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UNIVERSITY OF MINNES OTA 

ABSTRACT 

LEAD CORROSION STUDY FOR 
THE SAINT PAUL REGIONAL 

WATER SERVICES 

by Elizabeth M. Esbri Amador 

Chairperson of the Supervisory Committee: Professor Raymond Hozalski 
 Department of Civil Engineering 

Lead corrosion is a problem faced by many water utilities in the United States 

including Saint Paul Regional Water Services (SPRWS). The Environmental 

Protection Agency established the Lead and Copper Rule in 1991, which sets the 

maximum contaminant level (MCL) for lead at 15 parts per billion (ppb) as Pb. A 

pipe loop system was constructed at SPRWS to test the performance of 4 

corrosion inhibitors (orthophosphate, polyphosphate, 50:50 

orthophosphate:polyphosphate blend, and stannous chloride). The pipe loop 

consisted of 5 identical loops made of 40õ of ductile iron pipe and 25õ of lead 

pipe. Each corrosion inhibitor was fed to one of the loops and the fifth loop was 

the control (no have any corrosion inhibitor). The phosphate-based 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 SnCl2. After 8 months of treatment, 

the loop with orthophosphate had the lowest lead concentration among the 

treated loops while the polyphosphate loop had the highest. The stannous 

chloride loop had the lowest concentration of dissolved lead among the loops. 

The orthophosphate loop also had the highest levels of HPC bacteria. No 

coliform problems were attributed to any of the loops.  
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C h a p t e r  1 

INTRODUCTION AND BACKGROUND 

1.1 Introduction 

Lead corrosion is a problem faced by many water utilities in the United States. In 

this chapter the problem of lead corrosion in drinking water distribution systems 

is discussed along with previous research that has been done on the subject. 

1.2 Lead Background 

1.2.1 Lead Pipes 

Historically, lead has been considered a convenient and suitable material for the 

conveyance of water (Akers et al., 1979). Lead 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 20th century the use of lead was widespread. Besides plumbing, lead was 

used in lead-based paint and leaded gasoline. In the early 1980õs these products 

containing lead were banned in the United States because of leadõs toxicity. 

Lead can build up in the body over time1. If too much lead enters the body, it can 

damage the brain, nervous system, red blood cells, and kidneys. Children are 

especially at risk as lead can slow their mental and physical development. 

Lead can enter drinking water through various sources including lead service 

connections found in the distribution system, lead pipes, lead based solder used 

                                                 
1 http://www.ci.stpaul.mn.us/depts/water/pages/qualilty.htm 
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in copper pipes, and brass faucets found in household plumbing (Lee et al., 

1989). 

1.2.2 Lead Chemistry 

Trace metal contamination in drinking water is both a corrosion and solubility 

problem (Taylor, 1980). A schematic diagram illustrating the processes of lead 

corrosion and scale formation is included as Figure 1-1. The most common 

oxidant for lead in drinking water is dissolved oxygen (DO) and the most 

common oxidized form of metallic lead encountered is Pb(II), with Pb(IV) only 

possible under extremely oxidizing conditions (Schock et al., 1996). Schock et al. 

(1996) reported that Pb(II) has the ability to form a wide variety of complexes 

under chemical conditions commonly encountered in drinking water. Wysock et 

al. (1991) examined lead service lines removed from a water distribution system 

and found that the scale on the pipes was comprised of PbCO3, CaCO3, PbO, 

PbO2, some Pb3(CO3)2(OH)2, and unidentified solids containing aluminum, SiO2, 

iron, potassium and sodium. 

Figure 1-1: Diagram of lead pipe corrosion and scale formation 

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

drinking water including age of plumbing material, stagnation time of the water 

Pb2+ 2e- 

Lead Pipe 

Mixed scale with Pb solids 
 

2e- + ½O2 + H2O ɸ 2OH- 
 

Pb2+ + CO3
2- ɺ PbCO3(s) 
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inside the pipes, and water quality parameters such as temperature, pH, alkalinity, 

and corrosion inhibitors. 

Lead concentrations in new lead pipes are typically higher than in old pipes 

(Murrel, 1988). This is most likely because new pipes will not have any corrosion 

layer between the pipe and the water. Neff (1985) found that lead levels of new 

copper plumbing with lead solder stabilized after several months.  

Bailey et al. (1986) reported that the largest increase in lead levels was during the 

first 2 hours of stagnation and that lead levels continued increasing for 6 hours. 

