvent •tre prises afin de limiter le relargage de plomb dans lÕeau : des 

modifications aux traitements afin de diminuer la corrosivitŽ de lÕeau ou lÕenl•vement pur et 

simple des ŽlŽments contenant du plomb. LÕajustement du pH et lÕajout dÕorthophosphates sont 

les deux traitements de contr™le de corrosion privilŽgiŽs afin de diminuer le relargage de plomb 

dans lÕeau. Les orthophosphates ont ŽtŽ associŽs ˆ des baisses de 90% du relargage de plomb au 

Royaume-Uni.  Le retrait des ŽlŽments de plomberie contenant du plomb est certainement la 

mŽthode la plus efficace pour diminuer le relargage de plomb dans lÕeau. Les soudures contenant 

du plomb Žtant banni aux ƒtats-Unis depuis 1988, les soudures Ç sans plomb È sont aujourdÕhui 

facilement accessibles et des ŽlŽments en laiton Ç sans plomb È, sont prŽsents sur le marchŽ 

principalement dans certains Žtats amŽricains. Cela dit, la source principale de plomb dans lÕeau 

potable demeure les conduites en plomb. En AmŽrique du Nord, des millions de rŽsidences 

auraient une partie ou la totalitŽ de leur raccordement de service en plomb. La responsabilitŽ de 

ces conduites Žtant souvent partagŽe entre le propriŽtaire du b‰timent et la municipalitŽ, les 

remplacements partiels de conduites en plomb sont frŽquents, particuli•rement lors de travaux 

majeurs dÕinfrastructures municipales.  Les remplacements partiels de conduites en Pb impliquent 

des millions de dollars au Canada et aux ƒtats-Unis, m•me si leur efficacitŽ nÕa pas ŽtŽ 

dŽmontrŽe. Dans certains cas, les remplacements partiels de conduites en plomb ne permettent 

pas de rŽduire les concentrations en plomb au niveau souhaitable. Cette situation pourrait •tre due 

ˆ la corrosion galvanique entre la portion de plomb qui demeure dans le syst•me de plomberie et 

la nouvelle conduite de cuivre. Des Žtudes effectuŽes en laboratoire ont dŽmontrŽ que ce 

mŽcanisme Žtait possible. Toutefois, bien que des concentrations en plomb ŽlevŽes aient ŽtŽ 
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observŽes suite ˆ des remplacements partiels, il nÕa pas ŽtŽ possible dÕidentifier avec certitude 

lÕimportance des diffŽrents mŽcanismes de relargage de plomb qui pourrait •tre associŽ aux 

remplacements partiels.  

CÕest dans ce contexte que ce projet de doctorat a dŽbutŽ, avec comme titre Ç Identification et 

traitements des principales sources de plomb en eau potable È. Ces travaux avaient pour but 1) 

dÕŽvaluer la problŽmatique de relargage de plomb de deux rŽseaux de distribution dÕeau potable, 

2) dÕidentifier les sources de plomb entra”nant le relargage observŽ et 3) dÕŽtudier les mŽcanismes 

de relargage pour deux sources de plomb (Pb): les robinets de laiton et les raccordements de 

service en Pb (RSP) ainsi que 4) dÕŽvaluer lÕefficacitŽ de diffŽrentes mŽthodes de contr™le de la 

corrosion. Un des aspects clŽ de ces travaux est lÕutilisation de pilotes qui ont ŽtŽ con•us pour 

que les ŽlŽments de plomberie ŽtudiŽs soient testŽs dans des conditions typiques de stagnation et 

dÕŽcoulement observŽes dans un syst•me de plomberie. Ces pilotes incluent Žgalement la 

jonction ˆ des conduites de cuivre, tels quÕobservŽ dans un syst•me de plomberie et suivant un 

remplacement partiel de conduites en plomb.  

La Phase 1 du projet de recherche est une Žtude terrain incluant des Žchantillonnages poussŽs 

effectuŽs dans 152 rŽsidences de la Ville de MontrŽal de 2006 ˆ 2008. DiffŽrents protocoles 

dÕŽchantillonnage ont ŽtŽ utilisŽs incluant la proposition de protocole de SantŽ Canada (2009), le 

protocole dÕŽchantillonnage utilisŽ au QuŽbec (5 min dÕŽcoulement ; Gouvernement du QuŽbec, 

2012) et un protocole inspirŽ par ceux utilisŽs en Europe (stagnation alŽatoire). Les rŽsultats de 

cette Žtude ont rŽvŽlŽ que la prŽsence de Pb dans lÕeau, due aux RSP, Žtait significative au robinet 

des rŽsidences m•me apr•s le rin•age des conduites et un faible temps de contact (30 sec). Les 

concentrations en Pb dans le 2e litre ou apr•s 1 min dÕŽcoulement peuvent •tre plus ŽlevŽes quÕau 

premier jet et beaucoup plus ŽlevŽ quÕen Žcoulement du ˆ la stagnation dans le raccordement de 

service en plomb.  

Actuellement, les municipalitŽs ont peu dÕinformation sur l'emplacement des RSP et la dŽtection 

de ces sites peut •tre fort complexe. BasŽ sur les rŽsultats de la Phase 1, un protocole innovateur a 

ŽtŽ dŽveloppŽ afin de dŽtecter la prŽsence de conduites en plomb en utilisant un appareil de 

terrain analysant la concentration de Pb dans lÕeau sur le site. Le dŽveloppement et la validation 

du protocole constitue la Phase 2 du projet de recherche. En premier lieu, le protocole 

dÕŽchantillonnage incluant les crit•res associŽs ˆ la prŽsence de plomb a ŽtŽ dŽveloppŽ dans un 
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arrondissement pilote. Le protocole a ensuite ŽtŽ testŽ avec succ•s sur 538 rŽsidences de la Ville 

de MontrŽal. La mŽthode de dŽtection des RSP dŽveloppŽe a pour but de diminuer les cožts 

actuels de dŽtection des conduites en plomb qui impliquent des analyses de concentrations en 

plomb par un laboratoire accrŽditŽ ou la validation des matŽriaux des raccordements de service ˆ 

lÕaide dÕexcavations. 

La US Environmental Protection Agency a publiŽ en septembre 2011 un rapport soulignant la 

nŽcessitŽ dÕinvestiguer la pertinence des remplacements partiels de LSL (USEPA, 2011). La 

Phase 3 du projet consiste ˆ Žvaluer les diffŽrents mŽcanismes de relargage de plomb dans lÕeau 

suite ˆ un remplacement partiel de conduite en plomb. Suite ˆ une collaboration avec la Virginia 

Polytechnique Institute, un montage pilote a ŽtŽ con•u pour Žvaluer lÕimpact des remplacements 

partiel de LSL sur le risque de corrosion galvanique du plomb. Cette Žtude portait sur 1) lÕeffet de 

la sŽquence de connexion, soit la diffŽrence entre les sŽquences 50%-Pb/Cu et Cu/50%-Pb et 2) 

lÕimpact du dŽbit dÕŽchantillonnage. Le protocole expŽrimental permet Žgalement de mesurer le 

courant de corrosion entre le plomb et le cuivre. Ë faible dŽbit, les concentrations des conduites 

100%-Pb Žtaient gŽnŽralement plus ŽlevŽes que les deux conditions Pb/Cu simulant des 

remplacements partiels. En augmentant le dŽbit de 1,3 ˆ 8 LPM, le relargage de plomb des 

conduites Cu/20%-Pb  (303 ug / L) Žtait en moyenne 3,5 fois plus ŽlevŽ que pour les conduites 

100% Pb (87 !g / L) (p <0,05). Pour les conduites 20%-Pb/Cu, cela signifie une concentration 

2,2 fois plus ŽlevŽe par rapport aux conduites 100%-Pb (194 vs 87 !g / L) et des concentrations 

plus ŽlevŽes ont ŽtŽ trouvŽ ˆ 32 LPM. Ces hausses de concentrations sont expliquŽes par le 

dŽtachement de particules de plomb formŽes par la jonction Pb/Cu. Ces rŽsultats dŽmontrent  que 

la corrosion galvanique est associŽe ˆ une hausse du relargage de plomb. Apr•s 214 jours, le 

courant de corrosion entre le cuivre et le plomb a ŽtŽ rŽduit de 34%, suggŽrant que la corrosion 

galvanique est maintenue malgrŽ le traitement aux orthophosphates de zinc. En effectuant un 

bilan sur lÕensemble des Žchantillons prŽlevŽs sur les 214 jours, il a ŽtŽ dŽmontrŽ quÕun 

remplacement typique (50% Pb en amont du Cu) nÕentra”nait aucune rŽduction du Pb en 

comparaison ˆ une conduite 100% Pb. LÕabsence de diminution du relargage de plomb en 

diminuant de moitiŽ la longueur de conduite en plomb serait dž ˆ la corrosion galvanique et la 

corrosion par dŽposition (85 mg pour Cu/50%-Pb et 83 mg pour 100%-Pb). Les rŽsultats 

sugg•rent la formation dÕun ÇrŽservoirÈ de particules de Pb pouvant •tre dŽtachŽes ˆ dŽbit ŽlevŽ.  
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Un second montage pilote (Phase 4 du projet de recherche) a ŽtŽ rŽalisŽ ˆ Polytechnique en 

utilisant 45 RSP excavŽes minutieusement par la Ville de MontrŽal. Ce projet a ŽtŽ montŽ afin de 

complŽter les rŽsultats de la Phase 3 en Žvaluant lÕimpact de diffŽrents traitements (ajustement de 

pH, ajout dÕorthophosphates, ajout de sulfate) sur le relargage de plomb de conduites excavŽes 

avant et apr•s des remplacements partiels en utilisant des conduites de cuivre et des unions 

utilisŽes sur le terrain. Afin dÕobtenir des rŽsultats stables et reprŽsentatifs, les conduites ont ŽtŽ 

conditionnŽes pendant plus dÕun an avant la mise en place des diffŽrents traitements. Afin de 

mieux comprendre les mŽcanismes de relargage de plomb, des param•tres comme le temps de 

stagnation, le dŽbit dÕŽchantillonnage et la sŽquence Pb:Cu ont Žgalement ŽtŽ ŽtudiŽs. Le 

montage de Polytechnique montre une certaine efficacitŽ des orthophosphates pour rŽduire le 

plomb dans lÕeau et lÕaction claire des sulfates pour rŽduire le relargage de Pb suite ˆ un 

remplacement partiel. LÕutilisation dÕorthophosphates diminue la concentration de plomb dans 

lÕeau de 64% apr•s 16 heures de stagnation pour des conduites de plomb compl•te (3 m). 

Toutefois, lÕefficacitŽ du traitement est moindre pour des petites conduites de 60 cm jointes ˆ des 

portions de cuivre simulant un remplacement partiel de conduites en plomb (20%-Pb/Cu ou 

Cu/20%-Pb) avec des concentrations sÕapprochant de celles observŽes sans traitement (103 vs 

169 !g/L sans traitement). Lors dÕŽchantillonnage ˆ haut dŽbit (15 LPM), une petite portion de 

60 cm de plomb jointe ˆ une conduite de cuivre contenant de lÕeau traitŽe aux orthophosphates 

entra”ne un relargage de Pb 3 fois plus ŽlevŽ (1001 !g/L) quÕune conduite de 3 m de Pb sans 

traitement (339 !g/L) ou que des conduites partiels Cu (20%-Pb/Cu ou Cu/20%-Pb) sans 

traitements 257 !g/L. Cette situation serait due principalement aux mŽcanismes de corrosion se 

produisant pendant des pŽriodes de stagnation prolongŽe (> 6 hr) tel que la corrosion galvanique, 

associŽ ˆ un relargage de plomb dŽtectable lorsque le dŽbit dÕŽcoulement est normal ou ŽlevŽ (> 5 

LPM). Douze semaines apr•s lÕajout des conduites de cuivre, les concentrations des deux 

configurations Pb:Cu traitŽes avec des sulfates Žtaient aussi faible quÕavant la jonction aux 

conduites de cuivre. Ces rŽsultats pourraient directement influencer les dŽcisions prise par les 

municipalitŽs et les autoritŽs rŽglementaires quant ˆ la gestion de la problŽmatique du plomb dans 

lÕeau potable : ˆ savoir, le type de remplacement de conduites et le type de traitement ˆ 

privilŽgier en fonction des caractŽristiques de lÕeau.  

La Phase 5 du projet de recherche a ŽtŽ b‰tie sur la m•me mŽthodologie quÕutiliser lors des quatre 

phases prŽcŽdentes, mais cette fois-ci en ciblant des grands b‰timents sans raccordement de 
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service en plomb. Une seconde Žtude terrain donc a ŽtŽ effectuŽe dans un b‰timent du Service 

Correctionnel du Canada (SCC). Cette Žtude a dŽmontrŽ entre autre que les ŽlŽments en laiton 

contribuaient au Pb ŽlevŽ au premier jet.  Un 3e pilote a ŽtŽ con•u et opŽrŽ afin dÕŽvaluer le 

relargage de Pb de robinets vieux et neufs, soit un total de 72 robinets testŽs. Trois traitements 

ont ŽtŽ ŽtudiŽs : un ajustement de pH ˆ 8.4, lÕajout dÕorthophosphates et une hausse en chlorure. 

Les rŽsultats montrent lÕefficacitŽ des orthophosphates pour rŽduire le Pb dans lÕeau et le risque 

accru de relargage de zinc (dŽzincification) et de corrosion galvanique en prŽsence de chlorure. 

En prŽsence de chlorures, une jonction ˆ une conduite de Cu peut entra”ner une hausse de 300% 

du Pb dans lÕeau dž ˆ la corrosion galvanique. La cinŽtique de relargage du plomb a Žgalement 

ŽtŽ ŽvaluŽe avec des temps de stagnation allant jusquÕˆ 100 heures. Une interprŽtation des 

mŽcanismes de relargage de plomb a Žgalement ŽtŽ effectuŽe basŽ sur le relargage de zinc ainsi 

que sur la composition des alliages et des dŽp™ts prŽsents sur la surface interne des robinets. Les 

travaux effectuŽs au SCC ont permis de mieux comprendre la problŽmatique spŽcifique du plomb 

des grands b‰timents et ont fournis aux gestionnaires certaines pistes de solutions. Ces travaux 

auront un impact indŽniable sur le contr™le de la corrosion dans les grands b‰timents. Ë cet effet, 

le SCC effectue en ce moment un essai de traitement aux orthophosphates ˆ Žchelle rŽelle dans 

un de leur b‰timent.   

La norme quŽbŽcoise stipule de prŽlever les Žchantillons rŽglementaire dÕeau apr•s 5 min 

dÕŽcoulement. Cette situation ne permet pas dÕŽtablir une mesure adŽquate de lÕexposition au 

plomb par lÕeau du robinet. Ce protocole permet seulement de dŽtecter les pire cas associŽs ˆ la 

prŽsence de conduites en plomb sans tenir compte de la contribution de la plomberie interne. Le 

protocole ontarien (prŽl•vement des 2 premiers litres apr•s 30 min de stagnation) et le protocole 

amŽricain (prŽl•vement du 1er litre apr•s > 6h sont plus rigoureux et sont reconnus comme 

permettant dÕestimer adŽquatement lÕexposition au plomb. NŽanmoins, dans la plupart des cas, ils 

ne permettent pas non plus de mesurer les concentrations les plus ŽlevŽes en plomb apr•s 

stagnation prolongŽe dans lÕeau provenant de lÕentrŽe de service en plomb ou ˆ la jonction Pb:Cu. 

De plus, les dŽbits dÕŽchantillonnage typiquement utilisŽs ne reprŽsentent pas nŽcessairement 

ceux utilisŽs typiquement dans une rŽsidence. Cette situation pourrait entra”ner une mauvaise 

Žvaluation de la problŽmatique du relargage de plomb pour un rŽseau de distribution dÕeau 

potable spŽcifique. Dans les montages effectuŽs ˆ lÕŽchelle-pilote de m•me que dans certains 

points dÕŽchantillonnages dans des vieux b‰timents sans conduites de Pb, les concentrations de 
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Pb dans lÕeau ayant stagnŽe dans les ŽlŽments contenant du plomb peuvent •tre des ordres de 

grandeurs (100-1000 !g/L) plus ŽlevŽs que le niveau de la norme quŽbŽcoise actuelle (10 !g/L). 

Toutefois, ces points respectent la norme quŽbŽcoise apr•s 5 min d'Žcoulement. Ces rŽsultats 

dŽmontrent la nŽcessitŽ dÕavoir des protocoles dÕŽchantillonnages plus reprŽsentatifs des 

concentrations observŽes au robinet afin dÕavoir une meilleure estimation de lÕexposition au 

plomb par lÕeau potable. 
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ABSTRACT 

Lead (Pb) is a toxic substance causing irreversible cognitive damage and loss of IQ at low levels 

in young children. The acceptable lead concentration in blood is currently under review by the 

World Health Organization (WHO) and has just been reduced by the American Center for 

Disease Control and Prevention (CDC). With the decrease in lead exposure from sources such as 

gasoline, paint and food, drinking water has become one of the most significant remaining 

sources of lead exposure. Significant neurological damage in children may result from drinking 

water lead exposure. 

Various measures can be taken to limit the release of lead in water: corrosion control treatment to 

reduce the water corrosivity or removal of lead-containing components. The addition of 

orthophosphate and pH adjustment are some of the most frequent corrosion control treatments 

used to reduce lead release in water. Orthophosphate has been associated with a 90% decrease of 

lead release in the UK. The removal of plumbing components containing lead (Pb) is certainly 

the most effective method to decrease lead release in water. Solders containing lead have been 

banned in the U.S. since 1988. "Lead free" solder wires are now easily accessible and "lead free" 

brass components, are currently sold in some American states. However, the most important lead 

source is lead service line (LSL). In North America, millions of homes have a portion or all of 

their service line made of lead. Ownership of service line is generally shared between the 

building owner and the municipality. Indeed, partial lead service line replacements are common, 

particularly when municipal infrastructure works are performed. Partial lead service line 

replacements involve millions of dollars in Canada and the United States, even though their 

effectiveness has yet to be demonstrated. In some cases, the partial replacement of lead pipes 

does not reduce lead levels to the level required by the regulation. This could be due to galvanic 

corrosion between the remaining portion of lead and the new copper pipe. Some laboratory 

studies have shown how this mechanism is possible. However, although high Pb concentrations 

have been observed following partial replacement, we are still unable to identify the importance 

of the different Pb release mechanisms that could be generated by partial replacement. 

It is in that context that this doctoral project began, with the title "Identification and treatment of 

the main sources of lead in drinking water". This study was designed 1) to assess the problem 

lead leaching from two drinking water distribution systems, 2) to identify the lead sources 
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involved and 3) to specifically study mechanisms involved for two sources of Pb: brass faucet 

and lead service lines (LSLs) and 4) to evaluate the effectiveness of different corrosion control 

treatments. A key aspect of this work is the use of pilots that have been designed to test the 

plumbing components studied under typical conditions of stagnation and flow observed in a real 

plumbing system. These pilots also include the junction to copper piping, such as those found in 

plumbing systems following partial LSL replacement.  

Phase 1 of the research project is an extensive field sampling study conducted in 152 homes in 

the City of Montreal from 2006 to 2008. Different sampling protocols were used including some 

based on the Health Canada guidance document (2009), the sampling protocol used in Quebec (5 

min of flow; Gouvernement du QuŽbec, 2012) and a protocol inspired by those used in Europe 

(random daytime stagnation). The results of this study revealed that the presence of Pb in water, 

due to LSL, was significant at the tap of residences even after flushing and low contact time (30 

sec). The concentrations of Pb in the second liter or after 1 min of flow may be higher than in the 

first draw and much higher than in flow following stagnation in the LSL. 

Currently, municipalities have little information on the location of LSLs and detection of these 

sites can be complex and costly. Based on the results of Phase 1, an innovative protocol was 

developed to detect the presence of LSLs by using a field device to analyze the concentration of 

Pb in the water on site. Development and validation of this protocol corresponds to Phase 2 of 

this research project. The sampling protocol was developed and criteria associated with the 

presence of lead pipe have been identified in a pilot district. The protocol was then tested 

successfully on 538 sites of the City of Montreal. The LSLs detection method developed aims to 

reduce the current costs of Pb pipes detection that involve the analysis of Pb concentrations 

performed by an accredited laboratory or service line material validation by means of 

excavations.  

The U.S. Environmental Protection Agency (EPA) issued a report in September 2011 that 

stressed the need to investigate the relevance of partial LSL replacement (USEPA, 2011). 

Accordingly, the Phase 3 of this project was to evaluate the different mechanisms of lead release 

in water following a partial replacement of lead pipe. In collaboration with Virginia Polytechnic 

Institute, a pilot installation was designed with the aim of assessing the impact of partial LSL 

replacement on the risk of galvanic corrosion of lead pipe connected to copper following a partial 
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LSL replacement of 50% of the lead pipe (50%-Pb) with copper. The effect of the sequence of 

connection, namely 50%-Pb/Cu in opposition to Cu/50%-Pb, as well as the impact of sampling 

flow rate were investigated. The experimental protocol also provided corrosion current measures 

between lead and copper. At low flow, concentrations of 100%-Pb pipes were generally higher 

than the two Pb/Cu conditions simulating partial LSL replacement. By increasing the rate from 

1.3 to 8 LPM, the release of Cu/50%-Pb (303 !g / L) pipes averaged 3.5 times higher than the 

100% Pb (87 !g / L) pipes (p <0.05). For 50%-Pb/Cu, this means a concentration 2.2 times 

higher compared to Pb-pipes 100% (194 vs 87 !g/L). Higher concentrations were found at 32 

LPM. These increased levels are associated with the detachment of lead particles formed at the 

Pb/Cu junction. Those results demonstrate that galvanic corrosion is associated with an increased 

release of lead. After 214 days, the corrosion current between the copper and lead was reduced by 

only 34%, suggesting that galvanic corrosion is maintained despite treatment with zinc 

orthophosphates. Based on a mass balance performed with all samples taken during 214 days, it 

was demonstrated that a typical replacement (50% Pb upstream of Cu) provides no reduction of 

Pb as compared to 100% Pb. The absence of any benefit from the removal of the lead pipe is 

attributed to galvanic corrosion and potentially to galvanic corrosion deposition (Total mass 

released: Cu/50%-Pb: 85 mg and 100%-Pb: 83 mg). Those results suggest the buildup of a 

"reservoir" of Pb particles that can be detached at high flow rate. 

A second pilot (Phase 4 of the research project) was conducted at the ƒcole Polytechnique de 

MontrŽal using 45 LSLS carefully harvested by the City of Montreal. This project is meant to 

complete results from the previous phase (Phase 3) by assessing the impact of different 

treatments (pH adjustment, orthophosphate addition, sulfate addition) on the release of lead pipe 

before and after partial replacement using copper pipes and union fittings as used in the field. To 

obtain stable and representative results, the LSLs were conditioned for more than a year before 

the onset of the different treatment regimes. To better evaluate the mechanisms of lead release, 

parameters such as time of stagnation, the flow rate and the Pb/Cu sequence were also 

investigated. The pilot results show some efficacy of orthophosphates to reduce lead in water and 

clear efficiency of sulfates to reduce the Pb release following partial LSL replacements. The use 

of orthophosphates decreased the water lead concentration by 64% after 16 h of stagnation in full 

lead pipes (3 m; 100%-Pb). However, the orthophosphate efficacy is reduced for smaller 60 cm 

Pb pipes connected to copper as following a partial LSL replacement (20%-Pb/Cu or Cu/20%-
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Pb) with concentrations not significantly different that those observed without treatment (103 vs. 

169 mg / L without treatment). Under high flow (15 LPM), both Pb/Cu pipes exposed to water 

treated with orthophosphate generate a Pb release three times higher (1001 !g / L) than a 3 m 

100%-Pb without treatment (339 !g / L) or Pb/Cu pipes without treatment (257 !g / L). This 

situation is mainly due to the corrosion mechanisms occurring during periods of prolonged 

stagnation (> 6 hr) as galvanic corrosion, associated with Pb release that seem only detectable 

when the flow rate is normal or high (> 5 LPM). Twelve weeks after the addition of copper 

piping, the Pb concentrations of the two Pb/Cu pipes containing water treated with sulfates 

decreased as low as before the junction with copper piping. These results could directly influence 

the decisions taken by municipalities and regulatory authorities to manage the problem of lead in 

drinking water regarding the type of replacement pipe and the type of treatment to choose 

depending of the characteristics of water. 

Phase 5 of the research project built on the methodology used for the four previous phases, but 

this time targeted large buildings without LSLs. Thus, a second field study was conducted in a 

building of the Correctional Service of Canada (CSC). Results demonstrate that the brass 

components contributed to the high Pb in the 250 mL very first draw. A third pilot was designed 

and operated to evaluate the release of Pb from old and new faucets on a total of 72 valves tested. 

Three treatments were studied: pH adjustment to 8.4, the addition of orthophosphate (0.8 mg P/L) 

and an increase in chloride. The results show the efficacy of orthophosphate to reduce Pb in 

water, zinc release (dezincification) and the establishment of galvanic corrosion in the presence 

of chloride. When only chloride is augmented, a junction to Cu can increase Pb in water by 300% 

due to galvanic corrosion. The kinetics of lead leaching were also evaluated with a stagnation 

time of up to 100 hr. Lead results concentrations were also assessed based on zinc release as well 

as the alloy composition and pipe scale deposits layer characterization. The study performed with 

the CSC provides a better understanding of large buildings issues related to Pb and some possible 

solutions for managers. This work will have an undeniable impact on corrosion control in large 

buildings. To this end, the CSC is currently conducting a full-scale testing of orthophosphate 

treatment in another building complex. 

The Quebec standards specify collecting samples after 5 min of flow, which does not provide an 

acceptable measurement of lead exposure at the tap. It only allows the detection of the very worse 

cases of LSLs and ignores the contribution of premise plumbing.  The Ontario protocol (first 2 
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liters withdraw after 30 min of stagnation) and the U.S. protocol (sample 1 liter after> 6 h 

stagnation) are more rigorous and are recognized as a good estimate of exposure. However, they 

may not detect peak concentrations of lead after prolonged stagnation that originate from the lead 

service line or at the Pb/Cu junction. In addition, sampling rates typically used do not necessarily 

represent those used in typical household. This could lead to poor assessment of the lead release 

for a given drinking water system. In the pilot-scale experiments performed as well as in some 

sampling points in complex buildings studied (without  Pb pipe), Pb concentrations in water that 

had stagnated in the lead devices were orders of magnitude higher (100-1000 !g/L) than the level 

of the current Quebec standard (10 !g/L). However, some of these points easily meet the Quebec 

standard after 5 min of flow.  These results demonstrate the need for more representative 

sampling protocols to better assess exposure to Pb from drinking water.  
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INTRODUCTION  

Le plomb est une substance toxique causant des retards de dŽveloppement intellectuel chez 

lÕenfant (Jusko et al.,2008) et qui a ŽtŽ classŽe cancŽrig•ne possible (2B) (Health Canada, 2012). 

Suite ˆ lÕŽmission de r•glementations environnementales plus strictes sur les autres sources 

dÕexposition, lÕeau potable demeure une des sources rŽsiduelles les plus importantes dÕexposition 

au plomb (European Food Safety Authority (EFSA),  2010). Le plomb prŽsent dans lÕeau potable 

provient principalement des ŽlŽments de plomberie tels que les raccordements de service en 

plomb, la robinetterie et les soudures.  

Aux ƒtats-Unis et en Europe, afin de rŽpondre aux exigences r•glementaires plus strictes, les 

distributeurs dÕeau ont mis en place diffŽrentes mesures afin de diminuer la concentration de 

plomb au robinet. Ces mesures incluent des traitements de contr™le de corrosion appliquŽs aux 

usines de production dÕeau potable et des remplacements de conduites en plomb. Dans la plupart 

des cas, ces interventions semblent avoir menŽ ˆ une baisse notable de la concentration en plomb 

au robinet (Muylwyk et al., 2011; Cardew, 2009; Sandvig et al.,2008; Hayes et al., 2008; 

Kirmeyer et al.,2004). Les remplacements complets de conduites en plomb Žtaient associŽs aux 

baisses les plus importantes de plomb dans lÕeau, de lÕordre de 90% apr•s 6 mois (Muylwyk et 

al., 2011). Ces diffŽrentes mesures entra”nent des cožts importants aux gestionnaires de rŽseau de 

distribution dÕeau potable, une dŽmarche de remplacements complets accŽlŽrŽs Žtant souvent 

considŽrŽe comme Žtant la mesure la plus cožteuse et non-souhaitable (Weston, R.F.I. and 

Economic and Engineering Services Inc. (EES), 1990). Certaines Žvaluations cožt/efficacitŽ des 

diffŽrentes mŽthodes ont dŽjˆ ŽtŽ effectuŽes (Weston, R.F.I. and EES, 1990; Gregory 1984), mais 

celles-ci nÕavaient pas nŽcessairement pour but dÕatteindre les standards de rŽduction requis pour 

assurer une eau rŽpondant aux crit•res actuels dÕexposition au plomb; ce seuil ayant m•me ŽtŽ 

abaissŽ aux ƒtats-Unis (Center for Disease Control and Prevention (CDC, 2012) et  actuellement 

en rŽvision par la World Health Organization (WHO, 2011). 

LÕajout dÕinhibiteurs de corrosion et les remplacements partiels de conduites en plomb, peuvent 

augmenter la frŽquence et lÕintensitŽ des dŽtachements de plomb particulaire (Xie and Giammar 

2011; Estes-Smargiassi and Cantor, 2006; Kirmeyer et al., 2000a). La prŽsence de plomb 

particulaire est souvent associŽe au 10e centile des concentrations en plomb total les plus 

importantes qui sont exclus du calcul du niveau normŽ aux ƒtats-Unis. Dans ce cas, le respect de 
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la norme est fondŽ sur lÕatteinte dÕune valeurr dÕaction de 15 !g/L dans au moins 90% des 

Žchantillons. Ainsi, Žtant donnŽ la distribution non-paramŽtrique des concentrations en plomb au 

robinet, il peut y avoir jusquÕˆ 10% de la population exposŽe ˆ des concentrations parfois 

extr•mes sans que la norme soit dŽpassŽe. En effet, basŽ sur les donnŽes disponibles de 2001 ˆ 

2005, le 99e percentile des donnŽes des grandes villes amŽricaines Žtait de 70 !g/L et des valeurs 

extr•mes allant jusquÕˆ 36 mg/L ont ŽtŽ mesurŽes au robinet dÕune Žcole (Triantafyllidou & 

Edwards, 2012). 

Des concentrations ŽlevŽes de plomb dans lÕeau observŽes ˆ Washington D.C. entre 2001 et 2004 

ont ŽtŽ attribuŽes ˆ une modification du type de post-dŽsinfection de lÕeau (Edwards & Dudi, 

2004). Ces concentrations ont ŽtŽ reliŽes ˆ une probabilitŽ significative de plombŽmies plus 

ŽlevŽes dans les secteurs dits ˆ risque de plomb ŽlevŽ au robinet (Edwards et al., 2009).  Les 

analyses effectuŽes aux robinets ont dŽmontrŽ : i) que les concentrations les plus importantes 

nÕŽtaient pas nŽcessairement observŽes au premier jet et quÕelles pouvaient survenir m•me apr•s 

1 minute dÕŽcoulement (Edwards & Dudi, 2004; Giani et al., 2004) et ii) que les pics de 

concentrations Žtaient attribuables ˆ des particules de plomb (plomb particulaire) (Edwards & 

Dudi, 2004; Triantafyllidou et al., 2007).  

La contribution du plomb particulaire dans lÕexposition est particuli•rement difficile ˆ quantifier 

particuli•rement lorsquÕelle se prŽsente sous forme de dŽtachements transitoires (Deshommes 

2012). Le plomb particulaire peut •tre toutefois hautement biodisponible (Deshommes and 

PrŽvost 2012), confirmant la nŽcessitŽ dÕinvestiguer cette forme de plomb. LÕensemble des 

mŽcanismes gŽnŽrant le plomb particulaire sont mal documentŽs. Toutefois, rŽcemment, lÕun 

dÕeux a ŽtŽ ŽtudiŽ plus en dŽtails : la corrosion galvanique (Triantafyllidou et al., 2007). La 

corrosion galvanique a ŽtŽ identifiŽe comme mŽcanisme de relargage de plomb des soudures  

(Nguyen et al., 2010; Reiber, 1991; Oliphant, 1983), potentiellement du laiton (Triantafyllidou et 

al., 2007) et des conduites en plomb lors des remplacements partiels (Triantafyllidou & Edwards, 

2011). La corrosion galvanique devant entra”ner les pires conditions de relargage de plomb apr•s 

stagnation prolongŽe (Triantafyllidou & Edwards, 2011; Nguyen et al., 2010; Dudi, 2004).  

M•me sÕil ne correspond quÕˆ faible une fraction des ŽvŽnements de pointe, le plomb dissous 

reprŽsente, pour la majoritŽ des rŽseaux de distribution, la principale source chronique 

dÕexposition au plomb. Les mŽcanismes rŽgissant la dissolution du plomb ne sont pas tous bien 
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dŽcrits, particuli•rement en rŽgime permanent dÕŽcoulement, ce qui rend difficile lÕadŽquation 

des rŽsultats de terrain avec les prŽdictions thŽoriques (Sandvig et al., 2008).  

La capacitŽ des protocoles en vigueur (Gouvernement du QuŽbec, 2012; (United States 

Environmental Protection Agency (USEPA) 2010); Government of Ontario, 2007) ˆ tenir compte 

du plomb sous ses diffŽrentes formes (particulaire et dissous) doit •tre examinŽe, particuli•rement 

quant aux ŽlŽments suivants :  

1- La reprŽsentativitŽ de la concentration mesurŽe dans le volume dÕeau ŽchantillonnŽ ˆ   

lÕexposition moyenne ou lÕexposition maximale. En effet, lÕŽchantillon prŽlevŽ pour les 

objectifs rŽglementaires ne correspond pas nŽcessairement aux volumes associŽs aux 

concentrations les plus ŽlevŽes apr•s stagnation (Giani et al., 2004);  

2- Le dŽbit dÕŽchantillonnage, mal spŽcifiŽ dans la documentation de certaines 

rŽglementations mais pouvant causer ˆ des hausses importantes de plomb particulaire 

(Deshommes et al., 2010; Triantafyllidou & Edwards, 2012); 

3- Le temps de stagnation exigŽ parfois court ou m•me nul dans certaines rŽglementations 

(Gouvernement du QuŽbec, 2012; Government of Ontario, 2007) ne permettant pas de 

dŽtecter le plomb particulaire; 

4- Les mŽthodes utilisŽes pour effectuer la digestion prŽalable ˆ lÕanalyse pouvant •tre 

associŽes ˆ une sous-estimation du plomb dans lÕeau (Triantafyllidou et al., 2012). 

Ces quatre ŽlŽments problŽmatiques des rŽglementations ont ŽtŽ considŽrŽs pour notre projet 

de recherche. Les 3 premiers ont ŽtŽ ŽtudiŽs plus en dŽtails lors dÕŽtudes pilotes ayant comme 

but de reprŽsenter le plus fid•lement possible les ŽlŽments de plomberie ˆ lÕintŽrieur des 

syst•mes de plomberie des b‰timents sur le terrain ainsi que lÕimpact de la qualitŽ dÕeau 

incluant des traitements de contr™le de la corrosion.  

LÕobjectif principal de ce projet est dÕŽvaluer ˆ Žchelle rŽelle les contributions de diffŽrentes 

sources de plomb au robinet pour diffŽrentes qualitŽs dÕeau en reprŽsentant le plus fid•lement 

possible les conditions environnementales. Les objectifs secondaires comprennent lÕexamen 

de lÕinfluence de la corrosion galvanique, des variations hydrauliques et de diffŽrents 

traitements de contr™le de la corrosion. Trois Žtudes pilotes ont ŽtŽ nŽcessaires afin de mieux 

comprendre la problŽmatique spŽcifique des robinets et des conduites en plomb prŽsentant 
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des joints galvaniques. Les rŽsultats de ces travaux ont permis de mieux Žvaluer lÕimpact des 

jonctions galvaniques, des traitements, de la stagnation et du dŽbit lorsque les sources de 

plomb ŽtudiŽes sont mises dans une situation sÕapprochant de la rŽalitŽ du terrain. Ces 

rŽsultats ont permis de prŽciser les pires conditions dÕexposition au plomb et les pratiques 

dÕexploitation et dÕingŽnierie limitant cette exposition. 
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CHAPITRE 1 REVUE DE LITTƒRATURE  

1.1 LÕŽtat des connaissances sur lÕexposition au plomb 

1.1.1  Sources dÕexposition  

Entre les annŽes 1970 et 1990, lÕexposition au plomb a ŽtŽ considŽrablement rŽduite aussi bien 

aux ƒtats-Unis quÕau Canada, principalement en raison du  retrait du plomb dans lÕessence, la 

peinture, les ŽlŽments de plomberie et les conserves (U.S. DHHS, 2007). Cette diminution de 

lÕexposition a entra”nŽ une rŽduction significative du niveau de plomb retrouvŽ dans le sang  

(plombŽmie) aussi bien chez les adultes (78% de rŽduction aux ƒtats-Unis) que chez les enfants 

(81% au Canada) (U.S. DHHS, 2007; Government of Canada, 2006).   

Une source importante dÕintoxication chez l'enfant provient dÕun comportement chez certains 

enfants de porter leurs mains ˆ la bouche et dÕingŽrer des particules (Ç pica È). L'ingestion de 

plomb prŽsent dans les anciennes couches de peinture (celles-ci contiennent dans certains cas 

jusquÕˆ 50% de plomb) peut ainsi constituer une source importante d'exposition. La poussi•re 

gŽnŽrŽe lors de rŽnovation ou celle retrouvŽe  sur le cadre des fen•tres peut Žgalement entra”ner 

ce genre dÕintoxication (Lanphear, et al., 2002).  

Chez l'enfant, les scŽnarios dÕexposition pouvant mener ˆ des intoxications sont extr•mement 

variables  et sont fonction du comportement et des conditions environnementales. LÕexposition 

gŽnŽrale tout ‰ge confondu est quant ˆ elle principalement reliŽe ˆ lÕalimentation (grains et 

lŽgumes) et ˆ lÕingestion d'eau du robinet (European Food Safety Authority (EFSA),  2010).  

1.1.2  Taux dÕabsorption du plomb et rŽtention dans lÕorganisme  

La voie orale constitue la principale source dÕabsorption du plomb chez lÕadulte (U.S. DHHS, 

2007); on estime quÕentre 50 et 97% de lÕabsorption se fait par cette voie  (Government of 

Canada, 2006). La voie orale est associŽ ˆ un taux dÕabsorption de 5 ˆ 10% (U.S. DHHS, 2007; 

Institut National de SantŽ Publique du QuŽbec (INSPQ), 2003a), qui  augmente ˆ 40-80% chez 

l'adulte  suite ˆ un ježne (U.S. DHHS, 2007 ; Rabinowitz et al.,1980). Le taux dÕabsorption du 

plomb ingŽrŽ a ŽtŽ Žtabli ˆ environ 50% chez le jeune enfant (U.S. DHHS, 2007; Ziegler et 

al.,1978) et chez la femme enceinte (Government of Canada, 2006, INSPQ, 2003b); une telle  
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situation, de m•me que la sensibilitŽ au plomb  chez ces deux groupes en font des  populations 

sensibles (Equilibrium Environmental Inc., 2008;U.S. DHHS, 2007). Le plomb prŽsent dans 

lÕorganisme se retrouve principalement au niveau des os (80-95% chez lÕadulte et 73% chez 

lÕenfant) (WHO, 1996). La demi-vie du plomb est estimŽe ˆ environ 40 jours dans le sang et ˆ 27 

ans dans les os (Rabinowitz et al.,1980). LÕŽchange de plomb dans lÕorganisme peut •tre ŽvaluŽ  

par diffŽrents mod•les; les deux principaux sont ceux de lÕIEUBK (USEPA, 2002a) et  de 

OÕFlaherty (O'Flaherty 1998). La mesure du plomb dans le sang (plombŽmie) constitue une 

approche reconnue pour l'estimation de la concentration de plomb dans lÕorganisme. 

1.1.3  Niveau de plombŽmie dommageable et niveau actuel 

L'intoxication aigu‘ survient ˆ des niveaux sanguins allant de 30 ˆ 50  !g/dL de plomb 

(plombŽmie) et ce, tant chez l'adulte que chez l'enfant (California Environmental Protection 

Agency, 1997). Une intoxication  aigu‘ transitoire entra”ne des probl•mes au niveau du foie et de 

la pression sanguine. Chez les jeunes enfants, l'intoxication au plomb se manifeste par une 

anŽmie et une encŽphalopathie. Pour un enfant, il a ŽtŽ Žtabli quÕune dose journali•re unique de 

175 !g constituait un seuil critique dÕintoxication  aigu‘   (U.S. Consumer Product Safety 

Commission (CPSC) 2005). 

Chez lÕadulte, lÕexposition au plomb entra”ne des effets en fonction du niveau d'exposition (U.S. 

DHHS, 2007). Une plombŽmie de 4.9 !g/dL chez lÕhomme et de 2.4 !g/dL chez la femme est 

associŽe ˆ une hausse significative de la pression sanguine systolique (Equilibrium 

Environmental Inc., 2008). Le plomb est Žgalement reconnu comme une substance cancŽrig•ne 

probable  par de nombreux organismes dont lÕUSEPA (2006), lÕU.S. DHHS (2007) et SantŽ 

Canada (2012). 

Chez l'enfant, les trois premi•res annŽes de vie constituent un stade critique d'exposition en 

raison du dŽveloppement du cerveau (Government of Canada, 2006). Il a ŽtŽ dŽmontrŽ qu'un  

taux de plombŽmie supŽrieur ˆ 5 !g/dL pouvait •tre associŽ ˆ une diminution du quotient 

intellectuel chez les 0-7 ans (Jusko et al., 2008; Canfield et al., 2003). Des difficultŽs dÕattention 

ont Žgalement ŽtŽ observŽes chez des adolescents (Equilibrium Environmental Inc., 2008; 

INSPQ, 2003b). Des comportements criminels ont finalement ŽtŽ rapportŽs  chez des adultes 

ayant prŽsentŽ de fortes concentrations en plomb en bas ‰ge (Wright et al., 2008).  
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Suite aux rŽcentes Žtudes effectuŽes sur les effets neurologiques ˆ faible dose, lÕAutoritŽ 

EuropŽenne de SŽcuritŽ des Aliments et la  World Health Organization (WHO) ont retirŽ la 

valeur  de 25 µg Pb/kg de poids corporel (EFSA,  2010; WHO, 2011) comme seuil acceptable 

lors d'exposition. Cette valeur avait servi de rŽfŽrence pour Žtablir la concentration maximale de 

plomb dans lÕeau ˆ  10  µg/L au Canada et en Europe (WHO, 2011; Health Canada 1992) ainsi 

que le niveau critique de plombŽmie ˆ 10 µg/dL (Equilibrium Environmental Inc., 2008). Ce seuil 

de dŽclaration a ŽtŽ abaissŽ ˆ 5 µg/dL aux ƒtats-Unis (CDC, 2012). Actuellement, il nÕexiste chez 

l'enfant aucun niveau de plomb dans le sang dŽmontrŽ sans effet  (WHO,  2011; U.S. DHHS, 

2007 ; Government of Canada, 2006).  

Selon les donnŽes de santŽ de 2007, on estimait ˆ 310 000 le nombre dÕenfants ‰gŽs entre 1 et 5 

ans ayant une plombŽmie Žgale ou supŽrieure ˆ 10 !g/dL aux ƒtats-Unis seulement (U.S. DHHS, 

2007).  Comme pour les autres sources de plomb, il existe aussi des cas dÕintoxication grave au 

plomb par le biais de lÕeau potable. Ainsi, Triantafyllidou & Edwards (2012) ont dŽtaillŽ 14 

Žtudes entre 1977 et 2009 dŽmontrant un lien clair entre les concentrations de plomb dans lÕeau 

au robinet et la plombŽmie. Plus prŽcisŽment, des concentrations en plomb ŽlevŽes mesurŽes ˆ 

Washington D.C. entre 2001 et 2004 ont ŽtŽ reliŽes ˆ une probabilitŽ significative de plombŽmies 

plus ŽlevŽes dans les secteurs dits ˆ risque de plomb ŽlevŽ au robinet (Edwards et al., 2009).  Ces 

concentrations Žtaient observables sous forme de plomb dissous mais surtout ˆ des particules de 

plomb (plomb particulaire) (Edwards & Dudi, 2004; Triantafyllidou et al., 2007). La contribution 

du plomb particulaire dans lÕexposition est particuli•rement difficile ˆ quantifier surtout lorsque 

ces particules sont observŽes sous forme de dŽtachements transitoires (Deshommes, 2012). Le 

plomb particulaire peut •tre par ailleurs hautement biodisponible (Deshommes & PrŽvost, 2012), 

confirmant la nŽcessitŽ dÕinvestiguer cette forme de plomb. 

Certaines Žtudes ŽpidŽmiologiques nÕayant pas pour but de documenter des cas dÕintoxication ont 

reliŽ le plomb mesurŽ dans lÕeau potable et le plomb dans le sang. Lanphear et al. (2002) ont 

ŽvaluŽ que des concentrations de plomb dans lÕeau supŽrieures ˆ 5 µg/L augmentait de 20% la 

plombŽmie des enfants de 6 ˆ 24 mois.  Lors dÕune Žtude rŽcemment conduite dans la rŽgion de 

MontrŽal (Qc), une plombŽmie moyenne de 1.4 !g/dL a ŽtŽ mesurŽe chez des enfants de 1 ˆ 5 

ans. Bien que les valeurs rapportŽes soient faibles, la concentration de plomb dans lÕeau potable 

expliquerait en moyenne une fraction de 22 ˆ 27% des valeurs de plombŽmie mesurŽes (INSPQ, 

2011).  
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Ë partir des constats qui prŽc•dent, on peut  conclure que les niveaux dÕexposition au plomb 

actuels ne sont pas sŽcuritaires et quÕune proportion significative de lÕexposition ˆ ce contaminant 

est vraisemblablement associŽe ˆ lÕeau de consommation.  

1.2  Les sources de plomb dans le domaine de lÕeau potable 

Le plomb a longtemps ŽtŽ utilisŽ dans le domaine de lÕeau potable : comme matŽriau des 

raccordements de services reliant la rŽsidence ˆ la conduite secondaire; dans la composition des 

soudures utilisŽes pour raccorder les conduites en cuivre, ainsi que dans les alliages (acier 

galvanisŽ, bronze, laiton) composant certains ŽlŽments de plomberie (robinet, compteur dÕeau, 

valve, etc.). Pour les conduites, le plomb est un matŽriau idŽal en raison de sa flexibilitŽ, de sa 

mallŽabilitŽ et de sa relative rŽsistance ˆ la corrosion.  

Pour la grande majoritŽ des syst•mes de distribution dÕeau potable au Canada ou aux ƒtats-Unis, 

le plomb dans lÕeau alimentant les rŽseaux est prŽsent ˆ l'Žtat de trace (Health Canada, 2009; U.S. 

DHHS, 2007). Le plomb dans lÕeau provient principalement des conduites de raccordement de 

service ou de la tuyauterie interne des rŽsidences. Les raccordements de service sont des 

conduites dÕune dizaine de m•tres reliant les rŽsidences aux conduites secondaires; ces conduites 

sont divisŽes en deux parties, dont la propriŽtŽ est partagŽe entre la municipalitŽ et le propriŽtaire 

de la rŽsidence. GŽnŽralement au QuŽbec, la vanne de service sert de ligne sŽparatrice entre ces 

deux sections.  
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Figure 1.1 SchŽma d'un syst•me de plomberie rŽsidentielle. 

 

1.2.1 Les conduites en plomb en AmŽrique du Nord   

Les raccordements de service en plomb (RSP) reprŽsentent la principale source de plomb dissous 

dans lÕeau potable,  particuli•rement lorsquÕils sont longs (van den Hoven & Slaats, 2006). Aux 

ƒtats-Unis, dans les annŽes 1990, le nombre de RSP encore en place Žtait ŽvaluŽ se situer entre 

2.3 et 5.1 millions (Weston, R.F.I. and EES, 1990). LÕinstallation de RSP a ŽtŽ grandement 

ralentie d•s les annŽes 1940 mais elle sÕest poursuivie jusquÕen 1975 au Canada (Conseil 

National de Recherches Canada (CNRC) 2005) et en 1980 dans certaines rŽgions des ƒtats-Unis 

(Kirmeyer et al.,2000b).  En rŽalitŽ, lÕinstallation de RSP a ŽtŽ complŽment bannie en 1988 par le 

Lead Contamination Control Act (U.S. Federal regulation, 1988).  

En 1990, les cožts associŽs ˆ lÕŽlimination de lÕensemble des RSP aux ƒtats-Unis ont ŽtŽ estimŽs  

entre 10 et 14 milliards $ US (incluant 3.4-5.1 $ milliards US uniquement pour la portion privŽe) 

(Weston, R.F.I. and EES, 1990). Le cožt de remplacement des 23 000 conduites en plomb de 

Washington D.C. devrait atteindre 300 millions $ US (Cohn, 2005). Au QuŽbec, le remplacement 

de la portion publique des 75 000 RSP de MontrŽal devrait entra”ner des dŽboursŽs de 270 
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millions $ CAN (Ville de MontrŽal, 2007). Le  remplacement accŽlŽrŽ des conduites en plomb ne 

constitue toutefois pas une dŽmarche rentable comparativement au contr™le de la corrosion, 

lorsque celui-ci sÕav•re efficace (Weston, R.F.I. and EES, 1990).  

1.2.2 Les ŽlŽments en laiton 

Le laiton est le matŽriau le plus communŽment utilisŽ au Canada pour la fabrication d'ŽlŽments 

de plomberie tels que les robinets (Churchill et al., 2000). En fonction de sa composition 

spŽcifique, le laiton peut •tre relativement rŽsistant ˆ la corrosion, facilement usinable et dÕun 

cožt relativement faible. La composition des ŽlŽments de plomberie figure aux  codes de 

plomberie en vigueur (Conseil National de Recherches Canada (CNRC) 2005), Bureau des 

Normes du QuŽbec (BNQ), 2003). Les crit•res Žtablis au Canada et  au QuŽbec se basent 

essentiellement sur la norme National Sanitation Foundation et l'American National Standards 

Institute (NSF/ANSI 61) Section 8 & 9  pour tous les produits et matŽriaux destinŽs ˆ •tre en 

contact avec lÕeau potable (CNRC, 2005; BNQ, 2003). La norme NSF/ANSI 61 Section 8  

certifie la sŽcuritŽ des ŽlŽments de plomberie et la Section 9 est utilisŽe pour les points de 

consommation dÕeau (NSF & ANSI, 2007).  

SpŽcifiquement, cette norme assure que le laiton utilisŽ en plomberie respecte le contenu 

rŽglementŽ en plomb fixŽ ˆ 8% aux ƒtats-Unis Safe Drinking Water Act (U.S. Federal regulation, 

1986) ; elle limite Žgalement ˆ 11 !g la masse de Pb qui peut •tre libŽrŽe ˆ un point de 

consommation donnŽ, comme un robinet (NSF &  ANSI, 2007). La capacitŽ des ŽlŽments 

certifiŽs ˆ respecter cette norme a ŽtŽ sŽrieusement mise en doute (Maynard et al., 2008; 

Triantafyllidou et Edwards, 2007), ce qui a amenŽ des changements ˆ ces exigences; la norme 

NSF 372 a ainsi ŽtŽ introduite pour rŽduire ˆ 0,25% la teneur en Pb maximale admissible dans les 

appareils en contact avec de l'eau potable (NSF, 2010). Cette nouvelle certification est en 

conformitŽ avec les obligations  du Safe Drinking Water Act qui entrera en vigueur aux ƒtats-

Unis en 2014 (Public Law 111-380, 2011). SimultanŽment, la norme NSF 61 sera Žgalement 

renforcŽe en juillet 2012, afin de rŽduire ˆ 5 ug le niveau de relargage du plomb  ˆ partir dÕun 

ŽlŽment de plomberie (NSF & ANSI, 2007).  

 



11 

 

1.2.3  Les soudures 

Aussi bien dans les grands b‰timents que dans les rŽsidences unifamiliales, les soudures peuvent 

devenir une source importante de plomb, principalement par le biais de la corrosion galvanique 

(Nguyen et al., 2010; van den Hoven & Slaats, 2006). ConformŽment au Contamination Control 

Act de 1988 (P. L. 100-572), les soudures contenant plus de 0.2 % de Pb sont interdits aux ƒtats-

Unis. On estime nŽanmoins que 81 millions de maisons amŽricaines contiennent toujours des 

soudures plomb:Žtain contenant de 45 ˆ 50 % de Pb (Triantafyllidou & Edward, 2012). 

1.2.4  Les sources de plomb externes ˆ la plomberie rŽsidentielle Ð 

Accumulation dans le rŽseau 

Dans la majoritŽ des cas, lÕeau est quasi-exempte de plomb suite au procŽdŽ de potabilisation  

(Health Canada, 2009; U.S. DHHS, 2007). Toutefois, un relargage du plomb peut provenir des 

vieilles conduites ma”tresses et des ŽlŽments de plomberie des usines de traitement (Health 

Canada, 2009; Schock et al.,1996); ce relargage demeure nŽanmoins  minime comparativement ˆ 

celui issu de la plomberie rŽsidentielle.  Par contre, suite ˆ diffŽrents mŽcanismes entra”nant la 

formation de dŽp™ts, il peut survenir une accumulation de plomb (et dÕautres constituants) sur la 

paroi des conduites du rŽseau de distributions dÕeau potable  (Friedman 2008). Ces contaminants 

peuvent ensuite •tre relarguŽs lors dÕun lessivage des parois. Cette situation peut entra”ner des 

concentrations tr•s importantes de contaminants au robinet (Friedman 2008; Korshin et al.,2008).  

1.3  RŽglementation ayant cours dans diffŽrentes rŽgions 

1.3.1  Niveau dÕaction aux ƒtats-Unis  

Depuis 1991, un r•glement a ŽtŽ adoptŽe aux ƒtats-Unis afin de rŽduire la concentration du 

plomb dans l'eau des rŽseaux de distribution, en l'occurrence la  Ç Lead and Copper Rule È 

(USEPA, 1991). Ce r•glement limite ˆ 15 !g/L de plomb  la concentration maximale (niveau 

dÕaction)  pour le 90e centile des Žchantillons dÕeau analysŽs. LÕŽchantillonnage dÕun volume de 

1 litre doit •tre effectuŽ au robinet au premier jet, apr•s  une stagnation dÕau moins 6 heures.  

Parmi les autres exigences, il est requis que lÕŽchantillonnage dÕeau soit effectuŽ au robinet des 

rŽsidences prŽsentant le risque le plus important de concentration ŽlevŽe en plomb. Le nombre de 

rŽsidences ˆ Žchantillonner varie quant ˆ lui en fonction de lÕimportance du rŽseau de distribution 
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et peut atteindre 100 rŽsidences pour des syst•mes de distribution alimentant plus de 50 000 

usagers.  

LorsquÕune municipalitŽ dŽpasse le niveau dÕaction de lÕUSEPA, les gestionnaires doivent mettre 

en place des mesures correctrices et remplacer les conduites en plomb au rythme de 7% 

annuellement (USEPA, 2002b). La rŽglementation amŽricaine ne consid•re pas les rŽsidences 

ayant une concentration au robinet sous 15 !g/L dans le premier litre comme une rŽsidence 

requŽrant un remplacement. Les remplacements de conduites peuvent •tre interrompus lorsque le 

niveau dÕaction est atteint. Or, il a ŽtŽ dŽmontrŽ que les concentrations en plomb pouvaient •tre 

plus importantes pour des Žchantillons subsŽquents au premier jet (Sandvig et al.,2008; Giani et 

al.,2004). Aux ƒtats-Unis, lÕobjectif visŽ est de rŽduire au maximum la  concentration de plomb 

dans lÕeau (USEPA, 2006).    

1.3.2  RŽglementation ayant cours en France  

Selon la directive de lÕUnion EuropŽenne (Official Journal of the European Communities,  1998), 

la concentration maximale admissible en France sera abaissŽe de 0,025 mg/L ˆ 0,010 mg/L en 

2013. La mŽthode de prŽl•vement privilŽgiŽe  est le Ç random daytime È (RDT), c'est-ˆ-dire le 

prŽl•vement dÕun Žchantillon d'un litre d'eau, soutirŽ en une fois, sans rŽalisation prŽalable de 

purges des installations de distribution d'eau (sous-entendu au niveau du logement) au cours de la 

journŽe, durant les heures habituelles dÕactivitŽ, au point o• lÕeau sort de robinets normalement 

utilisŽs pour la consommation humaine. Les lieux de prŽl•vements sont Žgalement choisis de 

mani•re alŽatoire, indŽpendamment du caract•re public ou privŽ du lieu et des caractŽristiques 

des rŽseaux intŽrieurs de distribution d'eau (nature des canalisations); ils sont redŽfinis ˆ chaque 

nouvelle campagne de contr™le et peuvent •tre dŽterminŽs par tirage au sort (RŽpublique 

Fran•aise, 2004). Le nombre dÕŽchantillons requis dŽpend de la population desservie.  

