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Lead corrosion is a problem faced by many water utilities in the United States
including Saint Paul Regional Water Seri&&RWS)The Enuionmental
Protection Agency established the Lead and Copper Rule in 1991, which sets the
maximum ontaminantevel(MCL)for lead at 15ayts per billion (pptgs Pb. A

pipe loop system was constructed at SPRWS to test the performance of 4
corrosion inhitors (orthophosphate, polyphosphate, 50:50
orthophosphatpolyphosphate blend, and stannous chloride). The pipe loop
consisted of 5 identical | oops made of
pipe. Each corrosion inhibitor was fed to one of the Eaps$heifth loop was

the control to have any corrosion inhibitor). The phosghased corrosion
inhibitors were fed at a concentration of 1 ppm as P while the stannous chloride
was fed at a concentration of 0.125 ppm as. &€l 8 months of treatmg

the loop with orthophosphate had the lowest lead concentration among the
treated loops while the polyphosphate loop had the higheststannous
chloride loop had the lowest concentration of dissolved lead among the loops
The orthophosphate loop albad the highest levels of HPC bacteria. No
coliform problems were attributed to any of the loops.
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Chapter 1

INTRODUCTION AND BACKGROUND

1.1Introduction

Lead corrosion is a problem faced by many water utilihesUnited States. In
this chaptethe problem of leadorrosionin drinking watedistributionsystera

is discussed along with previmsearckthat haseen donen the subject.
12 LeadBackground
12.1LeadPipes

Historically, lead has been comseml@ convenient and suitable material for the
conveyance of water (Akers et al., 19éayl is very malleable which makes it
easy to form into pipes. Also, its durability and resistance to corrosion makes it

ideal for this purpose.

During 20" centurythe use of lead was widespread. Besides plumbing, lead was
used ineadbased pairdindleaded gasoline I n t he early 19800s

containing lead were banned in the United tatesa use of | eadds t o X

Lead can build up in the body over titiédoo much lead enters the body, it can
damage the brain, nervous system, red blood cells, and Kititésen are

especially at risk lasd can slow their mental and physical development.

Lead can enter drinking water through various saonatedirg lead service

connectiongound in the distribution systelead pips, bad based soldesed

1 http://www.ci.stpaul.mn.us/depts/water/pages/qualilty.htm



in copper pipesand bass faucetbound in household plumbingee et al.,
1989)

1.2.2 ead Gemistry

Trace metal contamination in drinking water is bothresmm and solubility
problem (Taylor, 19800 schematic diagram illustrating the processes of lead
corrosion and scale formation is included as Figlwdhe most common
oxidant for lead in drinking water is dissolved oxygen (DO) and the most
common aidized form of metallic lead encountered is Ph(ll), with Pb(IV) only
possible under extremely oxidizing conditions (Schock et al., 1996). Schock et al.
(1996) reported that Pb(ll) has the ability to form a wide variety of complexes
under chemical conditis commonly encountered in drinking water. Wysock et
al. (1991) examinézhdservice lineremoved from a water distribution system
and found that the scale on the piwascomprised of PbCOCaCQ, PbO,

PbO,, some PYCO,),(OH),, and unidentified sosiccontaining aluminum, $iO

iron, potassium and sodium.

Pb2++C02‘J P b.GC
26 + %0, + H,0 (ROH-

Pb2+
Mixed scale with Pb solids

Lead Pipe

Figure 11:Diagram of lead pipe corrosion andle formation

Many factors affect lead corrosion and the concentration of lead found in

drinking watemcludingage of pimbing materiagagnation timef the water



inside the pipes, anctsr quality parametetsch asemperaturegH, dkalinity

and orrosion inhibitors

Lead concentratins in new lead pipes are typically higher thasidirpipes
(Murrel,1988. This ismost likely because new pipes will not havecarpsion

layer between the pipe and the water. Neff (1985) found that lead levels of new
copper plumbing with lead solder stabligdter several months.