1.3.3  Guide Canadien sur le contr™le de la Corrosion dans les rŽseaux de 

distribution dÕeau potable  

Le Canada a publiŽ rŽcemment un guide sur le contr™le de la corrosion dans les rŽseaux de 

distribution dÕeau potable (Health Canada, 2009). Ce document analyse de fa•on approfondie   la 

problŽmatique de la prŽsence du plomb dans lÕeau potable. La procŽdure adoptŽe  est calquŽe en 

partie sur la rŽglementation amŽricaine et en partie sur lÕapproche europŽenne (par exemple la 
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possibilitŽ dÕutiliser un Žchantillonnage apr•s 30 minutes de stagnation) (van den Hoven & 

Slaats, 2006). LÕobjectif visŽ est de fournir aux   gouvernements provinciaux une approche 

permettant de cibler adŽquatement les sites prŽsentant des concentrations en plomb susceptibles 

de prŽsenter un risque pour la santŽ humaine. DiffŽrents protocoles dÕŽchantillonnage sont 

proposŽs dans le document-conseil de SantŽ Canada, incluant des procŽdures particuli•res pour 

les b‰timents rŽsidentiels et non-rŽsidentiels.  

Pour les sites rŽsidentiels, SantŽ Canada a adoptŽ deux options de contr™le basŽes sur le type de 

logement. La premi•re option sÕapparente au niveau dÕaction amŽricain et consiste ˆ prendre le 

premier jet de 1-L apr•s au moins 6 h de stagnation. Dans le cas o• la concentration en plomb est 

supŽrieure ˆ 15 !g/L pour plus de 10% des sites ŽchantillonnŽs, des Žchantillons supplŽmentaires 

sont requis afin de dŽterminer la source de plomb. La deuxi•me option est un protocole 

d'Žchantillonnage de remplacement pour les juridictions   pour lesquelles le prŽl•vement apr•s 6 h 

de stagnation n'est pas possible. Cette option requiert la prise d'Žchantillons de quatre 

Žchantillons de 1 L  apr•s 30 minutes de stagnation. Le responsable du rŽseau de distribution doit 

mettre en place des mesures correctrices  si la concentration moyenne de plomb des quatre 

Žchantillons s'av•re  supŽrieure ˆ 10 !g/L pour plus de 10% des sites ŽchantillonnŽs. La mŽthode 

de conformitŽ pour les rŽsidences en Ontario est basŽe sur ce dernier protocole et exige un niveau 

de moins de 10 !g/L de plomb dans > 90% des premiers 2-L Žchantillons prŽlevŽs apr•s 30 

minutes de stagnation (Government of Ontario, 2007).  

SantŽ Canada a Žgalement Žtabli un protocole pour les grands b‰timents sans raccordement de 

service en plomb, applicable entre autre aux Žtablissements scolaires. Cette procŽdure requiert un 

Žchantillonnage de 250 mL apr•s 8 heures (maximum 24 heures) de stagnation, avec un niveau 

dÕaction de 20 !g/L (Health Canada, 2009).  

1.3.4  Norme quŽbŽcoise  

En fŽvrier 2012, une nouvelle norme pour le plomb a ŽtŽ adoptŽe au QuŽbec. Comme dans la 

rŽglementation antŽrieure, cette norme Žtablit  ˆ 10 !g/L la concentration maximale de plomb 

dans lÕeau dans lÕeau potable apr•s un Žcoulement de 5 minutes (Gouvernement du QuŽbec, 

2012). Dans le nouveau r•glement, il est clairement mentionnŽ la nŽcessitŽ de cibler les sites 

prŽsentant le plus de risque dÕavoir une conduite en plomb pour lÕŽchantillonnage;  un nombre 

minimal dÕŽchantillonnages ˆ rŽaliser pour un rŽseau de distribution est Žgalement dŽfini  par 



14 

 

rŽglementation en fonction de la population desservie (Gouvernement du QuŽbec, 2012). Le 

r•glement entrera en vigueur  en mars 2013.  

Au QuŽbec, la concentration maximale permise de plomb dans les soudures est de 0,2% depuis 

1990 (CNRC, 2005; BNQ, 2003). NŽanmoins, il demeure courant de retrouver en quincaillerie du 

matŽriel de soudure qui prŽsente des concentrations de plomb allant  jusquÕˆ 60%.     

1.4  MŽcanismes de relargage du plomb au robinet 

1.4.1  OxydorŽduction et corrosion 

Le plomb est prŽsent sous forme solide neutre (Pb(s)) dans les conduites en plomb, dans les 

ŽlŽments de plomberie en laiton (tel que les robinets) ainsi que  dans les soudures. Dans les 

alliages de type laiton, le plomb est prŽsent sous forme de globule (donc sous une phase distincte) 

ˆ lÕintŽrieur dÕun mŽlange monophasique ou biphasique de cuivre et de zinc (Lytle & Schock, 

1996). Cependant, en prŽsence dÕun Žlectrolyte (ions dans lÕeau),  le plomb est instable et sÕoxyde 

sous forme dÕions Pb2+ solubles (voir Žquation 1) (Benjamin, 2002) dans des conditions normales 

de pression et de tempŽrature.  

 Pb(s) ! Pb 2+ + 2 e-   EH = 126 mV                (1) 

Une seconde forme ionique de plomb est Žgalement possible ˆ un Žtat dÕoxydation (IV). 

Toutefois les conditions qui permettent sa prŽsence sous forme libre sont  incompatibles avec une 

matrice dÕeau potable.  

 Pb 2+! Pb 4+ + 2 e -   EH = -845 mV                           (2) 

La formation de Pb (IV) est nŽanmoins possible ˆ la surface des conduites de Pb sous forme de 

dioxyde de plomb.  

 

       Pb2+ + 2H2O! PbO 2(s) + 4H+ + 2e-     EH = - 1460 mV                                              (3) 
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Le potentiel dÕoxydorŽduction EH positif dans lÕŽquation (1) signifie que le plomb Pb(s) poss•de 

une plus forte propension ˆ constituer un site anodique que le couple H+/H2 (Piron, 1991). La 

rŽaction cathodique associŽe peut •tre, par exemple, la rŽduction de lÕoxyg•ne : 

 " O 2 + 2 e- + H2O # 2OH -                    (4) 

 Le plomb peut •tre directement relarguŽ sous forme complexe :  

 Pb2++ 2OH- # Pb(OH) 2                     (5)  

Ou sous forme dÕun dŽp™t ˆ lÕŽtat solide ˆ la surface du mŽtal :   

 Pb2+ + CO3
2- # PbCO3 (s)                   (6) 

selon les conditions physico-chimiques existantes. 

Les  Žquations qui prŽc•dent sugg•rent quÕune diminution de la concentration en oxyg•ne dissous 

devrait diminuer la proportion de plomb relarguŽ  (Singley, 1994). Le plomb et lÕŽtain sont 

Žgalement prŽsents sous forme biphasique dans les soudures (Shock & Lytle, 2011). Pour les 

mŽtaux ayant plusieurs phases, la rŽaction initiale  est celle associŽe au potentiel 

dÕoxydorŽduction le plus faible (Subramanian, et al., 1995).   

Ainsi  

 Cu(s) # Cu 2+ + 2 e- EH = 340 mV                  (7) 

 Sn(s) # Sn 2+ + 2 e-   EH = 138 mV                  (8) 

 Zn(s) # Zn 2+ + 2 e- EH = 762 mV                  (9) 

Ayant le potentiel de rŽduction le plus ŽlevŽ, lÕoxydation du zinc est une rŽaction se produisant en 

premier par rapport ˆ lÕoxydation du plomb et du cuivre, cette situation nommŽ 

Ç dŽzincification È est un ŽlŽment clŽ de la corrosion du laiton (voir section 1.4.2.4). 

Ces rŽactions permettent dÕestimer les conditions dÕŽquilibre ˆ un pH donnŽ. Toutefois, il est 

essentiel dÕŽvaluer la cinŽtique de ces rŽactions et le taux de corrosion effectif pour bien Žvaluer 

la situation rŽelle se produisant dans lÕŽlŽment ŽtudiŽ (Bradford, 1993).  Le taux de corrosion sera 

Žgalement grandement influencŽ par le type de corrosion se produisant dans lÕŽlŽment. En effet, 

certains types de corrosion peuvent modifier significativement le pH local dÕune portion de la 

surface du matŽriau en contact avec lÕeau. 
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1.4.2  DiffŽrentes formes de corrosion ŽtudiŽes 

1.4.2.1 La corrosion uniforme 

La corrosion uniforme reprŽsente le type de corrosion le plus frŽquent. Cette situation est surtout 

visible dans les cas de corrosion atmosphŽrique (Jones, 1996). ThŽoriquement la corrosion 

uniforme ne devrait pas entra”ner de probl•me majeur  au chapitre du relargage de plomb (Dudi, 

2004). Il est par ailleurs important de noter quÕune accŽlŽration de la corrosion se produit 

lorsquÕun gradient de concentration de lÕŽlectrolyte est observŽ ˆ la surface du matŽriau, entre 

autres lorsque lÕŽlectrolyte est en mouvement (i.e. eau sÕŽcoulant dans une conduite) (Piron 

1991). Cette situation entra”ne une forme de corrosion prŽfŽrentielle qui peut, jusquÕˆ un certain 

point, •tre considŽrŽe comme de la corrosion uniforme.  

1.4.2.2 La corrosion mŽcanique  

La corrosion mŽcanique survient ˆ des vitesses dÕŽcoulement ŽlevŽes en rŽgime dÕŽcoulement 

turbulent, lorsque le frottement devient assez important pour Žroder la surface de la conduite et 

enlever la couche de dŽp™ts protecteurs prŽsente ˆ la surface (Jones, 1996). La surface de plomb 

est alors rŽ-exposŽe, ce qui risque dÕaccŽlŽrer la corrosion et le relargage de plomb. Ce type de 

corrosion survient  ˆ une vitesse supŽrieure ˆ 1,2 m/s (4 fps) (Singley, 1994). La corrosion par 

Žrosion a lieu principalement dans les sections prŽsentant une dŽviation du profil linŽaire (coude, 

jonction, rŽtrŽcissement) de la conduite. 

Lorsque plusieurs appareils exercent une demande en eau dans une rŽsidence, le dŽbit peut •tre 

bien supŽrieur au 9,1 LPM requis pour entra”ner un risque de corrosion mŽcanique. Les travaux 

de Twedt (1996) ont dŽmontrŽ quÕune augmentation du dŽbit de 7,6 LPM (0,44 m/s) ˆ 15,2 LPM 

(0,89 m/s) pouvait entra”ner la prŽsence de dŽcrochage de plomb particulaire (augmentation de 

50% du plomb total et de 80% du plomb collo•dal/particulaire).  La corrosion mŽcanique pourrait 

devenir tr•s importante dans les cas o• les dŽp™ts prŽsents ˆ la surface des conduites sont 

importants et fragiles (Jones, 1996). NŽanmoins, lÕaugmentation du dŽbit nÕest pas toujours 

associŽe ˆ une augmentation de la concentration de plomb (Nour et al., 2007).  
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1.4.2.3 La corrosion galvanique  

Plusieurs esp•ces de plomb peuvent •tre formŽes suite ˆ la corrosion du plomb en fonction des 

caractŽristiques physico-chimiques de lÕeau. La formation des divers ŽlŽments dŽpend de 

diffŽrents facteurs rŽgis dans lÕŽquilibre de dissolution (Benjamin, 2002)  

La corrosion galvanique se produit lorsque des pi•ces de mŽtal de potentiels dÕoxydorŽduction 

diffŽrents sont mises en contact en prŽsence dÕun Žlectrolyte (Jones, 1996). Dans le domaine de 

lÕeau potable, la portion de tuyauterie du mŽtal le plus noble devient la cathode et la portion faite 

du mŽtal le moins noble sert dÕanode. Plus les deux matŽriaux sont ŽloignŽs lÕun de lÕautre, plus 

la migration des ions dans lÕŽlectrolyte est difficile, diminuant le courant galvanique et la 

corrosion associŽe (Bradford, 1993). Selon lÕimportance du courant de corrosion, la rŽaction de 

corrosion galvanique peut ultimement •tre limitŽe par la surface de lÕanode ou par la surface de la 

cathode (Snoeyink & Wagner, 1996). Une mesure directe du potentiel de corrosion ou du courant 

galvanique peut •tre rŽalisŽe avec deux Žlectrodes des mŽtaux ŽtudiŽs (ASTM International 2009; 

Oliphant, 1983) ou directement sur les conduites (Triantafyllidou & Edwards 2011; Dudi, 2004). 

LÕimpact ˆ long terme de la corrosion galvanique ne dŽpend pas seulement de la diffŽrence de 

potentiel Žlectrochimique mais aussi de lÕabsence de couche de passivation sur le mŽtal sacrifiŽ 

(Snoeyink & Wagner, 1996). Enfin, le courant de corrosion gŽnŽrŽ par la corrosion galvanique du 

plomb connectŽ au cuivre augmente en prŽsence dÕun dŽbit dÕŽcoulement dÕeau plus ŽlevŽ (Dudi, 

2004).  

LÕoxydation du Pb en Pb2+ dž ˆ la corrosion galvanique peut entra”ner, en fonction de lÕŽquation 

(6) une baisse locale de pH, le Pb2+ agit donc comme un acide de Lewis (Triantafyllidou & 

Edwards, 2011). Cette situation am•ne des conditions encore plus corrosives et peut amener une 

modification de la couche de dŽp™ts formŽe ˆ la surface de la conduite de plomb (Shock & Lytle, 

2011).    

La corrosion galvanique est un phŽnom•ne qui favorise la corrosion des soudures de plomb 

rŽalisŽes sur des conduites en cuivre (Oliphant, 1983). Selon les donnŽes de littŽrature, les 

soudures pourraient surtout •tre touchŽes par la corrosion galvanique (Nguyen et al.,2010; 

Boffardi 1995; Singley 1994;Gregory 1990; Oliphant, 1983). Le relargage de plomb des soudures 

est intrins•quement liŽ ˆ lÕhabiletŽ du soudeur ˆ effectuer un joint entre les tuyaux avec une 

surface de soudure en contact avec lÕeau la plus rŽduite possible (Singley 1994; Oliphant 1983). 
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Les soudures sont donc une source de plomb dans lÕeau qui peut •tre ˆ la fois tr•s importante ou 

non. Peu de temps apr•s leur installation, les soudures plomb:Žtain (50:50%) utilisŽes dans une 

plomberie de cuivre peuvent entra”ner des concentrations de plomb allant jusquÕˆ 50 !g/L au 

premier jet, apr•s une stagnation de 8 heures (Birden Jr. et al.,1985). 

1.4.2.4 La corrosion par crevasse 

La corrosion par crevasse se produit ˆ lÕintŽrieur dÕune aspŽritŽ (jonction entre deux conduites 

par exemple) lorsque la concentration en oxydant (habituellement lÕoxyg•ne) est diminuŽe ˆ 

lÕintŽrieur de lÕaspŽritŽ (Bradford, 1993). Cette rŽaction se produit habituellement dž ˆ un ratio 

surface/volume plus important et une moins bonne aŽration. Cette situation am•ne la poursuite de 

la rŽduction de lÕO2 aux sites ˆ lÕextŽrieur de la crevasse entra”nant un transfert dÕŽlectron de la 

crevasse vers les sites ou la rŽduction se produit entra”nant une oxydation du mŽtal dans la 

crevasse. Par la suite, la production de cations et de protons en solution attire des ions comme les 

chlorures, formant ainsi des composŽs acides entra”nant la dissolution dÕune fraction encore plus 

importante du mŽtal (Bradford, 1993).   

1.4.2.5 La corrosion du laiton et la dŽzincification 

Un relargage de plomb important peut Žgalement •tre observŽ dans des b‰timents ne contenant 

pas de conduites en plomb ou de soudure au plomb. En effet, ˆ elle seule, la prŽsence de 

dispositifs en laiton contenant du plomb peut  provoquer au robinet des concentrations de Pb 

nettement supŽrieures aux normes (Elfland et al., 2010). Les robinets en laiton reprŽsentent ainsi 

une source permanente de Pb tant dans les grands b‰timents et que dans les rŽsidences. La 

situation est cependant aggravŽe dans les grands b‰timents en raison du nombre important de 

dispositifs en laiton et des longues pŽriodes de stagnation. ConsidŽrant le nombre de b‰timents de 

ce type au Canada, des millions de sites prŽsentent un risque  de relargage de plomb causŽ par des 

robinets de laiton. 

Les principaux ŽlŽments de laiton, zinc (Zn) et le cuivre (Cu), peuvent tous deux •tre affectŽs par 

la corrosion, m•me si Zn peut •tre prŽfŽrentiellement libŽrŽ. Ce type de corrosion, appelŽ 

"dŽzincification" (Maynard et al., 2008; Lytle & Schock, 1996; Sarver et al., 2010), est 

gŽnŽralement plus problŽmatique que la corrosion de type Ç uniforme È, parce qu'elle persiste 
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dans le temps, ce qui peut m•me entra”ner la dŽfaillance de lÕŽlŽment en laiton (Sarver et al., 

2010).  

La dŽzincification implique la dissolution du zinc, le cuivre demeurant en surface avec de faibles 

propriŽtŽs mŽcaniques. Deux cas dÕesp•ces sont possibles: i) soit le cuivre se dissout 

simultanŽment au zinc et se redŽpose  en formant un produit de corrosion aux faibles qualitŽs 

mŽcaniques (Sundberg et al., 2003; Jones, 1996) ; ii) soit il demeure simplement en place sous 

forme poreuse (Jones, 1996). Ce dernier cas est semblable ˆ la rŽaction se produisant lors de 

corrosion intergranulaire, Žgalement observŽe sur des pi•ces de laiton (Sundberg et al.,2003). Le 

plomb Žtant insoluble dans les alliages de laiton, il se retrouve sous forme de globules dans 

lÕalliage, la dŽzincification pourrait entra”ner la corrosion du plomb en exposant les surfaces de 

plomb ou potentiellement un dŽtachement de particules de plomb (Lytle & Schock 1996).  

L'utilisation de laiton ˆ faible teneur en zinc (laiton rouge), ou d'un alliage contenant des traces 

d'Žtain (Sn) (0,5-2%) ou d'arsenic (de 0,025 ˆ 0,25%), a tendance ˆ rŽduire la dŽzincification 

(Sarver et al., 2010), mais pourrait •tre plus problŽmatique en termes de relargage de Pb de  

(Zhang & Edwards, 2011a). Pour un type spŽcifique de laiton, la concentration de plomb libŽrŽ 

est proportionnelle ˆ la concentration de plomb dans l'alliage (Maynard et al., 2008;. Lytle & 

Schock, 1996; Zhang & Edwards, 2011a). Toutefois, d'autres facteurs (tels que la finesse des 

grains) doivent Žgalement •tre considŽrŽs afin dÕestimer correctement le relargage (Brandl et al., 

2009). Au niveau cinŽtique, le relargage dans les ŽlŽments de plomberie en laiton est un 

phŽnom•ne relativement lent, comparŽ ˆ la vitesse de dissolution du plomb pur (Lytle & Schock, 

2000).  

NŽanmoins, une quantitŽ plus importante de Pb peut •tre libŽrŽe ˆ partir dÕŽlŽments en laiton  

neufs (Kimbrough, 2007; Lytle et Schock, 1996). Ce phŽnom•ne serait dž en partie ˆ une 

rŽpartition inŽgale du plomb dans l'alliage, le composŽ ayant tendance ˆ migrer vers les surfaces 

internes des pi•ces au cours du moulage (Maynard et al., 2008). Ce gradient peut entra”ner des 

variations dans les niveaux de plomb libŽrŽ dans des robinets apparemment identiques (Maynard 

et al., 2008). Les frictions entre les pi•ces mobiles ou l'Žrosion des parties en robinets en laiton 

peuvent aussi occasionner la libŽration du plomb (Boyd et al., 2008;. Lytle et Schock, 1996). 
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1.5 Facteurs physico-chimiques affectant la dissolution et le 

relargage de plomb particulaire des conduites en plomb 

1.5.1  Esp•ces de plomb prŽsente et rŽaction dÕŽquilibre chimique  

La corrosion entra”ne la formation dÕions et de molŽcules qui se retrouvent en solution dans l'eau, 

entra”nant certaines limites quant ˆ la concentration de plomb dissous prŽsent. Il existe Žgalement 

un Žquilibre entre les phases liquides et solides, Žquilibre rŽgi par diffŽrents facteurs (dont les 

constantes de solubilitŽ Ks). DiffŽrentes esp•ces de plomb solide peuvent •tre prŽcipitŽes;  les 

principales sont prŽsentŽes ˆ la table 1.1 (Benjamin, 2002; Graedel, 1994).  

Table 1.1 Constantes de solubilitŽ de diffŽrentes esp•ces de plomb qui peuvent •tre formŽes ˆ la 

surface de conduites exposŽes ˆ de l'eau potable. 

Nom                          Formule chimique                  Constante de solubilitŽ (Log Ks) 

Massicot:      PbO                                           -15,09 

HydrocŽrusite:     Pb3(CO3)2(OH)2                                -45,46 

CŽrusite :      PbCO3                               -13,13 

Pb (II) Phosphate :       Pb3(PO4)2                                              -44,50 

PlattnŽrite:                   PbO2                                                      -65,49 

La faible constante de solubilitŽ du Pb3(PO4)2 et des autres phosphates de plomb am•ne 

lÕutilisation de phosphate (sous forme dÕorthophosphates) comme inhibiteur de corrosion.  Les 

principaux facteurs influen•ant la formation des diffŽrentes esp•ces de plomb sont (Schock & 

Lytle, 2011):   

¥ le potentiel dÕoxydorŽduction de lÕeau causŽ par la prŽsence dÕoxydant (i.e. chlore, 

oxyg•ne dissous) 

¥ le pH  

¥ la concentration de plomb en prŽsence 

¥ lÕalcalinitŽ de lÕeau (ou la concentration en carbone inorganique dissous) 

¥ la tempŽrature 

¥ la pression 
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La Figure 1.2 prŽsente un diagramme de Pourbaix dŽcrivant les principales esp•ces de plomb en 

fonction du  pH, de la concentration de plomb (pCpb) et du potentiel dÕoxydorŽduction (EH).  

 

Figure 1.2 Diagramme de Pourbaix du plomb pour une eau ayant une alcalinitŽ de 50 mg/L 

CaCO3 (Vasquez et al., 2006). 

 

Ce type de diagramme prŽsente toutefois certaines limites. Ainsi, il ne tient pas compte de la 

cinŽtique de rŽaction, montrant uniquement les esp•ces de plomb prŽsente ˆ lÕŽquilibre. De plus, 

il ne consid•re pas  la pression partielle dÕoxyg•ne et dÕhydrog•ne qui pourrait •tre plus ŽlevŽe ˆ 

proximitŽ  des Žlectrodes (Piron, 1991).  

Les caractŽristiques intrins•ques de lÕeau entra”nent des variations majeures dans la dissolution 

du plomb dans les conduites. Les facteurs physico-chimiques ayant le plus dÕimpact sur la 

dissolution du plomb sont le pH et la tempŽrature (Moore, 1973). Pour des raisons ayant trait ˆ la 

thermodynamique, la solubilitŽ ˆ lÕŽquilibre et le taux de dissolution des sous-produits du plomb 



22 

 

augmentent avec la hausse de la tempŽrature (van den Hoven & Slaats, 2006; Schock et al.,1996; 

Singley 1994);  Britton & Richards, 1981).  

1.5.2  Impacts des param•tres physico-chimique sur le relargage de plomb 

dissous et particulaire  

1.5.2.1 TempŽrature 

Pour un accroissement de tempŽrature de 10¡C ˆ 20¡C, lÕŽquilibre de solubilitŽ et le taux de 

dissolution des sous-produits du plomb augmentent ; ces param•tres peuvent •tre accrus dÕun 

facteur de 30%-200% (Gregory, 1984; Britton & Richards, 1981; Moore, 1973). Le phŽnom•ne 

sÕexplique par lÕaugmentation de la vitesse de rŽaction (Loi dÕArrhenius) ainsi que par la hausse 

du potentiel dÕoxydorŽduction, de la solubilitŽ et des Žquilibres thermodynamiques (Vasquez et 

al., 2006).   

Dans certaines conditions, les conduites dÕeau chaude ayant des soudures de plomb pourraient 

Žgalement avoir tendance ˆ dŽvelopper des couches dÕoxydes plus stables sur leur paroi, ce qui 

diminuerait le relargage de plomb (Boffardi, 1995). 

1.5.2.2 pH, alcalinitŽ et carbone inorganique dissous (DIC) 

La composition de la couche de dŽp™ts ˆ lÕintŽrieur des conduites est un des principaux facteurs 

affectant la dissolution du plomb (Schock & Lytle, 2011). DŽpendamment de lÕalcalinitŽ et du 

pH, deux diffŽrentes esp•ces de plomb sont principalement formŽes pour les eaux potables en 

gŽnŽral  ˆ savoir la cŽrusite ou lÕhydrocŽrusite. LÕalcalinitŽ peut Žgalement •tre reprŽsentŽe par le 

carbone inorganique dissous (DIC) en fonction du pH (USEPA, 2003). Pour une valeur de pH  

infŽrieure ˆ 7,5 la formation de cŽrusite (PbCO3) est favorisŽe; il est alors prŽfŽrable dÕavoir une 

eau prŽsentant une alcalinitŽ ŽlevŽe si l'on souhaite rŽduire le relargage de plomb (Edwards et 

al.,1999; Boffardi, 1995; Gregory, 1994 ; Schock ,1990). Inversement, lorsque le pH atteint des 

valeurs proches de 8,0-8,5 (seuil variable en fonction des param•tres de lÕeau), lÕhydrocŽrusite 

devient prŽdominante et une ŽlŽvation de lÕalcalinitŽ ˆ une valeur supŽrieure ˆ 50 mg/L CaCO3 

peut entra”ner une augmentation du relargage du plomb (Figure 1.3) (Edwards et al.,1999; 

Schock, 1990; Sheiham & Jackson, 1981). 
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De mani•re gŽnŽrale, une eau ayant un pH entre 7,5 et 10 entra”ne un relargage de plomb dissous 

moins important (Edwards & McNeill, 2002; Edwards et al.,1999; Schock, 1990; Gregory, 1984). 

Cela dit, une augmentation de pH dÕune unitŽ peut •tre associŽe ˆ une baisse de la concentration 

de plomb de 500%-1000% (Schock & Lytle, 2011). Pour une eau ayant un pH de 7,5, une hausse 

de DIC (et donc de lÕalcalinitŽ) de 0 ˆ 10  mg C/L est associŽe ˆ une diminution significative du 

plomb dissous ˆ lÕŽquilibre; nŽanmoins, une hausse subsŽquente ˆ 50 mg C/L est associŽe ˆ une 

augmentation de la concentration de plomb dissous, particuli•rement en prŽsence de phosphate 

(Nelson et al.,2008). LÕhydrocŽrusite peut Žgalement •tre formŽe ˆ un pH de 7,2 lorsque 

lÕalcalinitŽ est faible (15 mg/L de CaCO3) (Sheiham & Jackson, 1981). Cette situation a ŽtŽ 

associŽe ˆ un relargage important de plomb particulaire (McNeill & Edwards, 2004). Une 

augmentation de lÕalcalinitŽ de 15 ˆ 45 mg/L de CaCO3 entra”ne une diminution significative du 

plomb particulaire (sans effet notable sur le plomb dissous) (McNeill & Edwards, 2004). Pour un 

pH supŽrieure ˆ 8,5, le relargage de plomb dissous est thŽoriquement moins ŽlevŽ pour une faible 

alcalinitŽ entre 20 et 50 mg/L de CaCO3 (Figure 1.3) (Edwards et al.,1999; Sheiham & Jackson, 

1981). 

  

 

Figure 1.3 Relation entre le DIC, le pH et le plomb dissous ˆ une tempŽrature de 25¡C (Schock et 

al.,1996). 
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Les rŽsultats de Dodrill et Edwards (Dodrill & Edwards 1995; Edwards et al.,1999) provenant 

dÕun sondage effectuŽ aupr•s de 216 municipalitŽs nÕutilisant pas de traitements additionnels 

pour contrer la corrosion rapportent, pratiquement sans exception, que les syst•mes de 

distribution qui prŽsentent un pH plus ŽlevŽ (>8,4) ou une alcalinitŽ plus importante (>30 mg/L 

CaCO3) sont associŽs ˆ des niveaux plus bas de plomb dans lÕeau potable.  

1.5.2.3 Formations de complexes et impact des ligands 

Pour une eau prŽsentant de fortes concentrations en ions ou en mati•re organique, la formation de 

complexes et le pairage dÕions sont frŽquents. Ainsi, la formation de complexes organiques 

mŽtalliques peut accro”tre la solubilitŽ dÕun ion (comme le plomb) en le sŽquestrant (MWH, 

2005; Benjamin, 2002).   

Les mŽtaux tels que le plomb peuvent interagir en solution aqueuse avec diffŽrents ligands, que 

ce soit des halogŽnures (Cl-, F-, I-), des substances inorganiques (NO3
-, CO3

2-, SO4
2- ou des 

molŽcules organiques  (R=COO-, R-SH (Morel &Hering,1993).  Le plomb  prŽsente surtout des 

affinitŽs avec les ligands H2O, OH-, CO3
- et Cl-  (Benjamin, 2002). Cela signifie que le plomb 

prŽsent en solution dans lÕeau peut se lier ˆ ces  molŽcules, diminuant ainsi la concentration de 

plomb libre Pb2+ et accroissant sa dissolution.  

La prŽsence de mati•re organique naturelle (MON), entra”nerait ainsi une hausse de la 

concentrations de plomb aussi bien des conduites en plomb, des ŽlŽments en laiton et des 

soudures, particuli•rement pour des faibles pH et des faibles alcalinitŽs (Korshin, et al., 1999) en 

modifiant le type de dŽp™ts formŽs ˆ la surface des conduites (Korshin et al., 2005). Des rŽsultats 

similaires ont ŽtŽ observŽs pour des conduites en plomb et laiton joints ˆ des conduites de cuivre 

(Arnold Jr., 2011).  

1.5.2.4 Impact du ratio massique chlorure/sulfate sur la corrosion galvanique 

La prŽsence de chlorure et de sulfate dans lÕeau influencent toutes deux le relargage de plomb 

dans lÕeau,  le premier ŽlŽment Žtant associŽ ˆ la formation de lÕion soluble PbCl+ et le sulfate 

gŽnŽrant une couche de passivation de PbSO4 (ou de composŽs similaires); ceci am•ne des 

variations majeures sur le relargage du plomb provenant des soudures (Nguyen, et al., 2010). Le 

ratio massique chlorure/sulfate (chloride-to-sulfate mass ratio : CSMR) joue donc un r™le 
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prŽpondŽrant dans la corrosion du plomb,  surtout au niveau de la corrosion galvanique (Nguyen, 

et al., 2011; Triantafyllidou & Edwards 2011; Edwards & Triantafyllidou 2007). LorsquÕune 

connexion galvanique est Žtablie (i.e. plomb et cuivre), le chlore Ç attaque È le site anodique (i.e. 

moins noble : le plomb), ce qui augmente le courant galvanique et  (Dudi, 2004; Gregory, 1984; 

Oliphant, 1983) et le relargage de plomb (Nguyen, et al., 2010).  

Lors dÕune vaste enqu•te effectuŽe aupr•s de municipalitŽs amŽricaines, la totalitŽ des rŽseaux de 

distribution prŽsentant un CSMR infŽrieur ˆ 0,58 respectaient le niveau dÕaction amŽricain de 15 

!g/L alors que seulement 38% des rŽseaux prŽsentant CSMR supŽrieur ˆ 0,58 la respectaient 

(Dodrill & Edwards 1995). Bien qu'elle soit proposŽe par la Enhanced Coagulation Rule 

lÕutilisation de chlorure de polyaluminium (PACl) ou de chlorure ferrique, peut  entra”ner de 

graves probl•mes de corrosion du plomb en haussant le  CSMR (Nguyen, et al., 2011). Selon une 

Žvaluation rŽcente, un ratio de 0,2 est jugŽ sŽcuritaire et un ratio de 0,5 est jugŽ ˆ risque 

particuli•rement lorsquÕil est combinŽ ˆ un alcalinitŽ < 50 mg/L CaCO3 (Nguyen 2010).  

1.5.2.5 Le dŽsinfectant secondaire 

En haussant le potentiel dÕoxydorŽduction de lÕeau, le chlore peut occasionner un changement 

dans lÕesp•ce de plomb principalement formŽ (Figure 1.2). Cette situation entra”ne la formation 

de plomb Pb+4 retrouvŽ principalement sous forme de PbO2 (Lytle and Schock, 2005; Edwards & 

Dudi 2004;  Xie, et al., 2010) et pourrait expliquer les taux de dissolution infŽrieurs observŽs 

lorsque le chlore est utilisŽ comme dŽsinfectant plut™t que les chloramines (Vasquez et al., 2006; 

Switzer et al.,2006; Cantor et al.,2003). PbO2(s) s'av•re moins soluble que l'oxyde de plomb 

PbO(s) (table 1.1) et se prŽsente sous la forme dÕun dense film rouge‰tre/noir‰tre.  

Les Žtapes de formation du PbO2 ˆ partir de la cŽrusite et de lÕhydrocŽrusite diff•rent selon le 

composŽ impliquŽ : le PbO2 se forme directement sur la surface des cristaux dÕhydrocŽrusite et 

entra”ne une diminution du relargage de plomb bien avant la prŽsence dÕune couche visible de 

PbO2 (Liu et al., 2008). ThŽoriquement, le fait de favoriser la prŽsence de couche de PbO2 devrait 

permettre une diminution du relargage du plomb des conduites en plomb (Xie, et al., 2010; 

Vasquez et al., 2006)  la formation de PbO2 est cependant rŽversible et les conditions permettant 

le contr™le de la stabilitŽ de cet oxyde ne sont pas toutes connues  (Liu et al.,2008; White and 

Lytle 2008; Lytle and Schock 2005). Un changement de dŽsinfectant du chlore vers les 

chloramines peut occasionner un accroissement  substantiel du relargage de plomb dans lÕeau 



26 

 

(Edwards and Dudi 2004). Le laiton serait par ailleurs plus susceptible de relarguer du plomb en 

prŽsence de chloramines que de chlore (Maas et al.,2007). 

1.5.3 Impacts des param•tres physico-chimique sur le relargage de plomb 

dissous et particulaire des ŽlŽments en laiton 

Il existe peu dÕinformation sur les facteurs affectant le relargage de plomb des ŽlŽments de laiton; 

cette lacune est probablement attribuable ˆ la complexitŽ des diffŽrents mŽcanismes mis en jeu 

(prŽsence ou non de dŽp™ts) et ˆ la variabilitŽ de lÕimpact de ces facteurs dans le temps (Zhang 

and Edwards 2011; Lytle and Schock 1996). Des concentrations ŽlevŽes de chlorure de (> 200 

mg / L) (Turner, 1961;. Zhang et al., 2011a) ou de mati•res organiques naturelles (NOM;> 1 mg / 

L) (Arnold Jr., 2011), une faible alcalinitŽ et un pH proche de 8 (Zhang et al., 2011a),  la 

prŽsence de grandes quantitŽs d'ammoniac  (> 15 mg / l) (Brandl et al., 2009), la prŽsence 

dÕoxyg•ne dissous et une vitesse dÕŽcoulement ŽlevŽe (Lytle and Schock 1996) ont ŽtŽ identifiŽs 

comme facteurs promoteurs de la dŽzincification. Quant ˆ la dŽzincification, elle est considŽrŽe 

comme un des principaux facteurs favorables au relargage de plomb des ŽlŽments en laiton 

(Sarver et al.,2010;. Kimbrough, 2007). 

1.6  La cinŽtique de rŽactions et le transport du plomb  
1.6.1  La diffusion molŽculaire ˆ la base m•me du relargage du plomb  

Selon Kuch et Wagner (1983), la diffusion molŽculaire est la principale source de relargage de 

plomb dans lÕeau potable. Les Žquations fournies par Benjamin (2002) permettent de mieux 

comprendre ce concept.  

En premier lieu, le taux de diffusion du plomb  ˆ 20oC (D) est Žgal ˆ 1x10-9 m2/s (Cardew 2006; 

Kuch & Wagner 1983). En fonction de lÕŽquation de diffusion (Benjamin, 2002), on constate que 

la diffusion du plomb est tr•s peu influencŽe par la tempŽrature, la tempŽrature absolue entrant 

dans lÕŽquation, une hausse de 20oC ˆ 40oC entra”nant une augmentation du coefficient de 

diffusion de 7%. Une approximation de lÕŽquation de diffusion a ŽtŽ effectuŽe par Einstein dans 

sa thŽorie sur le mouvement Brownien (Žquation 10). Cette approximation permet de trouver une 

estimation du dŽplacement moyen des molŽcules de plomb (Cardew, 2006). 
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Dtx 2!                     (10) 

Avec  

x  = distance de la surface (m) 

t = temps en seconde (s) 

En utilisant lÕŽquation 10, durant une stagnation de 6 heures, la distance moyenne parcourue par 

des molŽcules de Pb+2 est de 6,6 mm.  Or, les conduites peuvent atteindre 20 m de longueur; la 

concentration de plomb dissous prŽsent dans une section de plomberie sans plomb est donc peu 

affectŽe par la diffusion du plomb des sections de plomberie adjacente.  

 

Figure 1.4 SchŽma de la diffusion. 

 

La diffusion constitue un phŽnom•ne excessivement lent;  ses effets sont cependant significatifs, 

aussi bien en ce qui a trait au taux de dissolution du plomb que lors de lÕŽcoulement.  

1.6.2  La stagnation de lÕeau dans les conduites  

1.6.2.1  Stagnation et plomb dissous 

La cinŽtique de dissolution du plomb dŽpend de nombreux param•tres (van der Leer et al., 2002; 

Schock et al., 1996; Kuch & Wagner, 1983), parmi lesquels figurent :  

¥ le diam•tre de la conduite 

¥ le taux de dissolution ˆ la surface des conduites (fonction des caractŽristiques des dŽp™ts 

prŽsents dans les conduites)  

¥ la concentration maximale de plomb ˆ lÕŽquilibre (fonction de lÕŽquilibre avec les dŽp™ts 

et les caractŽristiques de lÕeau) 

ƒpaisseur de la 
couche limite 

Surface de la couche de dŽp™ts 

Zone saturŽ en Pb+2 

Ion Pb+2 
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¥ la concentration initiale de plomb avant la stagnation 

¥ le coefficient de diffusion Žtant utilisŽ. 

La Figure 1.5 dŽcrit les concentrations de plomb retrouvŽes en fonction dÕun mod•le de diffusion 

dŽveloppŽ par van der Leer et al. (2002). Le coefficient de diffusion obtenu ˆ partir de   ce 

mod•le calibrŽ avec les donnŽes terrain s'av•re  tr•s semblable ˆ ceux issus de la thŽorie.  

 

Figure 1.5 Concentrations en plomb expŽrimentales et thŽoriques en fonction du temps de 

stagnation (van der Leer et al., 2002). 

 

La durŽe de stagnation requise pour atteindre lÕŽquilibre est Žgalement fortement liŽe au diam•tre 

de la conduite. Un diam•tre important nŽcessite une durŽe de stagnation beaucoup plus longue 

pour atteindre lÕŽquilibre dans lÕensemble du volume dÕeau (van der Leer et al., 2002; Kuch & 

Wagner 1983). ThŽoriquement, pour une conduite de 12,7 mm, une stagnation de 6 heures 

devrait •tre suffisante pour atteindre une concentration de plomb dÕenviron 95% de la 

concentration dÕŽquilibre (Cardew, 2006; Kuch & Wagner, 1983).   
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Figure 1.6 Impact thŽorique du diam•tre de la conduite sur le temps requis pour atteindre 

l'Žquilibre en plomb dissous (Kuch & Wagner, 1983). 

 

Pendant la stagnation, le plomb est relarguŽ des dŽp™ts prŽsents sur les parois et forme des 

produits de corrosion qui peuvent •tre solubles ou particulaires. En fonction des changements des 

conditions physico-chimiques pendant la stagnation (diminution du chlore et de lÕoxyg•ne 

dissous), il est possible que certaines esp•ces de plomb (ou m•me des particules) se redŽposent 

sur les parois ce qui modifie les conditions dÕŽquilibre de dissolution (Xie & Giammar, 2011; 

(Breese, 2008; Edwards & McNeill, 2002).   

LÕŽquilibre entre le plomb et la phase aqueuse  peut •tre atteint en quelques heures (van der Leer 

et al.,2002; Clement et al., 2000; Kuch & Wagner, 1983) ou ne pas •tre atteint apr•s des 

stagnations de 24 h en terme de plomb dissous (Xie & Giammar, 2011) et m•me plus de 100 

heures en terme de plomb total (Lytle & Schock, 2000). Lytle et Schock (2000) ont associŽ cette 

variation aux caractŽristiques de lÕeau, ˆ la rŽaction avec lÕoxyg•ne dissous et ˆ lÕ‰ge des dŽp™ts 

prŽsents dans les conduites. La gŽnŽration de plomb particulaire pourrait Žgalement •tre en cause 

ici.  

1.6.2.2 Stagnation et plomb particulaire 

Le plomb est principalement retrouvŽ dans lÕeau potable sous forme dissoute.  NŽanmoins, il peut 

frŽquemment •tre prŽsent sous forme collo•dale et particulaire. DÕun diam•tre supŽrieur ˆ 0,45 

microns, la fraction particulaire est souvent considŽrŽe comme Žtant la phase solide prŽsente dans 
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lÕeau (APHA & AWWA, 2005); les solides en suspension dont le diam•tre se situe entre 0,10 et 

0,45 !m correspondent quant ˆ eux ˆ la fraction collo•dale (0,015-0,45 !m : (Hulsmann, 1990); 

0,05-0,45 !m: (Boyd et al.,2004)).  Les caractŽristiques physico-chimiques de lÕeau ont une 

importance dŽterminante dans la formation des diffŽrentes esp•ces de plomb. La prŽsence de 

mati•re organique dissoute (NOM) aurait tendance ˆ augmenter la portion soluble de plomb dans 

lÕeau en entra”nant un fractionnement du plomb particulaire/collo•dale et en inhibant la formation 

de cerrusite (Korshin et al., 2005; Korshin et al., 1999). Le plomb particulaire aurait aussi 

tendance ˆ •tre formŽ par la corrosion galvanique (Triantafyllidou & Edwards, 2011). La 

prŽsence de plomb particulaire/collo•dal (0,08-12 !m) au robinet pourrait par ailleurs •tre en 

partie attribuable ˆ des particules  formŽes lors de la stagnation (Breese, 2008); elle pourrait  

Žgalement  •tre causŽe par du plomb dissous adsorbŽ ˆ la surface de collo•des de fer (Hulsmann, 

1990). Le retrait des oxydes de fer et des acides humiques prŽsent dans lÕeau semble associŽ ˆ 

une baisse du relargage de plomb (de Mora et al.,1987). La prŽsence dÕun aŽrateur aurait 

tendance ˆ favoriser la prŽsence des particules au premier jet en les retenant et les relarguant ˆ 

lÕouverture du robinet (Triantafyllidou et al.,2006). Les particules plus grosses  (> 12 !m) 

seraient crŽŽes par le dŽtachement de matŽriau ˆ  la surface de pi•ces de plomberie contenant du 

plomb (tel que les soudures) (Hulsmann, 1990). La dŽposition du plomb sur une conduite de 

cuivre pourrait expliquer la prŽsence d'importantes concentrations en plomb particulaire au 

premier jet pour de lÕeau n'ayant pas stagnŽ dans une conduite en plomb (Breese, 2008). 

NŽanmoins, il manque de donnŽes pour •tre en mesure de confirmer cette hypoth•se. 

1.7  Relargage de plomb en Žcoulement  
1.7.1 Le relargage de plomb en rŽgime turbulent 

Kuch et Wagner (1983) ont proposŽ les mŽcanismes thŽoriques de la dissolution du plomb en 

Žcoulement.  La premi•re Žquation ayant ŽtŽ dŽterminŽe prŽdit la concentration de plomb ˆ 

lÕeffluent dÕune conduite en plomb soumise ˆ un rŽgime dÕŽcoulement turbulent (Žquation 9).   
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[ ] [ ] [ ] [ ] QkAE ePbPbPbPb /0 )( !"" !!=                  (9) 

O• 

[Pb]0  = Concentration de plomb ˆ la sortie de la conduite en plomb (mol/L) 

[Pb]$  = Concentration de plomb maximale ˆ lÕŽquilibre apr•s stagnation (mol/L) 

[Pb]E = Concentration de plomb ˆ lÕentrŽe de la conduite en plomb (mol/L) 

D  = diam•tre de la conduite (m) 

L  = Longueur de la conduite en plomb  (m) 

K  = coefficient de transfert (fonction de la diffusion) (mol/(s*m2) 

A = Aire totale de la section (m2) 

Q = DŽbit volumique (m3/s) 

 

Un examen de lÕŽquation (9) rŽv•le que le relargage de plomb diminue lors dÕune augmentation 

du dŽbit (et de la vitesse). Cette Žquation a ŽtŽ solutionnŽe pour diffŽrentes longueurs et 

diam•tres avec une vitesse de 0,5 m/s ˆ la Figure 1.7. Sur cette figure, lÕaxe des y reprŽsente une 

concentration normalisŽ en fonction des concentrations thŽoriques retrouvŽes lors dÕŽcoulement 

turbulent, de la concentration en plomb ˆ lÕŽquilibre et de la concentration en plomb entrant dans 

le syst•me.  

 

 

Figure 1.7 Concentrations en plomb normalisŽes retrouvŽes en rŽgime turbulent (Kuch & 

Wagner, 1983). 
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Un Žcoulement turbulent est associŽ ˆ un mŽlange radial important (MWH, 2005). Cette 

dispersion turbulente est causŽe par la nature m•me de lÕŽcoulement turbulent, une partie du 

liquide nÕŽtant pas associŽe ˆ un vecteur axiale de dŽplacement et Žtant mŽlangŽ vigoureusement 

par diffŽrents remous crŽŽs dans lÕeau.  Cette situation entra”ne la formation dÕun gradient de 

concentration important et plus mince ˆ lÕinterface entre lÕeau et la couche limite qui pourrait 

accŽlŽrer la dissolution. Un rŽgime turbulent devrait ramener des profils de temps de sŽjour plus 

comparables ˆ ceux dÕun rŽacteur piston parfait (Schmidt, 2005; van der Leer, 2002).   

1.7.2 Le relargage de plomb en Žcoulement laminaire 

La dissolution du plomb en Žcoulement laminaire est un phŽnom•ne  complexe qui a ŽtŽ 

modŽlisŽ par Cardew (2006). LÕŽcoulement laminaire est associŽ ˆ un profil de vitesse en forme 

de cloche. Le transport entre les couches de fluides est principalement causŽ par la diffusion 

molŽculaire modŽlisŽe par Cardew ˆ lÕaide des Žquations de LŽv•que (Cardew, 2006). De plus, 

les volumes dÕeau situŽs pr•s des parois de la conduite se dŽplacent beaucoup moins vite que les 

ŽlŽments situŽs au centre (Schmidt, 2005). Une portion de fluide ˆ proximitŽ de la paroi est 

associŽ ˆ une vitesse nulle (couche limite), plus la vitesse augmente, plus la couche limite est 

ŽcrasŽe, plus le transport par diffusion est rapide entre la paroi et la phase en Žcoulement 

(Cardew, 2006).  

1.7.3 Le transport du plomb dans lÕeau et lÕutilisation des profils de 

stagnation 

En rŽgime laminaire, les donnŽes expŽrimentales et terrain  dŽmontrent quÕune diminution de 

vitesse associŽe ˆ un temps de contact plus ŽlevŽ entra”nait une dissolution plus importante de 

plomb (Cardew, 2006; Britton & Richards, 1981). Dans le cas dÕune conduite de 12.7 mm et de 3 

m de longueur, la concentration lors dÕun Žcoulement laminaire est environ 2,5% de la 

concentration maximale observŽe en stagnation. Cette valeur est la moitiŽ de celle  obtenue par 

Kuch et Wagner (1983) pour un rŽgime turbulent (5%) se produisant dans une conduite de m•me 

dimension avec une vitesse plus ŽlevŽe et donc un temps de contact plus court. Pour les deux 

rŽgimes dÕŽcoulement, une augmentation de la vitesse dans la conduite est associŽe ˆ une 

diminution de la concentration trouvŽe en Žcoulement (Cardew, 2006; Kuch & Wagner, 1983). 

Toutefois, sur le terrain,  une augmentation de vitesse en rŽgime dÕŽcoulement turbulent a ŽtŽ 
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reliŽe ˆ une augmentation du relargage de plomb par Britton et Richards (1981) principalement 

dž au relargage de plomb particulaire.  

DÕun point de vue thŽorique, la principale source de transport en rŽseau de distribution est 

lÕadvection (plug flow parfait) (MWH, 2005). Cette affirmation n'est toutefois pas applicable ˆ  

tous les cas. Pour lÕeau ayant stagnŽ dans une conduite de plomb, la distribution des vitesses en 

Žcoulement laminaire entra”ne une courbe de temps de sŽjour qui sÕŽloigne de mani•re importante 

de lÕŽcoulement piston. ThŽoriquement, lorsquÕon exclue la diffusion, cette courbe poss•de des 

caractŽristiques qui ressemblent plus ˆ un contacteur compl•tement mŽlangŽ dŽcalŽ (Schmidt, 

2005). La simulation effectuŽe par van der Leer (2002) dŽmontre une diffŽrence majeure entre 

lÕonde de plomb dissous dans lÕeau pour un Žcoulement laminaire et turbulent, lÕŽcoulement 

laminaire entra”nant une hausse plus marquŽe des concentrations en dŽbut dÕŽcoulement et une 

queue de concentrations plus prononcŽe (van der Leer, 2002) (Figure 1.8). Un Žcoulement 

laminaire entra”ne une vitesse maximale  deux fois supŽrieure ˆ la vitesse moyenne  (Schmidt, 

2005). ThŽoriquement, il pourrait donc y avoir une prŽsence dÕeau ayant stagnŽ dans la conduite 

de plomb apr•s avoir vidangŽ la moitiŽ du volume de la portion de tuyauterie en amont de la 

conduite de plomb.  Cette situation est dŽcrite dans le mod•le de van der Leer et al., (2002). 

Ceux-ci ont dŽmontrŽ quÕun mod•le basŽ sur Žcoulement turbulent entra”nait des temps de sŽjour 

tr•s semblables ˆ un Žcoulement piston parfait en considŽrant uniquement lÕadvection comme 

moyen de transport. Toutefois, ces donnŽes ne reprŽsentent pas nŽcessairement la rŽalitŽ. Il peut 

se produire un mŽlange important dans des sections non linŽaire (coudes et jonctions). 

ThŽoriquement,  cet impact devrait •tre nŽgligeable Žtant donnŽ quÕune sŽrie de rŽacteurs 

compl•tement mŽlangŽs entra”nent un profil des temps de sŽjour similaire ˆ un rŽacteur piston 

(van der Leer, 2002). LÕassociation directe des concentrations en plomb retrouvŽes pour des 

Žchantillonnages successifs aux volumes des ŽlŽments de la plomberie implique de faire 

lÕassomption que lÕadvection est le moyen de transport principal du plomb dans lÕeau. Cette 

hypoth•se  n'est toutefois valable qu'en rŽgime dÕŽcoulement turbulent (van der Leer et al., 2002).  
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Figure 1.8 Profils des concentrations moyennes en plomb pour un Žcoulement piston (plug-flow), 

un Žcoulement turbulent et un Žcoulement laminaire (van der Leer et al., 2002). 

 

De mani•re gŽnŽrale, en supposant que lÕadvection permet une estimation adŽquate des temps de 

sŽjour,  un profil de concentrations de plomb est obtenu lors dÕŽchantillonnages successifs en 

fonction de la section de tuyauterie dans laquelle lÕeau ˆ stagner (Sandvig et al.,2008; Douglas et 

al.,2007; Giani et al.,2004). En fonction de ces sources de plomb, les concentrations en plomb au 

premier jet reprŽsentent lÕapport de la robinetterie et de la plomberie interne (Elfland et al.,2010; 

Sandvig et al.,2008). Les concentrations apr•s un certain Žcoulement (1-10 litres) sont associŽes ˆ 

la contribution dÕune conduite en plomb (Sandvig et al.,2008; Douglas et al.,2007; Giani et 

al.,2004; Clement et al.,2000). Des variations importantes et sporadiques de concentrations 

peuvent aussi •tre observŽes suite au dŽcrochement de particules de plomb (soudures, dŽp™ts ou 

conduites) (Edwards & Dudi, 2004). Les concentrations peuvent aussi  rester relativement stables 

peu importe la section de plomberie dÕo• provient lÕeau stagnante, dans des cas ou le plomb est 

prŽsent systŽmatiquement sous forme particulaire (PbO2) (Huggins 2008). 

Toutefois, si les profils de concentrations sont prŽlevŽs en Žcoulement laminaire, les rŽsultats 

risquent dÕ•tre faussŽs car le principe dÕadvection reprŽsente moins bien les diffŽrentes sources 

de plomb. Les sources de plomb en aval ont alors un plus grand impact sur les concentrations 

mesurŽes (Figure 1.8). Il est possible que cela explique les concentrations importantes de plomb 

associŽes aux conduites du rŽseau de distribution secondaire rapportŽes par Sandvig (2008). 

e 
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1.8 Diminuer le relargage de plomb  
1.8.1 Traitements de contr™le de la corrosion  

Certains traitements sont couramment utilisŽs par les municipalitŽs afin de contr™ler la corrosion 

dans les rŽseaux de distribution. LÕoptimisation de ces traitements dŽpend du type de corrosion, 

des couches de dŽp™t qui se sont dŽjˆ formŽes  ainsi que des caractŽristiques initiales de lÕeau  

(Cantor, 2006; Schock et al., 1996). Une dŽmarche mŽthodique pour le choix des traitements est 

proposŽe par lÕUSEPA (2003), ˆ partir d'une mŽthode initialement dŽcrite  par Edwards et al. 

(1999). LÕefficacitŽ des traitements de contr™le de la corrosion dŽpend du niveau dÕefficacitŽ 

recherchŽ. Les normes varient ŽnormŽment dÕun pays ˆ lÕautre. Tel que mentionnŽ 

prŽcŽdemment, un ajustement de pH entra”ne, entre autres choses,  une modification des esp•ces 

de plomb formŽes ˆ la surface des conduites, chacune ayant une cinŽtique de relargage et une 

concentration dÕŽquilibre diffŽrente. LÕajout de diffŽrents produits chimiques est donc effectuŽ 

dans lÕobjectif de former un film protecteur ˆ la surface des conduites entra”nant le plus faible 

relargage de plomb. Il a ŽtŽ dŽmontrŽ quÕun ajustement de pH ou lÕutilisation de phosphates 

pouvait significativement abaisser la concentration de plomb dans lÕeau (Hozalski et al.,2005; 

Edwards et al.,2001; Kirmeyer et al.,2000a; Schock et al., 1996),  voire m•me entra”ner une 

baisse significative de la plombŽmie  (Richards & Moore, 1984). IndŽpendamment du traitement 

de contr™le de corrosion retenu, il est essentiel de sÕassurer de la stabilitŽ des caractŽristiques de 

lÕeau pendant le traitement (Kirmeyer et al.,2000a).  

La situation qui a ŽtŽ vŽcu ˆ Washington (DC) illustre bien la problŽmatique liŽe aux 

changements de traitements. En effet, selon les hypoth•ses les plus plausibles, une modification 

du dŽsinfectant secondaire du chlore libre vers la monochloramine aurait diminuŽe le potentiel 

dÕoxydorŽduction de lÕeau et entra”nŽ une transformation de la couche de PbO2  formŽe dans les 

conduites de plomb de la ville, la transformant en une couche de PbO  et crŽant une augmentation 

importante de la dissolution du plomb ainsi que lÕŽrosion des soudures (Renner 2006). Le PbO 

ayant un taux de dissolution plus important que le PbO2 (Switzer et al., 2006), le taux de 

dissolution du plomb est devenu plus important suite au changement de dŽsinfectant. NŽanmoins, 

selon les derni•res analyses effectuŽes, lÕajout dÕorthophosphates aurait par la suite permis 

dÕabaisser le relargage de plomb ˆ un niveau infŽrieur ˆ la norme amŽricaine (Pontius 2007).  
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De mani•re gŽnŽrale, les valeurs obtenues ˆ partir du  mod•le prŽdictif de dissolution du plomb 

pour diffŽrentes qualitŽs dÕeau permettent dÕobtenir une estimation qualitative de lÕefficacitŽ 

rŽelle des traitements (Edwards et al., 1999 ; Schock et al., 1996 ). Toutefois, avant de mettre en 

place un traitement de  contr™le de la corrosion, il demeure essentiel de valider les rŽsultats par 

des Žtudes expŽrimentales (potentiel de corrosion, coupons ou pilotes) (Edwards et al., 1999). Les 

Žtudes effectuŽes sur des coupons sont moins bien adaptŽes que les Žtudes pilotes pour Žvaluer 

les problŽmatiques de  corrosion se produisant sur le terrain (Schock et al., 1996). LÕutilisation de 

montages pilotes est prŽconisŽe, puisqu'elle permet dÕobtenir des rŽsultats concluants pour 

simuler lÕefficacitŽ du traitement sur des conduites de plomb sans toutefois •tre en mesure de 

rendre compte de la qualitŽ de lÕeau distribuŽe (Rosenfeldt et al.,2007; Hozalski et al.,2005; 

Cantor et al.,2003). LÕutilisation de conduites excavŽes pour prŽdire le relargage de plomb qui se 

produira ˆ plus grande Žchelle nŽcessite lÕutilisation de mŽthode particuli•re pour maintenir les 

dŽp™ts dans les conduites et requiert plusieurs mois (ou m•me annŽes) pour la stabilisation des 

concentrations (Schock and Lytle 2011; AWWA, 2005), amenant certains auteurs ˆ mettre en 

doute la pertinence des Žtudes ˆ court terme (Kirmeyer, et al.,2004). Ainsi, en gŽnŽral aux ƒtats-

Unis, le recours ˆ ce genre  d'Žtudes pour le choix du type de contr™le de la corrosion est peu 

frŽquent; le traitement ˆ privilŽgier est souvent identifiŽ sans considŽrer aucun crit•re scientifique 

(McNeill and Edwards 2002).  

1.8.1.1 LÕajustement de pH 

LÕajustement du pH est un moyen couramment utilisŽ pour rŽduire la corrosion du plomb et du 

cuivre. CÕest Žgalement la mŽthode la plus efficace pour limiter les concentrations de plomb, de 

cuivre et de fer dans lÕeau potable (Health Canada, 2009). Le pH optimal pour rŽduire la 

corrosion du cuivre et du plomb devrait se situer entre 7,5 et 9,5 (Health Canada, 2009; Edwards 

et al., 1999).  Le pH visŽ dŽpend ŽnormŽment des caractŽristiques physico-chimiques initiales de 

lÕeau. Selon Kirmeyer et al.,(2000a), une augmentation du pH de 0,5 unitŽ nÕentra”nerait quÕune 

rŽduction marginale de la concentration en plomb. Une Žtude pilote rŽalisŽe au Japon sur des 

conduites en plomb rŽv•le nŽanmoins qu'un ajustement de pH de 7,0 ˆ 7,5 pourrait permettre de 

rŽduire les concentrations de plomb de 40% (Kozasa et al.,1998).   LÕajustement du pH est plus 

appropriŽ pour les eaux faiblement alcalines (DIC infŽrieure ˆ 5 mg/L C), en raison des quantitŽs 

importantes  de produits chimiques requis pour accro”tre le niveau d'alcalinitŽ (USEPA, 2003; 

Gregory, 1984). De plus, pour une eau fortement alcaline, il existe un risque de prŽcipitation de 
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carbonates de calcium ˆ pH ŽlevŽ, les carbonates de calcium Žtant associŽs ˆ une hausse du 

relargage de plomb (Hill 2011). Kim et al. (2011) ont associŽ un pH ŽlevŽ ˆ une diminution de la 

dissolution du plomb mais ˆ un relargage de plomb particulaire plus important apr•s stagnation. 

Toutefois, la diminution du relargage de plomb dissous par le pH est beaucoup plus importante 

que la  hausse de plomb particulaire. 

Un ajustement appropriŽ du pH peut permettre de diminuer les concentrations de plomb en moins 

dÕune semaine (Douglas et al., 2007). LÕajustement de pH ne semble toutefois pas efficace pour 

rŽduire le relargage de plomb des soudures, (Churchill et al.,2000; MacQuarrie et al.,1997) m•me 

sÕil permet de diminuer le courant galvanique (Reiber 1991). Finalement, lÕajustement du pH 

comme stratŽgie de contr™le de la corrosion n'engendre que des effets mineurs sur la formation 

des sous-produits de dŽsinfection (Reiber et al.,1997).  

1.8.1.2 LÕutilisation dÕorthophosphates  

LÕutilisation dÕorthophosphates est un moyen privilŽgiŽ pour rŽduire la concentration de plomb 

dans lÕeau; cette mesure s'av•re particuli•rement efficace lorsque le plomb provient des conduites 

(Edwards & McNeill, 2002; Shock et al., 1996; Boffardi, 1995; Sheiham & Jacson, 1981; 

Gregory, 1984 ). LÕefficacitŽ de lÕutilisation des orthophosphates a ŽtŽ dŽmontrŽ en Grande-

Bretagne, avec une diminution de la concentration dans les Žchantillons rŽglementaires de lÕordre 

de  80-90% (Cardew 2009; Hayes et al.,2008).   

DiffŽrents types dÕorthophosphates peuvent •tre utilisŽs : lÕacide phosphorique, lÕorthophosphate 

de zinc, les polyphosphates ou des mŽlanges de polyphosphates et dÕacides phosphoriques 

(Edwards & McNeill, 2002). LÕutilisation des orthophosphates serait plus appropriŽe pour les 

eaux ayant une forte alcalinitŽ (Boffardi, 1995; Gregory, 1984; Sheiham & Jackson, 1981), m•me 

sÕils peuvent, dans ces conditions,  •tre associŽs ˆ une augmentation ˆ court terme de la 

concentration de plomb dans lÕeau (Edwards & McNeill, 2002). LÕefficacitŽ des orthophosphates 

rŽside dans la formation dÕune mince pellicule de dŽp™ts ˆ la surface des conduites, dont on 

assume •tre des phosphates de plomb (Hayes et al., 2008; Rosenfeldt et al., 2007; Kirmeyer et al., 

2000a) ou dÕautres esp•ces comme lÕhydroxy-pyromorphite (Pb5(PO4)3OH) (Xie & Giammar, 

2011; Giammar et al., 2009; Nelson et al., 2008, Hozalski et al., 2005). Cette pellicule limite la 

mise en solution du matŽriau de la conduite et le transport des agents oxydants susceptibles de 

l'altŽrer  (Schock et al., 1996). En laboratoire, lÕexposition ˆ des orthophosphates  a entra”nŽ la 
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formation dÕhydroxylpyromorphite sur des dŽp™ts dÕhydrocŽrussite, diminuant la dissolution du 

plomb (Nelson et al., 2008). Toutefois, ˆ ce jour, aucune analyse dŽtaillŽe de ces dŽp™ts nÕa ŽtŽ 

effectuŽe sur des conduites excavŽes de rŽseaux de distribution dÕeau potable. Des doses 

dÕenviron 0,7-1,6 mg/L de P (2-5 mg/L de PO4
-3) sont utilisŽes typiquement en dŽbut de 

traitement, qui peuvent •tre rŽduites par la suite (Hozalski et al., 2005; Cantor et al., 2003; 

Edwards et al., 1999; Schock et al., 1996  ; Colling et al.,1992); Gregory, 1984). Une pŽriode de 

stabilisation de quelques mois est nŽcessaire avant dÕobserver les rŽsultats concrets du traitement 

(Rosenfeldt et al., 2007; Hozalski et al., 2005 ; Kirmeyer et al., 2000a). Un suivi des 

concentrations de plomb suite ˆ la mise en place du traitement est prŽconisŽ jusquÕˆ la 

stabilisation des concentrations (Kirmeyer et al., 2004). 

LÕutilisation dÕorthophosphates de zinc pour rŽgler les probl•mes de corrosion  Žtait privilŽgiŽe 

par le passŽ (Churchill et al., 2000; Boffardi, 1995), le zinc permettant de diminuer 

significativement le potentiel de corrosion galvanique (Gregory, 1990; Oliphant 1983). 

NŽanmoins, des Žtudes plus rŽcentes ont permis de dŽmontrer que cette diminution du potentiel 

de corrosion nÕŽtait pas nŽcessairement associŽe ˆ une diminution du relargage du plomb 

(Schneider et al.,2007; Edwards and McNeill 2002). Parmi les autres traitements qui ont ŽtŽ 

dŽveloppŽs pour rŽgler la problŽmatique du plomb et qui semblent finalement ˆ proscrire, 

mentionnons lÕutilisation de polyphosphates (Edwards & McNeill 2002; Cantor et al.,2000; 

Schock et al.,1996) ; ces derniers composŽs ne semblent efficaces que  lorsqu'ils sont hydrolysŽs 

en orthophosphates  (Holm & Edwards 2003; Edwards et al.,2001) et sont donc plus efficaces 

pour des longs rŽseaux de distribution (Rosenfeldt et al., 2007).  

Le dosage optimal dÕorthophosphates est un processus complexe qui nŽcessite une eau prŽsentant 

des caractŽristiques stables; une variation de pH de 0,5 unitŽs peut entra”ner une dŽstabilisation 

de la couche de dŽp™ts corrosion en modifiant les esp•ces formŽes ˆ lÕŽquilibre. Dans ces 

circonstances, lÕajustement du pH et de la capacitŽ tampon est recommandŽe (Health Canada, 

2009; Rosenfeldt et al., 2007; Kirmeyer et al., 2000a; Reiber et al.,1997; Gregory, 1984). Les 

caractŽristiques idŽales dÕune eau pour lÕutilisation optimale des orthophosphates ont ŽtŽ dŽfinies 

en laboratoire par Edwards et McNeill, soit  un pH de 7,2 et une alcalinitŽ de 15 mg/L CaCO3 

(Edwards & McNeill, 2002).  
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Les meilleurs rŽsultats ˆ Žchelle rŽelle ont ŽtŽ obtenus pour une alcalinitŽ Žgale ou infŽrieure ˆ 30 

mg/L de CaCO3, une alcalinitŽ plus ŽlevŽe pouvant augmenter le relargage de plomb (Dodrill & 

Edwards, 1995). Il est recommandŽ dÕutiliser un pH entre 7,2 et 7,8 comme condition optimale 

dÕopŽration (Kirmeyer et al., 2000a; USEPA, 2003). Toutefois, pour certains types dÕeau, un pH 

plus ŽlevŽ peut s'avŽrer plus efficace pour diminuer les concentrations de plomb au robinet 

(Hayes et al., 2008). Les eaux ayant une duretŽ ŽlevŽe ont Žgalement tendance ˆ former du 

Ca3(PO4)2 en prŽsence dÕorthophosphates, ce qui rend le traitement inefficace (Boffardi, 1995). 

Les orthophosphates seraient plus efficaces pour diminuer la concentration en plomb dissous que 

particulaire (Cardew, 2009; Edwards et al., 2001) avec m•me une hausse de la fraction 

particulaire dans certains cas (Xie et al.,2011). Les orthophosphates ont Žgalement ŽtŽ associŽs ˆ 

des pics sporadiques dans les concentrations de plomb particulaire (Edwards & McNeil, 2002; 

Kirmeyer et al., 2000a; Churchill et al.,2000; MacQuarrie et al.,1997).  

LÕutilisation des orthophosphates entra”ne Žgalement un probl•me de nature environnementale, 

en l'occurrence une prŽsence excessive de phosphore dans lÕeau. Dans ce contexte, il est 

nŽcessaire de prŽvoir un ajustement des traitements aux usines dÕŽpuration des eaux usŽes 

(Cantor et al., 2003). Enfin, lÕusage de polyphosphates, dÕorthophosphates, ou dÕorthophosphates 

de zinc comme inhibiteur de corrosion du plomb pourrait Žgalement entra”ner une augmentation 

du relargage du fer (McNeill & Edwards, 2000) et du cuivre (Cantor et al., 2003).  

Ë lÕŽchelle laboratoire, le traitement de lÕeau avec des orthophosphates entra”ne une accŽlŽration 

de la passivation de la surface du laiton, sans diminuer significativement le relargage de plomb ˆ  

moyen terme dans une Žtude laboratoire (Lytle and Schock 1996). LÕutilisation 

dÕorthophosphates aurait cependant peu dÕimpacts sur certains types de corrosions galvaniques 

dont celles favorisant le relargage de plomb des soudures (Reiber, 1991; Oliphant, 1983) tel 

quÕobservŽ en pilote (Churchill et al., 2002; MacQuarrie et al., 1997). Les Žtudes de laboratoire  

rŽcentes sugg•rent m•me des effets nŽfastes des orthophosphates en situation de corrosion 

galvanique pour des conduites en plomb jointes ˆ du cuivre (Arnold Jr. 2011) et des soudures au 

plomb jointes ˆ du cuivre (Nguyen et al., 2010). 
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1.8.2 Les remplacements de conduites et la jonction au cuivre  

Les municipalitŽs dŽpensent des centaines de millions pour remplacer les RSP dans leurs 

syst•mes de distribution, avec pour objectif de rŽduire la concentration de plomb au robinet. 

Toutefois, malgrŽ les programmes incitatifs en place,  le remplacement partiel des conduites est  

souvent rŽalisŽ au lieu d'un remplacement complet (Muylwyk et al.,2011).  

Les Žtudes de terrain rŽv•lent que le remplacements partiel de RSP ne permet pas dÕatteindre une 

diminution significative des concentrations en plomb ˆ court terme (2 mois) (Sandvig et al., 

2008; Swertfeger et al.,2011;. Britton et Richards 1981) et qu'il prŽsente peu d'avantages  ˆ plus 

long terme (18 mois) (Muylwyk et al., 2011). Ë ce chapitre, le Science Advisory Board de 

l'USEPA a conclu que plus de recherches Žtaient nŽcessaires pour statuer sur cette question 

cruciale (USEPA, 2011). Trois mŽcanismes principaux sont en cause :  

1- La coupe de la conduite  

Lors du sectionnement dÕune conduite, particuli•rement lors de lÕutilisation dÕune scie, des 

particules de mŽtal peuvent demeurer ˆ lÕintŽrieur de la conduite en place. De plus, on observe la 

mise ˆ nu dÕune portion de la conduite (Boyd et al., 2004), ce qui entra”ne une hausse importante 

mais transitoire de la concentration en plomb (qui diminue de mani•re importante apr•s 24 h). La 

mŽthode utilisŽe pour sectionner les conduites retirŽes entra”ne ainsi une variation significative 

sur la concentration de plomb retrouvŽe dans lÕeau 3 jours apr•s le remplacement partiel (Sandvig 

et al., 2008). 

2- La dŽstabilisation physique des conduites 

Toute modification ˆ un syst•me de tuyauterie peut entra”ner un impact important sur la stabilitŽ 

des dŽp™ts prŽsents dans les conduites. Dans le cas de conduites prŽsentant des couches de dŽp™ts 

de corrosion importants, le retour ˆ la situation dÕŽquilibre peut s'Žtaler sur plusieurs semaines, 

sinon plusieurs annŽes (Schock & Lytle, 2011). Dans la rŽalitŽ du terrain, il est tr•s difficile 

dÕeffectuer un remplacement partiel de conduite en plomb sans aucunement la dŽformer. 

LÕimpact de la dŽstabilisation physique des conduites est un autre facteur important ˆ considŽrer. 

3- La corrosion galvanique 

Le remplacement partiel dÕune RSP peut aussi •tre associŽ ˆ une hausse de la concentration en 

plomb due ˆ la corrosion galvanique (Dudi, 2004). Une Žtude en laboratoire effectuŽe avec des 
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conduites de Pb neuves jointes ˆ des conduites de cuivre sugg•re que l'utilisation du cuivre pour 

les remplacements partiels de RSP accro”t les concentrations de plomb dans lÕeau  du robinet 

(Triantafyllidou & Edwards 2011). DiffŽrentes Žtudes ont dŽmontrŽ lÕaspect local de la corrosion 

galvanique (Boyd et al., 2012; Triantafyllidou & Edwards, 2011), la rŽaction se produisant 

principalement sur une portion de conduite de moins de 15 cm (Triantafyllidou & Edwards, 

2011) et m•me gŽnŽralement moins de 2 cm (Boyd et al., 2012; Reiber & Dufresne, 2006). Enfin, 

m•me en les conservant connectŽs, Žloigner lÕanode et la cathode entra”ne une diminution de la 

corrosion galvanique dž ˆ une plus grande rŽsistance dans lÕŽchange dÕions dans lÕŽlectrolyte 

(Bradford, 1993) tel que dŽmontrŽ expŽrimentalement (Clark et al., 2011).  

Des Žtudes ont suggŽrŽ une hausse du relargage de plomb dž ˆ la dŽposition du cuivre sur le 

plomb (Triantafyllidou et al., 2011 ; Britton & Richards, 1981) ou la prŽsence de cuivre dans 

lÕeau (Hu et al., acceptŽ). Ces auteurs sugg•rent que le cuivre en se dŽposant pourrait engendrer 

des micro-cellules de corrosion par dŽposition. La prŽsence de cuivre a ŽtŽ observŽ dans les 

dŽpots ˆ la surface de conduites de plomb (Schock et al.,2008). La corrosion par dŽposition a par 

ailleurs ŽtŽ observŽe pour de lÕacier galvanisŽ en aval dÕune conduite de cuivre (Cruse, 1971). 

Toutefois, le mŽcanisme de corrosion par dŽposition du cuivre sur le plomb nÕa pas pu •tre 

encore dŽmontrŽ de mani•re dŽfinitive.  

!

Figure 1.9 ReprŽsentation schŽmatique de la corrosion galvanique d'une conduite en plomb et des 

mŽcanismes de relargage de Pb associŽ (adaptŽ de Triantafyllidou & Edwards, 2011). 

 

La rŽaction simplifiŽe de la corrosion galvanique est prŽsentŽ ˆ la figure 1.9. Pour chaque ion de 

plomb formŽ, deux Žlectrons sont transfŽrŽs ˆ la surface du cuivre ou la rŽduction de lÕoxyg•ne a 

lieu entra”nant :  
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Oxydation ˆ la cathode : Pb ! Pb2+ + 2e-                 (11) 

RŽduction ˆ lÕanode : O2 (aq) +4e- + 2H2O ! 4OH -              (12) 

Enfin, il est Žgalement possible que ces trois mŽcanismes agissent en combinaison ou en 

interaction pour expliquer les concentrations en plomb parfois ŽlevŽes observŽes aux robinets de 

rŽsidences suite ˆ un remplacement partiel de RSP. 

De la m•me mani•re, plusieurs ŽlŽments en laiton sont connectŽs ˆ du cuivre. Tel que dŽmontrŽ 

prŽcŽdemment, les composantes du laiton autres que le cuivre (Zn, Pb principalement) prŽsentent 

des potentiels dÕoxydo-rŽduction infŽrieurs au cuivre. Lorsque ces mŽtaux sont mis en alliage, le 

laiton prŽsente un potentiel tr•s semblable au cuivre et peut alors agir aussi bien comme anodique 

que comme cathode par rapport ˆ une conduite de cuivre (DeSantis, et al., 2009). Toutefois, dans 

certains cas, la prŽsence dÕune soudure entre les 2 mŽtaux peut entra”ner le sacrifice de cette 

derni•re (Edwards and Triantafyllidou 2007). 
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CHAPITRE 2 PRƒSENTATION GƒNƒRAL E DU PROJET ET 

OBJECTIFS DE RECHERCHE 

2.1 Mise en contexte 
Tel que dŽmontrŽ au Chapitre 1, la modŽlisation nÕest pas suffisante actuellement pour prŽdire les 

concentrations de plomb dans lÕeau au robinet Žtant donnŽ la multitude de facteurs lÕinfluen•ant.  

Ainsi donc, afin dÕŽvaluer adŽquatement lÕexposition au plomb ou lÕefficacitŽ des mesures de 

contr™le de la corrosion, il est essentiel de privilŽgier des mŽthodes comme lÕŽchantillonnage 

terrain ou des essais en milieu contr™lŽs le plus reprŽsentatifs possible de la rŽalitŽ : des essais ˆ 

Žchelle pilote.  

Ce projet consiste ˆ Žvaluer ˆ Žchelle pilote les divers apports de plomb dans lÕeau potable de 

deux sources de plomb, les conduites en plomb et les robinets en laiton, sous diffŽrentes 

conditions de qualitŽ dÕeau. Les rŽsultats sont ensuite comparŽs ˆ ceux obtenus ˆ Žchelle rŽelle. 

Ce projet Žvalue Žgalement lÕimpact associŽ ˆ la connexion de ces ŽlŽments ˆ des conduites de 

cuivre, une situation commune dans les rŽseaux de plomberie internes. Ces composantes de la 

plomberie sont susceptibles de contribuer du plomb sous ses diffŽrentes formes : particulaire, 

dissoute et collo•dale. Des modifications ˆ la qualitŽ de lÕeau rŽgissent lÕimportance du relargage 

de plomb pour chaque source de plomb spŽcifique. Les rŽsultats de cette Žtude permettent 

dÕobtenir une Žvaluation qualitative des impacts de certaines variations des caractŽristiques 

physico-chimiques de lÕeau sur lÕexposition au plomb reliŽe ˆ la consommation dÕeau potable 

pour les deux syst•mes ŽtudiŽs.  

LÕoriginalitŽ de cette recherche rŽside en lÕutilisation de pilotes incluant des ŽlŽments de 

plomberie prŽlevŽs des rŽseaux de distribution et de plomberie des b‰timents. De nombreuses 

Žtudes prŽcisent les conditions susceptibles dÕentra”ner la prŽsence de plomb dans lÕeau potable 

(van den Hoven & Slaats, 2006; Schock et al., 1996; Dodrill & Edwards, 1995; Schock, 1990; 

Britton & Richards, 1981). DÕautres fournissent des informations sur lÕefficacitŽ des traitements 

de contr™le de la corrosion comme moyen de mitigation du plomb (Kim et al., 2011; Edwards & 

McNeill, 2002; Kirmeyer et al., 2004), et de valider des mod•les de dissolution (Cardew, 2006; 

Van Der Leer et al., 2002; Kuch & Wagner, 1983). LÕŽtude de Sandvig (2008) a permis de mieux 

comprendre certains mŽcanismes de relargage se produisant dans les rŽsidences ayant une portion 
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de conduite en plomb mais ne sÕattarde pas sur lÕefficacitŽ des traitements. Le projet de recherche 

prŽsentŽ dans ce document sert ˆ faire un pont entre les Žtudes plus thŽoriques ayant ŽtŽ 

effectuŽes en laboratoire et certains rŽsultats obtenus sur le terrain principalement gr‰ce ˆ des 

Žtudes pilotes. 

Des mŽcanismes complexes rŽgis par de multiples interactions entre les diffŽrentes composantes 

de plomberie peuvent avoir des impacts majeurs sur le relargage de plomb dans lÕeau potable. 

Parmi ces interactions, notons :  

- la corrosion par Žrosion des conduites et le lessivage de dŽp™ts ;  

- la corrosion galvanique ; 

- la corrosion par crevasse ;  

- la dŽposition de mŽtaux dissous et de particules dÕune section de plomberie ˆ une autre. 

Ces diffŽrents mŽcanismes sont dŽcrits plus en dŽtail dans la revue de littŽrature et leur 

implication dans le cadre de cette Žtude, dans le chapitre discussion.  

2.2  Objectifs du projet 
LÕobjectif principal de ces travaux est dÕŽvaluer la problŽmatique du relargage de plomb 

causŽ par des conduites en plomb  et des ŽlŽments de plomberie en laiton neufs et prŽlevŽs 

dans des vieux b‰timents testŽs de mani•re la plus rŽaliste possible en incluant lÕimpact de 

jonction ˆ des conduites de cuivre. Ces ŽlŽments ont ŽtŽ mis en contact avec des eaux de 

diffŽrentes caractŽristiques physico-chimiques rŽalistes, impliquant toujours des eaux naturelles 

avec ou sans traitement. Plus spŽcifiquement, les travaux sÕinscrivent dans la foulŽe de ceux 

rŽalisŽs par Dudi (2004) et de Triantafyllidou et al. (2011) qui ont montrŽ que, dans certaines 

circonstances, le relargage de plomb des entrŽes de service en plomb pouvait •tre majoritairement 

causŽ par la corrosion galvanique.  

Les quatre objectifs spŽcifiques de ce projet sont les suivants : 

1) ƒvaluer la problŽmatique spŽcifique du relargage de plomb observŽ au robinet 

pour lÕeau de MontrŽal et lÕeau de Laval. 

i. Ville de MontrŽal : ƒvaluation des diffŽrents protocoles dÕŽchantillonnages 

incluant lÕexamen du temps de stagnation (30MS our RDT) et de diffŽrents 

volumes (1e L, 2e L, 1 min, 5 min).   
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ii. Ville de Laval : ƒchantillonnage suivant le protocole de SantŽ Canada (2009) 

ˆ diffŽrents types de robinets et Žchantillonnage complŽmentaires. 

2) Mettre en place un syst•me de dŽtection des sources de plomb.  

i. Ville de MontrŽal : DŽveloppement dÕune mŽthode de dŽtection des conduites 

en plomb sur site. 

ii. Ville de Laval : ƒchantillonnages sŽquentiels et investigation des sources de 

plomb basŽ sur le profilage des autres mŽtaux (basŽ sur Deshommes et al. 

(2010)). 

3) ƒvaluer les mŽcanismes du relargage de plomb dissous et particulaire:  

i. Ville de MontrŽal : ƒvaluation de lÕimpact : du dŽbit dÕŽchantillonnage 

incluant des sŽquences de dŽbits normaux/ŽlevŽs consŽcutifs, de la jonction ˆ 

une conduite de cuivre (entra”nant un risque de corrosion galvanique), de  la 

sŽquence cuivre-plomb, du temps de stagnation. Certains essais ont ŽtŽ 

rŽalisŽs ˆ Virgnia Tech.  

ii. Ville de Laval : ƒvaluation de lÕimpact : du risque de corrosion galvanique 

suite ˆ la jonction avec des conduites en cuivre, du risque de dŽzincification 

en fonction du type de laiton et du type dÕeau,  du temps de stagnation.  

4) Examiner lÕeffet de diffŽrents traitements (contr™le de la corrosion/modifications 

ˆ la chimie de lÕeau) sur le relargage de plomb des ŽlŽments de plomberie ŽtudiŽs. 

Certains mŽcanismes de relargage (hausse du dŽbit, r™le du temps de stagnation) 

ont ŽtŽ testŽs pour diffŽrents traitements afin dÕŽvaluer lÕimpact des traitements 

sur ces mŽcanismes. Trois param•tres ont ŽtŽ ŽtudiŽs : 

i. Le Chloride-to-sulfate mass ratio (CSMR) : un CSMR ŽlevŽ est susceptible 

dÕentra”ner un relargage plus important en prŽsence de jonctions galvanique. 

Pour les tests rŽalisŽs ˆ la Ville de MontrŽal, le CSMR a ŽtŽ diminuŽ de 0,9 ˆ 

0,3; pour les tests rŽalisŽs avec lÕeau de Ville de Laval, le CSMR a ŽtŽ 

augmentŽ de 0,3 ˆ 1,0 puis 2,5. 

ii. La concentration dÕorthophosphates utilisŽs comme inhibiteur de corrosion 

(Ville de MontrŽal 1 mg P/L, Ville de Laval : 0,8 mg P/L);  

iii. LÕajustement de pH (Ville de MontrŽal : simuler lÕajout dÕhypochlorite de 

sodium, pH 8,3; Ville de Laval : pH 8.4). 
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Tel que mentionnŽ dans lÕobjectif principal, les montages pilotes utilisŽs pour lÕobjectif 4 (ainsi 

quÕune partie de lÕobjectif 3) ont ŽtŽ con•us dans lÕoptique de reprŽsenter le plus fid•lement 

possible la rŽalitŽ. Une attention particuli•re a donc ŽtŽ portŽe afin de valider, dans la mesure du 

possible, ˆ quel point les rŽsultats obtenus ˆ lÕŽchelle pilote Žtaient reprŽsentatifs de ceux obtenus 

sur le terrain. La figure 2.1 reprŽsente dÕune mani•re schŽmatique ces diffŽrents sous-objectifs 

ainsi que la sŽquence dans lesquelles les phases associŽes ˆ chacun dÕeux ont ŽtŽ rŽalisŽes. 

  



47 

 

 

 

 

 

 

Figure 2.1 ReprŽsentation schŽmatique des 4 objectifs spŽcifiques du projet en fonction des 5 

phases du projet rŽalisŽ (chapitres).  
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Les hypoth•ses de recherche sont les suivantes :  

1. Le relargage de plomb observŽ ˆ la Ville de MontrŽal provient principalement des 

raccordements de service en plomb (RSP) et est fortement influencŽ par la longueur du 

RSP.   

2. ƒtant donnŽ le faible relargage de plomb des autres sources, il est possible de dŽtecter la 

prŽsence de RSP ˆ partir des concentrations mesurŽes au robinet apr•s une courte 

stagnation.  

3. La prŽsence dÕune section de conduite de cuivre en amont de sections en plomb entra”ne 

une dŽposition du cuivre sur le plomb et accro”t ainsi lÕeffet galvanique lorsque les 

conditions de qualitŽ dÕeau sont favorables ˆ la corrosion galvanique. 

4. ƒtant donnŽ les caractŽristiques physico-chimiques de lÕeau de MontrŽal, une connexion 

galvanique a un impact significatif sur le relargage de plomb des conduites en plomb ˆ 

MontrŽal.  

5. Des perturbations hydrauliques ou des vitesses locales ŽlevŽes causŽes par des variations 

de la gŽomŽtrie des conduites en plomb ou des variations de dŽbit au robinet diminuent 

lÕefficacitŽ des traitements anticorrosion de mani•re temporaire ou permanente. 

6. Le relargage du plomb dans les grands b‰timents publics ˆ Laval se situe principalement 

au niveau de la robinetterie en laiton. Les relargages de plomb importants observŽs pour 

les ŽlŽments de robinetterie ˆ Laval ne sont pas causŽs par la corrosion galvanique. Pour 

lÕeau de Laval, une connexion galvanique prot•ge les robinets en laiton.  

7. M•me sÕils contiennent un pourcentage de plomb minime (< 8%), certains robinets en 

laiton anciennement certifiŽs Ç sans plomb È entra”nent des dŽpassements de la norme 

actuelle. 

La vŽrification de ces hypoth•ses de recherche sera discutŽe plus en dŽtails dans le chapitre 8 

Discussion. Pour des raisons Žvidentes liŽes ˆ la publication des rŽsultats, le document est 

organisŽ en fonction des phases du projet plut™t quÕen fonction des 4 objectifs spŽcifiques ayant 

ŽtŽ identifiŽs prŽcŽdemment, ainsi :  

¥ Le chapitre 3 porte sur le premier objectif spŽcifique pour le rŽseau de distribution 

avec RSP et correspond ˆ la phase 1 du projet avec pour titre: 
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ÇInvestigating Dissolved Lead at the Tap Using Various Sampling 

Protocols È,  

un article publiŽ dans la revue Journal of American Water Works Association. 

¥ Le chapitre 4 porte sur le deuxi•me objectif spŽcifique pour le rŽseau de distribution 

avec RSP et correspond ˆ la phase 2 du projet avec pour titre:  

ÇA Rapid Method for Service Line Detection È, un article acceptŽ sous 

condition de rŽvision dans la revue Journal of American Water Works Association;  

¥ Le chapitre 5 porte sur le troisi•me objectif spŽcifique pour le rŽseau de distribution 

avec RSP et correspond ˆ la phase 3 du projet avec pour titre: Ç Effect of Flow Rate 

and Lead/Copper Pipe Sequence on Lead Release from Service Lines È, un article 

sous presse dans la revue Water Research;  

¥ Le chapitre 6 porte principalement sur le quatri•me objectif spŽcifique, ainsi que 

partiellement sur le 3e objectif spŽcifique, pour le rŽseau de distribution avec RSP et 

correspond ˆ la phase 4 du projet de recherche avec pour titre :  

ÇImpact of Treatment on Pb Release from Full and Partially Replaced 

Harvested Lead Service Lines (LSLs) È, un article soumis dans la revue Water 

Research; 

¥ Enfin, le chapitre 7, soit la phase 5 du projet porte sur les 4 objectifs spŽcifiques pour 

le rŽseau de distribution sans RSP en Žvaluant plus prŽcisŽment la problŽmatique des 

robinets en laiton :  

Ç Impact of water treatment of the contribution of faucets to dissolved and 

particulate Pb at the tap È, un article sous presse dans la revue Water Research. 
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CHAPITRE 3 PUBLICATION # 1 INVESTIGATING DISSOL VED 

LEAD AT THE TAP USIN G VARIOUS SAMPLING PROTOCOLS 

Ce chapitre prŽsente une analyse statistique des diffŽrents param•tres pouvant avoir une influence 

sur la prŽsence du plomb dissous au robinet. Cet article a ŽtŽ publiŽ dans le Journal of American 

Water Works Association en mars 2011.  

Ces rŽsultats montrent lÕimportance du protocole dÕŽchantillonnage utilisŽ pour mesurer le plomb 

dans lÕeau. Cette Žtude Žtabli aussi un certain lien entre les concentrations en plomb dissous et 

certains param•tres ŽtudiŽs (longueur de la conduite en plomb, tempŽrature, etc.). Les 

conclusions mettent aussi en Žvidence lÕeffet de la prŽsence de particules dans lÕaŽrateur sur les 

concentrations de plomb retrouvŽes au robinet au premier jet pour le rŽseau de distribution ŽtudiŽ 

ainsi que la prŽsence de dŽp™ts de plomb sur les conduites en cuivre de la plomberie interne. Ces 

rŽsultats renforcent donc les hypoth•ses de dŽcrochement de particules des ŽlŽments de 

plomberie, de lessivage de dŽp™ts et de mŽcanismes non-identifiŽs pour expliquer les fortes 

concentrations de plomb retrouvŽes au robinet, plut™t quÕune simple dissolution dans la conduite 

en plomb pendant la pŽriode de stagnation. 
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ABSTRACT 

The authors investigated factors influencing the occurrence of dissolved lead in tap water 

using different sampling protocols. The principal factor affecting the concentration of 

dissolved lead at the distribution system taps was the length of lead service lines (LSLs). 

However, dissolved lead levels in first-litre samples were also associated with lead 

particles being trapped in the aerator. Collecting the first-litre sample after 30 min of 

stagnation provided a good estimate of lead concentration in premise plumbing and LSLs, 

even though it could sometimes underestimate peak lead concentrations in the LSLs. Also it 

gives mean exposure estimates close to that obtained using random daytime sampling. 

Lead levels remained relatively high in flushed samples despite short (26-s) contact time 

between the water and lead pipe, illustrating high rates of mass transfer. 

 

3.1 Introduction  

Reducing human exposure to elevated lead levels in tap water and the resulting elevation of blood 

lead levels (BLLs) is desirable (Equilibrium Environmental, 2008; Jusko et al., 2008). Although 

BLLs have been declining for decades (CDC, 2009), the relative contribution of tap water to 

BLLs could be a significant source of lead for young children (Lanphear et al., 2002). Direct 

correlations between lead in drinking water and BLLs are complicated by numerous confounding 

factors (Triantafyllidou & Edwards, forthcoming a); however, highly significant correlations 

have recently been established (Edwards et al., 2009; Watt et al., 2000). International water 

standards regulate lead concentrations at the tap in the 10Ð15 !g/L range (USEPA, 2007a; WHO, 

2004); however, profound differences exist in the sampling approaches of each country. For 

example, the required duration of stagnation times before sampling varies from 0 to > 8 h, the 

number of required samples to be collected fluctuates, and the sampling volume, treatment of 

samples, and other important factors that influence the detection of elevated lead also differ 

(Hoekstra et al., 2009; Triantyfillidou et al., 2007; van den Hoven & Slaats, 2006; Schock et al., 

1990). 

Compliance assessment under the Lead and Copper Rule (LCR; USEPA, 2007a) is based on 
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meeting an action level of 15 !g/L in more than 90% of samples collected from high-risk homes, 

using a first-draw 1-L sample collected after a minimum 6 h of stagnation. This approach detects 

many lead sources and tracks corrosion control effectiveness, but it does not detect peak lead 

concentrations observed in lead service lines (LSLs) or readily translate typical human exposure 

(Sandvig et al., 2008; Douglas et al., 2007; Giani et al., 2004). Human exposure can be estimated 

from proportional composite sampling, which is generally only feasible as a research tool (van 

den Hoven & Slaats, 2006). Large numbers of random daytime (RDT) samples (without prior 

preset stagnation times) and samples taken after a fixed stagnation time of 30 min (30MS) may 

also provide a reasonable estimate of the average lead concentration at the tap and do serve as 

regulatory protocols in Europe (Hoekstra et al., 2009; van den Hoven & Slaats, 2006). However, 

RDT sampling is not reproducible if few samples are taken, therefore a larger number of samples 

would be required to gauge effectiveness of corrosion control (Hayes et al., 2008). 

An assessment of sampling strategies by the UK Drinking Water Inspectorate and the European 

Commission identified the RDT protocol for compliance assessment and sampling after 30MS 

for evaluation of specific lead sources (Hoekstra et al., 2009; DWI, 2001). If 5% of the samples 

exceed 10 !g/L, corrosion control installation or optimization is required (DWI, 2001). 

Moreover, lead exposure depends on local drinking water use patterns, which vary significantly 

depending on consumption, availability, and cost. All sampling methods have benefits and 

disadvantages, so the first draw after a fixed stagnation time could lead to underestimation of lead 

concentrations because of nonleaded premise plumbing (Hayes, 2009). 

For residential sites, the Canadian Corrosion Control Guidelines (Health Canada, 2009) adopted 

two monitoring options based on dwelling type. The first option consists of taking the first-draw 

1-L sample after at least 6 h of stagnation. If the lead concentration is greater than 15 !g/L for 

more than 10% of the sampled sites, additional samples are required for determining the lead 

source. The second option is an alternative sampling protocol for jurisdictions in which sampling 

after 6 h of stagnation is not feasible or for residences that have LSLs and need corrosion control 

treatment to reduce lead exposure. This option is based on taking four consecutive 1-L samples 

after 30MS. If the average lead concentration from the four samples exceeds 10 !g/L at more 

than 10% of the sampled sites, the utility should take corrective measures. The residential 

compliance sampling method in Ontario, Canada, is based on this latter protocol and requires 

meeting a level of 10 !g/L in > 90% of the first 2-L samples taken after 30MS (Government of 
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Ontario, 2007). In some countries, such as Canada and France, sampling must be conducted by a 

trained technician (versus being done by consumers in the United States), making a long 

stagnation (> 6 h) difficult to implement (Government of Ontario, 2007; USEPA, 2007a; 

Minist•re du DŽveloppement Durable, 2005; Minist•re de la SantŽ, 2004). This increases the 

feasibility of collecting samples after a shorter stagnation time (e.g., 30 min) along with samples 

other than those in the first draw. 

3.1.1 The importance of LSLs 

Sources of lead in drinking water mainly include LSLs, solder, and brass material devices 

(Schock, 1990). Leaded brass materials for drinking water distribution containing more than 8% 

lead and solder made of more than 0.2% lead were prohibited in the United States by the Lead 

Contamination Control Act of 1988 (USEPA, 1988) Ñand some statesÕ specific regulations for 

brass devices are even more stringent (Sandvig et al., 2009). In older homes with aging solder, 

leaded brass, and LSLs, the LSLs contribute 50Ð75% of the total lead at the tap after extended 

stagnation times (Sandvig et al., 2008; van den Hoven & Slaats, 2006). In one city with high lead 

levels in drinking water, LSLs increased the risk of elevated BLLs in children by about 500% 

(Edwards et al., 2009). LSL installations predate the 1940s in most US states, but continued in 

some provinces in Canada until 1975 (Health Canada, 2007) and some areas of the United States 

into the 1980s (Kirmeyer et al., 2000b). In some US utilities, the number of homes with an LSL 

is still significant, even though it has undoubtedly decreased from a 1990 estimate of 3.3 million 

(Weston & EES, 1990). In some Canadian cities, special housing was provided to military 

personal returning from World War II. These prefabricated houses are referred to as wartime 

houses and typically have very long LSLs. 

3.1.2 Lead forms and sources  

Lead is present in two main forms in drinking water: dissolved lead (Pbdissolved) and particulate 

lead. Pbdissolved is typically derived from the dissolution of lead surfaces and lead mineral scale on 

the surface of lead pipes, lead solder, and brass elements. Predicting soluble lead levels 

satisfactorily at full scale is notoriously difficult, but predicting general trends is possible and 

useful (van der Leer et al., 2002; Edwards et al., 1999; Schock, 1989; Kuch & Wagner, 1983). 

The effect of temperature is especially important during stagnation; readings may vary because 
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reaction rates increase with temperature, whereas film-forming solubility or scaling could either 

increase or decrease (Vasquez et al., 2006; Schock, 1990; Britton & Richards, 1981). The 

duration of water stagnation directly influences tap water lead levels (Schock, 1990; Kuch & 

Wagner, 1983; Britton & Richards, 1981). Other factors affecting lead concentrations include 

physicochemical characteristics of the water, service line materials, plumbing materials and 

fixtures, and dilution volume. In general, lead levels rise via dissolution for several hours before 

eventually reaching a characteristic equilibrium concentration (Cardew, 2006; Kuch & Wagner, 

1983). At bench scale, this could be as long as 20Ð24 h when using coupons with small surface-

to-volume ratios (Lytle & Schock, 2000). The ratio of lead concentrations after a short (30-min) 

to a long (16-h) stagnation period can vary significantly, especially in waters without 

orthophosphate addition, by a factor of 1.8 to 15.2 (Hayes et al., 2008). 

Lead profiles after stagnation are useful for diagnosing lead sources (Sandvig et al., 2008; Estes-

Smargiassi & Cantor, 2006; Giani et al., 2004). This technique demonstrated that existing 

sampling protocols may miss or underestimate peak lead concentrations when an LSL is present. 

After flushing, the lead concentration is highly dependent on LSL length and boundary layer 

thickness, resulting in a power law dependency between soluble lead and the flow rate (Cardew, 

2006; Kuch & Wagner, 1983). Specifically, lead levels should decrease with an increasing flow 

rate because of reduced contact time under both laminar and turbulent flow (Cardew, 2006; Kuch 

& Wagner, 1983), with higher concentrations occurring under turbulent flow (van der Leer et al., 

2002). 

Particulate lead (determined by retention on a 0.45-!m filter) in drinking water is difficult to 

predict because it results from the sloughing off and transport of particles released directly from 

plumbing materials (e.g., LSLs, solder, plumbing devices containing lead), particles released 

from the passivating film formed on the plumbing surface (Schock, 1990), or adsorption of 

Pbdissolved on the surface of other nonleaded particles (Deshommes et al., 2010; Hulsmann, 1990). 

Lead particles can accumulate in faucet aerators, break down into smaller particles, or pass 

through and contribute to lead exposure under the form of smaller particles or colloidal lead 

(Triantafyllidou et al., 2007). Particulate lead is most often found in the first litre (Deshommes et 

al., 2010). 

The choice of the stagnation protocol used (RDT, 30MS, > 6 h) affects the lead concentrations 
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detected at the tap. For a given water quality, the volume of water taken may also affect the lead 

concentration, depending on the plumbing configuration, internal volume, and lead sources in the 

building. Both of these parameters were investigated in this study. Because of the random nature 

of particulate lead, this article analyzes the factors affecting Pbdissolved at the tap only. 

3.1.3 Study objectives.  

The main objective of this research was to investigate the effect of water quality and system 

characteristics on Pbdissolved concentration at the tap of Montreal, Que., Canada, homes with long 

LSLs. Secondary objectives included: (1) comparing results from tap samples taken using an 

RDT approach, the first flush after 30MS, and after 1 and 5 min of flowing; (2) comparing lead 

release patterns from two types of housesÑ wartime and nonwartime; (3) evaluating temporal 

variations of lead levels in water; and (4) analyzing observed lead leaching using water and/or 

plumbing characteristics and comparing it with available models. 

 

3.2 Methodology 

3.2.1 Sampling protocol 

This study was conducted from 2006 to 2008. Two stagnation protocolsÑ30MS and RDTÑ 

were used. Before 30MS stagnation, flushing was performed for 5 min to remove water that had 

previously stagnated in the system. The duration of stagnation and flushing was based on the 

proposed 30MS European protocol (Hayes, 2009; van den Hoven & Slaats, 2006). The duration 

of flushing before stagnation was validated by comparing lead concentrations at the tap after 

different flushing times (5, 10, and 20 min) from 23 sites. Lead concentrations were stable after 5 

min of flushing. Immediately after 30MS, two consecutive 1-L samples were collected followed 

by two other 1-L samples taken after 1 and 5 min of flushing. 

The second protocol was based on the proposed RDT European protocol (Hayes, 2009; van den 

Hoven & Slaats, 2006). Samples were taken at the home between 8:15 a.m. and 6:15 p.m. The 

first and second litres were taken at random times during the day and an additional 1 L was taken 

after 5 min of flowing. In 2008, 1-min flow samples were also taken after RDT stagnation. 

Stagnation time was estimated on the basis of the information provided by residents on their 
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recent water use. Details of the sampling protocols used are shown in Table 3.1. A typical flow 

rate was used for both protocols (mean 6 L/min). 

Lead data at the tap can be examined using two approaches to categorize samples: (1) the various 

1-L samples (first litre, second litre, 1 L after 1 min, 1 L after 5 min) for the two protocols and (2) 

samples with a confirmed origin when > 80% of the water sampled is determined to be from a 

specific section (LSL, premise plumbing [PP], main pipe). Background lead concentrations in the 

treated plant effluent were negligible (< 0.5 !g/L), whereas samples from main pipes collected at 

a fire hydrant were generally low (average of 0.8 !g/L, n = 38), with some rare spikes. 

 

Table 3.1 Sampling campaign details. 

Sampling 
campaign 

Nb of 
houses and 

types  

LSL breakdown 
 

Stagnation 
Protocol 

used 

Samples  Nb of 
houses 

resampled 
(year) 

Property Utility  Both   

2006  
(cool water) 

44 Wartime 2 3 39 30MS First litre, second litre, 
1 min, 5 min 

 

2006 
(warm water) 

65 pre-1970 3 
 

23 
 

39 
 

30MS First litre, second litre, 
1 min, 5 min 

 

2007 11 Wartime, 
34 pre-1970 

1 5 39 RDT sampling First litre, second litre, 
5 min 

22 (2006) 

2008 7 Wartime, 
25 pre-1970 
 

1* 3* 20* 30MS and 
RDT sampling 

First litre, second litre, 
5 min 

4 (2006) 
10 (2007) 
9 (2006 & 
2007) 

30MS Ð stagnation time of 30 min, LSL Ð lead service line, RDT Ð random daytime 
* Eight houses were not completely investigated in 2008. Some of the 109 originally sampled in 2006 were 
sampled a second time in 2007-08 some of the 45 houses sampled in 2007 were sampled a second time in 2008. 

 

3.2.2 Sampling of households 

Four sampling campaigns were performed between 2006 and 2008 using 30MS, RDT, or both. 

Two types of houses were targeted: wartime houses and pre-1970 homes. Wartime houses are 

small prefabricated houses built between 1940 and 1950 for wartime workers and returning 

soldiers and usually include small-diameter long LSLs (> 10 m). The second type of house (pre-

1970) corresponds to other residential buildings of fewer than six connected dwellings (i.e., 
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mainly single households, duplexes, or triplexes) built before 1970, which is the last year LSLs 

were installed in Montreal.,The number of each type of house and the years sampled are shown in 

Table 3.1. 

On the basis of the European Commission guideline (Hoekstra et al., 2009), system 

characteristicsÑsuch as PP composition and LSL dimensionsÑwere measured with a tape or a 

Vernier caliper. The system setup was sketched for each home, and digital photographs were 

taken. PP, service line materials, and the type of faucets were also noted. All water samples were 

taken with the aerator in place, as recommended by the US Environmental Protection Agency 

(USEPA, 2006), and particles were collected from the aerator after the water sampling was 

completed. Two copper (Cu)/Pb pipe junctions were extracted in order to analyze the pipesÕ 

internal scale deposits. A fiberglass tool was used to scrape the inner surface and obtain particles. 

Those particles were weighed and transferred to an acidic solution. The solution was analyzed 

using the same protocol as for water samples to obtain the metal composition of those depositsÑ

essentially lead, iron, and copper. 

3.2.3 Analytical methods 

Water quality parameters were measured according to Standard Methods (2005): total and free 

chlorine (portable spectrophotometer 1, method 4500- CL G), pH (pH meter 2, method 4500-H+ 

B), temperature (digital thermometer, method 2550-B), alkalinity (method 2320 B), turbidity 

(portable turbidity meter3), and calcium concentration (method 3500-Ca B). Pbdissolved was 

determined by onsite filtration of a 50-mL aliquot of the 1-L sample on 0.45-!m-porosity 

cartridges4. The cartridges did not contribute or adsorb lead or copper (< 0.1 !g/L) when used 

with ultrapure water5 amended with lead standard solution (5 and 10 !g/L). All bottles and 

glassware used for sampling or metal analysis were washed using laboratory-grade detergent, 

nitric acid (HNO3), and ultrapure water (Method C based on USEPA recommendations; USEPA, 

                                                
1 Hach Pocket Colorimeter II, Hach Co., Loveland, Colo. 
2 Oakton PhTestr 10 pH meter, Oakton Instruments, Vernon Hills, Ill.  

3 Hach 2100N Laboratory Turbidimeter, Hach Co., Loveland, Colo. 

4 Millipore Millex  HV 33-mm porosity cartridge, Billerica, Mass. 

5 System Plus ultrapure water, Lebanon, N.H. 
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2004). Samples for metal analyses (Cu, Pb, and other metals not considered in this article) were 

acidified on arrival directly in the sampling bottles using 0.5% HNO3 (pH < 2)6 and stored at 4¡C 

for a minimum of 16 h, in line with the USEPA 200.8 protocol (USEPA, 1994). 

Before the inductively coupled plasma mass spectroscopy (ICP-MS) analysis, turbidity was 

measured. If turbidity exceeded 1 ntu, samples were further digested with the addition of 0.5% 

HNO3 and 0.5% hydrochloric acid at 95¡C for 2 h (per the manufacturerÕs recommendations). 

Lead and copper were analyzed by ICP-MS7 at the city of MontrealÕs laboratory, which is ISO 

17025Ðcertified, and quality assurance/quality control was followed according to provincial 

certification (CEAEQ, 2008). ICP-MS detection limits (!g/L) were: Cu = 0.09; Pb = 0.02. 

3.2.4 Statistical analysis 

StudentÕs t-test, paired t-test, and a general regression model8 (GRM) were applied on raw or log-

transformed concentration values. In the GRM, parameters having significant correlation (r > 

0.10; p < 0.05) with stronger parameters were removed. Forward stepwise model-building was 

used to include only those parameters associated with the variable studied. The normality of the 

data and of residuals was also verified to validate models developed. 

3.3 Results and discussion 

3.3.1 Water quality and system characteristics  

Turbidity in samples collected after 5 min of flushing was generally low (0.17 ntu), with 

occasional modest spikes < 1 ntu (Table 3.2). Free chlorine residuals varied from below the 

detection limit to a maximum of 1.1 mg/L free chlorine (Cl2; mean, 0.48 mg/L Cl2). The copper 

concentrations were variable, with a mean of 46 !g/L after 5 min of flowing. Alkalinity and 

calcium were stable at the tap with means of 84 mg/L calcium carbonate (CaCO3) and 32 mg/L, 

respectively (Table 3.2). Similar data were obtained in 2006Ð08, with a specific alkalinity mean 

of 83 (73 minimum, 88 maximum) mg/L CaCO3 and a calcium concentration mean of 31 (29 

minimum, 33 maximum) mg/L. 

                                                
6 Fisher Optima Grade HNO3, Fisher Scientific, Pittsburgh, Pa. 

7 ICP-MS 7500a, Agilent Technologies, Santa Clara, Calif. 
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Table 3.2 Water quality parameters measured at the tap after 5 min of flushing. 

  N Median Min  Max 
10th 

Percentile 
90th 

Percentile Mean Std.Dev. 

Temperature - ¡C 185 21.2 10.1 24.2 11.2 23.1 19.2 4.5 
pH 185 7.6 7.1 8.0 7.5 7.8 7.6 0.1 
Free chlorine - mg/L 185 0.49 <0.01 1.11 0.16 0.76 0.48 0.22 
Turbidity Ð NTU 154 0.14 0.09 0.86 0.11 0.23 0.17 0.10 
Cu - 5 min-! g/L 186 44 3 154 18 79 46 25 
Alkalinity   - mg 
CaCO3/L  44 84 80 86 82 85 84 1 
Calcium Ð mg/L  44 32 32 34 32 33 32 1 

 

Figure 3.1 is a schematic view of a typical home showing various plumbing sections. The service 

lines are composed of property and utility sections that can be made of lead, copper, or 

galvanized steel. All houses sampled had at least one LSL section; 81% of houses had lead in the 

property section and 96% had lead in the utility service line section. Because flow rates and 

service line volumes varied from site to site, the actual source (LSL versus PP [solder, valves, 

and faucets]) of the first and second litres, and to a lesser extent, of the 1-min flushed sample, 

also varied. 

 

Figure 3.1 Schematic representation of the main plumbing sections with confirmed material (178 

houses). 
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Table 3.3 shows the plumbing characteristics (estimated LSL and PP lengths, volumes, and 

diameters) and the sampling conditions used to calculate flow-dependent factors, such as contact 

time in PP and LSLs and velocity in the LSLs. Stagnation times were constant using the 30MS 

protocol in the 2006 and 2008 samples and varied from 0 to 6 h in samples taken using the RDT 

protocol in the 2007 and 2008 samples. Regardless of the type of house (wartime or pre-1970), 

differences were observed in the average length of the LSLs (15±6 m) and the PP (11±8 m). 

These LSL lengths fall in the low end of the LSL lengths typical of US utilitiesÕ urban areas 

(18.3Ð20.4 m; Weston & EES, 1990). LSL diameters ranged from 0.5 to 1 in. (1.27Ð2.54 cm) 

with a median value of 0.5 in. (1.27 cm). PP and LSL volumes also vary, reflecting the various 

combinations of diameters and lengths (2.2±1.0 L in LSLs and 1.8±1.3 L in PP), and fell in the 

lower range of values reported for Canadian and US utilities (Sandvig et al., 2008). These 

volumes result in corresponding contact times of 26±16 s in the LSLs and 21±19 s in the PP. Low 

theoretical fluid velocities (without considering restrictions or elbows) were calculated from the 

data (0.7±0.2 m/s with a maximum of 1.6 m/s). The inspection of the housesÕ internal plumbing 

confirmed that PP materials were mostly copper, with limited presence of copper and galvanized 

steel (3%), copper and lead (5%), and polyvinyl chloride (0.6%). 
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Table 3.3 Physical parameters associated with the sampling and piping characteristics of homes 

sampled 2006Ð08. 

  N Median Min  Max 
10th 

Percentile 
90th 

Percentile Mean Std.Dev. 

Pre-1970 houses         
Stagnation time (min) 119 30 0 360 5 30 39 54 
Flow rate (L/min) 123 6.0 1.0 15.0 4.0 8.6 6.1 1.9 
Velocity in LSL (m/s) 88 0.72 0.13 1.32 0.29 0.88 0.65 0.25 
LSL diameter (cm) 88 1.3 1.3 2.5 1.3 1.9 1.5 0.3 
Length of LSL 
(property+utility) (m) 112 11 3 28 6 16 12 5 
Length of PP (m) 88 12 3 38 6 25 14 8 
Contact time in LSL (Sec) 88 17 3 114 9 37 21 16 
Contact time in PP (Sec) 88 20 4 133 10 45 26 22 
Volume of LSL(L) 88 1.8 0.3 5.4 1.0 3.0 1.9 0.9 
Volume of PP (L) 88 2.0 0.4 6.5 1.1 4.1 2.3 1.3 
Nb of volumes flushed 
after 5min of flowing 88 7.3 1.2 16.5 3.5 10.8 7.1 2.8 
Wartime houses         
Stagnation time (min) 62 30 0 90 20 30 29 12 
Flow rate (L/min) 62 5.1 3.3 12.0 4.0 7.5 5.5 1.8 
Velocity in LSL (m/s) 58 0.6 0.2 1.6 0.4 0.9 0.7 0.2 
LSL diameter (cm) 58 1.3 1.3 1.9 1.3 1.6 1.3 0.1 
Length of LSL 
(property+utility) (m) 62 20 9 30 14 27 20 5 
Length of PP (m) 58 6 1 20 2 14 7 4 
Contact time in LSL (Sec) 58 31 11 63 19 48 33 12 
Contact time in PP (Sec) 58 10.0 1.1 60.1 2.4 20.7 12.2 9.9 
Volume of LSL(L) 58 2.6 1.1 6.0 1.8 3.6 2.8 0.9 
Volume of PP (L) 58 0.9 0.1 4.0 0.2 1.9 1.0 0.7 
Nb of volumes flushed 
after 5min of flowing 58 7.0 2.0 18.2 4.7 9.8 7.2 2.4 

 

The relative contribution of each source was estimated through calculation based on advection 

and attributed to a single source when > 80% of volume stagnated in that section. PP was the 

main source (> 80%) of the first litre in 79% of the homes, and all the 5-min flushed samples 

came from the distribution system main (flushing volumes ranging from 1.2 to 18.2 pipe volumes 

as shown in Table 3.3). For the 2006 data (30MS), some of the second-litre samples originated 

from the LSL (33%), and most of the 1-min flushed samples came from the distribution main 

(77%). 
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3.3.2 Comparison of lead concentrations in samples of the first litre, second 

litre, first litre after 1 min and first litre after 5 min  

Generally, for both wartime and pre-1970 households, Pbdissolved in the second litre exceeded 

that found in the first litre using 30MS (Figure 3.2). The 90th percentile values in the first litre 

exceeded those in the second litre only in wartime houses when using the RDT protocol in 2007. 

Globally, the range of values and associated variance decreased with flow condition, especially 

after 5 min of flushing. For wartime houses, limited benefit was seen after 1 min of flushing 

(Figure 3.2). This is an important observation because a short 1-min flushing is often 

recommended to consumers to minimize exposure. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Dissolved lead as a function of various sampling protocols for the three sampling 

campaigns (2006Ð08) and the two groups of homes (wartime and pre-1970). 
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For some pre-1970 homes, which have larger volumes of PP compared with wartime houses (1.0 

L versus 2.3 L; p < 0.05), lead concentrations after 1 min (mean = 12 !g/L) of flushing were even 

higher than those in the first-litre draw (mean = 10 !g/L), indicating the need for extended 

flushing. Similar increases in lead concentrations as a function of water flushing volumes have 

previously been reported (Douglas et al., 2007; Edwards & Dudi, 2004; Giani et al., 2004) 

because lead concentrations can increase up to the seventh litre collected, depending on the 

systemÕs characteristics. Flushing advisories should therefore be based on an estimation of 

plumbing volume and the lead concentrations at the tap rather than on the flushing duration. In 

general, 5 min of flow allows the flushing of seven times the volume in the PP and LSL and 

provides water from the main (Table 3.3). However, this is not necessarily the case for longer 

LSLs; therefore, utilities and authorities must modify their advisories accordingly. Preliminary 

sampling (results not presented; see section on Methodology) suggested that 5 min of flushing is 

enough to acquire a lead release generated only by the passage of the freshwater through the 

plumbing system. This concentration of lead found in that specific circumstance is called the 

signature of the plumbing system. 