Bailey et al108§ reported that the larg@strease in lead levels wasing the
first 2 hours of stagnation and that lead levels continued increa$impudos.
Wong et al.1076 stated that after 4 to 20 hours insidedekttred jpes, lead
concentrations could reas®Q g /olmore

Schock (1989) reportedat most systems can significantly reduce their lead
problem by raising the pii the waterPatterson et all979 suggestethat the
optimum M for lead controlvasbetween 8 and 8Mhen thealkalinityis at least
20mg/L asCaCQ. Karalekas et all983 reported that the lowest lead levels
were at pH >8Sheiham et all98) suggestedhat at alkalinity <5fhg/L as
CaCQ lead concentration is highly sensitive to pd §/5) but at alkalinity
above 10@ng/L as C&0, lead concentration is insensitive to pH.

1.23 Lead Regulations

Even though lead pipes are no longer installed in the United States, many cities
still have lead connections in their distribution system. The American Water
Works Association (AWWA) conssioned a survey in 1990 to determine the
amount of lead pipes in distribution systems around the UniteE2t@tesnic

and Engineering Services).liitey reported that there were approximately 6.4
million lead connections and 3.3 million lead séingseand that approximately

61,000 lead service lines are removed every year.



In 1991, the Environmental Protection Agency (EPA) established the Lead and
Copper Rule (LCR) to protect the public from high concentrations of lead in

drinkingwater. The EPAstablished the aximumcontaminantevel (MCL) for

lead at 15 parts per billion (ppb) as Pb. The LCR requires water utilities to
monitor for lead, to treat the water to minimize lead levels when the MCL is
exceeded, and to replace lead connections wiadmette approaches are

ineffective.
1.3 Corrosion nhibitors

Many water utilities add corrosion inhibitorthe treated watéo control lead
and/or copper concentrations tomply with the LCRThe nost commonly
usedcorrosion inhibitors contaphosphat Corrosion inhibitors mainly work
by forming a protective layer on the pipe walls. Thesliaysrthe corrosion rate
and the release pipe materiglead for exampl@&)jto the water

Orthophosphate i@ commoly usedcorrosion inhibitarSchock (1989¢ported

that orthophosphatean form lead solids that are even less soluble than lead
carbonate over a wide pH rafigigure 12 and Appendix A One of the solids
found in the scales of pipgesated with orthophosphasdydroxypyromorphite
(Phy(PQ,),0H).
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Figure 12: Variation in lead solubility for different total alkalinities and
orthophosphate dosages at pbj &suming the formation of RbC
Pby(CO,),(OH),, or PR(PO,);0OH (temperature25°C; ionic strength0.005)
(Schock, 1989)

Colling et al(1988) observedn 80% decreaseleadconcentrationvith a dose
of 1 ppm as P. Also, Cantor et €000)reportedthat lead concentration
decreased below ppb with a dose of 1.5ppm asliee et al. (1989¢ported
that thewater utilities usinginc orhophosphatas corrosion inhibitdrad the

lowest lead levels.

Polyphosphatkas been used for many years as a deposit inhibitor. Many utilities
use polyphosphate keepiron and calcium in a soluble foirmthe wateto

avoid red watestains in customers f iand texcesgive calcium carbonate



scalingin pipes(Cantor et al., 2000tven though its main purpose is to
sequester metals in solutipolyphosphate ialso marketed as a corrosion
inhibitormost likely because ofesdency to revert totbophosphate (Schock

et al., 1989)Neverthelessmany of the research studies have shown that
polyphosphate is not very effective in reducing lead levels and that in some
instances it could increase them (Schock et al.C288%; et al., 2000; Edwards

et al., 2002)

Tin chloride(SnC)) is a new corrosion inhibitorecently approved for use in
potable water distribution systenits reduces lead releabg formirg a
chemisorbedhyer of stannous ion on the surface of the ri&@lonlyresults
regardingits effectivenessas corrosion inhibitor were reported by the
manufacturer (ASIAlameda, CA After 8 months of treatmertAS8112
concentratiorange of0125to 0.9 ppm)lead levels the La Salle, Ikystem
decreasetielowthe MCL (Stapp, 2000)n Fall River, MAa 36% decrease in
cumulativdeadwas observeBtapp, 2000Comparing costs, the tin chloride is

more expensive than phospHadasedorrosion inhibita(Table 11).

Table 31: Cost comparison of corrosion inhibitors at the year 2000

Chemical Dose $/M illion gallons
Tin Chloride 0125ppm asSnCJ $12.09
Ortho anolyphosphate B lppmasP $6.70

1.4 AWWARFPIipe Loop Model

The American Water Works Association Research Foundation (AWWARF)
developed a Pipe Loop Model (PLiiggt systenfor evaluation of corrosion
control approaches to aitllitiesin meeing the requirements of the LCRhe

PLM was designed and built at the lllinois State Water Gtigreg 13). This



original PM designhad both copper and lead pipes for testing effects of
corrosion control strategies @ypper and lead concentrasionthe waterTest
pipes were 106 | D and between 17 t
volumefor water qualitpnalyss.

Lead Tube Test Loops

CERL Pipe Loop

120VAC l
=) Flowrate Meter — g
@0,
(&3] [l<zb
s g

Figure 13: AWWARFPLM

The PLM operatiorestablised by AWWARF consists of time cycles where
water flow through the lead pigaurned on and off and water is left standing
inside the pipesThe schedule followed by the PLable 12) simulates
household water usaggamples are taken after dmo@& sagnation period,
which represent the firdtaw samples of the LCR monitoring protdeattors

such as flow rate apdessurare controlled during operation of the pipe loop.

0]

26



Table 12: AWWARFPLM schedule

Time Cycle
7:3Q On
8hr 8:3Q, Off
stan_dlng 43@ " On
perIOd SOQM Off
7:3Q,, On
8:0Q Off
10:3Q On
11:0Q,, Off
1:3Q,, On
2:0Q,, Off
4:3Q,,, On
5:0Q Off

Cantor et al. (2000) studied the effects of phosphate corrosion inhibitors in three
Wisconsin water utilitieldsing the AVWARFPLM theytestedtwo corrosion
inhibitors, orthophosphate and a @rthophosphatpolyphosphate blend, in

new and old lead pipeEhe concentrations used wérd ppm as P othe
orthophosphate and Oppm as P othe orthophosphatpolyphosphatélend.

Lead levels decreased below the MCLthen pipes treated withthe
orthophosphatend similar resultsvere obtained in bothew and old pipes

Lead levels in the pipesated with the polyphosphate bleamtjed from 90to

810Qg / L and weRelronsistentiygherthan lead levels in the pipes that

were not treated with corrosion inhihitor



Chapter 2

PROBLEM DESCRIPTION

2.1Introduction

Saint Paul Regional Water ServicERYS8S serves the city ofalst Paul,
Minnesota andstsuburbn communitiesn this chapter th&€PRWS treatment
and distribution systemwill be discussed along wite LCR compliance

problem faced by the utility

2.2 Saint Paul Regional Water Services

SPRWS uppliesdrinkingwater toover 400,000 customensthe city of Saint

Paul andts siburbs The raw water comes from the Mississippi River and passes
through a chain of lakes befergeringhe treatment planthe water treatment
systemconsists oflime softening, flocculation, sedimentation, didiofec
filtration, and corrosion controlhe utility supplies an average ofllon
gallongperday(MGD) and has a finished water storage capacity of 136.2 million
gallonsA summary of th&reatedwater qualitgharacteristias shown in Table

2-1.