The cumulative distribution of Pbdissolved concentration levels (from cool-water wartime houses) 

demonstrates the significant contribution of LSLs based on the high lead levels observed in the 

second-litre sample (Figure 3.3). Flushing for 1 to 5 min did not always decrease lead 

concentrations to below 10 !g/L, but it did significantly reduce the number of elevated values 

and the probability of exposure to high lead concentrations. Flushing for 5 min reduced 90th 

percentile lead to 16 !g/L versus 29 or 48 !g/L in first- or second-litre samples, respectively. 

Although the 5-min flushing recommendation was not deemed feasible because of consumer 

water use habits, water loss, and costs, it constitutes an effective temporary mitigation measure. 

The levels of Pbdissolved after 5 min of flushing were still elevated in wartime houses, especially 

considering the relatively short mean contact time of 33 s in the LSL under flow conditions. 
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Figure 3.3 Effect of sampling protocol on the distribution of Pbdissolved concentrations for different 

sampling protocols in wartime houses sampled in 2006. 

 

Pbdissolved in water samples were confirmed as originating from the LSL and in the first litre are 

plotted against those measured in water after 5 min of flushing following 30MS (Figure 3.4). 

Pbdissolved concentrations increased by a factor of 2Ð3 during the 30MS in the LSL. Considering 

the uncertainty about slope values, the intercept values were not statistically significant. The 

negative intercept of the stagnation in LSL regression accounts for the minimal contribution of a 

short LSL, which is considered to be > 2 !g/L after 5 min. In the presence of an LSL, a minimum 

signature concentration after flushing is expected and would be associated with the length and 

diameter of the LSL (Kuch & Wagner, 1983). Almost all Pbdissolved levels originating from LSLs 

after 30 min of stagnation exceeded those found in the first-litre samples (paired t-test; p < 0.05) 

Ñ by 65% on average, although there was considerable scatter in the data. The increased 

variability in the first litre most likely reflects a contribution from the LSL, directly or by 

seeding, as well as direct contribution from PP. Because PP volumes varied from 0.1 to 6.5 L and 

LSL volumes varied from 0.3 to 6.0 L, 75% of samples originating from the LSL correspond to 

the second-litre and 25% to the 1-min flushing samples. The authorsÕ observations confirm that 

sampling protocols relying on the first 250 mL or first litre only could significantly underestimate 

potential exposure to higher lead levels that originated from the LSLs (Edwards & Dudi, 2004; 
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Giani et al., 2004). Hayes (2009) reports that taking only a 1-L sample after 30MS may not be 

adequate as a survey tool for zonal assessment because of varying dilution. In the system studied, 

dilution artifacts were minimized as pipe length and flow rate were measured. Results show that 

processing the second-litre sample for compliance monitoring (as required in Ontario) provides 

better screening for LSL contributions, even with shorter stagnation times. 

 

 

Figure 3.4 Pbdissolved (1-L sample) after stagnation in the LSL (>80%) and first litre versus 5-

min flowing samples. 
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3.3.3 Comparison of sampling protocols (30MS versus RDT) 

The 30MS sampling protocols in 2006 and 2008 and RDT with variable stagnation times of 0Ð6 h 

used in 2007 and 2008 are shown in Figure 3.2. Comparisons cannot be made directly for 

wartime houses because of water temperature differences during sampling. For samples collected 

in pre-1970 houses (2006Ð08; Figure 3.2), no significant differences are noted in the average 

concentration in the first or second litres using both protocols (t-test; p > 0.05). Specifically, 14 

pre-1970 houses were sampled twice among 65 houses in 2006 and 34 houses in 2007. No 

significant differences (paired t-test; p > 0.05) were detected for those samples taken from year to 

year with the 30MS and the RDT protocols. Unlike the mean and median values, overall 

variability increased with RDT in 2007, as shown by the wider spread of the 10th and 90th 

percentiles. A direct comparison can be made between the RDT and the 30MS protocols on the 

same subset of 30 houses (in 2008) sampled using both protocols on the same day. Results shown 

in Figure 3.2 show that this variability is reduced compared with distribution of concentrations 

found in 2006 and 2007 in pre-1970 houses. This observation confirms that differences between 

the two types of houses may be more important than differences between protocols. 

3.3.4 Repeatability of Pbdissolved concentration at the tap 

Figure 3.5 shows the difference in results for the homes sampled in 2006, 2007, and 2008.  Figure 

3.5 summarizes the distribution of differences among results obtained using the RDT and the 

30MS protocols in 2008. When either protocol is used, stagnation increases the variability of 

Pbdissolved concentrations in the first litre, second litre, and after 1 min but does not affect the 

median value. The lead level in fully flushed samples (5 min) is not expected to be sensitive to 

prior stagnation protocol (RDT versus 30MS) but will be influenced by changes in water quality 

and temperature. In 2008, because samples were taken on the same day at the same site, they 

could be considered replicates. Pbdissolved concentrations in flowing samples from pre-1970 homes 

were quite consistent for the three years sampled. Lead leaching was higher in wartime homes in 

2007Ð08 compared with 2006 results for flushed samples (Figure 3.5) regardless of the sampling 

protocol (paired t-test; p < 0.05), with a 48±31% increase. This increase was most likely caused 

by the mean water temperature differences of 11.3¡C (10.5Ð12.3¡C) in 2006 and 21.2¡C (18.3Ð
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22.4¡C) in 2007. In the distribution system studied, a 1¡C rise in water temperature translated 

roughly to a 5% increase in lead concentrations in flushed samples when temperatures varied 

between 10 and 23¡C. 

3.3.5 Effect of the house type 

Considering only the samples taken at the same temperature (2007 results), 5-min sample 

concentrations were significantly higher in wartime houses than in pre-1970 houses (mean 19 

!g/L versus 10 !g/L; t-test; p < 0.001). LSLs are significantly longer (p < 0.001) in wartime 

houses (mean 20±5 m; n = 55) than in pre-1970 houses (mean 12±5 m; n = 95), and the diameter 

is smaller (mean 1.3±0.1 cm versus 1.5±0.3 cm), providing a larger leadÐwater contact surface 

and a larger surface-to-volume ratio. The greater potential for lead leaching in the wartime houses 

led local public health authorities to target these homes in their preventive advisory notice to 

infants, children, and pregnant women. These data suggest that those living in wartime houses 

were more likely to be exposed to higher soluble lead than those living in other households with 

LSLs. 
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Figure 3.5 Difference in lead concentration. 

3.3.6 Factors affecting Pbdissolved concentrations 

Statistical GRMs were developed with the objective of relating Pbdissolved concentrations to 

various water quality parameters and system characteristics. Results from the 2006 cool water 

sampling in wartime houses (Figure 3.3) were not included in the analysis because of differences 

in temperature and type of houses. Correlated water quality parameters (r > 0.1; p < 0.05) and 

system characteristics calculated from common variables were first excluded (e.g., flow rate and 

velocity). Independent parameters with the strongest correlation to Pbdissolved were retained, and 

the best regression models, based on forward stepwise selection of parameters, are shown in 

Table 3.4. Not surprisingly, the length of lead piping (i.e., LSL) is the most significant parameter 

for both models. Using the mean LSL-length value of 12 m, LSLs were found to contribute mean 

Pbdissolved concentrations of 20 !g/L in the first litre and 8 !g/L in the flow sample. 
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Table 3.4 Pbdissolved multiple regression models for 5 min flowing and first-liter samples.  

Sample used 
for the model 

Model Protocol Number of 
Parameters 

N used 
excludedà 

Adj uste
d R2 

1st L after 
stagnation 

Pbdissolved (1
st L ) =  -6.24* + 1.72 [LSL 

length] + 4.85 [particles present in the 
aerator  ]  

RDT & 
30MS 
samples 

8 79 (31) 0.47 

 After 5 min of 
flowing 

Pbdissolved (5 min) =  2.21* + 0.68 [LSL 
length] 

RDT & 
30MS 
samples 

4 87 (23) 0.41 

30MS Ð stagnation of 30 min, LSL Ð lead service line, Pb-lead, Pbdissolved-dissolved lead, Pbtotal-total lead, RDT-random daytime 
 
* Not statistically significant 
  Yes=1;No=0;=N/A=-0.26(not significant) 
àData excluded because of incomplete information (n=22); data excluded when particulate Pb>20%Pb total - n=9 in 

first model, 1 in second model 
 
 

Water velocity in the pipe was not a significant factor affecting Pbdissolved in the velocity range 

studied. Particles in the faucet aerator were significant factors in predicting the concentrations of 

Pbdissolved in the first litre. Particles of variable sizes and compositions were commonly found in 

the aerators (39% of faucets). Metal composition suggests that the main particle source in the 

aerators is PP solder (as confirmed by the simultaneous presence of tin), PP brass elements 

(concurrent with the presence of zinc and copper), and iron particles from the distribution system. 

Statistical analysis of particles containing lead showed significant positive correlations with 

metals from PP (zinc, tin, and copper) in the first and second litres and with iron in the first litre 

and the litre after 5 min (Deshommes et al., 2010). The observed positive association of Pbdissolved 

in the first litre and the accumulation of particles in the aerator could be caused by their 

disruption at the faucet opening. Particles small enough to pass through the 0.45-!m filters used 

to measure Pbdissolved can also contribute significantly to measured concentrations of total lead at 

the tap (Hulsmann, 1990). Significant spikes of Pb in 250-mL first-draw samples have been 

reported (Boyd et al., 2008; Sandvig et al., 2008; Nour et al., 2007). Turbulent flow conditions 

during faucet operations and friction within the aerator caused by faucet operations (rapid 

opening/closure) increase the probability of passage of lead particles in first-litre samples of the 
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system studied (Deshommes et al., 2010). Indeed, in this system both PP and LSL could 

contribute to lead particles found in the first litre. 

3.3.7 Relative contributions from various portions of the system 

If background lead concentrations are known, sampling profiles can be used to trace the lead 

source because advection is the major means of propagation of lead into the piping system under 

turbulent flow (Giani et al., 2004; van der Leer et al., 2002). Considering the flow characteristics 

(velocity > 0.5 m/s and diameter 1.25Ð2.52 mm; Table 3.3), the flow regimen in the LSL was 

mainly (98%) turbulent and remained below the minimum theoretical velocity of 1.2 m/s 

amenable to mechanical corrosion (Singley, 1994). However, field investigations showed 

singular configurations of LSL that could lead to increased mixing and exceptional patterns of 

lead release, especially under a flowing condition (see figure 3.6). Under a laminar regimen, it is 

almost impossible to obtain a profile related to the plumbing section from axial diffusion (van der 

Leer et al., 2002). 

 

Figure 3.6 Example of a distorted lead service line pipe that can cause lead release problems. 

 

  

The authors decided to simplify the calculation by considering the source of transport to be 

advective only. In the distribution system studied, LSLs may contribute to lead at the tap though 

three pathways: a signature concentration during flow (5 min), a potential contribution from the 

PP potentially seeded with lead from the LSL, and additional lead dissolved during stagnation in 

the LSL. The authors believe the indirect contribution from an LSL (seeding) rather than direct 
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PP contribution may be significant in the first litre in the presence of an LSL, as suggested by 

Sandvig (2008). This hypothesis is supported by very low lead concentrations found in homes 

without LSLs, suggesting low contribution from solders and plumbing fixtures. Sampling was 

performed on 23 other pre-1970 houses, including four having validated 50% Pb solders sampled 

using a 30MS protocol; the mean concentrations found were 1 !g/L in the first litre and < 1 !g/L 

in the flow samples (results not shown). Qualitative evidence of surface deposition of lead onto 

the copper pipes was obtained by analyzing the metal composition of the inner surface of two 

extracted copper pipes previously connected downstream of lead pipes. Significant amounts of 

lead (2Ð22% w/w) and iron (5% w/w) were found in the surface scales from the inner surface of 

the copper pipes used in PP. Mechanisms causing this seeding could include the adsorption of 

lead onto iron particles/colloids followed by deposition of these particles in the copper PP or 

direct deposition of iron followed by adsorption of lead on the iron layer as observed for 

galvanized iron (HDR, 2009). Considering the PP surface (average of 0.49 m2) and the relative 

porosity of the scale deposits, the lead seeding from the LSL (as deposits or in particles found in 

the aerator) constitutes a relevant explanation for elevated Pbdissolved concentrations found in the 

first litre. The relative retention of upstream Pb is likely to be much higher for some materials, 

such as corroded galvanized steel, than for plastic (Friedman, 2008). 

Differences between lead level in water that had stagnated in the LSL and in the 5-min flow 

sample correspond to the specific contribution of the LSL during stagnation. At 25 sites (among 

the 48 shown in Figure 3.4) for which at least 80% of the first-litre sample origination point was 

confirmed to be from PP and for which samples were collected from the LSL (second litre or 1 

min), the average flowing signature concentration (5 min) is 9 !g/L. The mean concentrations 

measured in water that had stagnated in the LSL (22 !g/L) can be adjusted to estimate the 

fraction of lead actually dissolved from the LSL during stagnation through subtraction (13 !g/L; 

Figure 3.7). This value falls within the range of predictions between 10 and 50 !g/L in the LSL 

after 30MS in low- to moderate-plumbosolvency water for which maximum concentrations after 

extended stagnation are estimated to be in the 30Ð150 !g/L range (van der Leer et al., 2002). In 

the absence of a direct contribution from stagnation in the LSL, the first-litre concentrations are 

cumulative contributions of: (1) PP/faucet/ aerator leaching during stagnation, (2) specific 

leaching under a modified hydraulic regimen, (3) other indirect contributions from LSLs 

(seeding), and (4) background leaching during passage through the LSL and PP (flowing). 
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Considering the contribution of flowing (9 !g/L) and the relatively low leaching in first-litre 

samples that had stagnated in the PP (> 80%; 12 !g/L), the specific average contribution of the 

first litre is 3 !g/L (0Ð23 !g/L). Taking into account the low direct contribution of PP identified 

previously (1, 2, 4), the effect of the first litre must be mainly from various LSL seeding. In 

comparison, stagnation in the LSLs increased lead levels by about 310% over the lead 

specifically released in the first-litre samples after 30MS when there was no direct contribution of 

LSL. 

 

Figure 3.7 Summary of the mean contribution of lead sources at the tap. 

 

To better describe the effect of flow, the observed mass transfer rates (M in !g/m 2/s) were 

estimated for those 25 houses, considering that the lead concentration entering the system 

corresponds to the background lead concentration (0.5 !g/L) and accounting for LSL length and 
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diameter (in LSL samples) and PP length and diameter (in PP samples). Only the contribution of 

stagnation was considered when the apparent mass transfer rates during stagnation were 

estimated. Equations developed by van der Leer (2002) were used with a theoretical equilibrium 

concentration of 150 !g/L. A sensitivity analysis showed that a value of equilibrium 

concentration set between 100 and 200 !g/L did not significantly affect the concentration 

obtained in the samples studied (< 7% variation). For those 25 samples, the average apparent 

mass transfer rate from the LSL is estimated to be 0.01 !g/m 2/s. This value is consistent with 

values reported for low- to moderate-plumbosolvency water in contact with lead pipe (van der 

Leer, 2002). The important increase of the apparent mass transfer rate was estimated to be 1.0 

!g/m 2/s in the 5-min sample with a mean contact time of 35 s with LSLs observed for those 

specific sites. This value can be attributed to turbulent flow that enhances the dissolution by 

reducing the boundary layer and by creating a radial mixing across the section (Kuch & Wagner, 

1983). Other factors affecting the apparent mass transfer under flowing conditions include 

seeding from the PP and fractionation of particles in the faucet aerator. Direct dissolution of 

solder and brass devices is likely to be insignificant in this case, considering the concentrations 

observed after stagnation in houses with lead solder and the minimal contact time (< 1 s). 

Seeding could also explain the increased apparent mass transfer rate found in 5-min samples 

because water is exposed for a longer period to lead-containing scales in PP, faucets, and aerator. 

The effective contact surface could be greater than the estimated 0.49 m2 of PP surface if the lead 

deposits are corroded and in the form of small particles. 

Finally, galvanic corrosion may be present at solders and junction points of lead and copper 

piping. The chloride-to-sulfate mass ratio of 0.9 of this water can be considered conducive to 

galvanic corrosion (Triantafyllidou & Edwards, forthcoming b), and significant current (about 30 

!A after 24 h of stagnation) has been measured between lead and copper rigs using extracted 

pipes from this system. Erosion of deposits resulting from galvanic corrosion could also 

contribute to the high mass transfer rate observed under flowing conditions. However, the 

presence of junctions (copperÐlead or leadÐcopper) was not statistically associated with higher 

lead concentrations. 
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3.4 Conclusion 

¥ Sampling the first and second litres after 30MS provided insights into the typical Pbdissolved 

concentrations released from the PP and LSL after short stagnation periods representative of lead 

exposure. In the system studied, the second litre and occasionally the sample taken after 1 min 

after 30MS were a much better indicator of peak concentrations encountered during normal daily 

use in the houses with LSLs when compared with first-litre samples taken after extended 

stagnation (> 8 h). 

¥ The distribution of Pbdissolved concentrations at the tap is influenced by the sampling protocol 

and sample type. 

¥ Flushing for 5 min was not always effective in reducing lead to lower-than-action-level 

concentrations, but it did dramatically reduce the chance of exposure to very high lead 

concentrations. 

¥ Results from the RDT protocol are not significantly different from the concentrations found 

with the 30MS protocol, but they are more variable. RDT is easier for utilities to implement and 

may provide results that are more indicative of general exposure at the tap. However, the 

approach does not effectively detect individual taps with problems, and results cannot be 

attributed to a specific source. RDT can be used to evaluate system compliance but may require a 

larger number of samples to be takenÑa tradeoff utilities must consider. 

¥ In a water system in which particulate lead release was minimal, repeated sampling (from 

year to year) at the same house and at the same time of the year showed low variability of lead 

leaching. Results also indicated that variability between houses of the same type is more 

important. 

¥ For the distribution system studied, the main factor affecting Pbdissolved concentration at the tap 

is the length of the LSL. Water quality, water velocity, and faucet type were not significant 

factors. 

¥ Temperature was another major factor affecting lead release in these LSLs, with a 5% rise in 

Pbdissolved per 1¡C increase in temperature. Significant but modest lead contributions originated 
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from the PP/faucet/aerator in this system. 

¥ For the distribution system studied, signature release from the LSL during flow was the major 

contributor to lead concentration in the first-litre sample, even if contact time with lead was 

limited to about 30 s. This may be attributed to the LSLs, singular configurations of the LSL, or 

seeding from the LSL in the PP. 

¥ Field results demonstrate that Pbdissolved release is multifactorial in a full-scale distribution 

system and cannot be easily predicted, even with detailed information on the system and water 

quality. Additional work is needed to better explain the lead concentrations observed in the flow 

samples, especially the possible associations with hydraulic regime and particles release. 
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CHAPITRE 4 PUBLICATION  # 2: A RAPID METHOD FOR  LEAD 

SERVICE LINE DETECTI ON 

Le chapitre 4 comprend un article portant sur une mŽthode dŽveloppŽe pour dŽtecter les RSP ˆ la 

Ville de MontrŽal. Cet article a ŽtŽ acceptŽ sous condition dans la revue American Water Works 

Association. Ces travaux font directement suite aux conclusions du chapitre 3 ˆ savoir que : 1) les 

conduites en plomb sont la principale source de plomb dissous retrouvŽ ˆ MontrŽal; 2) une 

concentration relativement ŽlevŽe en plomb dissous est retrouvŽ en Žcoulement; 3) pour certains 

types de rŽsidences, le 2e litre prŽlevŽ comprend lÕeau ayant stagnŽ dans la conduite de plomb; 4) 

le taux de transfert massique ŽlevŽ observŽ en Žcoulement est associŽ ˆ une Ç signature È du RSP. 

Ce protocole a ŽtŽ dŽveloppŽ pour un arrondissement, puis testŽ avec succ•s pour lÕensemble de 

la Ville. Les donnŽes prŽsentŽes dans cet article proviennent de campagnes dÕŽchantillonage 

rŽalisŽes en 2009-2010 ˆ la Ville de MontrŽal.  
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ABSTRACT 

This project demonstrates the efficiency of a relatively simple protocol developed to detect 

lead service lines (LSLs) by measuring the concentrations of lead at the tap using an on-

site analyzer. Concentrations obtained with a portable anodic stripping voltammetry (ASV) 

analyzer are successfully compared with inductively coupled plasma-mass spectrometry 

(ICP-MS) results (R2=0.991). The limitations of the portable ASV for detecting particulate 

lead without digestion were also demonstrated. Various sampling protocols were 

investigated and a field sampling protocol was developed to specifically detect LSLs in the 

borough under study. The field protocol was then tested successfully (agreement of 96%) in 

other CityÕs boroughs by means of excavation to confirm the presence of an LSL.   

4.1 INTRODUCTION  

4.1.1 Sampling for lead at the tap.  

Predicting lead levels at the tap using water quality parameters and system characteristics is a 

challenge, even though plumbing components are well characterized (Schock & Lemieux, 2010). 

For utilities that have implemented optimal corrosion control treatments, but still experience 

sporadic high lead levels, or for those wishing to further reduce lead (Pb) concentrations, the 

most effective solution is to replace all the leaded plumbing in their systems (Sandvig et al., 

2008), especially lead service lines (LSLs). LSLs have been identified as the main source of lead 

at the tap (van den Hoven & Slaats, 2006; Schock, 1990). 

LSL installations predate the 1940s in most of the U.S., but they continued to be installed in some 

provinces in Canada until 1975 (Health Canada, 2007) and in some U.S. areas into the 1980s 

(Kirmeyer et al., 2000b). Considering the higher Pb concentrations found in buildings with LSLs, 

these pipes are targeted as primary sampling sites by the USEPA under the Lead and Copper 

Rule (USEPA, 2007a). When reliable municipal records are not available, the presence of LSLs 

is not easily identified, especially if corrosion control has been implemented. On-site visual 

inspection and water profiling samples analyzed by ICP-MS are most often used to locate them. 

These methods can be especially complex and time-consuming, and excavation may be required 

if there might be lead pipe in the utility section. A rapid in situ method to detect the presence 
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LSLs would be very useful for utilities needing to confirm the presence of an LSL and to 

facilitate their subsequent replacement.  

Lead release depends on many parameters that influence passivation and dissolution (Schock, 

1990). Under certain water conditions, galvanic corrosion can promote lead leaching from lead 

bearing material when it comes into contact with other plumbing components, those made of 

copper, for example (Edwards & Triantafyllidou, 2007; Cartier et al., 2010; Dudi, 2004), as well 

as deposition/sorption from sources throughout the plumbing system (Cantor, 2011; McFadden, 

2011). All these aspects are difficult, maybe almost impossible, to predict, as lead leaching 

models are limited to lead species solubility (Edwards & Dodrill, 1999; Schock et al., 1996). 

Considering that lead leaching prediction models from multiple field-scale sources do not exist, 

sampling is still the most direct and precise method for evaluating lead leaching at a specific site 

(Cartier et al., 2011; Sandvig, 2008; Edwards & Dudi, 2004).  

Various sampling protocols have been used for compliance monitoring. In the U.S., an action 

level of 15 !g/L of lead has been set at the 90th percentile from the first draw after 6 hours of 

stagnation (USEPA, 2007a). In Europe, 30-minute stagnation and Random Daytime (RDT) 

sampling protocols are commonly used, depending on the sampling objective. The 30-minute 

stagnation protocol is recommended for the investigation of a plumbing system and the 

evaluation of treatment efficacy (Hayes, 2009; RŽpublique Fran•aise, 2004), while RDT is best 

suited to the overall evaluation of exposure and compliance (Hayes, 2009, van den Hoven & 

Slaats, 2006). Finally, flow sampling after 30 seconds to 5 minutes of flushing are still used in 

some countries for source investigation, screening, and compliance monitoring (Gouvernement 

du QuŽbec, 2012). Variants and combinations of these sampling protocols are considered in many 

countries, like Canada (Health Canada, 2009).  In the UK, concentrations below the detection 

limit (< 2.5 !g/L) using RDT sampling are considered to be indicative of lead-free piping (Hayes, 

2009). In France, households with Pb concentrations below 5 !g/L using 1 L and 30 minute 

stagnation samples are considered to be unleaded pipes, or nearly so (RŽpublique Fran•aise, 

2004). In some Canadian cities (London and Ottawa), very low concentrations ( 1 !g/L) in 

flowing samples after 5 minutes are used operationally to detect LSLs (Douglas et al., 2007), and 

in Guelph (Ontario), the threshold is 5 !g/L (Muylwyk et al., 2011). 
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After stagnation, lead sources can be revealed by associating the volumes of water sampled with 

those of the plumbing system sections to which water is exposed during stagnation (faucet, 

premise plumbing, service lines) (Cartier al, 2011; Sandvig et al., 2008; Giani et al., 2004). Such 

estimation takes into consideration the advection principle, but ignores the axial diffusion and the 

diffusion occurring during transport. However, it has been demonstrated that axial diffusion and 

lead diffusion in flowing samples are quite significant, especially in laminar flow (van der Leer et 

al., 2002). Therefore, in order to include lead contribution from other sources, the concentration 

found using the sampling protocol based on advection must be adjusted. Specifically, an 

important source that should be considered is the lead release from the LSL under flow 

conditions, which should be removed from the premise plumbing volume concentration when the 

lead release from the premise plumbing is evaluated (Cartier et al., 2011).  

4.1.2 Anodic Stripping Voltammetry  

 The most effective and most widely recognized method for measuring Pb concentration in water 

is Inductively Coupled Plasma with Mass Spectrometry (ICP-MS). However, this method is time-

consuming, requires advanced laboratory facilities, and should ideally be performed by a 

professional chemist. The most common practice by utilities is subcontracting to an external 

laboratory for shipping and delay for a cost around 10-20$. An electrochemical detection 

technique, called anodic stripping voltammetry (ASV) was recently adapted for field test 

measurement. The measurement method involves the reduction of metals on mercury electrodes 

by a minute current, followed by the use of a doped electrode as a conductor to determine the 

amount of metals that was plated on the electrode, and consequently, the concentration of metal 

in water (Izitec, 2007; Desmond et al., 1996). To ensure optimal measurement (pH of 4 and 

conductivity < 5mS/cm), a conditioning tablet was added to the sample before the analysis. The 

screen-printed electrodes used in the electrochemical analysis of electroactive species are 

designed and patented to measure lead and copper. Anodic stripping voltammetry is a method 

accepted by the US Government for the measurement of lead, but only following a 16 hour 

digestion at pH<2 using at least 0.15%  HNO3 (U.S. Government, 2011). Without prior digestion, 

such portable analyzer provides an estimate of dissolved Pb concentration in only two minutes. 

Different portable ASV models exist and cost much less (usually in a range of US$ 1,000-2,000) 

than the ICP-MS apparatus, however each analysis requires a single-use electrode which costs 



  80 

 

about US$ 7. Although, including the technician time, an overall complete ASV analysis cost 

would be in the same range as subcontracted ICP-MS analysis.  In comparison to ICP-MS, the 

overall portable ASV advantages are: 1) its portability and facility to use; 2) its capability to 

provide results in a short-time period.  

4.1.3 Background and objectives 

 The City of Montreal has estimated that up to 75,000 LSLs may be present on its territory on 

both public and/or private portions and adopted a corrective action plan in 2006 committing to 

replace all public LSL within 20 years. However, the utility has no reliable records to locate 

many of these LSLs, except in some recently rehabilitated areas. Overall, the estimated number 

of sites at risk of having an LSL was 134,654 in 2010 (Table 4.1). Systematic profiling of 

probable LSL sites would be very costly and intrusive, and was considered impractical.  The 

alternative was to develop a reliable and cost-effective field method to locate homes with an LSL. 

A project was launched to develop and test a field protocol that could be used by crews during 

rehabilitation activities. The protocol would measure Pb concentrations at the tap as a means to 

detect the presence of an LSL right in the field. It is worth mentioning that there is currently no 

optimized corrosion control treatment in the City of MontrealÕs drinking water plants. 
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Table 4.1 Characteristics of the City of Montreal boroughs. 
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4.2 METHODOLOGY  

4.2.1 Protocol development and system sampling  

Three key criteria were used in the development and optimization of the lead service line 

detection protocol (LSLDP): i) it must be cost-effective and easily implemented by field crews; 

ii) it must be based on the measurement of lead in water from the service line; and iii) it must 

produce the lowest possible number of false positive results (i.e. non LSL house showing high Pb 

concentration in tap water). 

Various sampling protocols were investigated in the system studied, in order to determine the 

most adequate and feasible method for reaching our objectives. The premise plumbing and the 
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service line (public and private) length and diameter were measured in 53 houses in the district 

studied for protocol development (Figure 4.1). Selection of the most probable liter to correspond 

to the LSL volume was certainly system-specific, and must be tailored to the distribution system 

(DS) characteristics and typical household plumbing configuration. In order to develop an 

optimized sampling protocol for LSL detection, the dimension ranges of the plumbing system 

should be estimated and profile samples taken based on the objectives and available utility 

resources. All houses studied presented a full LSL. The median premise plumbing (PP) volume is 

approximately 0.9 L and the median LSL volume is about 2.7 L, with a minimum value of 1.1 L. 

Based on these volumes, the 2nd or 3rd liter contains water that has stagnated in the service line 

(SL) in most cases. To simplify the water sampling protocol and to avoid including water that has 

stagnated in the water main, the 2nd liter sample was selected. For the borough studied, this 

volume is often adequate to represent Pb concentration peaks associated with LSL, while it did 

not stagnate in the faucet or in the upflow PP (Figure 4.1). A detailed analysis of the dissolved Pb 

concentrations and its sources had previously been conducted in this DS using various sampling 

protocols (Cartier et al., 2011). Based on that study and some unpublished data used to predict 

lead release dissolution curve as function of time, it was established that lead leaching from the 

LSL during 15 minutes of stagnation corresponds to 15-20% of the lead measured after 6 hours 

of stagnation. A 15-minute stagnation period minimizes the time spent in each house while 

amplifying the lead signal from the LSL sufficiently to detect whether or not an LSL is present.  

For this system, the 2nd liter after 15 minutes of stagnation does include both the signature 

concentration of lead released in the flowing sample prior to stagnation (as described in Cartier et 

al., 2011), and some short term amplification of this lead signal. A total of 676 household kitchen 

faucets were sampled in the pilot area using the LSLDP between June 15 and October 1 in 2008, 

and again in 2009. Records show that this period corresponded to water temperatures higher than 

18oC. 

!
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Figure 4.1 Volume of premise plumbing (PP), lead service line (LSL), and total plumbing system 

(PP+LSL) for typical homes studied (53 homes). 

 

Other sampling protocols, including the Modified Random DayTime (MRDT) protocol, which 

involves sampling the 2nd liter at the tap after an undetermined stagnation time, and the 5 minute 

flowing sampling protocol, were also evaluated for some sites. Based on the pipe dimensions in 

the homes studied, the 5 minute flowing samples consisted of fresh water from the mains pipes 

that had not stagnated in the PP system or in the LSLs (Cartier et al., 2011). These samples were 

taken between 9 am and 5 pm, at typical water flow rates measured in the homes (approximately 

3-8 LPM). A total of 26 houses were sampled employing the three investigated protocols: the 

MRDT, the LSLDP and the 5 min flowing samples. Another series of samples were taken for the 

ICP-MS validation, after tap water sample collection, those bottles (89 samples) were transported 

in a cooler and held at 4 oC until they were prepared for ICP-MS analysis (see the analytical 

methodology section). Additional profiling sampling was performed after 30 minutes of 

stagnation in 5 typical homes. Those profiles included 6 successive 1 L samples taken 

immediately after the 30 minutes of stagnation and 1 sample taken after 5 minutes of flow. 
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Finally, Pb concentrations in one home was monitored in less than 1 day after an LSL 

replacement (n=18).  

Following protocol development, the LSLDP was tested in 2010 on 538 sites outside the pilot 

area in the same city. Different urban development patterns in other sections of the city have 

resulted in generally shorter LSLs and multiplex dwellings are more common (data not shown).  

4.2.2 Field inspection  

To confirm the presence of an LSL, field inspections were conducted by excavating at the curb 

stop valve and confirming the nature of the pipe material from both the public and private portion 

of the LSL (Figure 4.2). Additional excavation was also performed at the corporation stop to 

confirm the material when the prior excavation was doubtful. In the pilot area, pneumatic 

excavations were performed on 136 sites, in order to further confirm SL pipe material. The tests 

performed outside of the pilot borough include systematic visual confirmation during main 

replacement/rehabilitation (538 excavations).     

 
Figure 4.2 Field confirmation of pipe materials by pneumatic excavation at the curb stop valve. 
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4.2.3 Portable instrument validation 

 The accuracy of the portable instrument measurements was validated by ICP-MS. Two types of 

lead samples were tested, including 17 laboratory prepared samples and 107 household tap water 

samples. Laboratory testing was performed on a standard lead acetate solution and a mixture of 

ground PbO2 (50% w/w) and lead scales taken from pipes (50% w/w) suspended in ultrapure 

water (0.05 mg of each in 1 L of water). A portion of the suspension was diluted by 1:1000 to 

approximately 0.7 mg Pbtotal/L and then passed through a 0.45 !m PVDF syringe filter8 in order 

to obtain a dissolved/colloidal solution.  The suspension was further diluted to the range of 

concentrations measurable with the portable ASV (< 100 !g/L). Filtered and total particulate lead 

mixture concentrations were validated by ICP-MS following digestion (0.5% HNO3 > 24hrs + 

0.5% HCl). The field validations included 89 samples obtained during routine monitoring 

sampling and 18 samples taken after partial LSL replacement (not sampled using LSLDP).  

4.2.4  Analytical methodology 

The portable instrument used was manufactured by Palintest9. It is important to mention that 

other manufacturers provide similar portable ASV analyzer using the same lead measurement 

method. The sample was prepared according to the distributorÕs instructions (Izitec, 2007):  using 

a particular tube provided by the manufacturer, a 5-mL aliquot was taken from the 1-L samples 

and poured into a PVC bottle, after which the preparation tablet provided by the manufacturer 

was added to the water in the PVC bottle. Once the tablet had dissolved, based on visual 

examination, the sample was ready for analysis, using the following procedure: a disposable 

electrode, which had been precalibrated by the manufacturer, was immersed in the aliquot for at 

least three minutes, after which the Pb concentrations were recorded from the sensor display. 

According to the manufacturer, the instrument measures water Pb concentrations in the range of 2 

to 100 !g/L (precision: ± 5% at 15 !g/L). In addition, the response of the sensor is designed to be 

the most accurate and precise at temperatures ranging from 15 to 30¡C. 

All the bottles and glassware used for sampling or metal analysis were washed using laboratory-

grade detergent, 1% HNO3, and ultra pure water (a method based on USEPA 200.8 method 

                                                
8 Millipore Millex HV 33-mm porosity cartridge, Billerica, Mass. 

9 Palintest SA-1000, Palintest Ltd, United Kingdom 
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recommendations). The samples for metal analysis were acidified upon arrival, directly in the 

sampling bottles, using 0.5% HNO3
10 and 0.5% HCl (pH < 2) and stored at 4 oC for a minimum 

of 24 hours, in line with the USEPA approved protocol (USEPA, 1994). Before the ICP-MS11 

analysis, turbidity was measured. Samples with a turbidity exceeding 1 NTU were further 

digested with 0.5% HNO3 and 0.5% HCl (pH < 2) at 95¡C over a 2-hour period (as per the 

recommendations of the ICP-MS manufacturer). The detection limit of the ICP-MS was 0.02 

!g/L.  

4.2.5 Statistical analysis 

All statistical analysis was performed using Statistica12  

4.3 RESULTS AND DISCUSSION 

4.3.1 ICP-MS vs. portable ASV (voltammetry)  

Pb concentrations measured by the portable ASV and the ICP-MS detection method were 

compared. Figure 4.-3 shows the results obtained on laboratory generated samples containing 

dissolved lead from Pb acetate, and total and dissolved lead from particulate lead suspensions. 

These results clearly indicate that the portable ASV was well calibrated and can measure 

dissolved lead (mean recovery of 104±18%). The relatively high variability observed is due to the 

low Pb concentrations used to validate the portable ASV (4-10 !g/L) combined with the 

precision of the portable ASV.  However, the ASV measurements presented a lower recovery 

than ICP-MS for the filtered and total fractions from the suspensions, with recoveries of 32±15% 

and 24±9% respectively. Those results show that the portable ASV method was unable to 

measure the particulate lead, or even the colloidal lead, in the particulate lead suspension. It must 

be noted that the manufacturerÕs technical documentation specifies that the instrument is not 

designed to measure particulate lead directly without prior digestion.   

                                                
10 Fisher Optima Grade HNO3 and HCl, Fisher Scientific, Pittsburgh, Pa. 

11 ICP-MS 7500a, Agilent Technologies, Santa Clara, Calif. 

12 Version 10.0, StatSoft, Tulsa, Ok. 
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The paired ASV and ICP-MS measurements of the field-collected samples in Figure 4.4 show 

that the portable ASV underestimated the mean Pb concentration by less than 5% in field samples 

from the tap (<1 !g/L or 25%) (R2 = 0.991). The accuracy observed for regular tap samples is 

highly satisfactory, and the overall linearity and good correlation with the ICP-MS measurements 

indicate that the portable ASV could be used for LSL detection. The linearity observed and the 

absence of outliers suggests that significant particulate lead was not present. Indeed, Deshommes 

et al. (2010) measured small concentrations of particulate lead ranging from <0.02 to 12 !g/L in 

this DS, mainly found in the first draw samples. It is noteworthy also to mention that more 

aggressive digestion for particulate lead (0.5% HNO3, 85oC) did not provide significantly higher 

total Pb concentrations in the DS studied (Deshommes et al., 2010). However, other release 
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patterns can be observed, including sporadic lead spikes, associated with particulate lead 

(Triantafyllidou et al., 2007; Hulsmann, 1990), and some systems were even associated with 

systematic high particulate concentrations (Kim et al., 2011). Indeed, in those cases, it is essential 

to ensure that adequate digestion protocols are used to measure adequately the particles that may 

be present even if turbidity is <1 NTU (Triantafyllidou et al., 2012).     

In fact, the total Pb concentrations measured by the portable ASV were significantly lower than 

those measured by ICP-MS in samples taken after a partial LSL replacement (Figure 4.4). The 

higher concentrations detected by ICP-MS suggest the presence of colloidal and particulate lead 

in samples taken after replacement. Significant amounts of particulate lead can be released 

immediately after a partial LSL replacement, because of pipe cutting. Indeed, extreme spikes of 

up to 600 !g/L of total lead were reported (Swertfeger et al., 2006; Britton & Richards, 1981). In 

our samples, the amount of particulate lead was significantly greater than measured, since the 

portable ASV had underestimated total Pb concentrations by approximately 50%. We can 

conclude, therefore, that, for the DS studied, a portable ASV is not adequate for assessing lead 

release following partial LSL replacement.  

!
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4.3.2 Lead concentrations using different sampling protocols  

In addition to the samples taken with LSLDP, samples were taken using Modified Random 

DayTime (MRDT) and after 5 minutes of flowing, among which 26 samples were taken using the 

three sampling protocols in order to validate the previous reasoning based on the literature. All 

these samples were analyzed using the portable ASV. The Pb concentration results for the 26 

sites are presented in Figure 4.5. 
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The Friedman non parametric ANOVA statistical test for the 26 sites demonstrates that Pb 

concentrations at the tap were highly influenced by the sampling protocol (p<0.05). The 
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Wilcoxon Matched Pairs Test reveals that Pb concentrations measured using the LSLDP are 

significantly lower than those obtained by the MRDT protocol (p<0.05), and significantly higher 

than those obtained by the 5 minutes of flowing protocol (p<0.05). More than 50% of the samples 

taken with the 5-min flowing protocol presented concentrations under the portable ASV detection 

limit (DL) of 2 !g/L, those results were considered as half the DL (1 !g/L) for the results 

presentation and analysis. LSLs were detected by excavation means in some houses with very 

low lead content using 5 minute flowing protocol, as low as the portable ASV DL of 2 !g/L. 

With the portable ASV, LSLDP was more likely than the 5-min flowing protocol to measure Pb 

above the DL. In comparison to 5-minute flowing samples, LSLDP corresponds to an average Pb 

concentration increase of 21% attributed to the contribution of the LSL. The MRDT protocol 

provides higher Pb values, however, MRDT may not be a good indicator of the presence of an 

LSL. As for the 1st liter after stagnation, elevated Pb concentrations could be the result of 

dissolution from the faucet and connecting plumbing including brass device (Lytle & Schock, 

2000; Schock et al., 1996) and solder (Subramanian, et al., 1995). In those cases, dissolution is 

usually slower than from LSL lead scales and it takes up to 100 hours to reach equilibrium 

concentration. However, this situation yields a risk of false positive for MRDT (as for site S-q 

which do not have an LSL). However, short stagnation times are shown to provide significantly 

higher dissolved Pb concentrations (consequently higher total lead) than found in flowing 

samples (Cartier et al., 2011; van der Leer et al., 2002) with less risk of false positive than 

MRDT. 

The efficacy of the LSLDP was further investigated by sequential profiling sampling (P) after 30 

minutes of stagnation in five houses (sites P-a to P-e). Using a stagnation time of 30 minutes 

instead of 15 minutes shows higher concentrations of lead dissolved from plumbing elements, 

and a higher and more easily identified peak concentration corresponding to the presence of an 

LSL. Our results show that the LSL signal concentration was clearly noticeable for sites P-a and 

P-b (Figure 4.6) in the expected sequential sample using plumbing volume and advection 

estimation. However, for sites P-c and P-d, a clear peak concentration indicative of the presence 

of a LSL was not observed. Douglas and coauthors (2007) and Giani et al. (2004) used such 

profiles successfully in other cities, showing that peak concentrations can be found in the 3rd to 

the 9th liter. Those peak concentrations depended on the household plumbing and were site-

specific. However, concentrations generally higher than 5 !g/L were found under flow conditions 
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in LSL houses supplied with water without optimal corrosion control treatment (Muylwyk et al., 

2011; Giani, al, 2004). Taking the 2nd liter or subsequent liters up to the 9th liter reduces 

interference from other lead sources, and may still be a good indicator of LSL presence.  

 
Figure 4.6 Lead profiling after 30 minutes of stagnation at 5 sites and sites description. 
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For the results presented, all sites sampled with both the LSLDP and profiling protocols show 

peak concentrations in the same range with both methods, which suggests that profiling 

sequential samples may not always be more efficient than LSLDP in detecting the sources of lead 

at the tap, possibly because of: (1) twisted LSLs and elbows modifying the flow regime and 

mixing conditions; (2) deposition of lead in the PP (McFadden et al., 2011; Cartier et al., 2011; or 

3) mechanical corrosion/colloidal lead release from hydraulic disturbance (Deshommes et al., 

2010), or a combination of these factors. Considering the cost associated with profiling and the 

limited advantages obtained using this extended protocol, this approach was excluded as a 

systematic means to detect LSLs. However, it certainly has value as a complementary sampling 

procedure for investigation purposes.  

The low Pb concentrations found at site P-e were typical for houses without LSLs. This confirms 

that PP generally contributes low Pb concentrations at the tap in the DS studied, especially 

following a short stagnation period, as observed with another protocol using ICP-MS in houses 

with lead solders and brass components (Cartier et al., 2011). These observations are also 

consistent with the low mass transfer rate of lead from brass components (Cartier et al., 2012; 

Lytle & Schock, 2000).  

4.3.3 Distribution of lead concentrations and Classification by Service Line 

Material  

Figure 4.7 presents the frequency distribution of concentrations measured using the LSLDP. It 

can be noted that 38% of the samples fall under the detection limit of the field probe, and 65% of 

samples contain 2 !g/L or less. The maximum concentration measured was 31 !g/L. 

Statistical tests were conducted to classify Pb concentrations and service line categories. Three 

different SL configurations were investigated (Table 4.2). Figure 4.8 shows the Pb concentrations 

in the three different SL configurations investigated. These results provide estimates of typical 

ranges of concentrations associated with specific SL configurations. Significant differences were 

observed (one-way ANOVA after log transformation; p<0.05) between the ÒNo LSLÓ category 

and the ÒPartial or Full LSLÓ categories, as expected. Lead concentrations at the tap in houses 
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with partial or complete LSLs were not significantly different (p<0.05). Table 4.3 summarizes the 

range of concentrations for each category.  
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Sample concentrations below 3 !g/L were only found at sites for which the absence of an LSL 

had been confirmed (65% of samples taken). As can be seen in Figure 4.8, the 90th percentile of 
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Pb concentrations measured at sites with no LSL is 4 !g/L. Moreover, Pb concentrations above 

this value were observed at 4 sites without an LSL (5-8 !g/L). Two hypotheses can be formulated 

to explain this. First, a major source of lead, such as a flow meter containing lead, is present in 

the PP. Second, there may be a small portion of lead pipe remaining somewhere in the basement 

or household plumbing. Our results also indicated that houses with Pb concentrations greater than 

9 !g/L definitely had an LSL (partial or complete). Finally, samples with concentrations higher 

than 24 !g/L (0.4% of sampled sites) would most likely be associated with a full LSL. 

The results for the 676 households tested, shown in Figure 4.7, appear to validate the 

concentration boundaries set to discriminate among the three categories. Assuming normal bell-

shaped distributions for the DS studied during warm seasons, lead levels of 6-7 !g/L were less 

frequently encountered, which may be indicative of the maximum Pb concentrations for sites 

without an LSL, or the minimum concentrations for sites with a partial LSL.  

 
 
Figure 4.8 Lead concentrations for the three service line configurations (confirmed by 

excavation). No LSL: property = Cu* and utility = Cu* (N=60); Partial LSL: property = Cu* and 

utility or property = Pb and utility = Cu* (N=61); Full LSL: utility = Pb and property = Pb 

(N=15). Cu*= Cu or galvanized. All sites sampled between June 15 and October 1st. 
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It must be noted that the categories proposed are valid for SLs of "ÕÕ (13 mm) or %ÕÕ (16 mm). 

Larger diameter LSLs (&ÕÕ and 1ÕÕ) offer a smaller surface-to-volume ratio, which will result in 

lower Pb concentrations and more difficulty in discriminating among the categories (van der Leer 

et al., 2002). For example, a "ÕÕ pipe had a surface-to-volume ratio 50% higher than a &Ó (19 

mm) pipe .  

The effect of temperature and seasonal variation on lead release at the tap is significant (Cartier et 

al., 2011; Douglas et al., 2007; Schock & Lemieux, 2010), and will definitely influence the 

ability of the protocol to detect the presence of an LSL. As can be seen in Figure 4.9, sampling in 

cold water could lead to false conclusions regarding the presence or absence of an LSL. For 

example, site T-d would have been identified, using Table 4.3, as having a non leaded SL based 

on colder water temperature results, even though an LSL was, in fact, confirmed by excavation.   
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4.3.4 Testing of the LSLDP in a larger area  

Following the development of the LSLDP protocol in the pilot borough, the protocol was 

validated by applying it in different districts of the City during summer (2009-2010) (Table 4.1). 

In order to do this, the protocol was tested with field inspections conducted simultaneously on 

538 sites in all the CityÕs boroughs during mains pipe replacement.  

Table 4.4 summarizes the results of the field validation for the 538 sites investigated in other 

boroughs. Specifically, 96% followed the same trend as described previously for the pilot area. 

The efficiency of the protocol in terms of confirming LSL presence was impressive. When the 
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concentration found was 9 !g/L or higher, using the LSLDP 2nd L after 15 min stagnation, there 

was a 99.5% probability of LSL presence. Such a concentration was found at 40% of the sites 

investigated. Following field inspection, there was one sample for which the concentration found 

suggested the presence of an LSL where no lead pipe was detected. However, this did not mean 

that there was no LSL present at all, as there could be a short section of lead pipe in the basement 

of that house that was not detected during the inspection, since field inspection did not include 

full excavation of the SL. 

 

Table 4.4!p,48%,086/!69!0D&!',3148/>;7,'&%!%8'+$838/,086/!1$606+64!IM"MB)!#'8/>!16$0,74&!S"pP!

7,'&%!6/!'80&!&*+,-,086/!-&$898+,086/!8/!60D&$!76$6#>D'!IUgK[OPG 

#
=

0*
/*

;*
'#

.&
26

'1
+

<
#0

-.
('/

.#

=0-.-+;-#*Z#&+#HSH# HSH#[#;*+Z102-,#>D#
-\;&%&/1*+#

R*#HSH#[#;*+Z102-,#
>D#-\;&%&/1*+#

^#44!M"M!
)7!+6/+!q!\!j>lM!

JX\!IYXfP! X!ILGJfP!

),$08,4!M"M!
[!j>lM!r!)7!+6/+!i!\!j>lM!

J[X!IY[fP! XZ!I[fP!

U6!M"M!)7!+6/+!i![!j>lMP! JL!IYfP! KL!I\fP!

!

 

For 248 sites (46%), Pb concentrations that did not allow the pipe material to be identified based 

on the protocol. However, based on the visual confirmation following excavation, it was possible 

to observe that 93% of those sites do not have LSL (Table 4.4).   

Most interestingly, for 20 of the 70 sites with a concentration of lead under 3 !g/L (29%), an LSL 

was found during excavation. Several factors may be considered to explain the low Pb 

concentrations in the presence of an LSL at these sites. The temperature of the distributed water 

was lower prior to June 30 (18.6oC at the water treatment plant), which was the case at 9 sites, 

two of which with a relatively short LSL (< 3 m). The length of the LSL is likely to be a critical 



  99 

 

factor at many of these sites with a similarly short LSL. Longer LSLs may also contribute to 

these false negatives. Indeed, six of the sites tested with LSLs that are a little longer (< 8 m) 

showed low LSLDP concentrations. Finally, profiling after 15 minutes of stagnation showed high 

Pb concentrations (> 9 !g/L) in the 3rd or 4th L, while LSLDP using the 2nd L was associated with 

low concentrations (< 3 !g/L). One of these profiles also contradicted the initial value, with 4 

!g/L in the 2nd liter instead of 2 !g/L.  There was no obvious explanation for the results at the 

three remaining sites, except that the length of the private copper line may have been too long for 

LSL water to be included in the sample. In order to improve detection of such cases, the utility 

decided to restrict LSL detection sampling to warm water (> 20oC) and to complete profiling 

samplings when there is doubt about the length of premise plumbing. With this two tier protocol, 

we expect that at least 9 sites of the 20 mentioned above would be detected, yielding an 

efficiency of more than 82% in detecting the absence of an LSL (50/61). However, this method 

does not guarantee the total absence of small sections of lead pipe, i.e. shorter than 3 m.     

The criteria used to validate the absence of an LSL with the LSLDP (< 3 !g/L @ 15 minutes of 

stagnation) can be compared to other utility developed thresholds, such as the < 1 !g/L in the 

flowing sampling protocol used by the City of Ottawa (Douglas et al., 2007) or the detection 

threshold of 2.5 !g/L applied in the UK in RDT sampling (UK Government, 2010; Hayes, 2009). 

The low threshold value set to indicate the presence of LSLs in Ottawa reflects both the flushed 

sampling conditions and the waterÕs low plumbosolvency following corrosion control using pH 

adjustment (Douglas, et al., 2007). Most UK utilities have optimized corrosion control as well 

(Hayes, 2009). For low plumbosolvency water, the approach developed may be appropriate to 

detect the presence of LSLs rather than their absence, considering the relatively high detection 

limit of the portable ASV (2 !g/L) and the low concentrations found, especially after short 

stagnation in the system using corrosion control treatments. The low concentration threshold (< 

3ug/L) proposed in this study falls into the range indicative of the presence of lead bearing 

material, according to the French Government (< 5 !g/L) a value which is also the threshold used 

in the City of Guelph to detect the absence of LSL in flowing sample in a water without optimal 

corrosion control (Muylwyk et al., 2011). Although a system falling into this range could be 

prone to sporadic higher concentrations, the French Government (RŽpublique Fran•aise, 2004) 

states that sources of lead generating less than 5 !g/L of lead after 30 minutes of stagnation 

(about 3 !g/L after 15 minutes of stagnation) does not necessarily represent a significant amount 
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of lead at the tap in terms of exposure risk. However, our data suggest that, for the DS studied, 

without optimized corrosion control, sites with concentrations in the 3 to 9 !g/L range represent a 

potentially higher risk of exposure to lead at the tap due to the high potential of having an LSL. 

Based on this observation, we decided to consider all sites with 3 !g/L or more of lead to 

potentially have an LSL and require excavation. Once this new threshold was in place, the 

probability of confirming the presence of a lead pipe following an excavation was 96%. 

Residents at sites with concentrations lower than 3 !g/L can certainly be considered to be at 

lower risk of lead exposure via tap water. However, for houses with a large volume of PP (> 1.5 

L Ð based on a pipe 12 m long with a diameter of 0.5 in),  profiling up to the 3rd to 6th L after 15 

minutes of stagnation was necessary to confirm the absence of an LSL. Based on these data, an 

LSL detection decision tree was developed to improve the discrimination efficiency to more than 

95% (Figure 4.10).  
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Figure 4.10 LSL detection decision tree. 
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the samples taken from houses with an LSL was 11 !g/L, with a minimum of 2 !g/L. These 

results suggest that a threshold of < 1 !g/L Pb in 5 minute flowing samples could be used to 

confirm the absence of an LSL, as observed in other DS, including Ottawa (Douglas et al., 2007). 

Based on the fact that Montreal water plumbosolvency is much higher than OttawaÕs, using the 

same threshold is especially prudent.  In comparison with the 2 !g/L threshold in the 2nd L after 

15 minutes, the 1 !g/L in flowing samples should include more sites, based on the fact that the 

2nd L did not necessarily contain water that had stagnated in the LSL. The advantages of using 

flushed samples and ICP-MS measurements are the ease of sampling and the limited number of 

analyses. To test the value of using flushed samples, flowing sampling (5 minutes) was 

performed at 48 sites with a confirmed absence of an LSL (results not detailed). Briefly, the 

median value in the absence of an LSL was 0.8 !g/L (90 th percentile: 1.7 !g/L). For the 254 sites 

tested with a confirmed LSL, the median value was 10 !g/L and the minimum value was 2 !g/L, 

confirming higher concentrations in the presence of an LSL.  

 

4.3.5 CONCLUSION  

Relevance for the utility concerned.  

o The results of this study confirm that LSLs are the main source of dissolved lead in the 

drinking water supplied by the DS studied.  

o The LSLDP developed was particularly efficient in terms of confirming the high probability of 

the presence of an LSL in the DS studied. This protocol can help utilities identify houses with 

a partial or full LSL in a cost-effective manner and help focus LSL replacement programs. It 

cannot be used to monitor Pb concentrations following partial LSL replacements. 

o On-site measurement allowed the utility to inform the occupant of the house quickly of the 

presence of lead in the tap water, as well as the possibility of the presence of an LSL. 

o Factors affecting the efficiency of the protocol include: water temperature, household 

plumbing configuration, and LSL characteristics (length, diameter), as well as the water 

plumbosolvency due to the high detection limit.  

o The LSLDP cannot confirm the absence of an LSL with certainty.  However, the protocol 

could be modified based on the characteristics of the DS. On-site profiling sampling can be 
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used to determine the likelihood of the presence of an LSL. Although more costly, this 

procedure is still practical and can be performed by field crews. If the threshold for detecting 

the presence of LSLs is lower than 2 !g/L, portable ASV analyzer  such as the one tested will 

not be sensitive enough, and ICP-MS measurements will be required to avoid the generation 

of false negatives (sampling suggesting no lead when lead piping is present).  

Relevance for the water science industry.  

o The portable ASV tested is efficient and the results are comparable with ICP-MS results for 

dissolved lead in the range of 2 to 50 !g/L.  

o For other DSs, some modification may be required to implement this protocol, depending on 

the types of houses piping configuration and the water characteristics. The authors suggest 

using a similar methodology to develop appropriate decision trees. 

o The portable ASV could be used for other applications, including screening monitoring during 

corrosion control treatments, and lead source screening in large buildings. However, it should 

not be used as a tool to certify the safety of water, since real Pb concentrations at the tap could 

be orders of magnitude higher owing to particulate lead content that would not be detected by 

the portable ASV without prior complete digestion.  

o The portable ASV is well suited for field work, and no operational problems were 

encountered.  
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CHAPITRE 5 PUBLICATION # 3 EFFECT OF FLOW RATE AND 

LEAD/COPPER PIPE SEQUENCE ON LEAD RELEAS E FROM 

SERVICE LINES   

Le chapitre 5 comprend un article actuellement sous presse dans la revue Water Research. Cet 

article fait suite ˆ un projet rŽalisŽ en 2010 lors dÕun stage ˆ Virginia Tech. Ce projet porte sur les 

mŽcanismes de relargage de plomb lors des remplacements partiels de conduites en plomb. Cette 

Žtude cible deux param•tres : la sŽquence des conduites en plomb et en cuivre et lÕimpact du 

dŽbit utilisŽ pour lÕŽchantillonnage. De plus, des mesures du courant galvanique en continu 

permettent dÕŽvaluer la masse de plomb thŽoriquement gŽnŽrŽe par lÕeffet galvanique. 

Parmi les rŽsultats importants de cette Žtude, notons trois conclusions :  

o La corrosion galvanique entra”ne la formation de dŽp™ts contenant du plomb qui peuvent •tre 

relarguŽs ˆ dŽbit ŽlevŽ. LÕutilisation dÕun dŽbit faible est associŽe ˆ des concentrations 

similaires ˆ celle qui seraient observŽes en absence de corrosion galvanique particuli•rement 

pour la combinaison Pb/Cu.  

o Lorsque la conduite de cuivre est situŽe en amont du plomb, on observe des concentrations 

en plomb beaucoup plus importantes que dans le cas opposŽ. 

o En termes de relargage absolu de plomb dans lÕeau, la combinaison Cu-Pb est associŽ ˆ une 

masse de plomb relarguŽe qui est comparable ˆ celle observŽe pour une conduite enti•re en 

plomb.  
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ABSTRACT 

A pilot experiment examined lead leaching from four representative configurations of 

service lines including: 1) 100% lead (Pb), 2) 100% copper (Cu), 3) 50% Pb upstream of 

50% Cu, and 4) 50% Pb downstream of 50% Cu using a range of flow rates. The 

cumulative mass of lead release indicated that a typical partial replacement configuration 

(50% lead downstream of copper) did not provide a net reduction in lead when compared 

to 100% lead pipe (85 mg for 50% Pb-downstream vs 83 mg for 100%-Pb) due to 

galvanic and deposition corrosion. The partially replaced service line configuration also 

had a much greater likelihood of producing water with "spikes" of lead particulates at 

higher flow rates, while tending to produce lower levels of lead at very low flow rates. 

After the first 214 days the galvanic current between copper and lead was only reduced 

by 34%, proving that galvanic impacts can be highly persistent even in water with 

optimized corrosion control by dosing of zinc orthophosphate. Finally, this experiment 

raises concern about the low flow rates used during some prior home sampling events 

which may underestimate exposure to lead during normal water use, especially when 

galvanic Pb:Cu connections are present.  

Keywords: drinking water; corrosion; lead (Pb); pilot-study; galvanic corrosion; 

deposition corrosion; flow rate; partial lead service line replacement 

5.1 Introduction  

The removal of lead service lines that connect water mains to building plumbing systems is 

desirable to reduce consumer exposure to lead in water. Unfortunately, because the lead service 

line pipe crosses the public-private property line, in many situations only the public portion of the 

service line is replaced, leaving the privately owned lead pipe and resulting in a "partial 

replacement". Even though plastic pipes are used for partial service line replacement, only few 

utilities choose to do so, and as a result copper is still the main material most commonly used for 

partial lead service line replacements (Le Gouellec and Cornell, 2007). Although water utilities 

have spent billions of dollars on mandatory and voluntary partial replacements of lead service 

lines with copper, there are no conclusive data regarding the cost to benefit ratio of this 
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investment. In fact, numerous anecdotal cases of high lead release following partial pipe 

replacement have been documented, indicating that in some circumstances ÒerraticÓ or even 

higher lead release can be observed for weeks to years afterwards (Muylwyk et al., 2011, 

Swertfeger et al., 2011 Swertfeger et al., 2006; AWWA, 2008; AWWA, 1996; Britton and 

Richards, 1981).  Long-term laboratory studies on numerous potential problems associated with 

partial replacements have not been conducted and were recently recommended by a special 

Science Advisory Board of the United States Environmental Protection Agency (USEPA, 2011).  

It is intuitively obvious that cutting through an existing old lead pipe could lead to the physical 

disturbance of lead rust/scale for a short period of time. This mechanism has been well 

documented in laboratory experiments (Boyd et al., 2004) and utility field studies (Sandvig et al., 

2008; Marchand and  Rabideau, 2011).  Longer-term problems can potentially arise from 

galvanic corrosion caused by contact between old lead pipe and newly installed copper pipe and 

brass connectors. The potential contribution of galvanic corrosion resulting from connections 

between new copper pipe and old lead has long been recognized by British researchers (Ingleson, 

1934; Breach et al., 1991).  Evidence of galvanic corrosion for lead in field samples has been 

observed in some connections to brass material (DeSantis et al., 2009), but the practical impact in 

terms of lead release remains unclear.  Another factor to consider is the type of coupling used to 

connect lead and copper pipes. In the field, a variety of coupling devices including unions and 

valves have been used. The configuration of the connection determines the level of contact 

between brass, lead and copper. Furthermore, prior practice included flared coupling without 

compression fittings, while more recent practice favors the use compression fittings. 

Based on recent studies measuring surface potential under continuous flow conditions, some 

researchers (Reiber, 2011; Boyd et al., 2012; Reiber and Dufresne, 2006) concluded that galvanic 

impacts are short-lived on aged/passivated LSLs, but in those experiments the water was never 

allowed to sit stagnant in the pipe - a factor that is known to perpetuate galvanic attack due to the 

formation of micro-corrosive environments at the Pb:Cu junction (Dudi, 2004; Nguyen et al., 

2010). Other research has demonstrated that, under Òworst caseÓ stagnation conditions of 48-72 

hours, galvanic/deposition corrosion between the Pb:Cu joint is a potentially serious and long-

term concern (Triantafyllidou and Edwards, 2010) that can increase lead release by orders of 

magnitude compared to lead pipe alone; however, these authors noted that confirmation testing 
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under flow regimes typical of potable water systems would be desirable and necessary 

(Triantafyllidou and Edwards, 2011; 2010). 

There is also concern about the nature of lead release following partial pipe replacements. 

Particulate release from pipes under normal flow conditions can be attributed to shear stress, 

which tends to increase with the square of the velocity and can also increase with acceleration of 

flow (Zidouh, 2009; Daily et al., 1956). The on/off flow regimes and varying water demands in 

homes, can create regular shear events in LSLs which could mobilize particulate lead. Some field 

tests have demonstrated the impact of high flow rate (> 10 LPM) (Triantafyllidou and Edwards, 

2009; Britton and Richards, 1981) or faucet operation (Deshommes et al., 2010) on spikes of 

particulate lead detected at the tap.  In contrast, much lower flow (< 2 LPM) sampling was used 

in prior experiments using cut excavated lead pipes (Boyd et al., 2004), galvanically coupled 

coupons and passivated lead pipes (Boyd et al., 2012; Boyd et al., 2010) and in field studies of 

partial LSL replacement sites (McFadden et al., 2011). For instance, in McFadden et al. (2011), 

sampling flow rate for a 1.9 cm diameter pipe was set to 1.9 LPM.  Although much higher flow 

rates were used for some sampling in that work, those samples were collected only after flushing 

the line for at least 5 minutes (HDR Engineering inc., 2009), reducing the chance of detecting 

particulate lead from the service line afterwards.  In Boyd et al. (2004) experiment, for a 1.9 cm 

pipe diameter, the low flow was 0.2 LPM and the highest flow rate was 1.1 LPM.   

The importance of particulate versus soluble lead likely depends on the specific water chemistry, 

consumer water use patterns and other factors. If soluble lead dominates, lead concentrations 

should generally decrease as flow rate through the service line increases due to lower contact 

time (Cardew 2006; van der Leer et al., 2002). But particulate lead release might tend to increase 

with higher velocities. Hence, the impact of higher flow on lead release, provides insights to the 

mechanisms by which water can be contaminated, and informs public health messaging to help 

consumers avoid exposure to lead spikes, as well as sampling programs design to detect such 

spikes when they are present. It was hypothesized that spikes of lead would be released at high 

frequency from thick lead scale that sometimes forms at galvanic Pb:Cu junctions 

(Triantafyllidou and Edwards, 2011).  

The goal of this work was to execute the first relatively long-term (7 months) pilot study 

examining the effects of flow rate and service line configuration on lead contamination of potable 
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water, while using a range of flow rates and flow regimes representative of those encountered in 

practice. ÒLong-termÓ is defined herein, based on prior reports indicating that adverse 

consequences of partial pipe replacement could last a few months (Sandvig et al., 2008; HDR 

Engineering inc., 2009). Testing was also conducted in a relatively non-corrosive water using 

zinc orthophosphate inhibitor, since some  research speculated that such conditions would 

minimize the potential for galvanic impacts (Boyd et al., 2010; USEPA, 2007b), The role of 

Pb:Cu sequence was also explicitly examined as part of this evaluation, because a utility partial 

replacement installs copper upstream of lead pipe, whereas a private partial replacement or the 

normal connection of a lead service to copper home plumbing has the opposite sequence. As a 

general rule the installation of a more noble metal upstream of a less noble metal can be 

problematic due to deposition corrosion (Britton and Richards, 1981 ; Triantafyllidou and 

Edwards, 2011), although laboratory data conclusively demonstrating any effect of Pb:Cu 

sequence are lacking. 

5.2     Materials and methods 

5.2.1 Experimental design  

This pilot study was conducted in a building supplied with potable water by the Blacksburg water 

utility in Virginia (VA), USA. To minimize the risk of particulates forming on lead pipe due to  

iron and other constituents in the supply water, a sequence of water filters were  installed 

upstream of the system (spun gradient-density, polypropylene 5 !m and 1 !m pore size). The 

setup was constructed with new lead (Vulcan Manufacturing Solution, Milwaukee, WI) and new 

copper from a local hardware store from the same manufactures lot. Each test rig section had a 

length of 3.0 m and a 1.9 cm internal diameter, holding a water volume of 0.9 L. Four pipe 

configurations were evaluated (three configurations in triplicate and one control configuration) 

(Figure 5.1):  

¥ 50% lead pipe upstream of 50% copper pipe (Pb-U, three replicates). This setup simulated 

the lead: copper plumbing connection in a home, in which the residential copper is 

connected to the lead service line. Copper ions are directed away from the lead pipe 

surface by flow. 
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¥ 50% lead pipe downstream of 50% copper pipe (Pb-D, three replicates). This setup 

simulated a partially replaced lead service line. In this case copper ions may be 

transported to the lead pipe surface by flow, increasing the likelihood of deposition 

corrosion on the lead surface. A comparison to Pb-U indicates the extent to which 

deposition corrosion may be influential.   

¥ 100% lead pipe (100%-Pb, three replicates). This setup simulated a full LSL before 

replacement. 

¥ 100% copper pipe (control, one replicate). This setup simulated a LSL after full 

replacement with copper.  

In the rigs containing lead pipe (i.e., configurations Pb-U, Pb-D and 100%-Pb) a 10 cm 

removable section of lead was connected at the junction at the end of the lead pipe (Figure 5.1). 

By measuring currents between each pipe section, the extent to which the galvanic current was 

focused on a small area of lead pipe closest to the Pb:Cu junction could be quantified.  

 

Figure 5.1 Experimental setup. 
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During normal use of the pilot, water flow of 100 min was induced twice per day at a rate of 1.3 

Liters Per Minute (LPM) per rig, for a total of 260 L per rig per day, separated by a 16-hrs and a 

5-hrs stagnation period, 5 days per week. This quantity of water corresponds to the low range of 

US water consumption per person per day (Mayer et al., 1999). The typical flow velocity of 1.3 

LPM, referred to henceforth as the low flow condition, was selected to represent that used in 

prior studies collecting "profiles" of LSLs or regulatory sampling (Giani et al., 2004; Reiber et 

al., 1997). Lead and copper concentrations in the stagnant water of each pipe were measured 

three times per week (Monday, Wednesday and Friday). Specifically, samples were collected 

after stagnation (first draw after 16 hrs) under low flow (1.3 LPM; 0.07 m/sec), but also under 

normal/medium flow (8 LPM; 0.5 m/sec) and higher flow (32 LPM; 1.9 m/sec) conditions. The 

low value of 1.3 LPM was selected because it is  in the ranges of flow rates used for sampling of 

lead the tap (between 2 LPM and < 1 LPM)   (McFadden et al., 2011; Sandvig et al., 2008; 

Reiber et al., 1997). The value of 8 LPM was chosen based on results from a survey of 185 taps 

in Montreal (Canada), during which the 90 %ile of normal flow rates at the tap was 7.5 LPM. On 

the other hand, the high flow of 32 LPM used is justified by: (1) the highest flow rate of 

approximately 30LPM measured by Britton and Richard (1981); and (2) the fact that water usage 

at multiple taps/points in a household could result in the velocities generated at this flow rate in 

the service line. Additionally, galvanic current measurements between the lead and copper were 

collected automatically in a zero resistance ammeter mode using a GAMRY Potentiostat (Figure 

5.1).  

5.2.2 Sample types 

Each sampling event included a distinct set of samples. First draw 2-L samples were used to 

evaluate metal concentrations release from the rigs following stagnation. The usefulness of the 2-

L volume was first validated by preliminary tests examining the recovery of lead generated 

during stagnation, by analysing the first consecutive four liters under low flow (see results 

section). A 10 mL aliquot was also taken from the first draw 2-L samples for quantification of 

dissolved/colloidal lead via syringe filtration through a 0.45 !m pore size Whatman nylon filters.  

Immediately after the first draw, for one replicate per configuration sampled under medium and 

high flow, a large 20 L sample was collected to evaluate lead release for a large quantify of water 

flushed through the pipe without stagnation. Water in the containers was allowed to sit stagnant 
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for 6 h to allow particulates time to settle. Then, a sample was taken from the top of the container 

to evaluate average dissolved lead concentration in the 20-L. After decanting the top 18 liters, the 

2-L water volume remaining at the bottom of the container was acidified using 2% nitric acid, 

and then collected and analyzed to quantify particulate lead release versus the suspended lead 

collected from the top. In mass balances the lead collected at the top was considered 

representative of the dissolved lead in the decanted 18 liters, which QA/QC later verified as 

accurate.  

At different times, 10 mL grab samples were taken under flow conditions to evaluate metal 

leaching from water flow in the pipes and develop a better understanding of lead release 

dynamics. At least three grab samples were taken during each flow event, and in most cases grab 

samples were collected after 2, 5, 10, 20 and 50 min under low flow; after 3, 10 and 20 min under 

medium flow, and after 40 sec, 2 min and 4 min under high flow.  Considering the flow rates 

used, the grab samples were nearly equally distribution based on volume of water passed through 

the pipe.   

5.2.3 Monitoring sampling 

During the first 4 weeks, sampling at low flow was performed 3 times per week. The sampling 

frequency at low flow and medium flow was then conducted 2 times per month during the next 

27 weeks, resulting in a total of 26 low flow sampling events and 12 medium flow sampling 

events.  Sampling at high flow rates was performed once a month for a total of 7 sampling events. 

The long stagnation before sampling was always set at 16 hrs. For the low flow condition, 

samples were taken after 16 hrs and 5 hrs of stagnation. All of the sample types mentioned 

previously were taken during monitoring sampling accordingly to the flow condition. 

5.2.4 Intensive sequential sampling at high flow  

At the end of this study, a total of 11 additional intensive samplings events were performed (6 

days), to verify the extent to which particulate lead release could be mitigated by short-term 

unidirectional flushing of the service line at high flow (32 LPM; 1.8 m/s). This procedure was 

performed two times per day for 5.5 days for a total of 11 events, following a 16-hrs and 8-hrs 

stagnation event in the morning and afternoon. Only first draw samples were taken and high flow 

was maintained for 2 minutes.  



  112 

 

5.2.5 Analytical methods 

Key tap water quality parameters were monitored during the experiment. Specifically, pH 

measurements were performed using Standard Method 4500-H+ (APHA and AWWA, 2005) 

with an Oakton pH 110 Accumet electrode. Alkalinity was measured using Hach Test Kit AL-DT 

based on Standard Method 2320 (APHA and AWWA, 2005). Total chlorine was measured using 

a Hach DR2700 spectrophotometer according to Standard Method 4500-Cl (APHA and AWWA, 

2005). Chloride and sulfate were analysed using Dionex DX-120 ion chromatography according 

to Standard Method 4110 (APHA and AWWA, 2005). Water samples were acidified with 1% 

nitric acid for at least 24 h to dissolve the vast majority of metals. QA/QC testing at higher 

concentrations of acid and heating (85¡C) did not show significantly higher levels of lead 

recovery in selected samples. Metal measurements were performed using a Thermo Electron X 

series inductively coupled plasma mass spectrometer (ICP-MS) following Standard Method 

3125-B (APHA and AWWA, 2005).  

The Gamry System ECM8 potentiostat was operated in a zero-resistance ammeter mode, to 

collect galvanic current measurements. These measurements compared favourably to those made 

with a Fluke 189 portable multimeter with a 100 ohms of internal resistance. Current 

measurements were recorded every minute.  

Statistical analyses were performed using Mann-Whitney non-parametric U test (Statistica, 

version 9). All confidence testing reported herein was conducted at the 95% confidence level (p < 

0.05) unless stated otherwise. 

5.3 Results  

5.3.1 Water parameters 

The Blacksburg, VA source water has relatively low corrosivity for lead plumbing materials due 

to pH adjustment and dosing of a zinc orthophosphate corrosion inhibitor. While there are no 

known lead service line pipes, the townÕs 90%'ile first draw lead is typically below detection 

(City of Blacksburg, 2012). During the experiment the typical dose of inhibitor was confirmed at 

a relatively high level of 0.5 mg/L as P based on US practice in water delivered to buildings 

(Table 5.1). The pipe rig was maintained indoors at a relatively stable temperature of 20 ± 3¡ C. 
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The chloride to sulfate mass ratio (CSMR) is in a range typically considered aggressive for 

galvanic corrosion (Edwards and Triantafyllidou 2007; Nguyen et al., 2011a). 

All concentrations presented in the graphs have been adjusted to take into account the low lead 

concentrations detected in the supply water (average of 0.5 !g/L measured from the control pipe) 

and the background copper concentration (average of 8 !g/L). Thus, the graphs indicate the 

additional lead added to the water by the pipe rig apparatus, which is always orders of magnitude 

higher than that detected in the water supply.  

Table 5.1 Key parameters of the water entering the experimental rigs. 

pH  7.4  
Alkalinity (mg CaCO3/L)   31  

Chloramine disinfectant (Tot Cl2 mg/L)  2.6 
Orthophosphate Corrosion Inhibitor (mg P/L) 0.5 
Cl- (mg/L)  15 
SO4

2- (mg/L)    6 
Chloride to Sulfate Mass Ratio (CSMR)   2.5 
Temperature (oC)    20 

  Lead (!g/L) 0.5 

 

 

5.3.2 Low flow  

Preliminary testing indicated that more than 90% of the lead released to the first 4 litres of water 

flowing through the apparatus after stagnation, was present in the first 2 L collected sample. On 

this basis, a decision was made to use a 2 L volume as representative of lead release to water 

from the service line after stagnation events. The concentration of lead in the collected 2 L 

volumes averaged 62% of the concentration found in the first 1 L under low flow, so the Pb 

results measured in the 2 L samples are slightly diluted compared to the maximum concentration 

that would be found in 1 L samples.   

Considering the pipe diameter of 1.9 cm, the typical low flow sampling condition is associated 

with a velocity of 0.07 m/s, corresponding to a laminar regime (Re=1300). Throughout the entire 
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experiment, as would be expected based on the larger surface area of lead pipe contacting the 

water, more lead in water was detected after 16 hrs of stagnation (p < 0.05) in situations with 

100% lead pipe than configurations with either 50% or 0% lead pipe in low flow first draw 

samples. For example, under low flow (Figure 5.2) mean lead release from the 100%-Pb was 56 

!g/L compared to 27 !g/L for Pb-U (52% less) and 43 !g/L Pb in Pb-D (23% less). For grab 

samples collected under continuous flow, overall lead release was slightly higher from 100% lead 

pipe (1.5 !g/L) compared to the configurations with 50% lead pipe (Pb-U = 1.1 !g/L and Pb-D = 

1.4 !g/L. These results are roughly consistent with reports by McFadden et al. (2011) in that 

results before and after partial pipe replacement were roughly similar, if samples were collected 

at low flow or at high flow after wasting water for 5 minutes. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Lead release during monitoring sampling under low flow (variable N per period, total 

N=78). Dots represent median, boxes represent the 25th-75th percentiles and bars represent min-

max values. 

 

Phase 2      Phase 3  Phase 1 
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During the initial 214 days of the experiment reported herein, the lead levels released to water 

tended to decrease, probably reflecting a dominant effect of lead pipe passivation with time, as 

well as some effects from a lower temperature due to seasonal effects and perhaps subtle changes 

in the water supplied to the building. Three distinct phases were identified (Figure 5.2):  

¥ Phase 1 (May- short term). Lead release from lead pipe downstream of copper pipe is 

comparable to 100%-Pb pipe. This is consistent with some claims of a short-lived 

galvanic contribution in recirculating lead experiments (Boyd et al., 2012) and possibly in 

the field (Sandvig et al., 2008).  

¥ Phase 2 (June-November). It was speculated that as lead surfaces passivated, a period in 

which 100%-Pb has higher lead release versus configurations with 50% lead occurs, due 

to lower lead surface area. But, the benefits of having 50% less surface are never 

translated to having 50% less lead in the water sampled for Pb-D.  In contrast, for Pb-U, 

the lead released under low flow is roughly proportional to the length of lead pipe. During 

this time, due to the high galvanic currents accelerating the corrosion of lead, most of the 

corroded lead is presumably stored in lead scale, since the adverse impacts of galvanic 

corrosion were not directly translated to elevated lead in water.    

¥ Phase 3 (November-December). The slight benefits attributed to having 50% of lead pipe 

versus 100% begin to disappear, and show signs of reversing, consistent with predictions 

and observations of Triantafyllidou and Edwards (2010) due to accumulation of lead 

deposits at Pb:Cu joints which are susceptible to detachment during flow.    

Installing a copper pipe before a lead pipe (Pb-D), increased lead release by 1.6 times (p < 0.05), 

compared to that which occurred from installing a copper pipe after lead pipe (Pb-U)           

(Figure 5.2).   
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5.3.3 Medium/High flow Testing 

Medium and high flows both corresponded to turbulent flow regimes (Re=9,500 and 36,000 

respectively), for which flow in the pipe may be better approximated by a plug flow pattern in 

comparison to low flow (van der Leer, 2002). Water velocities were 0.5 m/s and 1.9 m/s, 

respectively.  The valve opening time was the same for all flow conditions, (< 1 sec).  

During normal or medium flow, the slight advantages of a partial pipe replacement observed in 

the 2-L first draw at constant low flows disappeared and actually reversed (Figure 5.3 a). 

Specifically, lead release from Pb-D rigs (303 !g/L) was on average 3.5 times higher than from 

100%-Pb rigs (87 !g/L) based on 36 samples (p<0.05). Even for Pb-U rigs, mean lead release 

was 2.2 times higher compared to the 100% lead pipe with twice the lead surface (194 vs 87 

!g/L). The adverse consequence of having 50% lead pipe with a galvanic connection was also 

observed for the higher 32 L/min flow rate (Figure 5.3 b). Specifically Pb-D released 839 !g/L 

average lead (p<0.05) and Pb-U released 416 !g/L average lead (p=0.08), both significantly more 

than 100%-Pb which released 240 !g/L average lead (n=21).  

  

   

 

 

 

 

 

 

 

Figure 5.3 Lead release during monitoring sampling: a) under medium flow of 8 LPM (N=3 per 

period, total N=36); b) under high flow of 32 LPM (N=3 per period, total N=21 for the 

monitoring and N=33 for the intensive sampling). Dots represent median and bars represent min-

max values. 

Monitoring Intensive sampling 
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For all three configurations, lead release under medium and high flow were significantly higher 

(p<0.05) than that under low flow (p<0.05) except for 100%-Pb under medium flow (Figure 5.4). 

This might reflect the fact that increased lead particulate release rates at higher flow are roughly 

cancelled by higher dilution for the pure lead pipe. These results also clearly demonstrate the 

extent to which low flow sampling in prior research might miss or mask the problematic impact 

of galvanic corrosion on lead release following partial lead service line replacement. Low 

velocity sampling does not detect the serious potential problem that can arise from mobilization 

of lead particulates, as lead levels were 7 times lower for the configuration with partially replaced 

lead pipes (Pb-D) if sampled using  low flow versus medium flow.  

5.3.4 Intensive sampling Ð High flow 

To examine the possibility that a reservoir of mobile lead particulates could be depleted under 

high flow conditions, and the potential to mitigate problems associated with partial pipe 

replacement using a variation of unidirectional remedial flushing to be applied in homes, the high 

flow sampling was tested 11 times in sequence (excluding the first sample considered as 

monitoring). The general trend observed was a reduction in terms of lead release for Pb-D and 

Pb-U configurations (Figure 5.3 b), when compared to one-time high flow events on a monthly 

basis.  But lead concentrations from Pb-D rigs (avg: 151 !g/L) remained significantly higher 

(p<0.05) than those found from 100%-Pb pipe (avg: 66 !g/L). Lead concentrations from Pb-U 

rigs (avg: 181 !g/L) were higher than from 100%-Pb, but not at > 95% confidence.  

Thus, while the results indicate some reduction in potential for water lead contamination due to 

repeated unidirectional flushing, there is also another fraction of mobile lead particulates that is 

either created during stagnation or which is repetitively released during repeated high flow 

events. In consequence, any assessment of particulate lead problems associated with partial lead 

service line replacement must take two reservoirs of lead scale into consideration, including a 

fraction that can release at high levels during infrequent flow events and another fraction which is 

released at lower levels even with repeated high flow events.  
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Figure 5.4 Summary of lead release during the monitoring period under:  low flow (1.3 LPM), 

medium flow (8 LPM) and high flow (32 LPM). Dots represent median, boxes represent the 25th-

75th percentiles and bars represent min-max values. 

 

5.3.5 Particulate vs dissolved lead  

In practice, galvanic corrosion can result in either particulate or dissolved lead, and problems 

associated with galvanic corrosion in prior work arose from particulate lead (Triantafyllidou and 

Edwards, 2011). In this work the adverse impacts of galvanic corrosion were also manifested in 

particulate lead release. On average, at least 85% of lead release was particulate during 

medium/high flow for pipe rigs with 50% Pb and 50% Cu, compared to 63% for 100% lead pipe 

(Table 5.2). If anything, the importance of particulate lead would have been higher if colloidal 

lead (< 0.45 !m pore size) had been quantified. Under low flow, particulate lead release was the 
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same for Pb-D and 100%-Pb (12 !g/L) but statistically lower (p<0.05) for Pb-U (4 !g/L). Under 

medium flow, particulate lead release was almost 5 times higher for Pb-U (167 !g/L) and 7 times 

higher for Pb-D (254 !g/L) in comparison to 100%-Pb (35 !g/L) (p<0.05), consistent with the 

previously mentioned reservoir of lead rust/scale deposits that could be readily released during 

hydraulic shear. The release was also significantly higher when monitoring monthly high flow 

(p<0.05) for Pb-D (724 !g/L; 4 times higher) and Pb-U (378 !g/L; 2 times higher) in comparison 

to 100%-Pb (187 !g/L). Pb-D release was also significantly higher than Pb-U (p<0.05).  

In comparison, dissolved/colloidal lead release (<0.45 um) observed for 100%-Pb rigs and Pb-D 

rigs were statistically comparable for medium and high flows except a spike increasing the mean 

value of Pb-D under high flow (Table 5.2). Both configurations were associated with 

significantly higher Pb release than Pb-U. 

 

Table 5.2 Dissolved/colloidal (diss.) and particulate (part) concentration found in the first draw 

under the three flow conditions tested for the three configurations studied during the monitoring 

sampling. All samples taken under medium and high flow were analyzed for dissolved and 

particulate Pb. From June 29 (phase two) to the end of the experiment, all samples for low flow 

were also analyzed for both dissolved and particulate Pb.  

Conditions 
 

100% Pb 
(in !g/L± S.D.) 

Pb-U 
(in !g/L± S.D.) 

Pb-D 
(in !g/L± S.D.) 

 Diss. Part. Diss. Part. Diss. Part. 

Low flow 
N=30 

45±26 12±7 19±17 4±2 29±14 12±9 

Medium flow 
N=36 

52±26 35±55 27±17 167±258 49±28 254±390 

High flow 
N=21 

53±25 187±343 38±20 378±465 115±280 724±683 
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5.3.6 Galvanic current 

During the 214 days of the experiment, the galvanic current was very high and persistent (Figure 

5.5), with the possible exception of the last phase of the testing reported herein, in which currents 

may have finally started to passivate. Specifically, the galvanic current decreased on average for 

Pb-U by 29% and Pb-D by 39%. Even after 7 months in a water with zinc orthophosphate 

corrosion inhibitor, average galvanic currents at the end of the study were on average 18.0 !A for 

Pb-U and 17.5 !A for Pb-D conditions, which according to Faraday's law indicates excess 

generation of 1673 and 1626 !g lead in the service line per day due to galvanic corrosion. The 

galvanic current during flow was about 25-50% higher than during stagnation, reflecting 

improved mass transport of reactants during flow.  

 

Figure 5.5 Average current during the experiment for four different periods (date 1 @ date 2). 

Bars represent standard deviation of the 3 replicatesÕ mean. 

 

5.3.7 Mass balance 

The mass of lead released for each sampling event was estimated on the basis of the first draw 2-

L, and 20 L samples taken immediately afterward (i.e., liters 3-22 flowing from the system) under 

medium and high flow, and the grab samples taken under flowing water conditions. The mass of 
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lead released from the grab samples was integrated from the curve of measured Pb versus volume 

after fitting the data with a power law as per the approach outlined elsewhere (Cardew, 2006; van 

der Leer et al., 2002). Generally, under flow condition, lead release for each event was described 

reasonably well by the power law (mean R2 of 0.90). Based on the calculated cumulative lead 

release, mean lead release observed in the 2-L first draw corresponds to 47-75% of the lead 

release during the flow events for the three configurations under medium flow and 62-79% under 

high flow. Under low flow, mean lead release during the first draw corresponded to 31-36% of 

the total lead release during the flow events. 

Overall, the condition representing a partial pipe replacement (Pb-D) released about the same 

mass of lead to water as the 100%-Pb (Pb-D: 85 mg; 100%-Pb: 83 mg) during the study (Figure 

5.6). Considering that the low flow events were routine in the work reported herein, which tends 

to produce a favourable outcome for 50% lead pipe configurations when compared to 100% lead 

pipe, it is concluded that for the sampling conditions conducted herein, the configuration 

associated with partial replacements yielded no significant benefits versus 100% lead pipe. Future 

work will need to assess whether partial replacements have net negative impacts when 

consistently sampled at flow rates (4-8 liters per minute) more typical of consumer taps. 
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Figure 5.6 Complete mass balance of lead release during the experiment vs theoretical lead (Pb 

II) generated by the galvanic current. 

! 

Copper release was also investigated (results not detailed). During the first 2 months, in the low 

flow first draw conditions, mean concentrations of 87 !g/L and 84 !g/L were observed for Pb-D 

and Pb-U respectively (N=48). This corresponds to less Cu release than expected based on 50% 

of the Cu control (mean 233 ug/L; N=16), consistent with cathodic protection of the Cu pipe by 

the Pb (Boyd et al., 2012).  
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Figure 5.7 Appearance of the lead coupons at the Pb:Cu junction 281 days following the 

beginning of the experiment. 

5.4 Discussion 

During the duration of this particular experiment and sampling protocol, the detriments of 

galvanic and deposition corrosion roughly cancelled the benefits of having 50% less lead pipe. 

Even if only very low flow rate events are considered, with little probability for mobilization of 

pre-existing scale, partial replacements performed upstream of Pb pipe produced nearly no net 

benefit in this relatively non-corrosive water using a zinc orthophosphate inhibitor consistent 

with field research of others at low flow (McFadden et al., 2011 ). Deposition corrosion or other 

copper-induced increases to lead leaching have been noted by other researchers, and are a 

possible explanation for the difference observed between Pb-D and Pb-U configurations (Hu et 

al., accepted 2011). It is also now understood that higher concentrations of orthophosphate do not 

mitigate the impact of galvanic corrosion (Nguyen et al., 2011b; Arnold, 2011).   

For the three configurations tested under low flow, the general trend in lead release was 

decreasing with time. However, over the terms of the experiment, under medium and high flows, 

partial Pb rigs continue to show high lead release. Under high flow, the relative difference 

between 100%-Pb and Pb-D rigs in lead release was actually increasing. Specifically, during 

phase 1 (first month), under high flow, mean lead release was 888 !g/L for 100%-Pb and 1927 

!g/L for Pb-D (2 times more lead; N=3). During phase 3 (last 1.5 month), this value decreased to 

133 !g/L for 100%-Pb and 704 !g/L for Pb-D (5 times more lead; N=9).  

)7 ;t!)7 ;B!XLLf!)7!
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To put such concentrations found under medium and high flow in context, a value of 700 !g/L in 

a single glass of water or formula has been characterized as constituting an acute health risk (lead 

dose of 175 !g; CPSC 2005). Under medium and high flow sampling events, for the Pb-D 

configuration, there is an 8% and 50% chance of samples exceeding this threshold value in the 

first two liter (Figure 5.4). Since the impact of galvanic corrosion is known to be manifested 

close Pb:Cu junction, if lower volume samples were collected, an even higher incidence of 

samples exceeding acute health criteria would be expected. During the monitoring sampling, an 

average cumulative mass of 15 mg of lead was released into water from the triplicate Pb-D rigs 

during high flow-rate samplings (32 LPM). For the same pipe but sampled at low flow of 1.3 

LPM, samples over the acute health threshold were never detected (Figure 5.2), and a likelihood 

of such samples can be estimated at less than 10-10 assuming a normal distribution for the data. 

Thus, while prior work at low flow rates undoubtedly detected potential risks due to soluble lead 

in water after stagnation, it is doubtful that the extent of the health threat from particulate lead in 

field sampling was quantified (McFadden et al., 2011; Sandvig et al., 2008; Giani et al., 2004; 

Reiber et al., 1997). Because particulate lead was the main cause of concern in this and some 

other recent case studies of elevated blood lead from water, future field sampling and profiles 

should use realistic flow rates as suggested elsewhere (Triantafyllidou and Edwards, 2012). 

Additional research would also be needed to assess a full range of flow patterns, velocities, and 

volumes encountered in the field. Consistent with prior observations in the literature, following 

partial service line replacement, occupants should be advised regarding the likelihood of "erratic" 

lead spikes to their water supply, not only due to physical disturbance but also due to galvanic 

corrosion. Use of filters/bottled water for water used for cooking and drinking could completely 

mitigate these concerns.  

The Pb-U configuration was associated with a lower lead release (57 mg) than the 100% lead 

pipe, but even so, the reduced mass of lead release was not proportional to pipe length. At the 

beginning of the experiment, Pb-D showed higher current than Pb-U, a trend that was eventually 

reversed. It is possible that this different behavior was due to deposition corrosion of copper on 

the lead surface for Pb-D, since galvanic corrosion between the lead pipe and copper deposits 

would not be detected as current flow between the pipe sections. In this eventuality, these might 

actually reduce/mask the direct galvanic current that can be measured at the Pb:Cu joint (Hu et 

al., accepted 2011). 
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Future work will also need to examine the net effect of partial pipe replacements for passivated 

lead pipe with typical junction fittings, thick layers of corrosion products and the possible impact 

of deposition corrosion in that specific case. Specifically, galvanic corrosion at the junction will 

reflect the presence of electrical connection between the lead and copper as well as the impact of 

the fitting if both material are connected indirectly Ð in some brass fittings, lead and copper are 

touching directly each other. In fact, recent testing indicates that the use of a thin spacer and wire 

connection as in this work probably represents a lower bound to galvanic corrosion occurring in 

practice via either a direct connection or connection with a brass coupling (Clark et al., 2011).  In 

that case the adverse results presented herein would be conservative relative to those in 

practice (Clark et al., 2011). 

On one hand, passivation might somehow reduce the extent of galvanic and deposition corrosion 

versus that observed herein, although there are no data in the literature to strongly support this 

position. In this work utilizing new lead pipe, there was no potential for mobilization of 

previously existing lead scale, and all adverse consequences are exclusively attributable to 

galvanic and possibly to deposition corrosion.  

In order to estimate the overall impact of partial replacement on lead release into drinking water, 

both physical disturbance and galvanic corrosion must be considered. Boyd et al. (2004) 

quantified lead release due to physical disturbance of a partially replaced lead pipe at a 

continuous flow rate of 1.1 LPM without previous flushing. Based on our analysis of that data, 

we estimate that between 60 - 100 mg lead was released during the first 48 hrs using a power law 

regression. Over the 7 months period of our study, lead release due to galvanic and deposition 

corrosion was comparable to the above estimated value. However, the adverse impact of galvanic 

corrosion may continue to accumulate over time unless the galvanic current eventually stops, 

which it did not do after 7 months in this work. These longer-term effects need to be considered 

when quantifying potential benefits and detriments of partial pipe replacement (USEPA, 2011).      

An even greater potential long-term concern is illustrated by considering the galvanic current 

measured in both the Pb-U and Pb-D configurations during the entire experiment (Figure 5.5). 

The total mass of lead (II) formed at each junction due to the galvanic current can be roughly 

estimated through FaradayÕs Law, following the approach detailed by Dudi (2004). Unless there 

is an alternative source for the high galvanic current which does not directly involve lead 
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corrosion, as suggested by Triantafyllidou & Edwards (2010), there is a considerable reservoir of 

lead scale forming due to galvanic activity that is available for mobilization and which poses a 

public health threat (Pb-U configuration = 443,000 !g and Pb-D = 476,000 !g). This estimate is 

also conservative, in that it assumes that there is no excess lead created from deposition 

corrosion, for which the galvanic current would not be detected. Because the cumulative 

measured lead release during flow for the situations with 50% lead pipe represents less than 4-9% 

of the total "excess lead" estimated from galvanic corrosion, 91-96% of the health risk has been 

mitigated by accumulation of lead rust on the pipes (Figure 5.7) or during undetected random 

release. It is uncertain whether such a favorable outcome can persist indefinitely. If only twice as 

much lead generated from galvanic corrosion would have been released to the water (i.e., 10% 

instead of "5%), due to differences in the durability of the scale or more frequent high velocity 

flow events, galvanic corrosion would create a much more negative outcome than reported herein 

consistent with other laboratory and field observations (Britton and Richards, 1981; 

Triantafyllidou and Edwards, 2011). These observations may also reconcile our findings with 

apparently contradictory results that were obtained without any stagnation or varying flow rates 

(e.g., Boyd et al. 2012). The critical issue associated with galvanic corrosion following partial 

replacement does not arise from the formation of lead scale deposits at the Pb:Cu junction, but 

from the demonstrated capability of those deposits to be detached under  moderate to high flow 

rates.  

5.5 Conclusion 

¥ At low flow rate, lead release from Pb-U resulted in a 48% of lead release over that 

observed for the 100%-Pb pipe. Following a short stabilization period of 1 month, lead 

release from the Pb pipe placed downstream of copper was about 70% of the 100%-Pb 

pipe release. However, this percentage progressively increased throughout the study, to 

approach the level observed for the 100%-Pb pipe. After five months, values observed 

from Pb-D represented 87% of the 100%-Pb pipes.   

¥ Although lead release declined over time as the new lead pipes aged, the condition with 

50% Pb downstream of copper pipe never leached less lead than the 100%-Pb pipe when 

sampled under medium and high flow rates. On the contrary, under high flow, the relative 
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difference in Pb release between Pb-D rigs and the 100%-Pb rigs actually increases. For 

50% Pb upstream of copper, lead release decreased steadily under medium and high flow, 

but the values measured were still twice as high as would be expected based on 50% less 

lead surface area.   

¥ Over the course of this experiment, galvanic effects were highly persistent, and likely 

contributed to formation of a considerable reservoir of lead rust/scale as predicted based 

on current measurement. This reservoir caused more lead to be released to water from 

pipe systems that were 50% Pb:50% Cu, compared to 100% lead pipe, during moderate 

and high flow events.  

¥ In the present study, there was no end-point for the adverse consequences of galvanic 

corrosion. Unless decisive evidence can be generated to the contrary, in a given system, it 

must be assumed that galvanic corrosion will persist as long as copper is connected to 

lead pipe.  

¥ Use of sampling protocol with low flow rate minimized the potential to detect lead in 

water and health threats arising from particulate lead.  Past data collected at low flow 

rates should be used with caution when assessing the effectiveness of partial pipe 

replacements or the overall safety of the water supply. At best, such protocols measure 

soluble lead and a relatively small fraction of lead rust/scale that is available for 

mobilization. 

¥ Placing a copper pipe in front of a lead pipe led to an outcome that was much worse than 

having a lead pipe in front of a copper pipe. This was hypothesized to be the case if 

deposition corrosion were important, although deposition corrosion was not isolated as a 

cause herein.  

¥ While pilot results cannot be considered representative of the full-range of field 

conditions, the results do provide sound mechanistic information to assist in 

understanding and interpreting field observations.  
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CHAPITRE 6 PUBLICATION # 4 IMPACT OF TREATMENT ON PB 

RELEASE FROM FULL AND PARTIALLY REPLACED  HARVESTED 

LEAD SERVICE LINES (LSLS)  

Le chapitre 6 prŽsente les rŽsultats dÕune Žtude pilote effectuŽe ˆ MontrŽal pour Žvaluer lÕimpact 

de diffŽrents traitements sur les remplacements partiels de conduites en plomb. Ce chapitre a fait 

lÕobjet dÕun article soumis ˆ Water Research en mai 2012 et apparait comme Žtant lÕŽlŽment clef 

du projet de recherche. Cet article fournit des informations nouvelles sur des ŽlŽments essentiels 

relatifs au contr™le du plomb dans lÕeau potable et ˆ la problŽmatique des remplacements partiels 

de conduites en plomb. Ces rŽsultats pourront •tre utilisŽs par les gestionnaires de rŽseau de 

distribution dÕeau potable afin dÕavoir des pistes quant ˆ lÕefficacitŽ des traitements de contr™le 

de la corrosion pour des conduites en plomb et suite ˆ des remplacements partiels de conduites en 

plomb. De plus, ces travaux envoient un message aux autoritŽs et aux responsables de santŽ 

publique quant au biais associŽ ˆ certains protocoles dÕŽchantillonnage actuellement en vigueur.   

 

Impact of Treatment on Pb Release from Full and Partially 
Replaced Harvested Lead Service Lines (LSLs) 

CLƒMENT CARTIER
1*, EVELYNE DORƒ

1, LAURENT LAROCHE
2, SHOKOUFEH NOUR

1
 , MARC 

EDWARDS
3, MICHéLE PRƒVOST

1 
1 NSERC Industrial Chair on Drinking Water, Civil, Geological and Mining Engineering, Ecole 

Polytechnique de MontrŽal, CP 6079, Station Centre-ville, MontrŽal, QC, Canada, H3C 3A7 

*Contact: Tel:1(514) 340 4711 (2235), Fax: 1 (514) 340 5918, 

E-mail:clement.cartier@polymtl.ca 
2 Ville de MontrŽal,!<D,$4&';?G!B&'R,844&0'!M,76$,06$e=!OKOK!76#4&-,$%!%&!4,!p.$&/%$e&=!p844&!%&!

c6/0$.,4!Id#&7&+P!<,/,%,!!`OU!JbJ 
3 Virginia Polytechnic Institute, Civil and Environmental Engineering, 418 Durham Hall, 

Blacksburg, VA, 24061G 

  



  130 

 

ABSTRACT 

Release of lead from 80% partially replaced service lines was compared to full lead 

service lines using harvested-stabilized lead pipes and field brass connectors.  After more 

than a year of stabilization, lead release for 100%-Pb was consistent with field samples.  

Over the relatively short duration of this study after partial replacement (3 months), 

connecting a Cu pipe to the Pb pipe generated high lead release associated to galvanic 

corrosion, resulting in a final outcome for lead release that was even worse than for a full 

lead pipe.  Increased lead release was especially evident at higher flow rates.  

Orthophosphate reduced lead release from full lead pipes by 64%, but for partially 

replaced samples Pb concentrations were unchanged by phosphate dosing at moderate 

flow (103±265 vs 169±349 !g/L) and were increased to very high levels when sampled at 

high flow rates (1001±1808 vs 257±224 !g/L).  The increase lead release was in the form 

of particulate Pb (> 90%). Increased sulfate treatment had little impact on Pb release 

from 100%-Pb rigs but reduced lead release from partially replaced lead pipes.  Our 

results also questioned protocols based on short 30 minutes stagnation (as those used in 

Canada) due to their incapacity to consider particulate lead release generated mostly 

after longer stagnation.  

Keywords: drinking water; corrosion; lead; service line; partial lead service line 

replacement; corrosion control; flow rate; particulate lead 

 

6.1 Introduction  

In some cases Canadian and American municipalities are spending hundreds of millions of 

dollars to replace Lead Services Lines (LSLs) in their distribution systems in an effort to reduce 

lead (Pb) concentrations at the tap and meet new stringent Pb regulations. Despite incentive 

programs, a high percentage of partial LSL replacements are often performed instead of full LSL 

replacements (Muylwyk et al., 2011).  Recent laboratory studies suggest that partial LSL 

replacement using copper (Cu) pipe is at best a marginal strategy for controlling Pb 

concentrations in tap water and may actually increase lead release in some circumstances 

(Triantafyllidou & Edwards 2011; Giammar et al., 2011; Clark et al., 2011; Cartier et al., in press 
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2012). Based on field studies, partial LSL replacements yield no clear decrease in lead release at 

short term (2 months) (Sandvig et al., 2008; Swertfeger et al., 2011; Britton & Richards 1981) 

and also provide no clear benefits over the long term (18 months) (Muylwyk et al., 2011 Britton 

& Richards 1981). A Science Advisory Board to the USEPA concluded that more research is 

needed on the potential public health implications of partial pipe replacements (United States 

Environmental Protection Agency (USEPA) 2011).  

Galvanic corrosion between old lead and copper pipes (Triantafyllidou & Edwards 2011; 

Giammar et al., 2011) is a potential explanation for unexplained long-term high concentrations 

following partial pipe replacements observed in the field (Sandvig et al., 2008; Britton & 

Richards, 1981). The presence of copper in water passing through the lead pipe has also been 

associated with higher lead release, possibly due to deposition corrosion or other mechanisms 

(Hu et al., accepted 2011; Cartier et al., in press 2012; Triantafyllidou & Edwards 2011) as well 

as crevice corrosion in the brass fitting used at the Pb/Cu junction (Clark et al., 2011).  However, 

these results were obtained using new lead pipes and/or fittings, and/or without realistic flow 

conditions or statistical replication.  As predicted (Triantafyllidou & Edwards, 2011), lead release 

associated with galvanic corrosion can be highly dependent on stagnation time (Giammar et al., 

2011) and sampling flow rate (Cartier et al., in press 2012). 

In terms of treatments to reduce lead release to water, the effectiveness of phosphate corrosion 

control is well-established especially at higher doses (Schock & Lytle, 2011; Giani, 2011; 

Edwards & McNeill 2002), as well as in field studies (Hayes et al., 2008). However, recent 

studies suggest that galvanic Pb:Cu connections might respond differently to phosphate, in that 

several studies demonstrated much higher lead after addition of phosphate in small-scale tests 

starting with new materials (Nguyen et al., 2011b; Arnold Jr. 2011).  

The main objective of this study is to measure the impact of pH adjustment, phosphate addition 

and chloride-to-sulfate mass ratio (CMSR) increase, relative to particulate and dissolved/colloidal 

lead release from both full and partially replaced LSLs. A unique focus of this study was a test 

protocol that assessed the impact of connecting a harvested, stabilized LSL to a Cu pipe, 

simulating partial Pb service line replacements without confounding effects from significant scale 

disruption resulting from pipe cutting. Secondary objectives include evaluating the impact of the 

Cu-Pb connection sequence, flow rate and stagnation time. 
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6.2 Materials and methods 

6.2.1 Operational setup and lead pipe conditioning 

The pilot study was conducted in a large building supplied with water distributed by the City of 

Montreal (QC, CAN). The supplied water could be considered as a medium risk of corrosion due 

to its relatively high alkalinity of 83 mg CaCO3/L and pH of 7.7 (Edwards et al., 1999). However, 

the CSMR value of 0.9 is considered for significant risk of galvanic corrosion (Nguyen et al., 

2011a). The pilot utilized aged Pb pipes from the City of Montreal, which were carefully 

harvested from the ground using a method described in Kim et al. (2011). Pipes were filled with 

Montreal water and stored for 5 months before use in the pilot rig.  

The initial pilot was composed of 4 sections  of Pb pipes, each of which held 3 different types of 

lead pipes through which water flowed in sequence as follows (Figure 6.1): 1) a 180 cm PVC 

pipe (19 mm diameter) upstream of a 60 cm lead section (PVC/20%-Pb); 2) a  pure lead pipe of 

300 cm length (100%-Pb) and 3) a 60 cm lead pipe upstream of a 180 cm PVC (19 mm diameter) 

(20%-Pb/PVC).  A fifth section of lead pipe was 13 mm diameter and only the 100% lead pipe 

section was sampled.  Each pilot was tested in triplicate making 39 sampling locations (39 = 4 

sections x 3 types x 3 triplicate + 3 lead pipes in fifth section).   For all 16 mm pipe sections, the 

total volume of water in each pipe rigs was 620-640 mL and for the fifth section the total volume 

of water exposed was 380 mL. 
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Figure 6.1 Overview of pilot lead pipes.  At first only PVC (no copper) was present and the pipes 

received Montreal water.  After applying the indicated treatments, copper pipe was eventually 

inserted in place of PVC as indicated.  Each pilot section was tested in triplicate.   

 

During normal operation, water flowed during 8 hrs per day at a rate of 5 Liters Per Minute  

(LPM) per rig,  followed by a 16 h stagnation period (16HS), 5 days per week. Before sampling, 

the setup configuration was changed so that each section was fed directly by supplied water to 

avoid Pb contribution from upstream Pb rigs.  

6.2.2 Experimental Sequence 

The harvested lead pipes were conditioned for 8 months under normal operational procedure 

without any copper in the system. Baseline sampling was then conducted without copper for 4 

months with samples collected from week 1 to week 11 (W1-W11; October 7 Ð February 1st) to 

confirm conditioning success, reproducibility amongst replicates, and reliability of hydraulic 

conditions and stable supply water (phase 1).  

During phase 2 and the remain of the study, different water treatments were applied to each pipe 

section as follows:  
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Section 1)   Control (CSMR 0.9, no added phosphate, pH 7.7). 

Section 2)  Ortho P @ 1 mg P/L, with a high initial dose of 2 mg P/L during the first month using 

H3PO4 and NaOH (pH = 7.7). 

Section 3)   High sulfate to reduce CSMR from 0.9 to 0.3 by adding Na2SO4 and pH 7.7. 

Section 4)   Higher pH 8.3 using NaOH (CSMR 0.9). 

Section 5)   Same as Section 1, but with 13 mm diameter pipe and higher 15 LPM flow rate for   

sampling. 

Treatment conditions were maintained for 4 months and samples were taken over 11 weeks 

(W12-W22; February 2nd - May 25) (Figure 6.2). Afterwards, treatments were maintained and Cu 

pipes were added upstream or downstream of the small 60 cm section using the red brass union 

compression fitting (Ford, Wabash, Indiana, USA) (phase 3). In this brass fitting, Cu and Pb pipe 

are in electrical contact directly (end to end) and potentially via an external current path through 

the fitting.  To replicate the slight disturbances during insertion of the copper pipe, the 300-cm 

long pipes were also disconnected and reconnected to the pilot PVC piping feed system. 

Following a three-week stabilization period (after connecting the copper) to further reduce 

impacts of the very minor physical disturbance, sampling was then resumed weekly to evaluate 

the impact of Cu-Pb connections. During three weeks, samples were collected under periodic 

high flow of 15 LPM (all sampling rigs) each in alternation with a medium flow event (W26, 

W28, W30) as well as after 30 minutes stagnation (30MS) for a week (W29).   
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Figure 6.2 Sequence of operational phases (Phase 1, 2, 3) and sampling during the experiment 

from sampling weeks 1 to 31 (W1-W31). Sampling performed after 16-hour (16HS) or 30-minute 

stagnation (30MS). Sampling was performed at medium (5 LPM) or high flow rates (15 LPM). 

Normal pilot operation was maintained at a flow rate of 5 LPM. 

 

6.2.3 Sampling  

Weekly samplings were performed under medium flow (5 LPM; 0.4-0.7 m/sec) after 16HS or 

30MS or under high flow (15 LPM; 1.3-2.0 m/sec) after 16HS (sampling sequence detailed in 

figure 6.2). A volume of two liters was collected in order to ensure full recovery of water that 
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stagnated in the plumbing section studied given the low mixing during sampling (van der Leer et 

al., 2002). A 40 mL aliquot was also taken from the first draw 2 L samples for quantification of 

dissolved/colloidal Pb via syringe filtration through a 0.45 !m pore size PVDF filter (Millex, 

Millipore).  

6.2.4 Water quality monitoring  

Water quality parameters were monitored weekly under flow and following stagnation. 

Specifically, pH was measured using SM 4500-H+ with a pH electrode (Accumet 13-620-183A, 

UK), alkalinity using SM 2320, total and free chlorine were performed according to SM 4500-Cl 

(American Public Health Association (APHA) et al., 2005) using a Biochrom (Ultrospec 3100 

pro). Dissolved oxygen was measured with a Hach LDO electrode using a Hach HQ40d meter 

(Hach, Loveland, CO). Chloride and sulfate were analyzed by ionic chromatography using 

Dionex system (ICPS-3000). Phosphates were measured using a Flow injection analyzer 

Quikchem 8500 (Lachat, Loveland, CO) with a method based on SM 4500 P-G(APHA and 

AWWA, 2005).  Water samples for metal analysis were acidified with 0.5% concentrated HNO3 

(EMD, Omni Trace) at room temperature for at least 24 h prior to analysis. To validate that Pb 

particles were adequately digested, quality control tests were performed on bottles with 

remaining particles following the standard digestion. Pb was measured again following a 5% 

HNO3 digestion maintained for > 48hrs at 85oC. Those quality control results were presented in 

the supplementary material (Table SM-1.1, Annex 1). Before the analysis, 0.5% HCl 

concentration was added to have the appropriate matrix. Metal measurements (Pb, Cu, Zn, Fe) 

were performed using a Inductively Coupled Plasma Mass Spectrometer (ICP-MS; Agilent 

Technologies, Santa Clara, CA) in a ISO 179025-certified laboratory based on SM 3125-B 

(American Public Health Association (APHA) et al., 2005). The electrical connection between 

the lead and copper pipe was confirmed by measuring resistance < 50 ' using a portable 

multimeter (MTP 2325, Montreal, CAN).  Statistical analysis was performed using non 

parametric analysis (Statistica, version 10). All confidence testing were conducted at the 95% 

confidence level (p < 0.05). 
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Figure 6.3 Chronological lead release results during conditioning, treatments with lead pipe, and 

with treatment and insertion of copper pipe. Sampling performed after 16HS using 5 LPM flow 

rate. Dots are means; bars are min-max. Conditioning, N=33; Treatment, N=33; After junction to 

Cu pipe, N=15.   
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6.3 Results 

After conditioning the 100%-Pb pipe conditions were not significantly different during the last 

three weeks of operations before treatment (Kruskall-Wallis ANOVA, p<0.05).  Likewise, there 

were no statistical differences between lead release for the two 20%-Pb configurations for each 

section or for regrouped sections (Kruskall-Wallis ANOVA, p<0.05).  Thus, the effectiveness of 

11 months previous conditioning under flow condition over the long-term established 

reproducible lead release before implementing treatment changes or galvanic connections. 

6.3.1 Release from 100%-Pb pipes 

For the no treatment control condition (Figure 6.3 a) and before connections were made to a Cu 

pipe, measured Pb concentrations varied between 54 and 162 !g/L for the 100%-Pb condition 

with a mean of 70±20 !g/L (phase 2), of which 58±9 !g/L was dissolved lead. OrthoP treatment 

significantly reduced (64%) lead release from the 100%-Pb section from a mean of 72±14 to 

26±9 !g/L (Figure 6.3 b) within 8 days after the onset of treatment (mean: 24±4 !g/L) consistent 

with observations by Xie & Giammar (2011). The concentrations then remained relatively stable 

for 100 days (Figure 6.3 b). Concentrations for 100%-Pb continued to decrease to a mean of 

21±15 !g/L during Phase 3; that is after the physical disturbance and insertion of copper to the 

other rigs.  Before the connection was made to a Cu pipe, the addition of sulfate did not impact 

lead release significantly (14% less Pb) and concentrations were comparable to those obtained 

with the no treatment control condition (Figure 6.3 c). Increasing pH to 8.3 did not significantly 

lower lead release (17% less Pb).  

6.3.2 Release from 20%-Pb pipe 

For the 20%-Pb upstream and downstream pipes without treatment, mean dissolved Pb 

concentrations were respectively 17±3 and 16±3 !g/L, corresponding to 29% and 28% of the 

concentrations found for 100%-Pb. Those values are only slightly higher than would be expected 

(20%) based on the ratio of Pb pipe length exposed to water (60 cm vs 300 cm). For phase 1 and 

2 combined, Pb release observed for both partial 20%-Pb configurations (upstream vs 

downstream) were not statistically different (p>0.05) and the data were combined for subsequent 

analysis. Following the connection to a Cu pipe, for both partial configurations combined, the 

mean Pb concentrations increased significantly by 5.5 times (31±51 to 169±349 !g/L). Based on 
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water samples taken after extended stagnation (> 24 hr) in a similar brand new brass union fitting 

(results not detailed), the fitting itself contributed less than 7 !g/L (14%) to water for the control 

condition in the 2-L samples. Thus, the brass itself was not the source of significantly higher Pb.  

The low Zn levels found following connection to Cu (< 10 !g/L) were similar to that observed 

for the 100%-Pb pipe, also supporting the hypothesis that the brass fitting was contributing 

relatively little overall to metals levels. Following the onset of orthophosphate treatment (orthoP) 

before the junction to Cu pipe, significantly lower Pb release is observed from the PVC/20%-Pb 

configuration than for the 20%-Pb/PVC (p<0.05;7±4 vs 9±5 !g/L). This could be due to the fact 

that the PVC/20%-Pb was exposed to higher concentrations of orthophosphates since it was 

positioned first in the flow sequence in the pilot system. For both partial Pb configurations 

combined, the junction to a Cu pipe increased mean lead release by 13 fold (mean: 103±265 

!g/L) compared to levels observed without the connection to copper.    