Table 21: Water quality parameters of SPRWS treatechwatiat average 2001

Temperature’C) 11
pH 8.99
Dissolved Oxygen (ppm) 10.23
Alkalinity, Total (as CaG@pm) 48
Total Hardness (as CagC0pm ) 80
Carbonate Hardness (as Cg@pm) 48
Non-Carbonate Hardness (ppm) 33
Total Residual Chlorine (ppm) 3.42

The distribution system consistapproximately,100 miles of water maarsd
92,000 water servic€&ver 23,00®f the services areomprisedof lead or a

combination of lead amstne other material
23 SPRWXCR CompliancBroblem

SPRWSwasexceeding the maximum contaminant level gpth5n someof
their sampling sit€&7 out of 99)so a phosphate corrosion inhibitasadded
to reduce the lead corrosibaginningn Decemberl999 An orthophosphate
and polyphosphate blemés added a concentration of Dppm as P, and
increased to 0.33 pgmJanuary 2000hree months latethe concentration of
the chemicalvasincreasedo betweerD.8and 1.1Jppm as P,. Total coliform
were detecteduringroutinesampling for the first time &pril 2000(1 site. A
month later the number of sitederetotal coliform countwere detected
increased to &PRWStoppedeeding the phosphate blesmdMay12,2000In
June 2000 the numbedrtes with total coliform decreased to 6thadto 1
site in July.

1C



The positivetotal coliform countswas likely caused by one or both of the
following processes: et additionof phosphate, a microbial nutrieiat,the
water stimulated biologicabgth and 2) polyphosphatmay have caused the
release of corrosion produetsd biofilms that were attached to the pipe wall
SPRWS&oncludedhat the increase in inhibitor concentration had caused the
problem because nothing else had changed in thenetresystemiherefore

the water utility switched to a different corrosion inhibitor ¢e®8d11(ASI,
Alameda, CAIn thefall of 2000 The chemicallosageused wa.125 ppm as

SnCJ and 017 ppm asSnC) during thewarmer months (June through
Septenber)

SPRWS mushonitor for lead and not exceed the MCledtl levelsxceed the
MCL during a monitoring peridldenhundreds of leaskrvice connectionsust

be replaced at a cost agproximately $1,5@xch SFRWS wasinterested in
learning more aloit different corrosion inhibitons order to select the most cost
effective chemical that will ensure compliavite the LCR and avoid the
expense of replacimgadservice line To date,stannous chloride has worked
well at SPRWS. After passing foonsecutive sampling roundsthout

exceeding the lead MGheir lead monitoring schedule has been reduced
2.4 Researchoal

The maingoal of tlis researchivas to determintie best corrosion inhibitor for

controlling lead release heitit causing colifornproblems. The research

consi sted of simulating St . Paul 0s di s
corrosion inhibitors for 8 monthisour different corrosion inhibitors were tested

in a pipe loop system similar to &/WARFPLM. The pipe loopsystem

consisted of five loops, four treated with corrosion inhibitors and dreated

11



(control). Lead and bacteria concentrations were deterrfonegach loop
throughout the 8 months of the study.



Chapter3

MATERIALS AND METHODS

3.1Introduction

In this chager the methodology followed throughout the research and the
materials useatediscussed.

3.2 Pipe Loop
3.2.1System Bscription

The pipe loop system is based on BleM. The systemonsistof five parallel
loops mounted on a plywood frame. Each Is@piinposed of 4i@et of 3inch

ID ductile iron pipe followed by 2&et of 0.5nch ID lead pipe(Figure 3-1

and 32 and AppendiB). The iron pipe simulates the distribution system and the
lead pipe simulates the lsadvice lineand irhome lead pipg The ppeloop

was constructed in the summer of 2001 by the staff at SPRWS.