As for 100%-Pb, the sulfate treatment did not significantly modify Pb release before the 

connection to copper pipe. But after the connection to copper pipe, the water treated by sulfate 

had a much lower increase in lead (29±24 to 74±120 !g/L) than did the other treatments.  

Moreover, although the error bars indicate high variability, there is a distinct trend towards lower 

concentrations in the higher sulfate condition compared to other treatments.  In both cases, the 

last samples suggested a return to lead values found before the connection to the Cu pipe (22±10 

!g/L).      

Before adding Cu, Pb release increased significantly (p< 0.05) following the adjustment to pH 

8.3 for the PVC/20%-Pb condition (mean from 19±10 to 37±32 !g/L), potentially due to 

deposition of CaCO3 in the first section of the setup which is suspected to increase lead release 

(Hill, 2011). Following the junction to a Cu pipe, Pb release increased by 8 times for partial 20%-

Pb (29±26 to 234±305 !g/L), whereas the release from the 100%-Pb only increased by 2 times 

(78±58 to 158±111 !g/L).      

For all treatments except sulfate, the replacement of 80% of the Pb pipe with Cu resulted in total 

lead release after 16 hours of stagnation (16HS) that were comparable or even higher than those 

observed for the 100%-Pb pipe (Table 6.1). Specifically, in the absence of any treatment, mean 

Pb concentrations for both 20%-Pb configurations were higher than for 100%-Pb before it was 

connected to copper (169±349 vs 70±20 !g/L). The apparent high lead mean release (417±1253 
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!g/L) observed from the 100%-Pb configuration following the simulated disturbance is mostly 

attributable to a single major spike of 4980 !g/L. Without this one sample, lead release observed 

was very comparable to that before connection to copper (91±34 !g/L) and not statistically 

(p>0.05) different from the one for 20%-Pb. For the orthoP treatment, both 20%-Pb 

configurations resulted in released Pb concentrations 5 times higher than were observed for 

100%-Pb (mean 103±265 vs 21±15 !g/L).  This difference is statistically significant (p<0.05). 

For the pH adjustment, the mean Pb concentrations for both 20%-Pb conditions were also in the 

range observed for 100%-Pb (234±305 vs 158±111 !g/L (p>0.05). Conversely, for sulfates 

treatment, concentrations were slightly but significantly (p<0.05) lower than of those found in 

100%-Pb (74±120 vs 85±29 !g/L).  

Table 6.1 Summary of average Pb concentrations during the experiment (!g/L) for the 4 water 

conditions tested. *N=65 instead of 66. 

=5&.-. #

 
N 

R*#
/0-&/2-+/ #

3!g/L)#
J0/5*=#
3!g/L)#

S('Z&/-#
3!g/L)#

6_#MK9#
3!g/L)#

BLLa#=>#616-.#3!g/L)#
! ! ! ! !1-Conditioning 16HS/5LPM 33 64 72 96 93 

2-Treatment 16HS/5LPM 33 70 26 83 78 

3-After junction to Cu 16HS/5LPM 15 417 21 85 158 

3- After stabilization following junction to Cu   
(5-12 weeks after junction) 16HS/5LPM \! Z[! XZ! W\! XXW!

3- After stabilization following junction to Cu   
(6-11 weeks after junction) 16HS/15LPM 

9 339 234 200 190 

3- After stabilization following junction to Cu   
(10 week after junction) 30MS/5LPM [! XZ! [! JL! XW!

Partial 20% Pb pipe 3!g/L)  

! ! ! ! !1-Conditioning 16HS/5LPM 66 22 24 26 19* 

2-Treatment 16HS/5LPM 66 31 8 29 29 

3- After junction to Cu 16HS/5LPM 30 169 103 74 234 

3- After stabilization following junction to Cu   
(5-12 weeks after junction) 16HS/5LPM XO! JLX! KX! [W! JLZ!

3- After stabilization following junction to Cu   
(6-11 weeks after junction) 16HS/15LPM 

18 257 1001 219 690 

3- After stabilization following junction to Cu   
(10 week after junction) 30MS/5LPM W! XZ! XZ! \! XZK!
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6.3.3 Impact of flow rate and stagnation time on dissolved/particulate fraction  

Figure 6.4 summarizes the results of dissolved and particulate lead release monitored during 

Phase 3 (Weeks 25-31), specifically after 16 hour stagnation (16HS) at a flow rate of 5LPM 

(included in Figure 6.3)  and 15 LPM, and following shorter stagnation of 30 min (30MS) at a 

flow rate of 5LPM. 

Extending stagnation from 30 min to 16 h resulted in marked increases in the release of 

dissolved/colloidal Pb (Pbdiss). For 100%-Pb pipes, Pbdiss releases were quite reproducible and 

increased following a typical stagnation curve with mean value after 30 min representing 28-32% 

of the concentration found after 16 hr. Despite higher variability, the concentrations of Pbdiss from 

20%-Pb pipes after 30 min represented also about 24-41% of 16HS concentrations. For both 

100%-Pb and 20%-Pb, 16HS Pbdiss at low flow or high flow were stable (p>0.05) except a slight 

decrease for sulfate treatment at high flow (p= 0.046).  

In contrast, for the 100%-Pb pipes, different trends were observed for particulate lead (Pbpart) 

release depending on the treatment, stagnation and flow conditions. Pbpart represented only a 

small fraction of total Pb release after 30 min stagnation (mean of 16±14%). However, when 

stagnation is extended to 16H, Pbpart release increased drastically (by 7 to 27 times), specifically: 

from 2.1±0.9 to 21±17 !g/L without treatment, 1.3±1.4 to 9±16 !g/L for orthoP, 1.0±0.4 to 9±5 

!g/L for the sulfate treatment and from 2.5±1.3 to 69±106 !g/L for the pH 8.3. After 16HS, Pbpart 

become an important contributor to total Pb release (36±22%) for all treatments except for sulfate 

treatment, for which significantly (Mann-Whitney, p<0.05) lower Pbpart release contributions 

(12±5%) were observed.  

For partial 20%-Pb conditions, the observed release patterns varied. The Pbpart contribution (% of 

total Pb) was generally higher for the 20%-Pb configurations than for the 100%-Pb, even after a 

short stagnation of 30 min (mean: 48±31%).  Increasing stagnation from 30 min to 16 h increased 

Pbpart from 3 times to 25 times for all water conditions (control: 6±9 to 160±436 !g/L, orthoP: 

14±22 to 42±34 !g/L; sulfate: 1.9±2.5 to 14±28 !g/L), except for pH adjustment (159±200 to 

168±297 !g/L). As observed for the 100%-Pb pipes, the 20%-Pb pipes treated with higher sulfate 

also released relatively less Pbpart  (mean 25±18% vs 63±23%) after 16HS, suggesting that sulfate 

addition alters the generation and/or mobility of Pbpart.  
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Figure 6.4 Impact of stagnation time (30MS vs 16HS; 5 LPM) and flow rate (5 LPM vs 15 LPM; 

16HS) on dissolved and particulate Pb release for 20%-Pb partial and 100%-Pb for 3 treatments 

and control conditions. Dots are means; bars are min-max. 100%-Pb: 30MS/5 LPM, N=3; 

16HS/5 LPM, N=15; 16HS/15 LPM, N=9. Partial 20%-Pb:  30MS/5 LPM, N=6; 16HS/ 5 LPM, 

N=30; 16HS/15 LPM, N=18. 
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Raising the flow rate from 5 to 15 LPM resulted in significantly (p< 0.05) greater Pbpart released 

for all treatments and configurations (by 12 times on average). For orthoP, the increase was the 

most pronounced from 9±16 to 225±190 !g/L for 100%-Pb, and from 42±37 to 991±1807 !g/L 

for partial 20%-Pb/Cu. For sulfate treatment, particulate Pb increased from 9±5 to 139±119 !g/L) 

for 100%-Pb and from 14±28 to 198±342 !g/L for partial 20%-Pb/Cu.  For pH 8.3, Pbpart 

concentrations increased less for 100%-Pb (from 68±106 to 181±201 !g/L) than for 20%-Pb/Cu 

pipes (from 189±300 to 654±1380 !g/L). Without treatment, Pbpart increased at higher flow rate 

was also notable for 100%-Pb (21±16 !g/L @ 5 LPM to 284±314 !g/L @ 15 LPM). This large 

increase was not observed for 20%-Pb/Cu  (160±436 !g/L at 5 LPM to 217±215 !g/L at 15 

LPM) but this could be due to the fact that Pbpart had already been dislodged at the lower flow 

rate.  

Additional demonstration of the impact of high flow rates on total Pb release is illustrated on 

Figure 6.5. In this case, the impact is verified on 100%-Pb pipes (13 mm and 16 mm dia.) in 

comparison to background concentrations observed in the same pipes during conditioning. 

Following a period of conditioning of 365 days during which Pb release was stable (44±20 !g/L), 

weekly sampling at high flow was carried out. The increase in dissolved and particulate Pb is 

expressed as a percentage over the background value during conditioning. Higher flow rates 

cause substantial additional release that is clearly associated with lead particles dislodgment, and 

is sustained even after 11 weeks of sampling. On average, lead release increased to 333±409% of 

the background value for those rigs, whereas the rigs sampled at a flow rate of 5 LPM remained 

stable with value of 109±42% over the background value.  
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Figure 6.5 Variations in lead release from 100%-Pb pipes during treatment weeks vs conditioning 

Ð rigs with No treatment taken at medium flow rate (MF) of 5 LPM and rigs with samples taken 

at high flow rate (HF) of 15 LPM. % of release associated with particulate Pb (>0.45 !m) and 

dissolved/colloidal Pb (<0.45 !m; mean±S.D., N=3 per bar). No change between conditioning 

before W12 and test weeks equals 100%. 

6.4 Discussion 

The key features of our experimental pilot testing include the use of aged harvested lead pipes 

connected by brass fittings and operated in realistic flow velocities and volumes, with the 

objective of simulating conditions prevailing in real distribution systems. The careful installation 

and long term operation of excavated LSLs in a pilot facility produced stable and representative 

lead release after a prolonged period of conditioning under daily flow condition (248 days). Pipes 

were always maintained full of water and supplied by the same water in which they had been 

previously exposed. Thus, the work is not subject to confounding factors associated with 

disruption of scales during their extraction, transport and commissioning (Schock & Lytle 2011; 

AWWA, 2005) and potential short and long term impacts from disruptions associated with 

cutting of the pipes (Sandvig et al., 2008).  
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Besides the stability of Pb release, the representativeness of the results from our pilot is best 

demonstrated by a comparison with field observations of Pb release from LSLs. This aspect is 

important to establish whether pilot testing can actually provide valuable predictions of Pb 

concentrations released by full scale LSLs and to determine the potential of corrective treatment 

in terms of concentrations at the tap. After accounting for the dilution of the pilot samples (640 

mL in 2L sample volume), the corrected mean Pb concentrations after 30 min stagnation of  

53±0.8 !g/L Pb for 100%-Pb pilot pipes are in agreement with the 37±17 !g/L measured in the 

LSLs in 2006 and 2008 in the same distribution system (N=35) (Cartier et al., 2011). This overall 

agreement appears satisfactory given the varying characteristics of the field LSLs in terms of 

diameter, flow patterns, mixing, temperature, and other factors. As expected, lead release from 

the pilot is less variable, which is to be expected with controlled pipe configurations, 

reproducible flow patterns and operation. In real LSLs, plumbing system configuration can vary 

widely between sites and operational conditions reflect daily water usage patterns.  

A key component of a lead mitigation plan is corrosion control, which can be achieved by adding 

corrosion inhibitors or adjusting water quality. As full and partially replaced LSL have been 

shown to release significant amounts of Pbpart over extended periods of time, it is essential to 

quantify the impact of treatment on both dissolved/colloidal and particulate, to identify adequate 

corrosion control treatments. However, the efficacy of treatment options for the control of 

particulate Pb release is lacking in light of the recent evidence showing that several aspects of the 

sampling protocols, such as flow rate and regime, greatly affect the occurrence of particulate Pb 

in tap water (Triantafyllidou & Edwards, 2012; Deshommes et al., 2010). Moreover, the sample 

collection flow rate value is not always specified in current sampling protocols (United States 

Environmental Protection Agency (USEPA) 2010). When specified, it can be vague with 

wording as Òmoderate flow rateÓ (Gouvernement du QuŽbec, 2012) or even lower such as the < 2 

LPM suggested by some investigators (Reiber et al., 1997). Such low values have been used 

during field sampling (McFadden et al., 2011; Sandvig et al., 2008) and may not detect risk of Pb 

spikes associated with particulate Pb release (Cartier et al., in press 2012) that can be associated 

with increase in blood lead (Deshommes & PrŽvost, in press 2012).  

Results from the monitoring of the extracted LSLs indicate the relative efficacy of corrosion 

control options on the release of total, particulate and dissolved/colloidal forms of 100% pure Pb 
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aged pipes in Montreal. A higher CMSR and pH adjustment were not effective with small (13% 

and 16% respectively) and non-significant decrease in Pbdiss and Pbpart. Orthophosphate addition 

dramatically reduced lead release by 74% for dissolved/colloidal lead (Pbdiss), which resulted in 

an overall 64% reduction in total lead after accounting for a slight increase in particulate lead 

(27%). The efficacy of orthophosphate to reduce total and dissolved Pb in full system is well 

established (Cardew, 2009; Hayes et al., 2008). The reduction of Pbdiss release from our aged 

pipes in our pilot was substantial (58±9 vs 15±4 !g/L without treatment) and is coherent with 

values observed by Xie & Giammar (2011) and by Edwards & McNeill (2002) for new 

conditioned pipes.  Analysis of multiple system wide reductions of total Pb (90th percentile) 

indicate that the application of orthophosphate (> 1 mg P/L) also decreased particulate lead over a 

decade in England (Cardew, 2009). In our study, Pbpart release increased marginally after 

orthophosphate addition (14±20 vs 11±8 !g/L without treatment) in agreement with prior 

observations in a laboratory setup (Edwards et al., 2001). Our observations in Montreal were 

slightly different from results of Xie and Giammar (2010) that showed larger (10 times) but 

potentially transient increases in Pbpart release (Xie & Giammar, 2011). These large releases of 

Pbpart may also reflect specific testing conditions (conditioned new pipe, recirculating loop). New 

lead pipes are known to react differently than harvested pipes and short term conditioning may 

not be an acceptable substitution (Schock and Lytle 2011).  Considering these elements, we 

believe that the piloting of aged LSLs to assess the efficacy of treatment options was highly 

successful in Montreal.   

Recent research on partial LSL replacement raises substantial doubt on the benefits of partial 

replacements on Pb release and even implies serious concern over a greater potential for sporadic 

acute exposure at the tap. The potential for treatment to prevent or mitigate any additional impact 

of galvanic corrosion is therefore a key question for utilities. Several previous studies on partial 

LSL replacements aimed to establish the conditions and extent of galvanic corrosion under 

controlled conditions (Cartier et al., in press 2012; Triantafyllidou and Edwards 2011; Clark et 

al., 2011), but none of these studies used a flow through design, harvested pipe or systematicaly 

considered the impact of pipe disturbances.  

During a partial LSL replacement, the remaining section of Pb pipe is subjected to significant 

disturbances during the opening and connecting of the copper pipe and union fitting. These 
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disturbances can generate new Pb particles and destabilize existing scales and cause large 

transient Pb release as demonstrated by a pilot experiment (Boyd et al., 2004) as well as in 

numerous field sampling events and utility monitoring data (Triantafyllidou & Edwards, 2012; 

Muylwyk et al., 2011; Swertfeger et al., 2011; Sandvig et al., 2008). This work is the first to 

isolate the potential formation of new pools of Pb formed by galvanic corrosion on aged lead pipe 

sections.  The contribution of even minor pipe disturbances to the release of lead in our system 

can be assessed by comparing results from the 100%-Pb rigs that were subjected to minor 

disturbances, to those from 20%-Pb rigs connected to Cu using a union fitting. Even after 3 

weeks of stabilization, the minor pipe disturbance applied to the 100%-Pb pipes may have 

impacted on lead release as a large single spike was detected (4891 !g/L). However, after 5 

weeks, the 100%-Pb results clearly stabilized back to the levels previously observed for the no 

treatment condition or were significantly lower in the case of orthoP and sulfate treatments 

(p<0.05). Thus, pipe disturbance can certainly lead to significant but transient release of Pbpart 

from the destabilized scales for several weeks.  

After the 5 weeks needed to restabilize Pb release from the 100%-Pb pipes, opposite trends are 

observed for partial Pb pipes connected to Cu, regardless of the treatment considered. For 

samples taken after 16HS at 5 LPM, in all cases, lead release increased after creation of a 

galvanic connection between lead and copper (table 6.1). Our results show that, without 

treatment, with orthophosphate addition and adjustment to pH 8.3, partial 20%-Pb/Cu pipes 

release 6.3-7.2 times more lead than before the connection to Cu, and that nearly all this 

increased release (84-88%) was in the form of particulate lead. Adjusting CMSR by adding 

sulfate was the most efficient treatment to mitigate the adverse galvanic effects arising from 

partial replacement, as Pb release from W25 to W31 only increased by 26% over the value before 

the junction to Cu. 

Contrary to our observations from full LSLs, orthophosphates were not effective in preventing Pb 

release from the aged LSLs after partial replacement. This can be explained by the tendency of 

orthophosphate to increase the galvanic current between lead solder and Cu (Nguyen et al., 

2011b). Another potential explanation is that phosphate deposits at the junction were destabilized 

by the new anodic environment (Schock & Lytle, 2011), causing subsequent Pb release to water.  
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Conversely, sulfate was especially efficient to mitigate Pb release following junction to Cu and 

the impact of the junction completely disappeared after 11 weeks. These findings corroborate 

previous results obtained for solders and lead pipe, affected by galvanic corrosion, that 

demonstrated that sulfate (lower CSMR) inhibits the mechanism of galvanic corrosion (Nguyen 

et al., 2011a; Triantafyllidou & Edwards, 2011). The efficacy of sulfate strongly suggests that 

galvanic corrosion is the main cause of the increased Pb release observed after partial LSL 

replacements in this study.     

Following the 5-week period of stabilization, pH adjustment was the least effective in terms of Pb 

concentrations with 207±301 !g/L for partial 20%-Pb and 116±102 !g/L for 100%-Pb pipes. The 

results from the 100%-Pb pipes suggest that a significant part of this release may be caused by 

the existing scales. Interestingly, the simulation of a replacement on the 100% pipe after pH 

adjustment resulted into the most important short term increases in Pbpart spiking. Furthermore, 

pH adjustment was the only treatment for which Pb values from 100%-Pb pipes did not 

completely restabilize to levels prior to the disturbances after 5 weeks, again because of greater 

Pbpart release (mean Pb release increase by 49% vs before the destabilization associated with 

junction to Cu). However, this variation is not significant (p>0.05). The value of a pH of 8.3, not 

set on the basis of optimal corrosion control, was chosen to test the expected pH following 

operational changes resulting from an upcoming switch from gas chlorine to sodium hypochlorite 

in the distribution system studied. The significant increases in Pbpart release after the disturbances 

could be caused by the greater abundance of hydrocerrusite in the scales at pH 8.3 vs 7.7 (Schock 

& Lytle, 2011); a Pb form which is associated with particulate Pb release (Edwards et al., 2001). 

A relative modest variation of pH can generate an important variation in relative abundance of 

cerrusite vs hydrocerrusite disrupting the scales and resulting in the observed Pbpart spikes. A 

further aggravating mechanism may be pH depression at the Pb-Cu junction due to galvanic 

effect (Nguyen et al., 2010) that can generate a switch back to cerrusite in the scale present at the 

junction during stagnation.  

Based on the results of our study, the sequence of Pb and Cu partial configuration did not 

significantly impact Pb release as in Cartier et al. (in press 2012). Since the effect of sequence in 

Cartier et al. (in press 2012) was significant more than 2 months after the connection to Cu, it is 
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not possible to conclude on that aspect based on few data we have at this point. However, it is 

also possible that existing scales hinder the deposition of Cu or its reaction with the Pb surface. 

Higher flow rate clearly increased lead release from 100%-Pb pipes significantly due to the 

destabilization of lead scale layers, as expected from prior observations (Britton & Richards, 

1981, Xie & Giammar, 2011; Triantafyllidou & Edwards, 2012). Specifically, for the no 

treatment condition, total Pb concentrations raise from 73±11 to 339±319, and 99% of this 

increase is under the form of particulate Pb (>0.45 !m). Similar increases are also noted for the 

other treatment conditions, again nearly completely under the form of particulate Pb (Figure 6.4). 

It is noteworthy that the increased lead release from the 100%-Pb of the smaller diameter under 

periodic high flow rates is sustained over time, even after 10 weeks of alternating low flow 

operation and high flow sampling (Figure 6.5). These observations suggest that particulate 

release from scales represent a long term and potentially acute health issue if uncommonly high 

flow rates occur in household service lines. 

When Pb is connected to Cu, additional Pb release will result in varying proportions from 

existing scale destabilization and detachment from the Pb buildup at the Cu-Pb junction caused 

by galvanic corrosion. Based on 100%-Pb pipes results, it is possible to estimate the relative 

contributions from the destabilization of scales and from the junction to the Cu pipe 

(supplementary material, Annex 1). At the lower flow rate of 5LPM, contributions of total Pb 

resulting from the junction to the copper pipe are estimated at 46 !g/L for orthoP treatment, 164 

!g/L for pH 8.3, 13 !g/L for the sulfate treatment, and 169 !g/L without treatment.  In this work, 

even for the pH treatment associated with sustained contributions from destabilized scales, 

galvanic corrosion is the dominant contributor to the increased Pb release after partial 

replacement (164 !g/L vs 14 !g/L).  

Contribution of the connection to Cu in total lead release under a flow of 15LPM are 

substantially higher and  estimated at 929 !g/L for orthoP treatment, 621 !g/L for pH 8.3, 150 

!g/L  for the sulfate treatment and 109 !g/L without treatment.  Since multiple spikes were 

observed under both normal and high flow, this method has its limitation explaining the low 

value observed without treatment. However, it is clear that the periodic application of sampling 

flow rate of 15LPM causes proportionally more Pb release for partial LSLs that have been 

exposed to orthophosphate and pH adjustment. These observations confirm that the junction of 
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harvested Pb and new Cu pipes connected by a typical union in which the Pb and Cu material are 

in direct contact can form scale that are destabilized under sporadic higher flow rates, as was 

observed in prior research performed with new Pb and Cu pipes connected by a wire and fed with 

orthophosphate treated municipal water with low flow rate/stagnation sequence with periodic 

medium/high flow conditions (Cartier et al., in press 2012). Our results also clearly show that 

adjusting water quality to conditions of lower potential for galvanic corrosion (high sulfate) limits 

this contribution, but not at a flow rate of 15LPM. The results also demonstrate that the 

connection of a small section of an aged Pb pipe to a new Cu pipe, may result in more Pb release, 

that is obtained from a much longer (5X) 100%-Pb pipe that is left undisturbed.  Longer term 

studies with this rig are in progress to determine whether assumed long-term benefits from partial 

replacements are ever realized.  

Both flow rate and stagnation time were important for both 100%-Pb and 20%-Pb connected to 

Cu (Figure 6.4).  Particulate lead was almost always dominant under high flow and was 

especially pronounced for partially replaced LSLs, regardless of treatment. At high flow, Pbpart 

release dwarfs Pbdiss and all gains associated with orthoP treatment are lost. Specifically, mean 

total Pb release observed from 20%-Pb and 100%-Pb were 1001±1808 !g/L and 234±191 !g/L 

respectively when samples are collected under a flow of 15 LPM after 16 hr. This corresponds to 

an amplification of release, almost all Pbpart (96-94%), by factors of 59 and 78 times in 

comparison to 30-min stagnation.   If this behavior persisted over the long-term the results raise 

concerns about the usefulness of short stagnation protocol in meeting health standards (Health 

Canada, 2009; Ontario regulation, 2007; European commission, 1998). The high fraction of 

particulate lead also justifies use of stronger acid digestion protocols  (Triantafyllidou et al., 

2012), since supplemental work on samples with visible particles indicated that heated 5% HNO3 

digestions recovered slightly more lead than samples held more than 24 hours with 0.5% HNO3 

at room temperature (Figure SM-1.1, Annex 1).  Previous work demonstrated that these particles 

are often bioavailable and can contribute significantly to human exposure at the tap (Deshommes 

& Prevost, in press 2012).  
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6.5 Conclusions  

¥ Flow through intermittent flow piloting of harvested LSL is an excellent experimental 

tool to produce representative data and assess the efficacy of treatment and the impact of 

partial LSL replacement. 

¥ Partial (80%) replacement of a Pb pipe causes sustained lead release (at least up to 12 

weeks), mostly in the form of particulate Pb, that is almost entirely caused by galvanic 

corrosion between aged LSLs to new copper. Resulting concentrations released from the 

remaining 20% section of the LSL approach and sometimes exceed those observed for 

100%-Pb pipe (without partial replacement) at a flow of 5LPM. 

¥ Flow conditions affect total lead release and especially impacts Pbpart release from both 

100%-Pb and 20%-Pb/Cu configurations. Occasional high flows are associated with 

sustained and lead spikes of acute health concern over several months. This sustained and 

erractic Pb release calls into question the often assumed benefits of partial LSL 

replacement.   

¥ In comparison to a full 100%-Pb pipe without treatment, orthophosphate reduced total 

lead release by 64% at a flow of 5LPM and did not aggravate lead release at high flow 

rate. However, Pb release from galvanic Pb-Cu configurations is not improved by the 

addition of orthophosphate, and created significant lead spikes especially at higher flow 

rate. 

¥ Sulfate treatment had limited impact on Pb release from 100%-Pb rigs but effectively 

decreased Pb release from galvanic connections between aged lead and new copper (20%-

Pb/Cu partial pipes).  After 3 months, lead concentrations in the high sulfate water, were 

comparable to those before the connection between lead and copper was created.    

¥ The impact of stagnation varies for dissolved and particulate Pb release. Particulate Pb 

fraction increases systematically following stagnation. Protocols based on a short 

stagnation of 30 minute stagnation may not be adequate to assess total lead release over 

longer stagnation. 
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CHAPITRE 7 PUBLICATION # 5 IMPACT OF WATER TREA TMENT 

OF THE CONTRIBUTION OF FAUCETS TO DISSOL VED AND 

PARTICULATE PB AT TH E TAP 

Le chapitre 7 prŽsente les rŽsultats dÕune Žtude effectuŽe dans un complexe de b‰timents alimentŽ 

par une usine de traitements de lÕeau du rŽseau de distribution de Laval. Aucune conduite en 

plomb nÕa ŽtŽ dŽtectŽe sur le territoire desservi par cette usine, ainsi aucun Žchantillon prŽlevŽ 

dans des rŽsidences nÕa ŽtŽ ŽtudiŽ dans le cadre de ce projet. Cette Žtude comprend les diffŽrents 

aspects traitŽs prŽcŽdemment pour les conduites en plomb : 1) une Žvaluation de la problŽmatique 

observŽe sur le terrain ; 2) une mŽthodologie pour dŽtecter les sources de plomb ; 3) une 

Žvaluation des mŽcanismes de relargage ; 4) une Žtude des traitements de contr™le de la corrosion 

sur les ŽlŽments connectŽs de la m•me mani•re quÕils le seraient dans rŽseau de plomberie. Pour 

les points 3 et 4, une source de plomb a ŽtŽ ciblŽe : les robinets en laiton. Cette Žtude a ŽtŽ 

rŽalisŽe en partenariat avec le SCC. Cet article est actuellement sous presse dans la revue Water 

Research. 
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ABSTRACT 

A field study was performed in a building complex to investigate the extent and sources of 

lead (Pb) release in tap water and brass material was found to be the main contributor in 

the very first draw (250 mL). Based on these results, a pilot installation was built to study 

Pb leaching from old and new faucets in the presence and absence of a connection to Cu 

piping. Four water quality conditions were tested: i) no treatment; ii) addition of 0.8 mg 

P/L of orthophosphate; iii) pH adjustment to 8.4; and iv) adjustment to a higher chloride 

to sulfate mass ratio (CSMR; ratio from 0.3 to 2.9). Pb concentrations in samples taken 

from the faucets without treatment ranged from 1 to 52 µg/L, with a mean of 11 µg/L. The 

addition of orthophosphate @ 0.8 mg P/L (OrthoP) was the most effective treatment for 

all types of faucets tested. On average, OrthoP reduced mean Pb leaching by 41%, and 

was especially effective for new double faucets (70%). In the presence of 

orthophosphates, the relative proportion of particulate Pb (Pbpart) (>0.45 µm) increased 

from 31% to 54%. However, OrthoP was not efficient to reduce Zn release. The higher 

CSMR condition was associated with greater dezincification of yellow brass but not of red 

brass (low-Zn). Corrosion control treatment influenced Pb concentration equilibrium, 

directly impacting maximal exposure. Significantly higher Pb release (3 fold) was 

observed for 1 of the 8 faucets connected to Cu exposed to high CSMR water, suggesting 

the presence of galvanic corrosion.  

Keywords: drinking water; corrosion; lead; pilot-study; brass; dezincification; galvanic 

corrosion; faucet. 

7.1 Introduction  

Plumbing containing brass devices or Pb solders may cause Pb concentrations at the tap to 

significantly exceed established standards (Elfland et al., 2010; Boyd et al., 2008; Lytle et al., 

1994). Brass faucets represent an ongoing source of Pb, in both large buildings and houses. The 

situation is aggravated in large buildings because of the large numbers of such devices in their 

premise plumbing. The National Sanitation Foundation and American National Standards 
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Institute (NSF/ANSI) 61 (Section 9) is a standard introduced to certify the safety of endpoint 

devices. This standard determines that the maximum concentration in brass respects the regulated 

Pb content, set at 8% in the US Safe Drinking Water Act (P. L. 99-339). It also limits to 11 !g 

the mass of Pb that can be released by an endpoint device, such as a brass faucet (NSF & ANSI, 

2007). The capability of certified elements to respect this standard was questioned 

(Triantafyllidou and Edwards, 2007), resulting in changes to these certification requirements. 

Specifically, NSF 372 was introduced to reduce to 0.25% the maximum admissible Pb content in 

devices in contact with drinking water (NSF, 2010). This new certification is in line with 

upcoming obligations set in the US under the Safe Drinking Water Act that come into effect in 

2014 (P. L. 111-380; U.S. Federal regulation, 2011). Meanwhile, NSF 61 standard was also 

strengthened, effective July 2012, to reduce the total acceptable release of Pb from an endpoint 

device  to 5 !g (NSF & ANSI, 2007). 

The main elements of brass, zinc (Zn) and copper (Cu), can both be affected by corrosion, 

although Zn can be preferentially released. This type of corrosion, called ÒdezincificationÓ (Lytle 

and Schock, 1996; Sarver et al., 2010), is generally less desirable than uniform corrosion, because 

it remains over time which can lead to device failure (Sarver et al., 2010). Dezincification is also 

considered a major promoter of lead release (Sarver et al., 2010; Kimbrough, 2007). Low-Zn 

brass (red brass) tends to reduce dezincification (Sarver et al., 2010), but could be more 

problematic in terms of Pb release (Zhang and Edwards, 2011a). In terms of kinetics, the release 

of Pb by brass plumbing devices is a relatively slow phenomenon, compared to the dissolution 

rate of pure Pb (Lytle and Schock, 2000). Nevertheless, a significant amount of Pb can be 

released from brass devices when they are new (Kimbrough, 2007; Lytle and Schock, 1996), in 

part due to an unequal distribution of lead in the alloy, as the lead tends to migrate to the internal 

surfaces of the parts during molding (Elfland et al., 2010). Friction between the moving parts or 

erosion of the parts in brass faucets can also generate lead release (Boyd et al., 2008; Lytle and 

Schock, 1996).  

Elevated concentrations of chloride (>200 mg/L) (Turner, 1961; Zhang et al., 2011b) or natural 

organic matter (NOM; >1 mg/L) (Arnold Jr., 2011), low alkalinity and a pH near 8 (Zhang et al., 

2011a), and the presence of ammonia in large amounts (>15 mg/L) (Brandl et al., 2009) are 

factors identified as promoting dezincification.  
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Galvanic corrosion occurs when a less noble metal is in contact with a nobler one (Jones, 1996). 

For leaded material, galvanic corrosion can be promoted by a chloride to sulfate mass ratio 

(CSMR) higher than 0.5 (Edwards and Triantafyllidou, 2007). Brass devices can also be affected 

by galvanic corrosion when they are joined to Cu components, but this type of corrosion does not 

occur systematically (Edwards and Triantafyllidou, 2007). In certain cases, the corrosion current 

sometimes protects the brass preferentially over the Cu (Edwards and Triantafyllidou, 2007). In 

fact, higher Pb concentrations have been found in brass material connected to plastic piping than 

with Cu piping (Kimbrough, 2007). However, this could also be caused by the consumption of 

oxidant by the Cu piping (Sarver and Edwards, 2011).  

Orthophosphate (OrthoP) addition has been demonstrated to be an effective remedy for the 

release of Pb from Pb pipes (Edwards and McNeill, 2002; Hayes et al., 2008). In the case of 

brass, it is thought that OrthoP mainly act as an Òaging acceleratorÓ, reducing the time required 

for Pb and Zn levels to stabilize (Lytle and Schock, 1996; Zhang and Edwards, 2011b). 

Conversely, a significant decrease in Pb release from brass materials was observed in a bench 

scale test (pH 7-8; alkalinity 20-150) (Tam and Elefsiniotis, 2009; Boffardi & Sherbondy, 1991), 

and the formation of a thick scale of Zn phosphates on brass was confirmed (Yohai et al., 2011). 

For brass connected to Cu, OrthoP can protect the brass from galvanic corrosion by sacrificing 

the Cu instead (Arnold Jr., 2011). At full scale, OrthoP treatment was found to be effective in a 

large building in one study (Lytle et al., 1994), although the Pb sources involved were not 

identified.  

Adjusting pH and increasing alkalinity, either alone or together, are other commonly used 

methods for controlling corrosion. The optimal pH for reducing Cu and Pb corrosion varies 

between 7.5 and 9.5 (Health Canada, 2009). A rise in pH (pH>8) usually prevents the corrosion 

of red and yellow brass, but very high pH can promote meringue-type dezincification (Lytle and 

Schock 1996). Raising pH or alkalinity, or both, has been found to be the most appropriate 

method for reducing Zn leaching through the formation of carbonate deposits (Zhang and 

Edwards, 2011b). However, high alkalinity may also be associated with an increase in the amount 

of Cu and Pb released (Tam and Elefsiniotis, 2009). 

There is no clear consensus on the effectiveness of corrosion control treatments to reduce Pb 

release from brass devices. This study aims to investigate Pb release from both old and new 



  157 

 

faucets connected to Cu pipes using configurations that can generate galvanic effects in typical 

premise plumbing. These faucets were subjected to various water qualities, including corrosion 

control treatments and increased chloride concentrations, in order to generate galvanic corrosion 

and dezincification. The study was designed to bridge results from previous laboratory studies 

(Zhang and Edwards, 2011b; Yohai et al., 2011; Edwards and Triantafyllidou, 2007; Lytle and 

Schock, 2000) and field reports (Elfland et al., 2010; Lytle et al., 1994). Comparing old and new 

faucets provides insight into the effectiveness of treatment options in existing buildings. 

7.2 Materials and methods  

7.2.1 Field sampling 

Lead occurrence was investigated in the water distribution system of a federal penitentiary 

complex consisting of 15 buildings built in the 1930s and later expanded and partially renovated. 

This federal system provides water to 236 permanent residents (inmates) and 189 non residents. 

First, a tap survey was performed on 35 taps at various points of use in the buildings. Dissolved 

and total metal concentrations were measured (250 mL first draw after >8 to 24 h of stagnation). 

Sequential concentration profiling was then performed at fountains (N=3) and single inmate cell 

single faucets (N=3). Finally, a detailed source contribution investigation was conducted on one 

section of the system to determine the relative contribution of various sections of the piping 

upflow of a double faucet tap. A throughout analysis of the plumbing system was performed from 

the tap to the entry point and devices such as valves were clearly identified, no full lead device 

was detected. 

7.2.2 Faucets pilot study 

Two types of faucets were tested at pilot scale:  

1) Old faucets from the building complex, used for more than 20 years (24 single and 16 

double);  

2) New faucets (16 single and 16 double) complying with the current NSF 61 (Section 9) 

certification.  
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Tests were performed in duplicate on nine configurations of each of the four water quality studied 

(detailed below), for a total of 72 taps (Figure 7.1), some of which were connected to Cu pipes 

(12.6 mm diameter and 200 mm length). The faucets were rinsed once daily, 5 days/week, at a 

flow rate of 1 L to 2 L/minute for the duration of the study, for a total of 11 L/tap, and then 

returned to stagnation state. Samples were taken after a stagnation of 24 h which meets the 

Canadian recommendations for sampling in non residential buildings, which consist of taking the 

first 250 mL after >8 to 24 h of stagnation (Health Canada, 2009). Faucets were tested for a total 

of 23 weeks (i.e. >150 days). They were operated with tap water for 10 weeks until Pb 

concentrations stabilized. Treatments were then applied and 8 samples/tap were taken over a 13-

week period.  

A profiling protocol was also used to determine Pb concentrations as a function of stagnation 

time, in order to estimate the rate of mass transfer in two new double faucets treated with 

orthophosphates and the application of a pH adjustment. Samples were taken after stagnation 

periods ranging from 0 to 100 h. These profiling tests were repeated for the same 4 taps before 

and after treatment. 

The characteristics of the municipal water feeding the pilot system were the following: mean 

alkalinity of 25 mg of CaCO3/L, pH of about 7.6 ± 0.2, total organic carbon (TOC) concentration 

between 2.5 and 3.0 mg/L, chlorine concentration below the detection limit (<0.03 mg/L), 

chloride concentration of 8±2 mg/L, sulfate concentration of 25±2 mg/L, and a CSMR of 0.3 

(very low risk of galvanic corrosion). Monitored background metal concentrations were minor 

(mean conc: 0.3 !g Pb/L; 11.4 !g Zn/L; 2.4 !g Cu/L) and were subtracted from the measured 

concentrations from the pilot to obtain net metal released by the devices. The mean temperature 

of the water was 20oC (16.5-23oC).  Treatments included: 1) addition of OrthoP in the form of 

phosphoric acid @ 0.8 mgP/L; 2) pH adjustment (pH) using caustic soda at a target value of 8.4 

and an increase in alkalinity from 25 to 27 mg/L of CaCO3; 3) higher chloride concentration 

using sodium chloride to increase the CSMR to a value of 1.0 for 4 weeks, and then of 2.5 for 13 

weeks, to cover the expected range of change of coagulant at the drinking water treatment plant; 

and, finally, 4) untreated tap water feeding the pilot.  
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!
Figure 7.1 Schematic of one of four sections of the faucet pilot.  
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7.2.3 Analytical method  

Metal analysis was performed on all the liquid samples using inductively coupled plasma mass 

spectrometry (ICP-MS) (Elan 6100, Perkin Elmer, QC), following digestion with 0.15% nitric 

acid (pH<2) for 24 hours at 4oC based on USEPA method 200.8 (1994) with detection limits of: 

0.1 µg Pb/L, 5 µg Fe/L, 0.1 µg Cu/L, 2 µg Zn/L, and 1 µg Sn/L. Dissolved concentrations were 

measured after filtration with syringe filter cartridge (Millex, 0.45 !m, PVDF). Those cartridges 

were confirmed not to contribute or adsorb lead or copper (< 0.1 !g/L) when used with ultrapure 

water. Temperature, pH (using a Hach SensIon-1 portable pH meter carefully immersed), and 

alkalinity (method 2320-B; APHA & AWWA, 2005), chloride, phosphate, sulfate, and nitrate 

using ionic chromatography based on USEPA method 300.1 (1997) were monitored weekly. 

Heterotrophic plate counts (HPCs) of bacteria were measured using the membrane filtration 

method and incubation on R2A agar at 20oC for 7 days according to method 9215-D (APHA & 

AWWA, 2005).   

7.2.4 Material composition analysis  

The composition of each device (faucet and nipple) was determined from cut sections. The 

internal surface of each device component was scraped, then digested with 5% nitric acid (EMD, 

Omni Trace) at 105oC using a protocol adapted from method 3030E (APHA & AWWA, 2005) 

for 50 mL samples. A total of 33 samples were analyzed: 5 from nipples, 3 from old single 

faucets, 10 from new double faucets (5 necks and 5 valves), 10 from old double faucets, and 5 

from new single faucets. The metal concentrations (Zn, Cu, and Pb) were then measured using 

ICP-MS (ICP-MS 7500a, Agilent) by an ISO 17025 certified laboratory. Hydrochloric acid 

(0.5%) (EMD, Omni Trace) was added prior to the analysis. 

7.2.5  Surface deposit analysis 

Surface analysis was performed directly on pieces cut from the devices studied using X-ray 

photoelectron spectroscopy (XPS) and Time-of-Flight Secondary Ion Mass Spectrometry (TOF-

SIMS). XPS Analyzer (VG, Escalab 3 MKII) was used with the Wagner factor to evaluate the 

composition of brass deposits at the nipple and the Cu pipe junction (5 samples). Finally, TOF-

SIMS (Ion-TOF SIMS IVc) was used to evaluate the composition of deposits formed on new 

brass exposed to the control water and orthophosphates (3 scans on 2 samples).  
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7.2.6 Statistical analysis 

General regression analyses were performed on log transformed data using the software 

Statistica, version 9.0 (StatSoft, 2009). Nonparametric Mann-Whitney U Test was performed to 

compare variables. Unless stated otherwise, a significance threshold of p<0.05 was used. 

7.3 Results  

7.3.1 Field study 

The tap survey results showed that tap metal concentrations were amplified by up to 1000 times 

for Pb and 1600 times for Zn, as compared to the incoming municipal distributed water results 

(Table 7.1). Multiple regression models were applied in an attempt to identify the most probable 

sources of Pb release.  Log transformed dissolved Pb (Pbdiss) was more strongly associated with 

Cudiss, and to a lesser extent with Zndiss and Snpart, although the overall variance explained by the 

model was modest (R2=0.38). Pbpart was well predicted by Zndiss, and less well by Znpart and Snpart 

(R2= 0.61). 

Table 7.1 Metal concentrations in first draw samples from various types of faucets in the field 

study (250 mL after > 8 to 24 h of stagnation); median (90th percentile).  
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Sequential sampling profiling was conducted at two types of taps to determine the impact of 

flushing on Pb concentrations in the premise plumbing. Figure 7.2 shows that particulate and 

dissolved Pb release from single faucets was almost entirely restricted to the first 250 mL after 

stagnation, and represents 74% of the Pb measured during stagnation in the first 1.5 liter draw. In 

the case of the drinking water fountains, Pbdiss and Pbpart concentrations increased up to the fourth 

draw, and remained high in the first 2.6 liters.   

 
 

 
 

Figure 7.2 Pb concentrations in samples from single faucets (N=3) and drinking fountains (N=3) 

in the field study (after > 8 to 24 h stagnation). Dots are mean values, bars are min/max values. 

Average flow rates: faucet @ 7 LPM; fountain @ 1.3 LPM.   
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measurements taken in successive sections of the internal distribution system upflow of this tap. 

Corresponding samples were then taken directly from the tap and upstream of the premise 

plumbing (first draw), from the Cu riser distribution pipes with Pb/Sn solder (25 mm ¯) (same 

tap as first draw but after flushing 1 L from the tap), from secondary grey iron (iron with 3% 

carbon and 1% silicon) distribution pipes (51 mm ¯) after flushing 1 L from the tap, and from the 

service line pipes (76 mm ¯) after flushing 1 L from the tap. Figure 7.3 shows the results for 

dissolved and particulate metals measured in the four sections of the premise plumbing. In the 

first 250 mL, the total Pb concentration is about 8.2 times greater than in the second flush sample, 

with a minor particulate fraction (5 !g/L for this specific point). Fe concentrations decline 

steadily while and Cu and Zn concentrations increase in the piping directly upstream of the tap. 
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Figure 7.3 Metal concentration profiles measured in different sections of the internal distribution 

system during the field study (> 8 hours stagnation). Tin concentrations were BDL (<0.5 !g/L). 
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7.3.2 Pilot study 

7.3.2.1 Faucet evaluation without treatment 

Various types of brass were used to fabricate the plumbing devices studied, reflecting 

manufacturing constraints of malleability and resistance to corrosion (Table 7.2).  The material 

used in new double faucets was primarily biphasic yellow brass with a neck containing negligible 

Pb concentrations (0.3±0.3%). New single faucets were composed of a beta phase alloy, and old 

single faucets were made of red brass with relatively high Pb concentrations (6±1%). The nipple 

content was variable and therefore potentially biphasic. Finally, the old double brass faucets brass 

content was highly inconsistent and difficult to characterize (from 0 to 6% Pb and from 9 to 38% 

Zn). No significant variation was measured in the content of the materials between the external 

and internal surfaces of the devices, and metal recoveries varied between 83% and 115% for all 

samples. From the outside, the old and new single faucets appeared similar, however cut sections 

showed marked differences in their internal volumes (Figure 7.4). Specifically, the internal 

volume (24 mL) and contact area (60 cm2) in an old single faucet exceeded those in new single 

faucets by a factor of 9.7 and 4 times respectively. Sections of new double faucets also revealed 

reduced internal volume (31 mL in total) at the junction of the hot and cold water valves, while 

the volume exposed to brass in the old double faucets varied between 53 mL and 106 mL.  

 

Table 7.2 Content of brass devices studied in the pilot experiment (Zn, Cu, Pb) in terms of % of 

mass abundance (w/w); mean±S.D.  

 

N of 
components 

tested Zn Cu Pb 
Nipple 5 28±5% 65±10% 1±2% 
Old single 3 8±1% 78±8% 6±1% 
New double / neck 5 31±2% 70±6% 0.3±0.3% 
New double/ valve 5 40±4% 61±5% 2.0±0.8% 
Old double 10 25±12% 74±9% 2±3% 
New single 5 43±3% 59±3% 2.0±0.1% 
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Results presented in Figure 7.5 can be interpreted considering the temporal variations of Pb 

release from different control faucet types and the variations in Pb release between similar 

control faucets. Variability observed in the old single faucets with a nipple junction is attributable 

to a systematically higher Pb release from one faucet (Old-SF-N-2) than from the other (Old-SF-

N-1). When compared to results from the full scale tap sampling (Table 7.1), concentrations for 

the pilot control single faucets connected to a brass nipple with/without a connection to a Cu pipe 

(22±10 !g/L, N=48) are significantly lower than those for the 8 taps in the building complex 

(295±365 !g/L) (p<0.05). Similar differences are observed between field double faucets tap 

results (175±174 !g/L, N=18) and those of double faucets with and without a connection to a Cu 

pipe (11±8 !g/L, N=48) (p<0.05). Finally, concentrations from the control (Figure 7.5) and from 

treatment taps prior to the onset of treatment (not shown) were not significantly different 

(p>0.05). 

7.3.2.2 Impact of treatment and the connection to a Pb pipe on Pb release 

Table 7.3 summarizes the results of dissolved and particulate Pb release in 250 mL samples after 

treatment for the new double faucets (with and without Cu piping), the new single faucets (with 

and without Cu piping), the old double faucets (with and without Cu piping), the old single 

faucets with a nipple (with and without Cu piping), and the old single faucets without a nipple.  

 
 
 
 
 
 
 

 a)  b) 
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!

 
#

Figure 7.5 Pb concentrations in samples from the nine faucets tested without treatment in the 

pilot experiment (2 replicates/sampling for 12 events). Bars represent min-max. New single 

faucet with/without Cu pipe (New-SF/New-SF-Cu); old single faucet with/without nipple or with 

nipple and Cu pipe (Old-SF/Old-SF-N/Old-SF-N&Cu); new double faucet with/without Cu pipe 

(New-DF/New-DF-Cu); old double faucet with/without Cu pipe (Old-DF/Old-DF-Cu). 

Concentrations measured in 250 mL. 
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Table 7.3 Lead concentrations; mean±SD and mean % of particulate Pb (Pbpart) released by 

faucets after treatment in the pilot experiment (N=32 except N=16 for old single faucets and 

N=24 for old single faucets with nipple treated with orthophosphate). All concentrations 

measured in 250mL sample volume. 
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For the old single faucets, OrthoP seemed to decrease Pb concentrations, but not significantly, 

and pH adjustment was not effective. When connected to a nipple, this decrease was higher and 

significant (p<0.05), suggesting that orthophosphate was more effective on the yellow brass of 

the nipples than on the red brass of the old single faucets. For new double faucets, both 

treatments reduced the mean Pb concentrations significantly, by 30% for the pH adjustment and 

by 70% for the orthophosphate. Figure 7.6 shows the impact of treatment on mean Pb 

concentrations for all new double faucets (with and without a Cu pipe). A similar and significant 

decrease (36%) was also observed for the old double faucets treated with OrthoP, although 

concentrations were more variable. For the new single faucets, concentrations observed were 
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especially low and significantly (p<0.05) lower after the addition of OrthoP, with mean Pb 

concentrations reduced by 33%. 

 

#
 

Figure 7.6 Pb concentrations in samples from the pilot experiment, new double faucets before 

and during treatment (control; high chloride; pH adjustment to 8.4; orthophosphate 0.8 mg P/L). 

Dots represent median, boxes represent the 25th-75th percentiles and bars represent min-max 

values (N=4).   

 

The impact of greater chloride content on Pb release in the 250 mL tap samples is not evident 

when considering the combined results of faucets with and without copper pipe connections 

(Table 7.3). In the absence of a connection to a copper pipe, mean estimated Pb concentrations 

within the new double faucets rose from 59±12 (N=8) to 89±28 µg/L (N=16) (p<0.05), while 
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they remained relatively stable in the control taps (80±22 !g/L to 86±12 !g/L) (N=8 and 16). 

Conversely, higher chloride content resulted in less Pb released from the old single faucets made 

of red brass (136±69 !g/L (N=8) to 87±16 !g/L (N=16)), while controls remained stable (mean 

of 100±64 !g/L and 92±36 !g/L). Overall, increasing chloride also slightly augmented Zn release 

from all old and new faucets made of yellow brass.  In the absence of a Cu connection, Zn 

concentrations within all yellow brass faucets rose from a mean of 2 438 !g/L (N=24) without 

chlorides to 4,727 !g/L (N=48) (p>0.05) with chloride.  

 

! 
Figure 7.7 Zn concentrations in samples from the pilot experiment, new single faucets exposed to 

the four treatments (control; orthophosphate 0.8 mg P/L; pH adjustment to 8.4; higher chloride) 

with/without Cu piping during treatment. Dots represent mean value of two replicate for 12 

events.   
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Finally, considering yellow brass faucets and all conditions, adding a connection to a Cu pipe 

resulted in a non-significant decrease in Pb concentrations within faucets from a mean of 141 

!g/L to 134 µg/L (N=192). Combining all treatment conditions, a significant increase was 

observed for Zn concentrations from a mean concentration of 3,601 !g/L Zn without a Cu 

connection, to 8,187 µg/L Zn with a copper connection (N=192) (p<0.05). In fact, the impact of a 

copper connection is clearly seen for some of the faucets especially in the presence of high 

chlorides. In the case of single new faucets exposed to chloride, the connection to a copper pipe 

resulted in a large and significant mean increase (420%) of Zn concentrations that can be clearly 

observed (Figure 7.7).  Moreover, Zn concentrations appear to increase progressively throughout 

the experiment, suggesting that no passivation is being established. It can also be seen that the 

impact of a Cu connection is less pronounced and variable for the control faucets (14,073±1,753 

!g/L Zn) than for the faucets subjected to treatment (up to 43,457 !g/L Zn). The impact of the 

combination of higher chloride and a Cu connection was not significant on Pb release from those 

single faucets. On the contrary, the combination of high chloride and a connection to a Cu pipe 

was associated with a large and significant increase in Pb release in one old single faucet with 

nipple and Cu piping (Figure 7.8). Lead, mostly dissolved and colloidal (85%), increased by a 

factor of 300% relative to the control faucets (Old-SF-N-1 and Old-SF-N-2) and the replicate 

faucet (Old-SF-N&Cu-1). For this particular faucet, zinc release was relatively low, especially in 

comparison with its replicate (Old-SF-N&Cu-2). # #
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Figure 7.8 a) Pb concentrations and b) Zn concentrations in the pilot experiment, old single faucet 

with a nipple with/without a copper pipe connection (Old-SF-N/Old-SF-N&Cu) before and after 

chloride addition. Dots represent the median, boxes represent the 25th-75th percentiles, and bars 

represent min-max values.  (Without chloride: N=4; With chloride N=8).  

 

The fractions of particulate Pb before and after treatment are summarized in Table 7.3. For all 

faucets combined, this fraction increased from 31% to 54% when OrthoP is applied. This impact 

was most pronounced for the new double faucets (from 24% to 67%) and negligible for the old 

double faucets with stable fractions stable of about 40%. The fraction of particulate Pb in the 

field tap samples was comparable, at 41% for both single and double faucets and 32% for 

fountains. 

The impact of all treatments investigated for regulatory compliance can be assessed by 

comparing the frequency of exceedances of the 10 !g/L guideline in tap water after extended 
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stagnation (Health Canada 2009; WHO, 2004) (Table 7.4). In this case study, OrthoP treatment 

decreased exceedances by 20% and pH adjustment by 13%, while increased chloride 

concentrations increased Pb release in all faucets by 6%. 

 
Table 7.4 Percent of water samples exceeding the 10 !g/L total Pb guideline for each faucet 
configurations tested in the pilot study. 

#
R*#/0-&/2-+/##

3!#]--b.g#RVI@8#
QZ/-0#/0-&/2-+/#

3M#]--b.g#RVB!!8#
4*+/0*' # !!a# !@a#
J0/5*=# !7a# @7a#
6_#MK!# 9@a# BOa#

_1<5#;5'*01,-# 9Ma# !!a#

 

7.3.2.3 Stagnation profiles  

Stagnation models were built for the new double faucets without Cu piping. The Pb release rate 

was estimated considering the concentration of Pb in the tap water, the surface area of the faucet 

in contact with water, the volume of water and neglecting diffusion (van der Leer et al. 2002). 

Figure 7.9 a presents the concentration profiles of Pb release after stagnation time before and 

after OrthoP addition (0.8 mg P/L). Before treatment, the estimated equilibrium concentration 

reached 72 µg/L inside the faucet (9 µg/L in 250 mL) for both conditions, corresponding to a 

mass transfer rate of 0.006-0.008 µg/m2/s. After treatment, the mass transfer rate decreased to 

0.003 µg/m2/s, and the equilibrium concentration dropped to 19 µg/L, a decrease of 74%. 

Nevertheless, the addition of OrthoP decreased both the equilibrium concentration and the mass 

transfer rate. In contrast, adjusting the pH had less effect (Figure 7.9 b) on both the equilibrium 

concentration, which decreased from 72 µg/L to 54 µg/L after treatment, and the mass transfer 

rate, which increased slightly (0.006 to 0.006-0.012 µg/m2/s). The general trend for dissolved and 

particulate Pb release (data not shown) was the same as for total Pb release, confirming that Pb 

release mechanisms for brass stabilize over time. 
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Figure 7.9 Stagnation profiles performed during the pilot study and best-fit curve obtained for a 

dissolution model (van der Leer et al., 2002). Estimated Pb concentration in the new double 

faucets: a) before treatment (N=22) and with orthophosphate - 0.8 mg P/L (N=12); b) before 

treatment (N=22) and with pH adjustment to 8.4 (N=12).  

 

7.3.2.4 Surface deposit analysis 

Most devices made of yellow brass showed visible evidence of dezincification in the form of 

Òorange depositsÓ over their internal surfaces (Figure 7.10 a).  Localized grey deposits were also 

observed over a distance of about 4 mm from the junction between the Cu pipe and the nipple. 

This area corresponds to the overlapping sections of Cu and brass. XPS analysis confirms that the 

grey deposits contained a larger proportion of copper oxides (34% vs. 29%), and less carbon 

(54% vs. 60%) than the orange deposits. Grey deposits were more abundant at the junction of the 

old single faucet with nipple & Cu-2 (Old-SF-N&Cu-2) (Figure 7.10 c) than at the one of the old 

single faucet with nipple & Cu-1 (Old-SF-N&Cu-1) (Figure 7.10 b). TOF-SIMS analysis of the 

deposits on the new double faucets treated with phosphate (Figure 7.10-e) confirmed that the 

deposits contained more phosphates, including Zn phosphate than what was found in the deposits 

from the control faucets. 
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!
Figure 7.10 Evaluation of brass deposits after the pilot experiment:  a) Nipple surfaces 

longitudinal section; b) Old single faucet with Nipple & Cu-1 junction; c) Old single faucet with 

nipple & Cu-2 junction. New double faucets: d) control; e) orthophosphate 0.8 mg P/L; f) pH 

adjustment to 8.4; ÒOÓ: orange deposits; ÒGÓ: grey deposits. 

 

7.4 Discussion 

7.4.1 Field sampling 

Results from sequential profiling and the source contribution investigation indicate that faucets 

and fountains and their immediate upstream plumbing, were the dominant sources of Pb release 

in the buildings studied. Considering the low flow rate (1.3 L/min) and the estimated fountain 

plumbing volume of 1 L, it is not surprising that the Pb concentrations were higher for fountains, 

ranging from 3.1 to 9.1 !g/L, even after 10 minutes of flushing.  
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The high variability in metal concentrations observed during the field survey points to multiple 

sources contributing to particulate and dissolved Pb at the tap. The association between Pb 

release and that of other metals in both particulate and dissolved forms has been used 

successfully to identify Pb sources in residential buildings (Deshommes et al., 2010).  Regression 

models suggest that brass is a major source of Pbpart in the building complex studied, since 

elevated Cu and Zn concentrations were both associated with high Pbpart. However, elevated 

concentrations of Cu could also be attributed to leaching from the abundant copper piping. 

Moreover, the contribution from solders cannot be ruled out in the absence of a measurable 

increase of dissolved Sn (Subramanian et al., 1995), since solders can be biphasic and 

preferentially release Pb based on galvanic series (Jones, 1996).  A closer examination of the 

Pb/Zn ratio as the water progressed through the various piping sections shows a shift from a ratio 

of 2.1 in the distribution pipe to 0.14 in the riser and 0.03 in the first draw. Similarly, the average 

Pb/Zn ratio in all the first draw samples was 0.07 (Table 1). In comparison, a Pb/Zn ratio of 0.04 

have been found in all yellow brass faucets from the pilot without treatment (N=144) and a ratio 

of 0.31 for red brass device (N=48). Additionally, the average Pb/Zn ratio found in the brass 

composition of the devices studied was again 0.07. Typical leaded solder, as well as other solder 

alloys used in plumbing contain no Zn at all (Pb/Zn ratio= $). In consequence, the decrease of Zn 

release, but also the apparent relationship between Pb and Zn release suggest that brass is an 

important contributor in the first draw samples. Conversely, solders should be the dominant 

contributor in the copper riser piping section.  Although the maximum concentrations were 

observed in the first draw, the relative mass contribution from the immediate upflow premise 

plumbing was small (12.5 !g in 250 mL), as compared to that from the riser section (36 !g in 6 

L).  

Interestingly, Fe concentrations decreased as water progressed through premise plumbing (Figure 

7.3), suggesting Fe deposition on pipe walls or on suspended particles in the premise piping. Iron 

particles have been shown to affect Pb concentrations at the tap as they adsorb Pb (Deshommes et 

al., 2010). 

Regulatory compliance at the tap is based on Pb concentrations found in a fixed volume at the tap 

after stagnation, rather than on the mass contributions. When considering concentrations, results 

from the tap sampling survey, sequential profiling, and the source contribution investigation all 

suggest focusing on the faucets and the premise plumbing immediately upstream as the main 
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sources of Pb at the tap. Although this section of the plumbing is important to consider, mass 

contributions from other sections in which greater dilution is available, mostly due to larger pipe 

diameter downflow in the system, appear more relevant in terms of cumulative exposure and of 

higher priority for intervention.  

However, in terms of concentrations at the consumption taps (as observed in figure 7.2), lead 

concentrations were clearly decreased following the first draw confirming the efficiency of 

flushing to decrease lead at the tap. That was not the case for the tested drinking fountain where 

average lead concentrations did not decrease below 10 !g/L even after 2 min flushing. 

7.4.2 Pilot study  

7.4.2.1 Faucet evaluation without treatment 

Old and new double faucets differed considerably in design, inner volume and somewhat in 

materials (Table 7.2). Nevertheless, mean concentrations found at the tap after stagnation in 

faucets not connected to copper piping or a nipple were comparable (10±2 !g/L Pb for new 

double faucets, 9±4 !g/L for old single and 11±10 !g/L for old double faucets). However, after 

adjusting for dilution of the inner faucet volume, concentrations in the new double faucets are 

higher (84 !g/L) than in the old ones (51 !g/L). These findings clearly show that lead release 

from brass faucets can remain significant, even after more than 20 years of usage. They also point 

to the lack of improvement in materials that is compensated by the smaller volumes found in new 

faucets. 

Regardless of their potential for lead release, faucets may simply comply with standards because 

of: (1) their reduced volume of water in contact with the brass during stagnation; and/or (2) the 

application of a mass based standard. Figure 5 shows that Pb concentrations in 250 mL samples 

from the old single faucets (Old-SF) with an inner volume of 24.1 mL are significantly higher 

than those from the new single faucets with an inner volume of 2.5 mL (9 !g/L vs. 3 !g/L) 

(p<0.05). However, the actual volume corrected concentrations in the faucets are estimated at 95 

!g/L in the old red brass single faucets and 299 !g/L in the new yellow brass single faucets. As a 

result, faucets presenting high Pb concentrations in a smaller volume could meet the new NSF 61 

certification as it is based on the mass of Pb released in a 1L sample volume (NSF & ANSI, 

2007).  Indeed, the new faucets tested without treatment (N=64) would likely meet this standard 
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as the Pb mass released never exceeded 5 !g (<20 !g/L in 250 mL). Furthermore, almost all 

faucets would almost always meet the 10 !g/L threshold in water if a sampling volume of 1 L 

was used. 

Compared to the Pb concentrations obtained in the pilot faucets, the concentrations at the 

building taps are orders of magnitudes higher (Table 7.1). These large differences suggest that 

other significant sources of Pb, such as brass fixtures, valves, and solders, were present in the 

section of piping upstream of the field taps. Confirming this at pilot scale, we found that a 

connection to a brass nipple with or without Cu piping increases Pb release by a factor of 2.4 

(p<0.05).  

7.4.2.2 Impact of corrosion control treatment on Pb release 

The effectiveness of the various treatments tested to reduce Pb after a 24-h stagnation was 

significant for most faucets, especially in the case of OrthoP. However, an apparent higher 

particulate Pb fraction was observed following OrthoP treatment. This is the result of OrthoP 

decreasing dissolved Pb release without affecting particulate Pb release, which is consistent with 

previous observations for Pb pipes (Edwards and McNeil, 2002). A noteworthy aspect is how 

quickly OrthoP reduced the amount of Pb released (Figure 7.6). In the study by Lytle and Schock 

(1996), it was not possible to confirm the effectiveness of OrthoP in reducing the Pb release from 

brass coupons, because this release was not stabilized at the onset of testing. In the present study, 

the brass devices had been in contact with the water for almost 3 months prior to treatment and 

the old brass faucets tested had been in used for over 20 years in the same building complex. 

Moreover, the results obtained for the control faucets (Figure 7.5) suggest that Pb release was 

effectively stabilized after the first 3 months of contact. Results after longer periods of stagnation 

confirm those obtained after 24 hours as pH adjustment was less effective than OrthoP addition in 

reducing Pb release. The surface deposit analyses also support these findings with the presence of 

phosphate, specifically Zn phosphate, in the corrosion scale layer, confirming the corrosion 

control mechanism suggested by Yohai et al. (2011).   

The dezincification index proposed by Zhang & Edwards (2011b) reveals that all yellow brass 

faucets were subject to dezincification before treatment (index higher than 1), unlike the old red 

brass faucets brass (average index of 0.2). As expected, the dezincification index of yellow brass 

was greatly increased (203% on average) by higher chloride (Sarver et al., 2010; Zhang et al., 
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2011b). However, it did not result directly in Pb release (Table 7.3), showing that more intense 

dezincification does not necessarily result in higher lead release. For red brass, chloride addition 

decreased the dezincification index slightly (0.10 to 0.08) as expected since this alloy is known to 

resist to dezincification (Sarver et al., 2010). This decrease was also associated with slightly 

lower lead release, confirming the resistance of red brass to chloride. 

Overall, OrthoP and pH adjustment did not influence Zn release as shown on Figure 7.7 for new 

single faucets. Considering all samples taken from the faucets (N=56 before treatment and N=112 

during treatment) and correcting for concentrations in control taps, the impact of orthophosphate 

on Zn release was minimal (-2%) and modest for pH adjustment (-14%). In some cases, pH 

adjustment was more effective in accordance with previous observations by Zhang and Edwards 

(2011b). For example, Zn release in new double faucets increased slightly from 1,336±361 !g/L 

before treatment (N=16) to 1,418±600 !g/L after OrthoP addition (N=32). For the same faucets, 

Zn release dropped from 1,734±387 !g/L before treatment to 1,088±298 !g/L following pH 

adjustment (p<0.05). Under our conditions, more dezincification was not associated with greater 

Pb release which may be caused by the sacrificial release of Zn as suggested elsewhere (Zhang et 

al., 2011a).  Based on solubility products (Benjamin, 2002), lead phosphate would form more 

easily than zinc phosphate for the same cation concentration, although it is possible that 

orthophosphate generate Pb phosphate at the brass surface and relatively less Zn phosphate. 

However, in our experiment, we were not able to detect Pb phosphate.  

The impacts of a connection to a Cu pipe in terms of lead and zinc release vary from one type of 

faucet to another. The contact between a brass faucet and a Cu pipe can generate localized 

galvanic corrosion and increase Pb release, as we observed for old single faucets connected to a 

brass nipple and a Cu pipe and exposed to high CSMR (Figure 7.8-a). This increase was not 

systematically observed for all faucets and conditions, as reported by Edwards and 

Triantafyllidou (2007) and DeSantis et al. (2009). Three hypothesis could explain this variability: 

1) particular combinations of metals in the alloy can cause brass to be either anodic or cathodic to 

Cu (Edwards and Triantafyllidou, 2007; DeSantis et al., 2009; Arnold, Jr. 2011); 2) the sacrifical 

release of Zn can delay the Pb release; and 3) the presence of scale deposits at the junction to Cu 

can promote or hinder the galvanic action due to the galvanic potential of the scale itself. The 

first mechanism could explain the higher Zn release from new single faucets connected to Cu in 

contrast to the protective effect of the other faucets. Finally, the two last mechanisms are 
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consistent with the elevated Pb released from the old faucet Old-SF-N&Cu-1 exposed to chloride 

(Figure 7.8). Specifically, it was associated with a relatively lower Zn release which suggests 

preferential Zn release from the Old-SF-N&Cu-2. In addition, a difference in scale composition 

was observed at the junction to Cu of the Old-SF-N&Cu-1 in comparison to the Old-SF-N&Cu-2 

(Figure 7.10-b and -c) suggesting that the Òorange scaleÓ may be anodic to copper in opposition 

to the Ògrey scaleÓ. 

7.5  Conclusions  

A number of conclusions can be drawn from the results of this project:  

¥ Brass elements are a significant source of Pb in the building complex studied. The 

specific contribution of the faucets to the lead concentrations in 250 mL samples after 

extended stagnation in the building complex studied was modest in light of the overall 

release from other sources (eg connecting nipples). However, concentrations of lead 

released solely from faucets are large enough to exceed the WHO 10 !g/L standard in the 

first draw sample after 24 h of stagnation for 43% of the control faucets tested. In the field 

study, the first 250 mL was associated with the higher concentrations at the tap. Using a 

larger volume of 1L (as in  some regulations) would dilute the high lead concentration  in 

the first 250 mL (including the faucet) and may change the outcome regarding the 

compliance for those taps depending of the regulatory threshold concentration.  

¥ Lead leaching results were generally stable, with no unexpected trend in lead release 

demonstrating the relevance of such experiments. Although testing those faucets 

connected to a copper pipe with a dump-and-fill may have provided similar results, those 

experiments have other limitations. In dump-and-fill protocols, devices are in contact with 

air during the process, are exposed to less water flushing, and diffusion mechanism is 

constrained by stoppers as well as other  factors that do not occur in real plumbing 

system.   

¥ pH adjustment and orthophosphate addition both reduce the amount of Pb released from 

faucets, even from old faucets with corrosion deposits and those connected to Cu piping.  

Orthophosphate addition was overall the most effective treatment for the entire set of 

faucets tested, as it reduced the mean amount of Pb released by 41%.  
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¥ Orthophosphate treatment will decrease exposure because of a quick decrease of lead 

release after 24 h of stagnation and lower equilibrium concentrations even after very long 

stagnation periods (100 h).  

¥ Although brass corrosion affects both Zn and Pb release, water quality changes affecting 

Zn release do not necessarily translate directly to changes in Pb release. Based on our 

observations, the reduction in Pb release associated with OrthoP treatment occurs while 

Zn release remains constant and a protective scale containing Zn phosphate is formed. 

Additional research is needed to better understand the action of OrthoP treatment to 

reduce Pb release from brass, especially in the long term.  

¥ Significant Pb release was observed from an old faucet connected to a brass nipple and Cu 

piping when exposed to high chloride. High Zn release was observed for all new single 

faucets connected to Cu. This result suggests the impact of galvanic corrosion.  

¥ Regulatory compliance is based on concentration at the tap after stagnation, rather than on 

the overall mass contribution. In this study, regulatory monitoring would identify faucets 

as contributing to Pb exceedances, when in fact overall and sustained release from solder 

in the riser section may constitute a more significant exposure to address.   
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CHAPITRE 8 DISCUSSION 

8.1 Mise en commun des rŽsultats 

Les mod•les de relargage de plomb ne tiennent pas compte de la contribution de divers ŽlŽments 

de plomberie susceptibles de constituer des sources significatives de plomb dans le syst•me de 

plomberie (robinets, soudures, ŽlŽments de jonctions, vannes, compteur dÕeau). En outre, ces 

mod•les ne consid•rent pas certains  mŽcanismes indirects de relargage de plomb, tels que les  

dŽp™ts pouvant se former ˆ lÕintŽrieur de la plomberie (McFadden et al., 2011),  le relargage de 

plomb localisŽ causŽ par la corrosion galvanique ˆ la jonction dÕŽlŽments de matŽriaux diffŽrents 

(Triantafyllidou & Edwards, 2011; Nguyen et al., 2010) ainsi que le relargage associŽ ˆ des 

perturbations hydrauliques (Deshommes et al., 2010; Triantafyllidou et al., 2012). MalgrŽ leurs 

limitations, les mod•les demeurent des outils d'analyse prŽcieux. Les Žtudes effectuŽes ˆ Žchelle 

du laboratoire, ˆ lÕŽchelle-pilote et celles rŽalisŽes sur le terrain  permettent de compenser les 

limitations des mod•les  en fournissant des indications sur les mŽcanismes de relargage de plomb 

impliquŽs;  ces rŽsultats  peuvent Žgalement fournir une indication de lÕexposition des 

consommateurs dÕeau. Sur le terrain comme lors dÕexpŽriences pilotes, il s'av•re essentiel 

dÕutiliser des mŽthodes dÕŽchantillonnage appropriŽes pour sÕassurer de mesurer adŽquatement la 

source de plomb ŽtudiŽe.  

8.1.1 Protocoles dÕŽchantillonnage terrain 

DiffŽrents protocoles d'Žchantillonnage ont ŽtŽ comparŽs au chapitre 3, en lien avec une Žtude 

terrain conduite ˆ la Ville de MontrŽal dans des rŽsidences alimentŽes en eau potable par la 

municipalitŽ. LÕensemble des sites prŽsentŽs dans cette Žtude possŽdaient au moins une section de 

raccordement de service en plomb. Les rŽsultats ont rŽvŽlŽ que la longueur de la conduite en 

plomb Žtait le param•tre qui occasionnait le plus dÕimpact sur les concentrations de plomb au 

robinet. La hausse de plomb dissous au robinet Žtait Žgalement associŽe ˆ la prŽsence de particules 

retrouvŽes dans lÕaŽrateur. Les autres facteurs ŽtudiŽs, incluant certains param•tres physico-

chimiques, nÕont pu •tre corrŽlŽs ˆ des variations de concentrations en plomb dans lÕeau. Cette 

situation est surtout attribuable au fait que les variations observŽes nÕŽtaient pas assez importantes 

pour dŽterminer un impact statistiquement significatif. La faiblesse relative des mod•les de 
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rŽgression dŽveloppŽs pour expliquer les variations de concentrations en plomb au robinet 

sugg•re que certains param•tres qui nÕavaient pas fait l'objet de mesures ou qui n'avaient pas ŽtŽ  

contr™lŽs jouent un r™le majeur ˆ ce niveau. Parmi ces param•tres impliquŽs figurent : (1) 

lÕaugmentation de la vitesse locale dÕŽcoulement dans la conduite en plomb, associŽe aux 

restrictions (variation de lÕaire dÕŽcoulement) et ˆ la prŽsence de dŽviations (coudes) dans 

certaines portions de conduites; (2) la prŽsence de jonctions, promouvant la corrosion galvanique 

comparativement ˆ dÕautres situations o•  le cuivre et le plomb se trouvent isolŽs. La seule fa•on  

de quantifier lÕimpact de ces deux param•tres consiste ˆ effectuer des essais en milieu contr™lŽ. 

Ce constat nous a poussŽs ˆ rŽaliser lÕŽtude prŽsentŽe au chapitre 7.   

Pour des rŽsidences comparables (non-wartime), les concentrations mesurŽes dans les deux 

premiers litres apr•s 30 minutes de stagnation (30MS) Žtaient comparables ˆ celles mesurŽes lors 

dÕun Žchantillonnage alŽatoire. Dans lÕŽtude de van den Hoven & Slaats (2006), lÕŽchantillonnage 

apr•s 30MS Žtait jugŽ le plus reprŽsentatif dÕun Žchantillonnage composite associŽ ˆ lÕexposition. 

Toutefois, le 30MS Žtait aussi associŽ ˆ une certaine sous-estimation de lÕexposition (pente de 

0.8). Un Žchantillonnage alŽatoire de jour (RDT) surestimait les concentrations au robinet mais 

permettait surtout de mieux reprŽsenter les patrons dÕutilisation des utilisateurs (van den Hoven & 

Slaats, 2006). Les rŽsultats obtenus permettent d'affirmer quÕun Žchantillonnage apr•s 30MS 

permet dÕobtenir une estimation acceptable de lÕexposition moyenne au plomb dissous puisque les 

valeurs obtenus ne sont pas significativement diffŽrentes de celles obtenues avec lÕŽchantillonnage 

RDT.  

Le volume ŽchantillonnŽ de 2 L a ŽtŽ Žtabli de fa•on  arbitraire et dans certains cas, il ne permet 

pas d'identifier la concentration maximale en plomb dissous  lorsque lÕeau a stagnŽ dans lÕentrŽe 

de service en plomb. Il a toutefois ŽtŽ possible dÕobtenir une Žvaluation de la concentration en 

plomb pour lÕeau ayant stagnŽ dans un  raccordement de service en plomb, en partie gr‰ce ˆ 

certains Žchantillons prŽlevŽs apr•s 1 minute dÕŽcoulement, (en assumant un mŽlange Ç plug 

flow È (Sandvig et al., 2008 ; Douglas et al., 2007 ; Giani et al., 2004). Cette situation ne 

reprŽsente pas nŽcessairement la rŽalitŽ et un mod•le  ÇdÕŽcoulement turbulent È est associŽ ˆ une 

concentration moyenne de plomb 12% plus faible quÕun mod•le plug flow basŽ sur le volume 

complet dÕune conduite de plomb de 5 m ˆ partir des donnŽes disponible dans van der Leer et al. 

(2002). Ces concentrations ont permis dÕŽvaluer le taux de transfert massique du plomb dans le 

RSP. En ce qui touche  les rŽsidences testŽes (incluant certaines ŽchantillonnŽes en eau froide), la 
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concentration de plomb dans lÕeau  du raccordement de service en plomb augmente en moyenne 

de 13 !g/L apr•s 30 minutes de stagnation.  

Au chapitre du  taux de transfert massique de plomb dissous, le niveau observŽ en Žcoulement est 

beaucoup plus ŽlevŽ que celui observŽ en stagnation (1.0 !g/m2/s vs 0,03 !g/m2/s). Cette situation 

sÕexplique par un gradient de concentrations plus ŽlevŽ entre la couche limite et lÕeau nÕayant pas 

stagnŽ (donc pratiquement exempte de plomb ˆ lÕentrŽe dans la conduite en plomb) (Cardew, 

2006). Comparativement ˆ un Žcoulement laminaire, un Žcoulement turbulent (ˆ vitesse plus 

ŽlevŽe) devrait compenser le temps de contact plus court par lÕŽcrasement de la couche limite 

diminuant la distance requise pour le transfert du plomb de la couche limite ˆ la phase liquide 

(Cardew, 2006). Les travaux de Kim et al. (2011) ont Žgalement permis dÕobserver des 

concentrations en plomb ŽlevŽes en Žcoulement, mais principalement sous forme de plomb 

particulaire.  

En considŽrant les variations de concentrations en plomb pour deux sŽries dÕŽchantillons prŽlevŽs 

au m•me site dÕune annŽe ˆ lÕautre, les rŽsultats sugg•rent une bonne reproductibilitŽ des tests 

apr•s cinq minutes dÕŽcoulement et une certaine stabilitŽ des couches de dŽp™t pour les 

rŽsidences alimentŽes par lÕeau de MontrŽal. De plus, les rŽsultats du pilote montrent une 

excellente rŽponse aux diffŽrents traitements de contr™le de la corrosion dÕune conduite ˆ lÕautre. 

Il est donc envisageable de penser que des variations de relargage de plomb observŽes pour une 

rŽsidence suite ˆ un changement de traitement reprŽsenterait bien les variations observŽes pour un 

groupe de rŽsidence alimentŽ par le m•me type dÕeau. Cette situation sugg•re que des sites 

rŽsidentiels pourraient •tre utilisŽs  comme Ç sentinelle È pour le suivi de la qualitŽ de lÕeau, par 

exemple suite ˆ un changement de traitement ˆ la Ville de MontrŽal. Plusieurs sites bien rŽpartis 

sur lÕensemble du rŽseau seraient requis afin de bien reprŽsenter les diffŽrents temps de 

sŽjours/types de syst•me de plomberie. 

De mani•re gŽnŽrale, les concentrations en plomb particulaires demeurent relativement faibles 

pour le rŽseau de distribution de la Ville de MontrŽal et reprŽsentent des fractions de 9% dans le 

1er L en utilisant un Žchantillonnage RDT (N=77), 8% dans le 1er L en utilisant un 

Žchantillonnage apr•s 30MS (N=141), 4% apr•s 30MS pour des Žchantillons dÕeau ayant stagnŽ 

dans le RSP (>80%) (N=50) et 3% pour des Žchantillons apr•s cinq minutes dÕŽcoulement 

(N=218).  
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Les travaux de Deshommes et al. (2010) ont permis de prŽciser la provenance du plomb 

particulaire prŽsent au robinet des rŽsidences de la Ville de MontrŽal en utilisant un 

Žchantillonnage RDT (van den Hoven & Stlaats, 2006). Une  forte corrŽlation a ŽtŽ observŽe 

entre la prŽsence de particules de contenant du cuivre et de zinc et le plomb particulaire  dans 

l'Žchantillon au premier jet apr•s stagnation. Enfin, les concentrations de fer et de chlore libre 

semblaient Žgalement  associŽes ˆ une prŽsence de plomb dans les Žchantillons prŽlevŽs soit au 2e 

litre ou apr•s un Žcoulement de cinq minutes. Ces rŽsultats indiquent  une certaine interaction 

entre le plomb et le fer, ce qui est compatible avec les donnŽes de littŽrature (Hulsman, 1990). 

Lors de lÕŽchantillonnage RDT, 13 Žchantillons effectuŽs provenaient du raccordement de service 

en plomb. Toutefois, des cinq Žchantillons pour lesquels lÕinformation Žtait disponible, aucun nÕa 

ŽtŽ effectuŽ apr•s une stagnation prŽalable de plus de 30 minutes. Des tests additionnels Žtaient 

donc requis afin dÕŽvaluer la possibilitŽ de relargage de plomb particulaire directement des RSP 

apr•s stagnation prolongŽe. 

Les rŽsidences sans RSP prŽsentaient des concentrations beaucoup plus faibles (90e percentile=1,7 

!g/L au premier litre apr•s 30MS, N=48) en utilisant un protocole impliquant la prise dÕun 

Žchantillon apr•s 30 minutes de stagnation (Chapitre 4). Le premier jet de 1L correspond 

gŽnŽralement ˆ une portion dÕeau ayant stagnŽ dans la tuyauterie interne de la rŽsidence. En 

l'absence de conduite de plomb, cÕest cette portion qui devrait •tre critique en termes dÕexposition 

au plomb par le biais de la plomberie (prŽsence de robinets en laiton, au faible ratio 

volume/surface et au nombre ŽlevŽ de raccordements ; possibilitŽ de soudure au plomb ou de joint 

en laiton pour la tuyauterie en plastique). CÕest donc en se fondant sur cette hypoth•se que la 

mŽthode de dŽtection des conduites en plomb a ŽtŽ mise en place. 

8.1.2 DŽtection des sources de plomb 

Suite aux rŽsultats de lÕŽtude terrain prŽsentŽe au chapitre 3, une mŽthode de dŽtection des RSP a 

ŽtŽ dŽveloppŽe ˆ partir de la mesure de la concentration en plomb sur site ˆ lÕaide dÕun analyseur 

par voltampŽromŽtrie anodique (anodic striping voltammetry : ASV) (chapitre 4). PrŽalablement, 

lÕanalyseur ASV ŽtŽ validŽ pour lÕeau de MontrŽal en comparant les concentrations en plomb 

mesurŽes avec les rŽsultats obtenus ˆ lÕICP-MS apr•s digestion ˆ lÕacide nitrique (R2=0.991).  

LÕanalyseur ASV nÕest pas apte ˆ mesurer la fraction particulaire. La corrŽlation ŽlevŽe ayant ŽtŽ 

obtenue sÕexplique  par le fait que la fraction dissoute apr•s une stagnation de 30 minutes ou 
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moins ainsi quÕen Žcoulement est dominante pour lÕeau du rŽseau de distribution de la Ville de 

MontrŽal. DiffŽrents protocoles ont ŽtŽ testŽs avec pour objectif de limiter le risque de faux 

positifs et de faux nŽgatifs tout en demeurant rentable et acceptable pour le citoyen. En fonction 

des essais effectuŽs sur le terrain et des validations effectuŽes avec les mod•les de dissolution, il a 

ŽtŽ  possible dÕobtenir apr•s 15 minutes de stagnation des concentrations en plomb de lÕordre de 

15-20% de la concentration dÕŽquilibre apr•s une stagnation prolongŽe (validŽ par les valeurs 

obtenus au pilote). Un protocole a donc ŽtŽ dŽveloppŽ ˆ partir  d'une stagnation de 15 minutes et 

la prise du 2e litre pour analyse.  

Le protocole a ensuite ŽtŽ validŽ pour lÕensemble des arrondissements de Ville de MontrŽal avec 

un taux de concordance de 96% entre les prŽdictions du test et les observations terrain lors 

d'excavation. Pour la Ville de MontrŽal, nÕutilisant aucun traitement de contr™le de la corrosion, 

cette mŽthode semble dŽfinitivement adŽquate. 

Tel que mentionnŽ au chapitre 4, cette mŽthode de dŽtection des conduites en plomb prŽsente 

plusieurs limites et pourrait s'avŽrer inadŽquate pour des rŽseaux de distribution alimentŽs par 

une eau traitŽe avec  contr™le de la corrosion optimal. Cette situation serait principalement due ˆ 

la limite de dŽtection de lÕappareil (2 !g/L). Selon le protocole proposŽ, une concentration 

supŽrieure ˆ cette valeur doit donc •tre obtenue apr•s une courte pŽriode de stagnation pour 

dŽtecter une conduite en plomb. Une variante utilisant une stagnation alŽatoire pourrait aussi •tre 

utilisŽe pour les rŽseaux de distribution avec contr™le de la corrosion, mais cette derni•re 

mŽthode risque dÕentra”ner plus de faux positifs et de faux nŽgatifs.  

Le chapitre 7 inclut les rŽsultats dÕune Žtude pilote dans un complexe comprenant plusieurs 

grands b‰timents alimentŽs par le rŽseau de distribution de Ville de Laval. Une Žvaluation 

exhaustive de la fraction de plomb dissous et particulaire ainsi que des sources de plomb a ŽtŽ 

effectuŽe dans ce complexe de b‰timents dont le syst•me de plomberie interne Žtait 

particuli•rement Žtendu. Ë partir des travaux de Deshommes et al. (2010), une rŽgression a ŽtŽ 

effectuŽe afin de corrŽler la prŽsence dÕautres mŽtaux (Cu, Zn, Sn, Fe) associŽ ˆ des sources de 

plomb spŽcifique. Cette dŽmarche prŽsente certaines limitations, particuli•rement en ce qui ˆ trait 

au plomb provenant des soudures.  En effet, le plomb est prŽfŽrentiellement relarguŽ par rapport ˆ 

lÕŽtain dans une soudure (Subramanian et al., 1995). Les fortes concentrations de zinc observŽes 

au premier jet de 250 mL (> 1000 !g/L) sugg•rent une forte contribution dÕŽlŽments en laiton 
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comme les robinets. LÕassociation du ratio de relargage de plomb et de zinc observŽ sur le terrain 

au ratio de relargage du montage pilote et ˆ la composition des ŽlŽments de laiton ont permis de 

valider cette hypoth•se. 

8.1.3 MŽcanismes du relargage de plomb suite ˆ la jonction ˆ une conduite de 

cuivre 

Une premi•re expŽrience pilote sur les remplacements partiels de RSP a ŽtŽ rŽalisŽe ˆ partir de 

conduites neuves exposŽes ˆ lÕeau du rŽseau de distribution dÕeau potable de Blacksburg (VA), 

suite ˆ un prŽtraitement (filtration sur polypropyl•ne 5 !m et 1 !m). Quatre configurations 

typiques de raccordement de service en plomb ont ŽtŽ testŽes: 1) 100 % plomb (Pb), 2) 100% 

cuivre (Cu), 3) 50 % Pb en amont de 50 % Cu (Pb-U) et 4) 50 % Pb en aval de 50% Cu (Pb-D). 

Ces quatre configurations ont ŽtŽ soumises ˆ un dŽbit normal fixe de 1,3 LPM pendant pr•s de 7 

mois.  

Le dŽbit a ŽtŽ  augmentŽ de mani•re pŽriodique ˆ 8 LPM (2 fois/mois) et 32 LPM (1 fois/mois). 

Cette hausse du dŽbit a ŽtŽ associŽe ˆ une dŽstabilisation des dŽp™ts prŽsents dans les conduites et 

ˆ une augmentation marquŽe de la concentration en plomb et de la fraction particulaire, plus 

particuli•rement pour les deux configurations Pb-Cu. Ces deux configurations avaient une 

probabilitŽ beaucoup plus importante de produire de l'eau avec "des pics" de relargage de plomb 

sous forme particulaire, lorsque le dŽbit dÕŽcoulement dans les conduites Žtait augmentŽ. Ces 

m•mes configurations avaient aussi tendance ˆ produire des niveaux de plomb infŽrieurs lorsque 

lÕŽchantillonnage Žtait effectuŽ ˆ bas dŽbit (1,3 LPM). 

BasŽ sur la masse cumulative de plomb relarguŽ, les rŽsultats sugg•rent qu'une configuration 

correspondant ˆ un remplacement partiel typique (50 % plomb en aval du cuivre) n'a pas 

occasionnŽ de rŽduction nette de plomb dans lÕeau par comparaison  ˆ la masse de plomb 

relarguŽe dÕune conduite de plomb ˆ 100 % (85 mg pour 50 % Pb en aval contre 83 mg pour 100 

%-Pb), en raison de galvanique et potentiellement de corrosion par dŽposition.  

¥ Apr•s 214  jours, le courant galvanique entre le cuivre et le plomb n'a ŽtŽ  rŽduit que de 34 %, 

ce qui sugg•re que les jonctions galvaniques peuvent •tre fortement persistantes m•me dans 

l'eau avec le contr™le de corrosion optimisŽ ˆ base dÕorthophosphate de zinc. 
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¥ Le risque de corrosion galvanique entre une conduite en plomb et une conduite de cuivre ou 

des ŽlŽments en laiton avait ŽtŽ mis en doute par certains chercheurs (Boyd et al., 2012; Boyd 

et al., 2010; Reiber & Dufresne, 2005). Toutefois, lors de ces essais, les conduites nÕavaient 

jamais ŽtŽ mises en stagnation, une situation primordiale pour crŽer les pires conditions de 

corrosion galvanique (Triantafyllidou & Edwards, 2011; Nguyen et al., 2010).  

Dans lÕŽtude prŽsentŽe au chapitre 5, les dŽp™ts qui se seraient formŽs ˆ la jonction Pb/Cu 

proviendraient dÕune dissolution trop importante du Pb se redŽposant sous forme de dŽp™ts dž au 

dŽpassement de lÕŽquilibre de solubilitŽ (au faible pH prŽvu ˆ la jonction, probablement de la 

cŽrusite ou des phosphates de plomb). Ces dŽp™ts se dŽtacheraient par la suite ˆ dŽbit ŽlevŽ. 

LÕŽtude prŽsentŽe au chapitre 5 rŽv•le trois  faiblesses importantes :  

¥ LÕutilisation de conduites neuves nÕest pas reprŽsentative des conditions qui existent 

dans les  rŽseaux de distribution dÕeau potable.  

¥ Le fait que les conduites en plomb nÕavaient pas ŽtŽ prŽalablement stabilisŽes ˆ lÕimpact 

des phosphates. Trois mŽcanismes se sont produits simultanŽment : la stabilisation du 

pilote, la mise en place de dŽp™ts de phosphates et la corrosion galvanique.  

¥ LÕutilisation dÕun diŽlectrique et dÕune connexion externe ˆ lÕaide dÕun fil Žlectrique 

pour joindre le cuivre et le plomb. Dans ce cas particulier, la faiblesse expŽrimentale 

Žtait compensŽe par certains avantages : i- la possibilitŽ dÕŽvaluer le courant de 

corrosion; ii- la  possibilitŽ dÕisoler un mŽcanisme de corrosion en particulier et de 

pouvoir comparer les rŽsultats obtenus avec ceux  dÕautres Žtudes Žvaluant lÕimpact du 

type de jonction utilisŽ.  

Les eaux de la Ville de Blacksburg et de MontrŽal ont Žgalement ŽtŽ testŽes pour une Žtude sur 

lÕimpact des jonctions utilisŽes pour joindre les conduites en plomb et en cuivre. En effet, tel que 

mentionnŽ au chapitre 7, lÕeau de MontrŽal prŽsente un CSMR de 0,9 jugŽ ˆ haut risque de 

corrosion galvanique (Nguyen et al., 2011; Dodrill & Edwards, 1995; Oliphant, 1983). Il a ŽtŽ 

dŽmontrŽ, pour les 2 types dÕeau, que la corrosion par crevasse ˆ lÕintŽrieur du raccordement du 

raccord utilisŽ ˆ la jonction Pb/Cu avait un impact plus important en terme de relargage de Pb que 

la corrosion galvanique entra”nŽ par la jonction ˆ la conduite de cuivre elle-m•me, pour des 

conduites neuves (Clark et al., 2011).  

¥ Cette expŽrience, conduite en partenariat avec Virginia Tech, a rŽvŽlŽ que, pour lÕeau de 

MontrŽal, une jonction avec un couplage-union entra”nait des concentrations 43% plus ŽlevŽe 
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quÕune simple jonction galvanique et que lÕutilisation dÕune vanne entra”nait des 

concentrations 300% plus importantes. Le plomb relarguŽ directement du couplage-union et 

de la vanne  contribuerait respectivement ˆ 5% et 0.3% de cette hausse respectivement. La 

hausse de relargage proviendrait de la corrosion par crevasse se produisant ˆ la surface du 

tuyau de plomb (Figure 8.1). L'importance relative de ces mŽcanismes dans le temps reste ˆ 

quantifier dans des conditions opŽrationnelles rŽalistes. Suite ˆ cette expŽrience, il a ŽtŽ dŽcidŽ 

dÕutiliser le m•me type dÕunion dans le montage pilote de conduites en plomb excavŽes 

(Chapitre 6). 

 

 

 

Figure 8.1 a) Photo dÕune portion de conduite en plomb apr•s 3 mois ˆ lÕintŽrieur dÕune vanne de 

raccordement en laiton mise en contact avec lÕeau de MontrŽal (Qc) en laboratoire; b) photo 

dÕune portion de conduite en plomb mise en contact dans une vanne de raccordement en laiton 

(‰ge inconnue) prŽlevŽ dans rŽseau de distribution de MontrŽal. (Clark et al., 2011).   

  

! !" # b) 



  190 

 

8.1.4 ƒvaluation des traitements de contr™le de la corrosion sur le relargage 

de plomb des RSP avant et apr•s remplacement partiel 

Suite aux rŽsultats de la Phase 3 (Chapitre 5 et Žtude de Clark et al., 2011), il a ŽtŽ dŽcidŽ 

dÕutiliser le m•me type dÕunion que dans Clark et al. (2011) comme jonction entre les conduites 

de cuivre et de plomb du pilote montŽ ˆ Polytechnique (Phase 4; Chapitre 6). Ainsi, le chapitre 6 

porte sur lÕŽvaluation du relargage de plomb pour des RSP excavŽes compl•tes (100%-Pb) et 

connectŽes en amont (Cu/20%-Pb) et aval (20%-Pb/Cu)  de conduites de cuivre alimentŽes par 

lÕeau de MontrŽal avant et apr•s traitements de contr™le de la corrosion. 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.2 ƒtapes de la construction du pilote de RSP (Phase 4). a) Excavation des conduites; b) 

Montage pilote; c) Conduite en plomb lors du remplacement partiel; d) Conduite en plomb apr•s 

le remplacement partiel. 

 

Le caract•re novateur de cette Žtude pilote rŽside dans:  

¥ lÕutilisation de conduites de plomb excavŽes mŽticuleusement (Figure 8.2-a), ce qui  

rŽduit l'altŽration des dŽp™ts sur la surface interne des conduites lors de leur extraction; 

a) b) 

c) d) 
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¥ un conditionnement en Žcoulement sans recirculation sur place pendant un an avant la 

mise en place des traitements en Žcoulement sans recirculation. 

 Ce design expŽrimental a permis dÕobtenir des concentrations apr•s stagnation comparables ˆ 

celles retrouvŽes dans le rŽseau de distribution dÕeau potable apr•s 30 minutes de stagnation. Tel 

que rapportŽ au Chapitre 3, les mŽcanismes rŽgissant la prŽsence de plomb dissous dans les 

rŽsidences de la Ville de MontrŽal sont particuli•rement complexes m•me apr•s 30 minutes de 

stagnation. LÕutilisation dÕun pilote de conduites en plomb excavŽes prŽsente des avantages 

importants:  

¥ Le contr™le des conditions initiales. Avant la mise en place des traitements, il a ŽtŽ 

possible de valider la stabilitŽ du relargage de plomb pour chaque conduite et lÕuniformitŽ 

du relargage de plomb dÕune conduite ˆ lÕautre.  

¥ La possibilitŽ de modifier les caractŽristiques de lÕeau. De tels ajustements ont pu •tre 

faits de mani•re stable et prŽcise et de faire un suivi dÕun de ces param•tres sans avoir ˆ 

corriger pour des param•tres environnementaux externes. 

¥ Le contr™le des conditions dÕŽchantillonnage. Le dŽbit dÕŽchantillonnage et le temps de 

stagnation ont tous deux ŽtŽ contr™lŽs de mani•re tr•s rigoureuse, une situation impossible 

sur le terrain.  

¥ La capacitŽ dÕexaminer les couches de dŽp™ts formŽs ˆ lÕintŽrieur des conduites  

(Žtape actuellement en cours). Le retrait des ŽlŽments de plomberie ˆ lÕintŽrieur dÕune 

rŽsidence est une procŽdure difficile et cožteuse en comparaison de travaux similaires sur 

un pilote.  

¥ La sŽcuritŽ des consommateurs dÕeau du rŽseau de distribution. Ces tests ont ŽtŽ 

effectuŽs sur des composantes du rŽseau de distribution sans porter atteinte ˆ la santŽ des 

consommateurs d'eau ; 

Apr•s plus d'une annŽe de stabilisation, le niveau de relargage de plomb observŽ ˆ partir dÕune 

conduite 100% Pb s'est avŽrŽ comparable ˆ celui mesurŽ sur le terrain. DiffŽrents traitements ont 

ŽtŽ testŽs, ˆ savoir : une hausse de pH ˆ 8,3; une diminution du CSMR de 0,9 ˆ 0,3 et un dosage 

dÕorthophosphates ˆ 1 mg P/L. Bien que des diffŽrences aient ŽtŽ observŽes pour les deux autres 

traitements, seule lÕutilisation dÕorthophosphates a  permis une diminution significative du 

relargage de plomb des conduites 100%-Pb, soit une diminution de 64% apr•s 16 heures de 



  192 

 

stagnation (82% apr•s 30 minutes de stagnation). ConsidŽrant les concentrations observŽes apr•s 

30 minutes de stagnation (3 !g/L), ce niveau devrait permettre de respecter une exigence 

rŽglementaire plus stricte Žtablie ˆ partir de la directive de SantŽ Canada (2009). 

Ë court terme (3 mois), la connexion d'un tuyau de cuivre ˆ un tuyau de plomb a gŽnŽrŽ de fortes 

concentrations de plomb qui ne sont pas associŽes : i) ˆ la contribution directe de lÕunion en 

laiton utilisŽe pour connectŽ le Pb et le Cu, ii) ˆ la perturbation des dŽp™ts de plomb, iii) ˆ la 

coupe de la conduite en tant que tel. Ces rŽsultats sugg•rent la contribution de mŽcanismes tels 

que la corrosion galvanique ou la corrosion par crevasse. Apr•s un remplacement de 80% de la 

conduite de cuivre, les concentrations en Pb observŽes correspondent ˆ des niveaux plus ŽlevŽs 

que sans un remplacement partiel, que ce soit sans traitement (275%), avec orthophosphates 

(300%) ou ajustement de pH ˆ 8.3 (178%). De tels rŽsultats permettent de questionner tr•s 

sŽrieusement  l'efficacitŽ des remplacements partiels pour ce type dÕeau.  

Comme dans le cas des soudures (Nguyen et al., 2010), le relargage de plomb des conduites en 

plomb combinŽes  ˆ du cuivre semble •tre augmentŽ en prŽsence dÕorthophosphates. Pour les 

conduites 20%-Pb exposŽs aux orthophosphates, les concentrations de Pb Žtaient comparables ˆ 

celles observŽes en l'absence de traitement ˆ la suite de la jonction de Cu (103 ± 265 vs 169 ± 

349 !g / L) et Žtaient encore plus ŽlevŽes ˆ dŽbit plus ŽlevŽs (1001 ± 1808 vs 257 ± 224 !g / l).  

Nos rŽsultats rŽv•lent quÕune hausse pŽriodique du dŽbit ˆ 15 LPM entra”ne un impact direct sur 

le relargage de plomb dans lÕeau. Ces augmentations seraient causŽes par la perturbation des 

dŽp™ts de corrosion et par la corrosion engendrŽe par la jonction du plomb au cuivre. Les hausses 

importantes  observŽes sont principalement sous la forme de particules de Pb (> 90%). 

 Le traitement aux sulfates a eu peu d'impact sur le relargage de plomb de la configuration 100% 

Pb. Par contre, ce traitement est associŽ ˆ des concentrations beaucoup plus faibles pour les 

configurations partielles 20%-Pb/Cu. En fait, cÕest le seul traitement associŽ ˆ des concentrations 

plus faible pour les configurations partielles 20%-Pb connectŽ au Cu par rapport au configuration 

100%-Pb. PrŽcisŽment, cinq semaines apr•s le remplacement, le traitement aux sulfates est 

associŽ ˆ un relargage de plomb des deux configuration 20%-Pb connectŽ au Cu de 52% de la 

valeur dÕune conduite compl•te (100%-Pb) comparativement ˆ supŽrieures ˆ 100% pour les 

autres conditions testŽes (sans traitement : 275%),orthophosphates : 300% et ajustement de pH : 

178% ). Onze semaines apr•s le remplacement, les valeurs sont m•mes aussi basses quÕavant la 
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jonction au cuivre, ce qui confirme la capacitŽ des sulfates ˆ inhiber la corrosion galvanique 

(Nguyen et al., 2011a).    

Enfin, les rŽsultats de cette Žtude montrent que la hausse de pH prŽvue ˆ MontrŽal suite au 

changement du syst•me de chloration ne diminuera pas le relargage de plomb. En effet, les 

rŽsultats sugg•rent la formation partielle dÕhydrocŽrusite ˆ la surface des conduites ˆ un pH ŽlevŽ. 

Rappelons que la littŽrature associe l'hydrocŽrusite  ˆ un relargage plus important de plomb (Kim 

et al., 2011; Edwards et al., 2001). En fait,  en se fondant sur les diagrammes dÕŽquilibres, une 

variation minime de pH dans cette gamme est associŽe ˆ une instabilitŽ des couches de dŽp™ts, 

lÕesp•ce majoritaire variant entre la cŽrusite et lÕhydrocŽrusite. Ce pH est Žgalement associŽ ˆ une 

plus faible capacitŽ tampon, et s'av•re ainsi  beaucoup plus susceptible ˆ ce genre de variations 

(Shock et Lytle, 2011). Apr•s cinq semaines, pour les conduites en plomb jointe ˆ du cuivre, le 

relargage de plomb est similaire entre les conduites sans traitements et celles exposŽes ˆ un pH 

8.3. Le relargage  est cependant trois fois plus ŽlevŽ lorsque lÕŽchantillonnage est rŽalisŽ ˆ 15 

LPM, ce qui sugg•re la formation de dŽp™ts instables. Un relargage plus important de la conduite 

100%-Pb ˆ 5 LPM et de nombreux ŽvŽnements de pointes de plomb particulaire ont Žgalement 

ŽtŽ observŽs pour cette condition, ce qui  sugg•re  la prŽsence de dŽp™ts de CaCO3, peu stables 

(Breese, 2011).   

LÕŽtude de Deshommes et al. (2010) avait associŽ une partie du plomb particulaire Ç en niveau de 

fond È ˆ du plomb dissous adsorbŽ sur des particules de fer (donc une contribution indirect des 

RSP).Un second mŽcanisme pourrait expliquer la relation observŽe entre le fer et le plomb. En 

effet, apr•s 5 min dÕŽcoulement dans le rŽseau de distribution de la Ville de MontrŽal, le fer est 

surtout prŽsent sous forme dissoute (92% dissous). De plus, une proportion de  2% (w/w) de fer a 

ŽtŽ dŽtectŽ dans les dŽp™ts trouvŽ sur une conduites de plomb excavŽe du rŽseau de distribution 

(donnŽes non prŽsentŽes), dŽmontrant la forte propension du fer ˆ sÕadsorber sur des matŽriaux de 

tuyauterie tel quÕobservŽ dans dÕautres Žtudes (HDR, 2009; Schock et al., 2008). Ces deux 

informations sugg•rent que le fer dissous se dŽpose sur les conduites en plomb pour ensuite se 

dŽtacher sous forme de particules contenant du plomb provenant des dŽp™ts. Cette hypoth•se est 

confortŽe par la tr•s faible concentration en fer dissous retrouvŽe apr•s stagnation dans le pilote 

(< 5 !g/L) en comparaison ˆ celle trouvŽe dans lÕalimentation (23 !g/L) suggŽrant lÕadsorption 

dans les dŽp™ts. Aussi, pour les conduites 100%-Pb du pilote (avant la dŽstabilisation associŽe ˆ 

la jonction des conduites de cuivre dans le pilote), la corrŽlation entre le fer particulaire et le 
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plomb est significative (R2=0,65; N=165; Annexe 3). Ce m•me mŽcanisme pourrait donc se 

produire dans les rŽsidences apr•s stagnation prolongŽe. Pour les conduites 20%-Pb, apr•s lÕajout 

des conduites de cuivre, la corrŽlation est beaucoup moins significative avec le fer (une valeur 

extr•me tire la rŽgression) suggŽrant une autre source de plomb particulaire. Ces rŽsultats sont 

tout ˆ fait en accord avec la prŽsence de dŽp™ts gŽnŽrŽs par la corrosion galvanique.  

La mise en place du pilote a dŽjˆ permis dÕobtenir des rŽsultats clefs et devrait permettre des 

retombŽes significatives aussi bien dans la communautŽ scientifique qu'aupr•s des gestionnaires 

de rŽseaux de distribution et des autoritŽs. DŽjˆ, apr•s ˆ peine plus dÕun an dÕopŽration, les 

apports de ce projet sont multiples :   

¥ LÕapprŽciation de lÕefficacitŽ des traitements de contr™le de la corrosion comme dŽmarche 

de mitigation du plomb. Les rŽsultats ont dŽmontrŽ lÕefficacitŽ des orthophosphates 

(baisse de 64% du plomb)  et lÕinnefficacitŽ relative de lÕajustement de pH ˆ 8.3 (pointes 

de plomb particulaire).  

¥ La pertinence dÕutiliser le CSMR comme indicateur du risque de corrosion galvanique. En 

effet, les sulfates rŽsorbent compl•tement la problŽmatique des remplacements partiels de 

plomb 

¥ LÕinefficacitŽ des traitements de contr™le de corrosion conventionnels (ajustement de pH 

et ajout dÕorthophosphates) comme mŽthode de contr™le de la corrosion galvanique. 

¥ LÕimpact du dŽbit sur le relargage de plomb dans lÕeau apr•s stagnation. Des hausses de 

dŽbits pŽriodiques ont ŽtŽ associŽes ˆ des relargages de plomb plus importants, 

particuli•rement lorsque des traitements de contr™le de la corrosion sont utilisŽs 

(ajustement de pH et ajout dÕorthophosphates), ce qui questionne la stabilitŽ des dŽp™ts 

formŽs. 

¥ LÕeffet du temps de stagnation sur la gŽnŽration de plomb particulaire. Nos rŽsultats 

remettent en question la pertinence des protocoles basŽs sur de courtes pŽriodes de 

stagnation pour  prŽdire lÕexposition au plomb dž ˆ la gŽnŽration de plomb particulaire 

apr•s de plus longues stagnations. Cette observation semble aller ˆ lÕencontre dÕune des 

conclusions du chapitre 3. Toutefois, cette derni•re portait uniquement sur la prŽdiction 

de lÕexposition au plomb dissous. 
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8.1.5 Investigation des traitements et des jonctions aux conduites de cuivre 

pour les robinets des grands b‰timents 

Une installation pilote a ŽtŽ construite pour Žtudier le relargage de Pb de robinets vieux et neufs 

avec ou sans jonction ˆ une conduite de cuivre sur la base des rŽsultats obtenus sur le terrain,  qui 

suggŽraient la prŽsence de relargage de plomb du laiton. 

Quatre conditions de qualitŽ d'eau ont ŽtŽ testŽes: i) aucun traitement, ii) ajout 0,8 mg de P/L 

d'orthophosphates; iii) ajustement du pH ˆ 8,4, et iv) ajout de chlorure afin dÕaugmenter le CSMR 

de 0,3 ˆ 2.9. Les concentrations en Pb dans les Žchantillons prŽlevŽs aux robinets sans traitement 

variaient de 1 ˆ 52 ug / L, avec une moyenne de 11 !g/L. Il s'agit lˆ d'un niveau supŽrieur au 

crit•re du WHO (10 !g/L) ce qui confirme la nŽcessitŽ dÕinvestiguer cette source de plomb. 

L'ajout dÕorthophosphates ˆ 0.8 mg P / L a ŽtŽ le traitement le plus efficace pour tous les types de 

robinets testŽs. En moyenne, le traitement aux orthophosphates rŽduisait significativement le 

relargage de Pb de 41%, et Žtait particuli•rement efficace pour les nouveaux robinets doubles 

(70%). Le traitement aux orthophosphates a particuli•rement ŽtŽ utile pour diminuer la frŽquence 

des dŽpassements  de 10 !g/L de 46% ˆ 26% en cinq mois de contact.  

Le traitement aux orthophosphates s'est toutefois rŽvŽlŽ inefficace pour rŽduire le relargage de 

zinc. Selon Oliphant & Schock (1996), lÕorthophosphate de zinc serait un meilleur traitement 

pour Žviter la dŽzincification. ƒtant donnŽ que le zinc est lÕŽlŽment prŽfŽrentiellement relarguŽ 

des ŽlŽments de laiton, lÕapparente baisse du relargage de plomb ne semble  pas combinŽe ˆ une 

stabilisation de la surface du matŽriau. Cette situation questionne la capacitŽ des orthophosphates 

de contr™ler ˆ long terme la corrosion du zinc et le relargage de plomb tel que suggŽrŽ par Zhang 

& Edwards (2011) et Lytle & Schock (1996). Davantage de tests sont requis pour mieux 

comprendre lÕefficacitŽ des orthophosphates ˆ inhiber le relargage de plomb. 

Les traitements de contr™le de la corrosion testŽs ont influencŽ la concentration dÕŽquilibre  avec 

un impact direct sur l'exposition maximale au plomb. Cette situation est extr•mement importante 

et pourrait devenir un facteur dŽterminant dans les grands b‰timents avec faible utilisation.  

La hausse de la concentration en chlorure a ŽtŽ associŽe ˆ une plus grande dŽzincification du 

laiton jaune, ce qui corrobore les rŽsultats rapportŽs par Zhang et Edwards (2011), sans avoir 
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dÕimpact sur le laiton rouge. Une augmentation significative de la concentration de 300% a ŽtŽ 

observŽe pour 1 sur les 8 robinets reliŽs ˆ Cu exposŽs ˆ l'eau avec un CSMR plus ŽlevŽ (chlorures 

ŽlevŽs), ce qui sugg•re la prŽsence de corrosion galvanique. Contrairement aux rŽsultats des 

chapitres 5 et 6, la corrosion galvanique observŽe pour une mamellon aurait entra”nŽ un relargage 

de plomb des dŽp™ts dŽjˆ prŽsents ˆ la jonction Pb/Cu plut™t que la formation dÕune nouvelle 

couche de dŽp™ts de corrosion. 

Les rŽsultats du montage ˆ Žchelle-pilote de robinets en laiton rŽv•lent Žgalement qu'un faible 

taux de transfert massique ne permet pas la dissolution du plomb en quantitŽ importante en 

Žcoulement. Cette observation est confirmŽe par les rŽsultats des Žtudes pilotes ainsi que ceux 

mesurŽs ˆ Žchelle rŽelle dans le complexe de b‰timents ŽtudiŽ.  

8.2 Contextualisation des rŽsultats obtenus  

8.2.1 Impact de la qualitŽ de lÕeau sur le relargage de plomb pour les 2 

rŽseaux de distribution dÕeau potable principalement ŽtudiŽs  

La table 8.1 prŽsente les principales caractŽristiques des deux types dÕeau ŽtudiŽs ainsi qu'une 

br•ve Žvaluation du potentiel de corrosion pour les trois mŽcanismes ŽvaluŽs ici, ˆ savoir : 1) la 

corrosion du uniforme du plomb; 2) la corrosion du laiton (dŽzincification) et 3) la corrosion 

galvanique du plomb. 
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Table 8.1 Analyses des caractŽristiques des eaux ŽtudiŽes et Žvaluation du potentiel de corrosion.  

 Ville de MontrŽal 
Usines Atwater et Des 

Baillets 

Ville de Laval 
Usine Pont Viau 

pH  7,7 7,5 
AlcalinitŽ (mg CaCO3/L) 82 26 
DuretŽ totale (mg CaCO3/L) 116 45 
Chlore libre (mg Cl2/L) 0,3-0,7 1,1 
Chlorures  (mg Cl-/L) 22 5 
Sulfates (mg SO4

2-/L) 25 23 
ConductivitŽ (!S/cm)  291 127 
Concentration en calcium (mg/L) 32 20 
COT (mg/L) 2,17 3,5 
CSMR 0,9 0,2 
Carbone inorganique dissous (DIC mg 
C/L) 

20 7 

Niveau de corrosivitŽ pour le plomb et 
concentration dÕŽquilibre en plomb 
dissous associŽe.  
Diagramme dÕŽquilibre obtenu de  
Schock et al. (1996) et bar•me basŽ sur 
van der Leer et al. (2002)  

ModŽrŽ (200 !g/L en 
Pbdiss) 

ƒlevŽ (650 !g/L en 
Pbdiss) 

Niveau de corrosivitŽ du laiton 
thŽorique (estimation) fixŽ sur le 
relargage de Zndiss 
Crit•res basŽs sur les rŽsultats de Zhang 
& Edwards (2011) 

ModŽrŽ (alcalinitŽ 
ŽlevŽe et chlorure 
ŽlevŽ) 

ƒlevŽ (faible 
alcalinitŽ) 

Risque de corrosion galvanique   
Crit•re basŽ sur le CSMR dans Nguyen et 
al. (2011a) 

ƒlevŽ (serious) Faible (no concern) 

RŽsidences 
avec RSP 

RŽsultats terrain (30MS ) Pb
diss

: 36 !g/L,  

Pb
part

: 1!g/L, N=35  
N/A 

RŽsultats du pilote 
(estimation/30MS) 

Pb
diss

: 46 !g/L 

Pb
part

: 6 !g/L, N=3  
N/A 

RŽsultats du pilote 
(estimation/16HS)  

Pb
diss

 : 182 !g/L  

Pb
part

 : 39 !g/L, N=33  
N/A 

Grands 
b‰timents  

Premier jet (250 mL apr•s 
> 8h < 24h de stagnation). 
RŽsultats non-dŽtaillŽs 
dans cette th•se 

Pbtot : 10±28 !g/L, 
N=38 

Analyse de base :  
Pbtot : 62±134 !g/L 
N=622 
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Cette Žvaluation conforte une de nos hypoth•ses initiales : sans provenir nŽcessairement des 

robinets, les concentrations ŽlevŽes au premier jet (250 mL) dans les grands b‰timents ˆ Laval 

seraient en grande partie attribuables aux ŽlŽments en laiton, la problŽmatique reliŽe aux soudures 

causŽe en partie par la corrosion galvanique nÕŽtant pas mise en cause ˆ ce niveau de CSMR 

(Nguyen et al., 2011a).  