2Vulcan Lead Products, Milwaukee, WI



To wastI

.

| sampling
Needle Pressur{  tap
valve auge | T

2586 1
lead pipe

Water from
filter 19 or 21

Chemical Chemical 4086 30
feed tank feed pump iron pipe

Figure 31: Schematic diagram of pipe loop system showing one of five parallel
lines

R *
e

Figure 2 Fhoteraphzaf the SPRWS§ipe bop
3.2.2 Sstem Operation

Water from filter 19 or filter 21 wasimped into thénfluent endof the pipe
loop. Continuous flow through the pipe loop was assured by alternating between

14



filters when ondilter was undergoingackwashg This is dondo provide
contiruous flowthrough the ductile iron pipe to simulate conditions in a water
main The corrosion inhibitorserefed into the loop by chemical feed purips
The chemicals are pumped frongallontanks filled weekly. The water and the

chemical thepassedirough astatic mixer before entering the ductile iron pipe.

The flow ineachloop is 1 gpmWater flows continuously through the ductile
iron pipesto simulate flow conditions in a maiater flows through the lead
pipe following a schedule that sinegldtoud®old use of drinking wateFable
31).

Table 31: Pipeloop schedule

Time Flow cycle
4:3Q . On
5:3Q v Off
1:3@,, On
2:0Q Off
4:3Q On
5:0Q Off
7:3Q On
8:0Q Off
10:3Q,, On
11:0Q,, Off
1:3Q On
2:0Q Off

There are solenoid valvasthe end of the ductile iron pipes and at the end of

the lead pipes. The valves atefieentof the iron pipes are tweaynormally

3LMI Milton Roy, Acton, MA
4Lab Safety Supply, Janesville, Wi
5 ASCO Florham Park, NJ



opened valves and the valves atefflaentof the lead pigeare tweway
normallyclosed.Water would flow continuously from the iron pipe directly to
waste unless the valves were energizedalvesvereenergized by a controfler

(8.C 500)that was programmed with the schedule. When the waues
energized, the valve at #féuentof the iron pipevasclosed and the valve at

the effluentof the lead pipavasopened. Water would then flow from the iron
pipe to the lead pipe and then to waste. At the end of both the ductile iron pipes

and the lead pipes th&veretaps for sampling pooses.
3. 2. 3 Testabjedgsnd s

Four corrosion inhibitorsvere testedhree phosphate chemicals and stannous
chloride(Table 2).
Table 22: Pipeloop treatment legend

ID Corrosion inhibitor Concentration
Loop 1 SnCJ 8 AS8111 0125 ppm as Sngl
Loop 2 Orthophosphaté C-9° 1ppmasP
Loop 3 Polyphosphat& C-5° 1ppmasP
Loop 4 | Ortho-Poly 50:50 blendlC-4° 1 ppm as P
Loop 5 None

The polyphosphatestock solutionwas comprised primarilgf polyphosphate
(79%) but also contained soomthophosphatg21%). The 50:50 phosphate
blendactually contained 718&thophosphatand 29% polyphosphate

6 Allen Bradley, Milwaukee, WI
7A.S. Inc., Alameda, California

8 Hawkins Chemicals, Minneapolis, MN
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33 Experiment
33.1 Experiment imeline

The PipeLoop constructiorwas completed in Auguat 2001 On August 22,
2001, the iron pipes of each loagere inoculated witEscherich@liin an
attempt to establishtaofilm on the pipesFlow of filtered water through the
loops was initiated a week ladBackgroundlata from the systenemecollected
during September of 2001. On October 18, 200hdhton of corrosion

inhibitorsbeganResults from the first 8 months of operation will be discussed.
3.3.2 Bacteridnoculation

E. colivereobtainedrom a stock solutiof@erived fronk. colstrain k12). The

E. colculturewasstreaked ontan-Endo a@r platesndincubated foR4 hours
at35°C.Then a single colony was removed from the plate using a flame sterilized
metal loop and placed into 500 mL eEndoliquid mediao achieve a final cell
density ofl.8%10 colory forming units (CFUL . Appraximatelyl0OmL of

the culturewas pourednto eachempty ironpipe through a hole made at the
middle of the 40@eet ction(Figure 3B). Finished water from the treatment
plant was dechlorinated by adding bisulfitehremptmped into thénfluent of

the pipeauntil thepipeswere full.The water was left sitting inside the pipes for
two days.