Deux autres constats importants dŽcoulent de ces rŽsultats:  

¥ La Ville de Laval nÕa pas dŽtectŽ de conduites en plomb sur son territoire. Toutefois, si 

des conduites en plomb Žtaient exposŽes ˆ une eau du m•me type, des concentrations 

beaucoup plus ŽlevŽs que celles observŽes ˆ MontrŽal seraient ˆ prŽvoir.  

¥ En ce qui concerne le rŽseau de MontrŽal, des concentrations relativement faibles de 

plomb au robinet ont ŽtŽ observŽes apr•s moins de  8 heures de stagnation dans le cas de 

grands b‰timents construits dans les annŽes 1960-1970 (donc ayant potentiellement des 

soudures au plomb). En regard du CSMR et des rŽsultats prŽsentŽs au chapitre 6, il ne fait 

aucun doute que la corrosion galvanique peut, ˆ court terme, entra”ner une hausse 

significative du plomb dans lÕeau. Les rŽsultats prŽliminaires obtenus pour des grands 

b‰timents et des rŽsidences sans RSP alimentŽs par lÕeau de MontrŽal sugg•rent  toutefois 

que le relargage de plomb des soudures est moins important ou sÕestompe avec le temps, 

ce qui est confirmŽ par les donnŽes de la littŽrature (Reiber, 1991; Birden et al., 1985). 

Enfin, les traitements utilisŽs ont entra”nŽ des impacts comparables pour les deux types dÕeau 

ŽtudiŽs, ˆ savoir :  

¥ LÕutilisation dÕorthophosphates (0.8-1.0 mg P/L) a amenŽ une rŽduction moyenne du 

plomb de 64% pour les conduites en plomb et de 40%  pour les robinets en laiton. Dans 

les deux cas, la diminution concernait principalement le plomb  dissous, le plomb 

particulaire nÕŽtant pas significativement modifiŽ. Suite ˆ lÕŽtude prŽsentŽe au chapitre 7, 

le Service Correctionnel du Canada a conduit  des tests ˆ Žchelle rŽelle afin d'Žvaluer  le 

contr™le de la corrosion avec des orthophosphates dans un complexe de b‰timents 

alimentŽs par une eau qui prŽsentait des caractŽristiques similaires (faible pH, faible 

alcalinitŽ, faible CSMR). Une baisse des concentrations moyenne en plomb de 85% a ŽtŽ 
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observŽe dans ce grand b‰timent, apr•s 1 an de traitement aux orthophosphates ˆ 1 mg 

P/L.  

¥ LÕajustement du pH ˆ des valeurs de 8.3-8.4 a entra”nŽ une certaine diminution du 

relargage de plomb des robinets en laiton. Dans le cas des conduites en plomb, bien 

quÕune lŽg•re baisse du relargage de plomb ait ŽtŽ observŽe pendant les 3 premiers mois 

pour la configuration 100%-Pb, cette valeur de pH appara”t surtout  associŽe ˆ une hausse 

du relargage sporadique de plomb particulaire.    

¥ LÕaugmentation du CSMR a occasionnŽ une hausse du relargage de zinc pour certains 

robinets connectŽs ˆ du cuivre, ainsi quÕune hausse de plomb pour un vieux mamellon de 

laiton Žgalement connectŽ ˆ du cuivre. Une baisse du CSMR entra”ne ˆ court terme 

lÕŽlimination des impacts nŽgatifs des remplacements partiels de conduites en plomb 

lorsquÕaucune perturbation hydraulique ne survient. 

8.2.2 Impact de lÕhydraulique sur le relargage de plomb avec ou sans jonction 

au cuivre  

Selon Darcy-Weisbach, la force de frottement est fonction du carrŽ de la vitesse et du coefficient 

de frottement, qui augmente Žgalement avec la vitesse en fonction du nombre de Reynolds. Une 

augmentation de la vitesse dans les conduites est consŽquemment associŽe ˆ une augmentation 

quadratique du cisaillement au niveau de la paroi des conduites (Zidouh, 2009). Dans les cas o• 

cette vitesse entra”nerait un dŽtachement des dŽp™ts formŽs sur la paroi des conduites ou dans 

ceux o• des diffŽrences de pression ˆ la surface des conduites crŽeraient de la cavitation, on parle 

de corrosion mŽcanique (Singley, 1994).  Il est gŽnŽralement convenu quÕune vitesse de 1,2 m/s 

est requise pour gŽnŽrer de la corrosion mŽcanique. Une telle vitesse est atteinte ˆ 15 L/min pour 

les conduites de 16 mm (1,3 m/s) et de 13 mm (2 m/s) et ˆ 32 LPM pour les conduites de 19 mm 

(1,9 m/s).  

Ainsi, au chapitre 5, des hausses de la vitesse dÕŽcoulement ont ŽtŽ associŽes ˆ des augmentations 

de relargage de plomb particulaire et cela principalement pour les conduites en plomb jointes ˆ 

une conduite de cuivre. En fonction de lÕanalyse prŽsentŽe au Chapitre 5 (incluant la figure 5.7), 

il semble indŽniable quÕune portion de ces dŽp™ts proviennent de la jonction cuivre/plomb lors 

dÕune augmentation du dŽbit. La vitesse de corrosion mŽcanique nÕest pas atteinte ˆ 8 LPM (0.5 
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m/s). Les Žchantillonnages rŽpŽtitifs (prŽlevŽs ˆ une vitesse de 1,9 m/s) ont dŽmontrŽ quÕune 

sŽrie dÕŽchantillonnages ˆ haut dŽbit pouvait entra”ner des concentrations systŽmatiquement plus 

ŽlevŽes quÕˆ faible dŽbit pour une pŽriode de temps dÕune dizaine de jours. Toutefois, les 

pŽriodes pendant lesquelles les hauts dŽbits consŽcutifs Žtaient appliquŽes Žtaient courtes (moins 

dÕune minute), ce qui ne permettait pas nŽcessairement aux couches de dŽp™ts de sÕacclimater 

aux nouvelles conditions hydrauliques. De plus, il faut tenir compte dÕune autre source de 

cisaillement, en l'occurrence la variation de pression transitoire causŽe par lÕouverture de la vanne 

dans un temps rŽduit (< 1 sec) (Zidouh, 2009). Selon ces diffŽrentes informations, il est 

raisonnable de penser que lÕapplication dÕun dŽbit aussi ŽlŽvŽ en permanence aurait pu 

occasionner le lessivage complet des dŽp™ts prŽsents dans les conduites.  

 Au chapitre 6, des conduites de 12 mm et 16 mm ont ŽtŽ maintenues au m•me dŽbit 

dÕŽcoulement pendant la pŽriode de stabilisation (5 LPM). En ajustant le relargage de plomb  en 

fonction de la surface de plomb exposŽe, la hausse observŽe entre les deux types de conduites 

nÕest seulement que de 6% pour une augmentation des vitesses de 46% (0,4-0,7 m/s). Ces 

rŽsultats sugg•rent quÕune hausse de la vitesse nÕest pas nŽcessairement associŽe ˆ un relargage 

de plomb plus important lorsque la vitesse dÕŽcoulement est infŽrieure ˆ celle entra”nant la 

corrosion mŽcanique.  

Enfin, la mise en route du pilote de MontrŽal est beaucoup plus graduelle, les vannes Žtant 

opŽrŽes manuellement en environ 2-3 secondes. NŽanmoins, des prŽ-tests ont dŽmontrŽ la 

prŽsence dÕune onde de pression transitoire dans ce pilote (pic de lÕonde ˆ 4 psi ˆ 5 et 15 LPM). 

Bien que cette hausse de pression ne soit pas directement associŽ ˆ du cisaillement (tel que dŽcrit 

par Darcy-Weisbach), cette derni•re pourrait avoir un impact important en crŽant une onde de 

cisaillement transitoire tel que modŽlisŽ dans la littŽrature (Zidouh, 2009). Cette situation pourrait 

entra”ner un dŽtachement des dŽp™ts prŽsents sur les parois des conduites sous forme de plomb 

particulaire. Des donnŽes supplŽmentaires sont toutefois requises pour mieux comprendre 

lÕimpact de ce cisaillement sur le relargage de plomb des dŽp™ts.  

Sur le terrain, les phŽnom•nes de pressions transitoires qui se produisent lors de lÕouverture du 

robinet pourraient Žgalement avoir un impact important sur le mŽlange qui se produit dans les 

conduites en modifiant compl•tement le profil dÕŽcoulement (Zidouh, 2009). Aussi, il semble tr•s 

possible que la hausse de concentrations de plomb dissous/collo•dal observŽe lors 
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dÕouvertures/fermetures rŽpŽtŽes dÕun robinet (Deshommes et al., 2010) puisse •tre causŽe par 

une dŽstabilisation de la couche limite en plus du relargage de plomb collo•dal gŽnŽrŽ par le 

cisaillement (entra”nant un dŽtachement des particules/collo•des comme pour le pilote).  

En ce sens, une simlation a ŽtŽ effectuŽe en utilisant les Žquations de Cardew (2006) avec (i) une 

conduite de 16 mm de diam•tre et de 10 m de longueur; (ii) dans laquelle lÕeau circule ˆ un dŽbit 

de 5 LPM; (iii) et pour laquelle il y a saturation de plomb dans la couche limite (la concentration 

de plomb dissous ˆ saturation est posŽe ˆ 200 !g/L). Les calculs effectuŽs montrent quÕune 

dŽstabilisation du profil dÕŽcoulement (Zidouh, 2009) entra”ne un mŽlange radial complet et une 

concentration rŽsultante de plomb dans le volume total de la conduite entre 16 et 27 !g/L 

(Annexe 3). Encore une fois, ces donnŽes sont prŽliminaires.  

8.2.3 Impact du temps de stagnation et des protocoles dÕŽchantillonnage sur le 

relargage de plomb  

Selon les rŽsultats des Žtudes pilotes (chapitre 6 et 7), le temps de stagnation joue  un r™le 

prŽpondŽrant dans  le relargage du plomb aussi bien sous la forme  dissoute que sous la forme 

particulaire. La cinŽtique de relargage du plomb dissous est rapportŽe dans  la littŽrature pour une 

plus longue pŽriode de stagnation (Cardew, 2006; van der Leer et al., 2002; Kuch et Wagner, 

1981).  Certaines Žtudes (Triantafyllidou & Edwards, 2011; Nguyen et al., 2010) sugg•rent 

Žgalement une hausse importante de la concentration en plomb apr•s stagnation prolongŽe lors de 

situations promouvant la corrosion galvanique. Dans le montage pilote prŽsentŽ au chapitre 6, on 

observe clairement une cinŽtique diffŽrente entre le relargage de plomb dissous et particulaire 

pour la configuration 100%-Pb, mais surtout pour les conduites de plomb combinŽes ˆ des 

conduites de cuivre sujettes ˆ la corrosion galvanique.  

La proposition de SantŽ Canada pour lÕŽchantillonnage des b‰timents rŽsidentiels et non-

rŽsidentiels a ŽtŽ dŽveloppŽe afin d'Žvaluer adŽquatement lÕexposition de la population au plomb 

dans lÕeau potable (Health Canada, 2009). NŽanmoins, lÕŽvaluation de lÕexposition  au relargage 

de plomb ˆ partir  d'un tel protocole  peut amener un certain biais. Au niveau  du plomb dissous, 

il est possible dÕestimer les concentrations de plomb dans lÕeau apr•s plus de huit heures de 

stagnation en se fondant sur des rŽsultats obtenus apr•s 30 minutes de stagnation dans des 

conduites en plomb. Un Žchantillonnage apr•s 30 minutes de stagnation permet gŽnŽralement 
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dÕobtenir une concentration dÕenviron 30% de la concentration en plomb dissous ˆ lÕŽquilibre (van 

der Leer, 2002). Toutefois, le relargage de plomb particulaire ne suit pas la m•me cinŽtique. 

Ainsi, un protocole dÕŽchantillonnage apr•s 30 minutes de stagnation ne permet pas de dŽceler une 

problŽmatique de plomb particulaire. La tendance au relargage de plomb particulaire apr•s 

stagnation prolongŽe peut varier significativement dÕun type dÕeau ˆ lÕautre et, dans certains cas, 

•tre associŽe ˆ des relargages importants comme ceux observŽs au chapitre 6.  

En 2007-2008, pour les 13 Žchantillons prŽlevŽs pour le rŽseau de distribution dÕeau potable de 

MontrŽal avec une mŽthode RDT dont le 2e litre avait stagnŽ dans le RSP, la moyenne des 

concentrations Žtait de  51±27 !g/L, avec une tr•s faible fraction de plomb particulaire (environ 

2%). Toutefois, selon les donnŽes disponibles, le temps de stagnation nÕavait jamais dŽpassŽ 30 

minutes pour ces rŽsidences. Certains Žchantillons prŽlevŽs sur le terrain suite ˆ des 

remplacements partiels de conduites en plomb ˆ MontrŽal (rŽsultats prŽliminaires non prŽsentŽs) 

sugg•rent une diminution des concentrations en plomb dans la majoritŽ des cas et dans les pires 

cas, des pics de concentrations sporadiques comparables ˆ celles observŽes par Muylwyk et al. 

(2011).  Cette situation est tr•s semblables aux rŽsultats  obtenus ˆ lÕŽchelle pilote apr•s 30 

minutes de stagnation. Ë dŽfaut de disposer des donnŽes pour le valider, il appara”t possible que 

les observations faites ˆ lÕŽchelle pilote apr•s 16 heures de stagnation soient Žgalement applicables 

sur le terrain. En somme, il est possible que les Žchantillons prŽlevŽs ˆ MontrŽal nÕaient pas 

permis de dŽceler une problŽmatique de relargage de plomb particulaire ŽlevŽ apr•s stagnation 

dans les raccordements de service en plomb tel quÕobservŽ au chapitre 6. Cette situation est dž au 

fait quÕaucun Žchantillon nÕa ŽtŽ prŽlevŽ apr•s une stagnation prolongŽe dans un raccordement de 

service en plomb.  

En terme de patron de consommation, la probabilitŽ de consommer de lÕeau ayant stagnŽe pendant 

une longue pŽriode de temps (> 6 h) dans une conduite en plomb est faible. Sans avoir de profils  

de consommation ˆ notre disposition,  il est possible de poser que cette fraction soit infŽrieure ̂ 

1% voire 0,1% de lÕeau consommŽe. Toutefois, sur la base de nos connaissances, une Žtude 

dÕexposition devrait utiliser une modŽlisation Monte-Carlo considŽrant les valeurs extr•mes 

malgrŽ leur raretŽ. ƒtant donnŽ le risque dÕintoxication sŽv•re au plomb lors de lÕingestion dÕune 

masse de 175 !g de plomb pour les enfants (CPSC, 2005), il semblerait prŽfŽrable de considŽrer 
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les probabilitŽs associŽes ˆ ce genre dÕŽv•nements rares afin de dŽtecter adŽquatement le risque 

dÕintoxication.   

Au chapitre 7, la cinŽtique de relargage pour le plomb particulaire des ŽlŽments en laiton neufs 

est similaire ˆ celle observŽe pour le plomb dissous. Des Žtudes complŽmentaires seraient 

toutefois requises pour mieux comprendre la cinŽtique de relargage des vieux ŽlŽments de laiton 

ainsi que des ŽlŽments de laiton joints ˆ des conduites de cuivre. 

 

Figure 8.3 Profil de relargage de plomb estimŽ basŽ sur les rŽsultats de lÕŽtude pilote (Chapitre 

6). 

BasŽ sur les rŽsultats de la Figure 6.4, la Figure 8.3 montre de mani•re schŽmatisŽe lÕŽvolution 

prŽvue des concentrations en plomb dans le pilote en fonction du temps de stagnation sans 

traitement. BasŽ sur les trois points disponibles (0, 30 min et 24h de stagnation) il est possible de 

dŽterminer une courbe dÕŽquilibre de relargage de plomb tel que suggŽrŽ par van der Leer et al. 

(2002). Par contre, cette technique ne permet pas de certifier que la concentraiton dÕŽquilibre de 

plomb dissous ait ŽtŽ atteinte apr•s 24 h comme lÕa fait remarquŽ Xie & Giammar (2011). Sur 

cette figure, on observe clairement la hausse de relargage de  plomb particulaire suite ˆ une 

stagnation prolongŽe pour une conduite en plomb connectŽ ˆ une conduite de cuivre, comme lors 

dÕun remplacement partiel. Cette situation nÕest pas dŽtectŽe pour une courte stagnation de 30 

minutes.  
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Les concentrations ŽlevŽes en plomb particulaire pour des conduites en plomb jointes ˆ une 

conduite de cuivre seraient causŽes principalement par la corrosion galvanique. Il a ŽtŽ dŽmontrŽ 

que la corrosion galvanique Žtait localisŽe ˆ la jonction et ne semblait pas •tre anodiquement 

limitŽe pour les longueurs testŽs (> 30 cm) (Triantafyllidou & Edwards, 2011). Des 

concentrations en plomb encore plus importantes seraient donc mesurŽes si lÕŽchantillonnage 

Žtait effectuŽ permettait dÕisoler lÕeau de la jonction Pb-Cu. Dans le pilote testŽ, lÕutilisation de 

portions de plomb de 60 cm amplifie donc lÕimpact de la corrosion galvanique en termes de 

pourcentage dÕaugmentation par rapport ˆ une conduite plus longue. Pour cette raison, il est 

prŽfŽrable dÕutiliser la masse de plomb relarguŽe plut™t que la concentration, m•me si cette 

derni•re est plus facile ˆ conceptualiser.  

 

Table 8.2 Concentration en Pb apr•s Žcoulement (1 min) dans sections du pilote avant et apr•s les 

remplacements partiels (Phase 4; Chapitre 6). 

4*+,1/1*+# P0&1/-2-+/# R#
4*+;#=>#3Y<UH8#

32*DfSKAK8#
<631420&!
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JLf;)7!),$08&4!
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Les concentrations observŽes en Žcoulement pour le pilote (Phase 4) sont gŽnŽralement bien en 

de•a des valeurs rŽglementaires au QuŽbec (Gouvernement du QuŽbec, 2012). En Žcoulement, on 

observe une hausse significative (5X, 2 !g/L) suite au remplacement partiel. Toutefois, en 

comparaison des valeurs observŽes sur le terrain (souvent proche de 10 !g/L en Žcoulement 5 

min), cette hausse est tr•s faible. Ainsi, suite ˆ un remplacement partiel de 50% dÕune conduite en 

Pb, en considŽrant lÕimpact de la jonction galvanique, on pourrait sÕattendre ˆ une valeur de 

(10/2+2= 7 !g/L), ce qui, pour un gestionnaire, est une amŽlioration.  Un protocole basŽ sur un 
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Žchantillonnage en Žcoulement, ne permet aucunement de dŽtecter une problŽmatique de 

corrosion galvanique.  

8.3 Validation des hypoth•ses de recherche 

Initialement neuf hypoth•ses de recherche avaient ŽtŽ ŽnoncŽes. Pour plusieurs raisons, incluant 

une question de faisabilitŽ, certaines ont dž •tre rejetŽes. Les hypoth•ses de recherche initiales 

retenues sont les suivantes :  

 

- Le relargage de plomb observŽ ˆ la Ville de MontrŽal provient principalement des 

raccordements de service en plomb (RSP) et est fortement influencŽ par la longueur 

du RSP.   

Les rŽsultats du chapitre 3 montrent clairement que les RSP sont la source principale de plomb ˆ 

MontrŽal. Tel que montrŽ dans la thŽorie, les plus longues RSP ont ŽtŽ associŽs ˆ un relargage 

plus important en Žcoulement. 

- ƒtant donnŽ le faible relargage de plomb des autres sources, il est possible de 

dŽtecter la prŽsence de RSP ˆ partir des concentrations mesurŽes au robinet apr•s 

une courte stagnation.  

Les rŽsultats du chapitre 4 montrent quÕapr•s une courte stagnation de 15 min, la concentration 

de plomb trouvŽe au robinet permet de dŽtecter les conduites en plomb dans la plupart des cas en 

posant un seuil ˆ 3!g/L de plomb dans lÕeau (RSP dans 96% des cas). Toutefois, il peut arriver 

que des RSP soient prŽsentes pour des concentrations infŽrieures ˆ 3!g/L. Des faibles 

concentrations en plomb ont ŽtŽ trouvŽes pour des conduites de pr•s de 8 m de long.  Cette 

situation sugg•re une certaine limitation du protocole mais aussi la prŽsence de mŽcanismes 

inhibant le relargage de plomb. Des limitations sont Žgalement ˆ prŽvoir en exportant ce 

protocole ̂  dÕautres rŽseaux de distribution dÕeau potable, particuli•rement si lÕeau est moins 

corrosive, ou si la prŽsence de plomb particulaire est importante.  

- La prŽsence dÕune section de conduite de cuivre en amont de sections en plomb 

entra”ne une dŽposition du cuivre sur le plomb et accro”t ainsi lÕeffet galvanique 

lorsque les conditions de qualitŽ dÕeau sont favorables ˆ la corrosion galvanique. 
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Les rŽsultats du chapitre 5 rŽv•lent une hausse importante des concentrations en plomb lorsque la 

conduite en plomb est situŽe en aval de celle en cuivre. Cette situation nÕa pas ŽtŽ rapportŽe dans 

le cas des conduites en plomb excavŽes (chapitre 6). Cette situation est explicable de diffŽrentes 

mani•res : 1) des types dÕeau diffŽrents ont ŽtŽ utilisŽs pour les deux expŽriences; 2) la prŽsence 

de dŽp™ts sur les conduites en plomb emp•che la corrosion par dŽposition; 3) la durŽe de 

lÕexpŽrience rŽalisŽe au chapitre 6 est trop courte pour permettre dÕobserver la prŽsence de 

corrosion par dŽposition. 

- ƒtant donnŽ les caractŽristiques physico-chimiques de lÕeau de MontrŽal, une 

connexion galvanique a un impact significatif sur le relargage de plomb des 

conduites en plomb ˆ MontrŽal.  

Les rŽsultats du chapitre 6 montrent, pour des conduites exposŽes ˆ lÕeau de MontrŽal, une hausse 

des concentrations en plomb suite au remplacement de 80% dÕune conduite en plomb par du 

cuivre par rapport au concentration observŽe pour une conduite compl•tement en plomb. La 

valeur observŽe apr•s remplacement partiel correspond ˆ 275% des concentrations mesurŽes pour 

une conduite enti•rement en plomb (sans remplacement). Pou expliquer cette hausse, 169 !g/L 

des 201 !g/L mesurŽs cinq semaines apr•s le remplacement partiel seraient attribuables ˆ la 

jonction galvanique. 

- Des perturbations hydrauliques ou des vitesses locales ŽlevŽes causŽes par des 

variations de la gŽomŽtrie des conduites en plomb ou des variations de dŽbit au 

robinet diminuent lÕefficacitŽ des traitements anticorrosion de mani•re temporaire 

ou permanente. 

LÕaugmentation pŽriodique du dŽbit dÕŽcoulement a un impact majeur sur le relargage de plomb 

des conduites excavŽes exposŽes aux diffŽrents traitements (chapitre 6). Les hausses sont plus 

importantes pour les conduites en plomb combinŽes ˆ des conduites en cuivre. La hausse la plus 

significative a ŽtŽ observŽe pour les conduites en plomb jointes ˆ du cuivre et soumises  ˆ un 

traitement aux orthophosphates. Cette situation entra”ne de sŽrieux doutes quant ˆ la pertinence 

de lÕutilisation dÕorthophosphates comme traitement de contr™le de la corrosion, pour des 

syst•mes de distribution prŽsentant de nombreux  remplacements partiels de RSP. 

- Le relargage du plomb dans les grands b‰timents publics ˆ Laval se situe 

prin cipalement au niveau de la robinetterie en laiton. Les relargages de plomb 
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importants observŽs pour les ŽlŽments de robinetterie ˆ Laval ne sont pas causŽs par 

la corrosion galvanique. Pour lÕeau de Laval, une connexion galvanique prot•ge les 

robinets en laiton.  

Comme le dŽmontrent les rŽsultats du chapitre 7, les robinets en laiton contribuent aux 

concentrations observŽes au premier jet.  Cette source nÕest toutefois pas la source principale de 

plomb dans lÕeau. ConsidŽrant nos  rŽsultats  (importance du relargage de zinc) ainsi que les 

caractŽristiques de lÕeau (faible CSMR), il semble que les soudures ne soient pas non plus la 

source la plus importante au premier jet (250 mL). Les fortes concentrations en plomb observŽes 

dans le premier 250 mL (> 8 h de stagnation) pourraient donc •tre attribuables ˆ dÕautres 

ŽlŽments de laiton (joint, vannes, mamelon). ConsidŽrant le profil de relargage du zinc diminuant 

de mani•re importante dans les sections de plomberie subsŽquentes, ces soudures pourraient 

contribuer de mani•re importante dans les Žchantillons subsŽquents. Tel que dŽmontrŽ au chapitre 

7, apr•s 24 heures de stagnation, les robinets (ou combinaison robinets et mamelons) connectŽs ˆ 

une conduite de cuivre prŽsentent des concentrations en plomb Žgales ou m•me infŽrieures ˆ ceux 

sans conduite de cuivre lorsquÕexposŽs ˆ lÕeau de la  Ville de Laval lorsquÕaucun ajout de 

chlorures nÕest effectuŽ. 

- M•me sÕils contiennent un pourcentage de plomb nŽgligeable, certains robinets en 

laiton anciennement certifiŽs Ç sans plomb È entra”nent des dŽpassements de la 

norme actuelle. 

La norme sur le plomb a ŽtŽ modifiŽe depuis 2009. Les robinets qui Žtaient alors certifiŽs Ç sans 

plomb È ne le sont plus. Les rŽsultats prŽsentŽs au chapitre 7 montrent dŽfinitivement que les 

robinets qui Žtaient auparavant certifiŽs sans plomb constituent  en rŽalitŽ une source significative 

de plomb.  
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RECOMMANDATIONS ET CONCLUSION S 

Ce projet de recherche doctoral aura plusieurs impacts aussi bien dÕun point de vue scientifique 

que pratique, pour les gestionnaires de rŽseaux de distribution dÕeau potable et plus 

spŽcifiquement pour les 2 rŽseaux de distribution concernŽs. Certains rŽsultats devront cependant 

faire lÕobjet de validation dans des conditions sÕapprochant mieux de la rŽalitŽ ainsi quÕ•tre testŽs 

pour dÕautres types dÕeau avant de pouvoir les gŽnŽraliser. Les travaux ont Žgalement permis de 

dŽvelopper certaines autres hypoth•ses innovatrices. La suite des travaux pourrait, le cas ŽchŽant, 

inclure les aspects suivant :   

1. Poursuite de lÕŽchantillonnage dans les b‰timents rŽsidentiels et non-rŽsidentiels.  

Les rŽsultats prŽsentŽs dans cette Žtude, de m•me que ceux rapportŽs dans Deshommes et al. 

(2010), ainsi que dans de nombreuses Žtudes effectuŽes pour dÕautres rŽseaux de distribution 

dÕeau potable, (telle que Sandvig et al., 2008)  dŽmontrent quÕil est possible dÕinterprŽter avec 

succ•s des rŽsultats provenant dÕŽtudes terrain pour expliquer des mŽcanismes de relargage de 

plomb gŽnŽrŽs en laboratoire.  

¥ RŽsidence avec RSP. En fonction des donnŽes disponibles ˆ MontrŽal, aucun 

Žchantillonnage nÕa permis de mesurer le plomb dans lÕeau apr•s > 6 h de stagnation dans 

le RSP. En fonction des rŽsultats du chapitre 6, il est possible que cette situation entra”ne 

une mauvaise interprŽtation de la problŽmatique du plomb particulaire ˆ MontrŽal. Afin 

de bien comprendre la problŽmatique spŽcifique des rŽsidences de MontrŽal, il est 

essentiel de poursuivre les profils dÕŽchantillonnage apr•s des pŽriodes de stagnation 

prolongŽes idŽalement en combinaison avec des tests modifiant lÕhydraulique 

dÕŽcoulement et de mŽlange.  

¥ RŽsidences sans RSP. Les rŽsultats du chapitre 3 sugg•rent que les soudures et la 

robinetterie ne sont pas une source de plomb dissous importante apr•s 30 minutes de 

stagnation. Toutefois ces sources ont ŽtŽ associŽs ˆ la prŽsence de plomb particulaire 

apr•s une stagnation variable (Deshommes et al., 2010). Les rŽsidences sans 

raccordement de service en plomb alimentŽes par le rŽseau de la Ville de MontrŽal sont 

associŽes ˆ de tr•s faibles concentrations en plomb qui ne devraient pas contribuer ˆ 

lÕexposition principalement dž aux tr•s faibles concentrations de plomb dans lÕeau 

observŽe en Žcoulement (< 1 !g/L). NŽanmoins, pour les rŽsidences sans RSP peu 
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dÕŽchantillons ont ŽtŽ prŽlevŽs apr•s stagnation prolongŽe et aucun nÕa ŽtŽ prŽlevŽ ˆ fort 

dŽbit. En effet, comme lÕaugmentation du dŽbit dÕŽcoulement a ŽtŽ associŽ ˆ une 

augmentation du relargage de plomb des soudures (Twedt, 1996) et des robinets  en laiton 

(Sandvig et al., 2008), un relargage de plomb particulaire important pourrait survenir en 

augmentant le dŽbit ou en gŽnŽrant des perturbations hydrauliques. Cela est dÕautant plus 

plausible que le plomb particulaire observŽ dans le rŽseau de MontrŽal a ŽtŽ associŽ 

principalement aux soudures et aux ŽlŽments de laiton (Deshommes et al., 2010). Ë ce 

jour, aucun test nÕa ŽtŽ effectuŽ dans les b‰timents rŽsidentiels de Laval de moins de 6 

logements. BasŽ sur les rŽsultats du chapitre 7, il pourrait •tre utile dÕun point de vue de 

santŽ publique dÕŽvaluer cette situation. 

¥ Suivi de la qualitŽ de lÕeau. Les rŽsultats du chapitre 3 montrent ˆ la Ville de MontrŽal 

une tr•s bonne reproductibilitŽ des concentrations pour un m•me site dÕune annŽe ˆ 

lÕautre. De tels rŽsultats confirment la possibilitŽ dÕutiliser lÕapproche de Ç sites 

sentinelles È. Cette mŽthode pourrait •tre particuli•rement utile pour Žvaluer lÕimpact du 

changement de pH ˆ Žchelle rŽelle.  

¥ Sites non-rŽsidentiels et grands b‰timents. Les grands b‰timents (particuli•rement les 

Žcoles et les garderies) devraient nŽcessairement •tre considŽrŽs pour ce genre dÕŽtude, les 

temps de stagnation Žtant souvent beaucoup plus longs que pour les b‰timents rŽsidentiels 

et la population cible particuli•rement sensible (enfants, parfois en bas ‰ge) Žtant 

directement exposŽe (Triantafyllidou & Edwards, 2012). Aussi, ˆ la lumi•re des rŽsultats 

de lÕŽchantillonnage effectuŽ ˆ Laval (Chapitre 7), il appara”t Žvident que les grands 

b‰timents sans RSP alimentŽs par une eau de faible alcalinitŽ prŽsentent des risquent 

encore plus ŽlevŽs dÕ•tre associŽs ˆ une problŽmatique de plomb dans lÕeau. Une 

campagne dÕŽchantillonnage portant sur cet aspect est actuellement en cours. 

¥ B‰timents verts. Les b‰timents verts prŽsentent Žgalement des risques  importants dÕ•tre 

associŽs ˆ des problŽmatiques de relargage de plomb dans lÕeau potable, principalement 

dž aux syst•me de plomberie ayant des temps de rŽtention hydraulique plus ŽlevŽs, 

augmentant le risque de nitrification (Nguyen et al., 2008; Zhang et al., 2009), une 

situation entra”nant une baisse de pH. Cette situation pourrait m•me •tre aggravŽe dans 

les cas o• les b‰timents prŽsentent des portions de tuyauterie en plastique augmentant 
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dans certains cas le relargage de carbone organique promouvant la croissance bactŽrienne 

et le risque de dŽnitrification.  

2. MŽcanisme de relargage du plomb des ŽlŽments en laiton 

¥ MŽcanisme dÕinhibition du plomb avec des orthophosphates. LÕapparente efficacitŽ 

des orthophosphates pour diminuer le relargage de plomb devrait •tre ŽvaluŽe ˆ plus long 

terme afin de bien comprendre si le mŽcanisme de relargage permet de stabiliser 

compl•tement le relargage de mŽtal ou sÕil am•ne le zinc ˆ se sacrifier pour protŽger le 

plomb. Des mesures de zinc ˆ lÕŽtablissement pilote du SCC pourrait •tre une mani•re 

simple dÕŽvaluer cette situation, particuli•rement si des valeurs de zinc sont disponibles 

avant la mise en place du traitement. 

¥ ƒvaluation de la corrosion galvanique. Dans le cas observŽ au chapitre 7, la corrosion 

galvanique pourrait avoir crŽŽ une dŽstabilisation de la couche de dŽp™ts prŽsents ˆ la 

jonction. Des tests supplŽmentaires doivent •tre effectuŽs afin dÕexaminer le risque de 

corrosion galvanique des ŽlŽments de laiton et les conditions exactes qui peuvent la 

gŽnŽrer.  

¥ ƒvaluation et optimisation des traitements pour diminuer le relargage de plomb des 

ŽlŽments en laiton. Les essais de Zhang (2011a) sugg•rent une excellente efficacitŽ dÕune 

hausse dÕalcalinitŽ pour diminuer la dŽzincification des ŽlŽments en laiton. Il serait 

intŽressant de tester ce traitement en parall•le aux orthophosphates et ˆ un ajustement de 

pH (> 8,4) afin dÕexaminer lequel est le plus efficace pour diminuer le relargage de plomb 

des ŽlŽments en laiton et comprendre les mŽcanismes impliquŽs. 

3. Utilisation dÕun pilote pour prŽdire les concentrations ˆ Žchelle rŽelle. 

¥ Validation de lÕefficacitŽ du pilote ˆ reprŽsenter une entrŽe de service en plomb ˆ 

partir dÕun bilan de masse. Pour le pilote de conduite en plomb, il a ŽtŽ dŽmontrŽ que le 

prŽl•vement des deux premiers litres apr•s stagnation permettait de collecter plus de 80% 

du plomb relarguŽ pendant la stagnation dans les conduites en plomb du pilote suggŽrant 

un Žcoulement plus pr•s de lÕŽcoulement piston que du compl•tement mŽlangŽ. Aucune 

validation de ce genre nÕa ŽtŽ effectuŽe sur le terrain. MalgrŽ la similitude entre 

lÕŽcoulement piston et le mod•le turbulent dŽveloppŽ (van der Leer et al., 2002), ce 

dernier est associŽ ˆ une diminution non-nŽgligeable de la concentration moyenne dans 
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lÕeau provenant du RSP basŽ sur lÕadvection. Ce mŽlange pourrait •tre fortement 

augmentŽ en fonction de la longueur de la plomberie interne. Une mani•re de contourner 

cette problŽmatique, et qui permettrait Žgalement de mieux quantifier les sources de 

plomb dans les rŽsidences avec RSP ˆ MontrŽal, serait de procŽder ˆ des Žchantillonnages 

successifs dans des rŽsidences avec et sans RSP afin de quantifier la masse de plomb 

relarguŽe pour les diffŽrentes sources plut™t que la concentration en plomb. De cette 

mani•re, il serait possible de mieux Žvaluer ˆ quel point le pilote de RSP peut •tre 

reprŽsentatif des rŽsidences avec RSP.   

¥ ƒvaluation de la stabilitŽ des dŽp™ts formŽs en Žcoulement rŽaliste et en Žcoulement 

continu ŽlevŽ. Les rŽsultats des 2 pilotes de conduites en plomb (chapitres 5 et 6) 

dŽmontrent quÕune hausse pŽriodique du dŽbit dÕŽchantillonnage apr•s stagnation entra”ne 

un impact majeur en terme de relargage de plomb lorsque ces hausses sont pŽriodiques 

sur une longue durŽe (chapitre 6) ou soutenues sur une courte pŽriode (chapitre 5). 

Toutefois, dans aucun cas les conduites nÕont ŽtŽ exposŽes ˆ des conditions Ç normales È 

c.ˆ.d., ˆ une gamme de dŽbits en Žcoulement journalier pendant une longue pŽriode (entre 

2 et 15 LPM par exemple). LÕimpact de telles modifications pourrait •tre ŽvaluŽ en 

effectuant des Žchantillonnages pour ces diffŽrents dŽbits apr•s stagnation. De cette 

mani•re, il sera possible dÕŽvaluer ˆ quel point le protocole expŽrimental utilisŽ lors de 

ces deux Žtudes (dŽbit stable en pŽriode dÕŽcoulement normal et hausse pŽriodique) biaise 

lÕimpact du dŽbit. LÕimpact des chocs hydrauliques sur le relargage de plomb particulaire 

ou colloidal doit Žgalement •tre investiguŽ. Il est important de sÕassurer que le pilote est 

reprŽsentatif de la rŽalitŽ.  

¥ Investigation sur la problŽmatique du fer dans le rŽseau de distribution dÕeau 

potable. Le lien entre le relargage de plomb et la prŽsence de fer devrait •tre ŽvaluŽ 

(idŽalement ˆ lÕŽchelle-pilote) afin dÕexaminer si une diminution de la corrosion du fer ne 

pourrait pas entra”ner une baisse du relargage de plomb ˆ MontrŽal (tel que suggŽrŽ par le 

Hulsman, 1990). Ce mŽcanisme de relargage de plomb pourrait •tre associŽ aux variations 

de relargage dÕune rŽsidence ˆ lÕautre et pourrait entre autre expliquer les faibles 

concentrations en plomb observes pour certaines rŽsidences ayant une conduite en plomb 

(Chapitre 4). 
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4. ƒtude des remplacements partiels  

¥ Validation des mŽcanismes de corrosion impliquŽs. Les rŽsultats du chapitre 5 

sugg•rent que la corrosion par dŽposition est un mŽcanisme susceptible dÕexpliquer 

relargage de plomb de conduites neuves connectŽes en aval dÕune conduite de cuivre. Les 

rŽsultats du chapitre 6 ont montrŽ que cet impact Žtait moins apparent pour des conduites 

excavŽes. Les rŽsultats de Clark et al. (2011) ont rŽvŽlŽ que la corrosion par crevasse Žtait 

un mŽcanisme important associŽ ˆ la jonction de conduites en plomb ˆ des conduites en 

cuivre. Ces rŽsultats sugg•rent m•me que la corrosion par crevasse ait encore plus 

dÕimpact sur le relargage de plomb que la corrosion galvanique, pointant sur les types de 

jonctions entre les conduites de plomb comme Žtant potentiellement une source encore 

plus importantes de relargage de plomb. Des tests doivent •tre rŽalisŽs afin de valider 

lÕimportance relative de chacun de ces mŽcanismes. Ces essais pourraient permettre de 

dŽvelopper des mŽthodes Žliminant lÕimpact des remplacements partiels de conduites en 

plomb. Certains de ces tests sont actuellement en cours ˆ Virginia Tech.    

¥ ƒtude des dŽp™ts formŽs ˆ la jonction cuivre/plomb. LÕexamen des dŽp™ts prŽsents ˆ la 

jonction des conduites en plomb pourrait permettre de mieux comprendre les mŽcanismes 

de relargage impliquŽs et le risque de relargage subsŽquent nÕayant pas encore ŽtŽ 

observŽ. En effet, il est possible quÕun rŽservoir important de dŽp™ts se forme ˆ la 

jonction cuivre/plomb sans •tre associŽ ˆ un relargage de plomb mesurŽ. Ë lÕopposŽ, un 

traitement pourrait •tre associŽ ˆ la formation dÕun dŽp™t gŽnŽrant un relargage 

sporadique de plomb ˆ court terme et une inhibition de la corrosion galvanique ˆ plus long 

terme. Gr‰ce ˆ ce genre dÕŽvaluation, il pourrait •tre possible dÕidentifier les constituants 

dÕune eau ˆ considŽrer afin dÕinhiber la corrosion galvanique en formant des dŽp™ts 

stables ˆ la jonction cuivre: plomb.  

¥ Impact des traitements. Les rŽsultats du chapitre 6 dŽmontrent lÕefficacitŽ des sulfates et 

la relative inefficacitŽ des orthophosphates ˆ rŽduire le relargage de plomb causŽ par les 

remplacements partiels de RSP. Il appara”t essentiel de poursuivre lÕŽvaluation dÕautres 

param•tres tels que: pH, silicates,  dŽsinfectant et NOM. Certains tests tr•s prometteurs 

ont ŽtŽ rŽalisŽs (Arnold, 2011), toutefois la reprise de ces tests pour dÕautres types dÕeau 

ou en utilisant un pilote de conduite excavŽe pourrait valider les rŽsultats observŽs.  
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¥ Impact du dŽsinfectant. Il serait particuli•rement important dÕŽvaluer lÕimpact du 

dŽsinfectant secondaire (particuli•rement lÕeffet du chlore) sur le relargage de plomb du 

montage pilote prŽsentŽ au chapitre 6 sur le relargage de plomb apr•s remplacement 

partiel. En efet, les rŽsultats de Arnold (2011) suggŽrent un renversement de lÕeffet 

galvanique dans certaines conditions de chloration (4 mg Cl2/L). 

¥ ƒvaluation de lÕutilisation dÕun joint diŽlectrique. LÕutilisation dÕun joint isolant entre 

la conduite de plomb et celle en cuivre devrait Žgalement •tre ŽvaluŽe afin de garantir la 

sŽcuritŽ des remplacements partiels de conduites en plomb dans le futur si les rŽsultats 

pilotes obtenus ˆ ce jour sont confirmŽs ˆ plus longs termes. 

¥ ƒtude terrain incluant lÕimpact de la dŽstabilisation. Une autre mani•re dÕŽvaluer 

lÕimpact du profil de dŽbits sur le relargage de plomb apr•s remplacement partiel pourrait 

•tre rŽalisŽe lors dÕŽchantillonnage dans des sites rŽsidentiels. Afin de pouvoir contr™ler 

une majoritŽ des param•tres ˆ lÕŽtude (profil de dŽbits exacts utilisŽs; temps de stagnation; 

matŽriaux de la plomberie, etc), les sites rŽsidentiels devraient faire lÕobjet dÕune 

investigation poussŽe de la plomberie interne, des matŽriaux de raccordement de service 

(avec validation de la jonction Žlectrique entre le cuivre et le plomb). IdŽalement, ils 

devraient •tre ŽquipŽs de dŽbitm•tres et de minuterie afin dÕŽvaluer lÕutilisation et les 

conditions dÕŽcoulement normal ayant cours. Une autre modification au syst•me de 

plomberie pourrait •tre envisagŽe, pouvant mener ˆ des rŽsultats clefs. En effet, lÕajout de 

cartouches filtrantes et de matŽriau adsorbant en aval du raccordement de service pourrait 

permettre dÕŽvaluer la masse de plomb relarguŽe par la conduite pendant une pŽriode de 

temps pouvant atteindre des semaines. Cette investigation pourrait •tre combinŽe ˆ une 

Žtude de rŽsidences tŽmoins avec RSP complet et sans RSP. Ces diffŽrentes options sont 

actuellement ŽvaluŽes et les expŽriences retenues seront effectuŽes dans le cadre dÕun 

nouveau projet subventionnŽ par le RŽseau Canadien de lÕeau. 

 

Nous considŽrons que ce projet de recherche a permis dÕatteindre les objectifs fixŽs, soit :  

1) dÕŽvaluer la problŽmatique de relargage de plomb pour les 2 sources dÕeau ŽtudiŽes;  

2) dÕidentifier des mŽthodes de dŽtection des ŽlŽments de plomberie pour ces 2 sources;  

3) dÕŽtudier les mŽcanismes de relargage de plomb et; 
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4) dÕexaminer lÕeffet des diffŽrents traitements sur les ŽlŽments ŽtudiŽs en situation 

reprŽsentative dÕun syst•me de plomberie.  

Ce projet de recherche a Žgalement permis de : 

¥ DŽmontrer le risque associŽ ˆ de la corrosion galvanique suite aux remplacements 

partiels de conduites en plomb; 

¥ DŽmontrer lÕinefficacitŽ des orthophosphates pour diminuer le relargage de plomb 

de conduites en plomb excavŽes suite ˆ un remplacement partiel.  

¥ DŽmontrer lÕefficacitŽ des sulfates pour diminuer le relargage de plomb de conduites 

en plomb excavŽes suite ˆ un remplacement partiel. 

¥ DŽmontrer lÕimpact de stagnations prolongŽes et de hausses de dŽbits sur le 

relargage de plomb particulaire de conduites en plomb excavŽes.  

Les partenariats directs avec la Ville de MontrŽal et le Service Correctionnel du Canada nous ont 

fournis des opportunitŽs uniques de collaboration en nous donnant acc•s ˆ des points 

dÕŽchantillonnages ainsi quÕen nous fournisant des  ŽlŽments de plomberie et plusieurs ressources 

essentielles au succ•s de notre projet de recherche.  

Plusieurs phases de ce projet de recherche ayant ŽtŽ rŽalisŽes en partenariat direct avec la Ville de 

MontrŽal, cette derni•re a dŽjˆ pu apprŽcier certaines  retombŽes directes, comme la validation du 

protocole de dŽtection des conduites en plomb. Le Service Correctionnel du Canada a Žgalement 

bŽnŽficiŽ de notre Žtude. En effet, une phase de tests ˆ Žchelle rŽelle des orthophosphates comme 

moyen de contr™le de la corrosion du plomb est en court dans un complexe de b‰timents alimentŽ 

par une eau ayant des caractŽristiques similaires ˆ celle testŽe au chapitre 7.  

Ayant ŽtŽ financŽ par le RŽseau Canadien de lÕEau, ce projet aura Žvidemment des implications 

nationales, le projet ayant ŽtŽ suivi d•s le dŽbut par dÕautres groupes de recherche canadien ainsi 

que les autoritŽs r•glementaires nationales canadiennes. Toutefois, il est ˆ croire que ce projet de 

recherche aura Žgalement des rŽpercussions aux ƒtats-Unis. En effet, les travaux effectuŽs en 

collaboration avec Marc Edwards sur les remplacements partiels de conduites en plomb 

permettent dŽjˆ de rŽpondre ˆ certaines inquiŽtudes Žmises par le USEPA Science Advisory 

Board (2011).  
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Enfin, dÕautres retombŽes importantes provenant indirectement de ce projet sont ˆ prŽvoir.  En 

effet, les deux pilotes principaux utilisŽs dans cette Žtude (chapitres 5 et 6) sont actuellement  

maintenus en opŽration afin dÕŽtudier lÕimpact des remplacements partiels de conduites en plomb 

ˆ plus long terme. Tout particuli•rement, le pilote b‰ti ˆ la Ville de MontrŽal (chapitre 6) sera 

utilisŽ dans le cadre dÕun nouveau projet du RŽseau Canadien de lÕeau portant directement sur la 

problŽmatique des remplacements partiels de conduites en plomb. BasŽ sur la cohŽrence des 

rŽsultats obtenus ˆ ce jour, il est tr•s envisageable de croire que ce pilote de conduites en plomb 

puisse devenir un ŽlŽment clef du nouveau projet du RŽseau Canadien de lÕeau.   
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ANNEXE 1 Ð SUPPLEMENTARY MATERIAL FOR 

PUBLICATION # 4  

Water quality parameters 

Water quality was monitored throughout the study period with modest variations of pH and 

alkalinity. Chlorine residuals were quenched by aeration (> 12 hrs). Under these conditions, the 

formation of PbO2, a Pb species associated with particulate Pb detachment, is not likely 

(Triantafyllidou et al., 2007). PbO2 is rare or absent in the distribution system studied, expected 

species in the pipes from the distribution system studied includes mostly PbCO3, 

(PbCO3)2Pb(OH)2 and PbO (Deshommes et al., 2010). 

Table SM-1.1 Supplied water parameters. 

 Nb Avg±S.D. 

pH  130 7.7±0.3  

Alkalinity  

(mg CaCO3/L)  

137 83±4  

TOC (mg/L) 147 2.7±0.8 

Conductivity 130 307±53 

Free chlorine  

(Cl2 mg/L)  

128 0.05±0.04  

Cl- (mg/L) 75 23.2±1.0 

SO4
2-  (mg/L) 75 24.5±3.3 

CSMR  0.9±0.2 

Dissolved oxygen 178 8.0±2.0 

Temp (oC)  177 20±2  

Pb (!g/L) 37 0.5±0.9 

 

Specifically, the supplied water could be considered as a medium risk of corrosion due to its 

relatively high alkalinity and pH (Edwards et al., 1999) as confirmed by concentration measured 
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in LSL residences (Cartier et al., 2012). However, the CSMR values exceeding 0.5 can be 

considered at significant risk for galvanic corrosion (Nguyen et al., 2011a). 

Mass balance to evaluate Pb release associated with the junction to 

Cu pipe  

Due to the system disturbance following the junction to Cu pipe, additional lead release was 

observed. Similar additional lead release was observed under high flow rates. Two main sources 

were possible: 1) lead release associated with scale destabilization; 2) for Pb pipe connected to 

Cu - additional Pb release caused by corrosion mechanisms such as galvanic corrosion. In order 

to differentiate those two types of release, a mass balance was performed for samples performed 

at 5 LPM. Similar procedure was also used to evaluate the lead release cause by scale 

destabilization and galvanic corrosion under high flow sampling of 15 LPM. 

Abbreviation used:  

!" !"# ! !"#$%!!"!!"#"$%" 

!" !"!# ! !"#$#%&!!"!!"#"$%"!!"#$%"!!"#!!"!#$%!!"#$%&'()*+ 

!" !"#$%& ! !"!!"#"$%"!!""#$%!&'( !!"#$!!"#!"#$%$&"!$'(!!"!!"#$% 

!" !"#$% ! !"!!"#"$%"!!""#$%!&'( !!"#$!!"#!!"#$%&'#!!"!!" !!"!#  

 

Based on terms definition: 

For 100%-Pb pipe: 

!" !""# !!"# ! !" !!""# !!"!# ! !" !!""# !!"#$%&  (1) 

For 20%-Pb/Cu pipe: 

!" !"# !!"# ! !" !!"# !!"!# ! !" !!"# !!"#$%& ! !" !"# !!"#$%  (2) 

Although, for 100% Pb, it is possible to estimate the % of increase (or decrease) of Pb release 
caused by the destabilization of scale. 

!!" !!""# !!"#$%& !
!" !!""# !!"# ! !" !""# !!"!#

!" !""# !!"!#
 (3) 

Based on an estimation that this variation in Pb release due to destabilization of scale is the same 
for 20% Pb and 100% Pb, it is possible to estimate the release observed for 20%-Pb due to the 
connection to Cu pipes.  

!!" !!""# !!"#$%& ! !!" !!"# !!"#$%&  (4) 

Consequently 
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!" !"# !!"#$%& ! !!" !!""# !!"#$%& !!" !"# !! !"#  (5) 

Then, it is possible to estimate the concentration associated with the junction as following:  

 (5) in (2) and reorganized:  

!" !"# !!"#$% ! !" !"# !!"# ! !!" !!"# !!"!# ! !!" !!""# !!"#$%& !!" !"# !!"!#  

and 

!" !"# !!"#$% ! !" !"# !!"# ! !!" !!"# !!"!# ! ! !!" !""# !!"#$%&  (6) 

 

This procedure was used for both sampling performed after 16HS under 5 LPM and 15 LPM in 

alternation (weeks 25-31).  



  233 

 

Confirmation of Pb recovery based on complete digestion 

To assess adequately particulate Pb release, it is essential to validate that the Pb particles are 

appropriately digested. Figure 1 presented the total Pb recovery by comparing the digestion 

protocol used in that experiment (0.5% HNO3, > 24 hours, room temp) and a more aggressive 

complete digestion (5% HNO3, > 24 hours, 85oC), tested during the entire experiment for 

samples presenting visible particles. Despite some important variations were observed, those 

results confirm that the method used to digest Pb particles was usually adequate to measure total 

Pb. 

#

 

Figure SM-2.1 Recovery of total Pb using complete digestion (5% HNO3, > 24 hours, 85oC) and 

the digestion protocol used in the presented paper (0.5% HNO3, > 24 hours, room temp). N=133. 
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ANNEXE 2 Ð SUPPLEMENTARY MATERIAL FOR 

PUBLICATION # 5  

Microbial quality 

B#$8/>!0D&!18460!&*1&$83&/0=!38+$678,4!:#,480e!V,'! ,4'6!36/806$&%!06!,''&''!0D&!831,+0!69!0D&!

,%%8086/! 69! 6$0D61D6'1D,0&'! 6/! 7,+0&$8,4! $&>$6V0D! 8/! 9,#+&0'G!S90&$! V&&T! Y=! `)<'! V&$&!

3&,'#$&%!8/!0D&!9&&%!0,/T'! ,/%!,0!0D&!0,1G!\L0D!1&$+&/084&!-,4#&'!$&,+D&%![GJ*XLY!<^tl3M!96$!

0D&! +6/0$64'! ,/%!YGY*XLY! <^tl3M! ,90&$! 0D&! ,%%8086/! 69! 6$0D61D6'1D,0&'G!After prolonged 

stagnation, HPCs at the faucets increased  somewhat from 0.5x105 CFU/mL for the controls to 

1.4x105 CFU/mL for the faucets treated with orthophosphates (p<0.05).  A small increase in 

HPCs could be expected after stagnation as shown by Prevost et al. (PrŽvost et al. 1997) in 

service lines served by the same distribution system. However, the addition of orthophosphates 

does not always lead to an increase in culturable bacteria (HPCs) or total direct counts by 

epifluorescence in the bulk water or biofilm in carbon limited water (BattŽ et al. 2003). 
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ANNEXE 3 Ð MATƒRIEL COMPLƒMENTAIRE POUR LE 

CHAPITRE 8 

 

Table MC-3.1 Concentration en plomb pour des sites avec raccordement de service en plomb 

ŽchantillonnŽs ˆ la Ville de MontrŽal avec diffŽrents protocoles (1 L, temps de stagnation 

inconnu; 1er jet; 1 min; 5 min et 10 min dÕŽcoulement; Ratio 10 min/ 5 min). N= 23 sites  

Sites 
  PbPremier jet  

(!g/L) 
Pb1min       
(!g/L 

Pb5min      
(!g/L 

Pb10 min    
(!g/L) 

Ratio 
Pb10 min/Pb5 min 

Site 1 92 34.31 21.6 23.84 110% 
Site 2 30.77 - 21.75 23 106% 
Site 3 58.15 43.44 23.09 22.02 95% 
Site 4 72.08 52.46 23.01 21.71 94% 
Site 5 140 22.78 20.28 18.25 90% 
Site 6 151 18.3 14.35 15.86 111% 
Site 7 17.68 16.36 14.37 13.3 93% 
Site 8 19.72 17.07 13.44 12.08 90% 

Site 9 15.38 51.17 10.33 11 106% 
Site 10 83.94 - 11.23 10.54 94% 
Site 11 11.96 10.78 10.11 9.72 96% 
Site 12 14.69 10.71 9.95 9.52 96% 
Site 13 19.03 11.06 10.21 9.38 92% 
Site 14 105 - 9.5 8.87 93% 
Site 15 21.53 - 22.91 8.76 38% 
Site 16 28.97 10.69 8.97 8.29 92% 
Site 17 22.12 10.66 8.39 7.9 94% 
Site 18 32.8 16.32 6.9 6.12 89% 
Site 19 34.87 7.29 6.28 5.96 95% 
Site 20 17.36 - 6.49 5.89 91% 
Site 21 - - 5.64 5.36 95% 
Site 22 8.37 6.39 5.34 5.05 95% 
Site 23 6.67 10.25 4.22 4.08 97% 
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Figure MC-3.2 Relation entre la concentration de fer (Fe) et de plomb (Pb), N= 165. Ensemble 

des traitements avant la jonction aux conduites de cuivre. 
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Estimation du relargage de plomb suite  ̂la dŽstabilisation de la couche limite 

Estimation du relargage de plomb en considŽrant un profil de vitesse laminaire 

ƒquation utilisŽe (tirŽe de Cardew, 2006) 

! !

!
!

!"
! !"# ! !

!

 

Avec : 

D=coefficient de diffusion du plomb (10-9 m2/sec)  

R= rayon de la conduite (0,008 m) 

l=longueur de la conduite (10 m) 

Q= 5 LPM, Umoy = 0.42 m/s 

Umax=2 Umoy = 0.84 m/s 

) D = Žpaisseur de la couche limite= 5.6x10-4  

En assumant une concentration ˆ saturation dans le Ç volume mort È associŽ ˆ ) D et une 

concentration nulle dans le Ç volume de dilution È, on peut trouver la concentration ajustŽ dans le 

volume total (mort+dilution). 

 

 

  

 

Figure MC-3.2 Vue en coupe dÕune conduite 

On trouve alors une hausse de concentration associŽ de 26 !g/L. 

 

) D  

Volume mort Volume de 
dilution 
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Cette approximation est biaisŽ car pour cette vitesse lÕŽcoulement est turbulent (Re=6700>4000). 

En Žcoulement turbulent, on peut aussi approximŽ ˆ lÕextr•me que la vitesse dÕŽcoulement ˆ 

proximitŽ de la couche limite est de u=umoy. En utilisant directement L/umoy comme expression de 

la vitesse ˆ la position des molŽcules ayant diffusŽes au temps t (Cardew, 2006), on trouve alors :  

! ! !
!"#
! !"#

 

Umoy= 0.42 m/s 

) D = Žpaisseur de la couche limite = 2x10-4 

Avec le m•me principe que prŽcŽdemment, on trouve alors une hausse de concentration de 16 

!g/L 

 