* Figure 33: Bacteria inoculationpipeloop

33.3LeadSampling

Water samplasere typicallytaken from the lead pgpafter an our stagnation
period. Thigepresents water inside household plunthingg ovemighthours
Just before the solenoid valweseenergized and theh®ur stagnation period
wasover, the sampleas collected taken by openimgtap from the lead pipe
andclosing the waste linewalThe 965mL of water that was in the lead pipe
was collecteth four plastic bottlés(Figure 34). The first60 mL of water was
collected and later discardeecause itomprised water from the tap and
sampling lineThenext250mL of water was collesd in the second bottle for
analysief temperature, pH, alkalinity, and hardnessné@kte125 mL of water
was collected in the third bottle and used for lead anéggiaal 500mL was
collected in the fourth bottle and used for chlorine analysis

9 Nalge Nunc Internationdochester, NY

1€
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Figure3-4: Sampling bottles

After the8-hour stagnation sample is taklbe watercontinues tdlow through

the lead pipe. Anoth&) mL of samplare collectedfrom the lead pipene

minute or more aftethe continuous flow started. This sampleaied a
background or a flush sampled representie amount of lead present in the
water with no stagnation periéthally, each day the pipe loop was sampled, 1 L
of the influent water was collected to measure temperature, pH, alkalinity,

hardness, ¢trine, and lead concentrat{&ppendix C)

From the 125 mL sample collected for lead analysis, 30 mL was passed through a
syringe mounted filter (0.€bmMCE membrane filté?) into a 50 mL plastic

bottle for analysis of the dissolved lead concentration (Fgurédll3lead
samplesvereacidifiedto a0.5% concentration of nitric acid. Teadsamples
werestored in théreatment pladgts | a b momatémperayurarad ianalyzed

within 6 weeksBefore samplingll bottles wereleaned by filling withG5 N

10Fisher Scientific, Pittsburg, PA



nitric acid solution for 24 hours or more th@hringngthree timesvith reverse
osmosis filteredvater(Standard éthod?010).

Figure &5: Filtering lead sample
Temperature vgameasured immediately aflample collection with a glass
thermometerAfter all loopsveresampled, the 250L and the 50enL bottles

weretaken to the laboratofgr analysis of pH, alkalinity, hardness, andralor
3.34 Bacteria &npling

Samplesvere collectedeekly tadeterminghe concentratianof heterotrophic
plate count (HPC) and coliform bacteri@ach loop. Watevassampled from
theinfluent of the pipe loop and fraime effluent of theductile irorpipe of each

loop whereE. colibacteria were incubated before the start of the experiment.
Beforecollecting the watestample from the loops, the copper tapsreflame
sterilizedusinga propane torch foat least 10 secondsll microbiological
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sample were collected B00mL Nalgene bottles sterilized by autoclaVing.
HPC and coliform concentrations were determined usingetimbrane filter
techniqueStandard Meth@2ls5 and 9222Thefilteringdeviceconsigng of si
individual funnels andtér holdersattached to a vacuumanifold(Figure %),
was sterilizéby autoclaving for 30 minutd$e filters usedere045umpore
size membrane filtéts

Figure3-6: Filtering device
After passing 100 mL of sample through the filter, tiee fiths removed and
placed in a 47 mm disposatikestic petri dishontaining either @oliBlue 24
agal (for coliform analysis) or R2A agar (for HPC). For each water sample,
duplicate coliform plates and triplicate HPC plates were préfaeplates
wee incubatedhembrandilter side umt 38C for 24 hourgcoliform platesor
48 to 72 hour@HPC plates

11 Millipore, Molsheim, France

12Hach Company, Lovelar@O
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