Wong et al. (1976) stated that after 4 to 20 hours inside lead-soldered pipes, lead 

concentrations could reach 50 Ǫg/L or more. 

Schock (1989) reported that most systems can significantly reduce their lead 

problem by raising the pH of the water. Patterson et al. (1979) suggested that the 

optimum pH for lead control was between 8 and 8.5 when the alkalinity is at least 

20 mg/L as CaCO3. Karalekas et al. (1983) reported that the lowest lead levels 

were at pH >8. Sheiham et al. (1981) suggested that at alkalinity <50 mg/L as 

CaCO3 lead concentration is highly sensitive to pH (7 ð 8.5) but at alkalinity 

above 100 mg/L as CaCO3 lead concentration is insensitive to pH. 

1.2.3 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) commissioned a survey in 1990 to determine the 

amount of lead pipes in distribution systems around the United States (Economic 

and Engineering Services, Inc). They reported that there were approximately 6.4 

million lead connections and 3.3 million lead service lines and that approximately 

61,000 lead service lines are removed every year. 
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In 1991, the Environmental Protection Agency (EPA) established the Lead and 

Copper Rule (LCR) to protect the public from high concentrations of lead in 

drinking water. The EPA established the maximum contaminant level (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 when treatment approaches are 

ineffective. 

1.3 Corrosion Inhibitors 

Many water utilities add corrosion inhibitors to the treated water to control lead 

and/or copper concentrations to comply with the LCR. The most commonly 

used corrosion inhibitors contain phosphate. Corrosion inhibitors mainly work 

by forming a protective layer on the pipe walls. The layer slows the corrosion rate 

and the release of pipe material (lead for example) into the water. 

Orthophosphate is a commonly used corrosion inhibitor. Schock (1989) reported 

that orthophosphate can form lead solids that are even less soluble than lead 

carbonate over a wide pH range (Figure 1-2 and Appendix A). One of the solids 

found in the scales of pipes treated with orthophosphate is hydroxypyromorphite 

(Pb5(PO4)3OH). 
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Figure 1-2: Variation in lead solubility for different total alkalinities and 

orthophosphate dosages at pH 8.5, assuming the formation of PbCO3, 

Pb3(CO3)2(OH)2, or Pb5(PO4)3OH (temperature=25°C; ionic strength=0.005) 

(Schock, 1989) 

Colling et al. (1988) observed an 80% decrease in lead concentration with a dose 

of 1 ppm as P. Also, Cantor et al. (2000) reported that lead concentration 

decreased below 15 ppb with a dose of 1.5ppm as P. Lee et al. (1989) reported 

that the water utilities using zinc orthophosphate as corrosion inhibitor had the 

lowest lead levels. 

Polyphosphate has been used for many years as a deposit inhibitor. Many utilities 

use polyphosphate to keep iron and calcium in a soluble form in the water to 

avoid red water stains in customerõs fixtures and excessive calcium carbonate 
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scaling in pipes (Cantor et al., 2000). Even though its main purpose is to 

sequester metals in solution, polyphosphate is also marketed as a corrosion 

inhibitor most likely because of its tendency to revert to orthophosphate (Schock 

et al., 1989). Nevertheless, many 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., 1985; Cantor et al., 2000; Edwards 

et al., 2002). 

Tin chloride (SnCl2) is a new corrosion inhibitor recently approved for use in 

potable water distribution systems. It reduces lead release by forming a 

chemisorbed layer of stannous ion on the surface of the metal. The only results 

regarding its effectiveness as corrosion inhibitor were reported by the 

manufacturer (ASI, Alameda, CA). After 8 months of treatment (AS-8112 

concentration range of 0.125 to 0.9 ppm) lead levels in the La Salle, IL system 

decreased below the MCL (Stapp, 2000). In Fall River, MA a 36% decrease in 

cumulative lead was observed (Stapp, 2000). Comparing costs, the tin chloride is 

more expensive than phosphate-based corrosion inhibitors (Table 1-1). 

Table 1-1: Cost comparison of corrosion inhibitors at the year 2000 

Chemical Dose $/M illion gallons 

Tin Chloride 0.125 ppm as SnCl2 $12.09 

Ortho and Polyphosphate Blend  1 ppm as P $6.70 

 

1.4 AWWARF-Pipe Loop Model 

The American Water Works Association Research Foundation (AWWARF) 

developed a Pipe Loop Model (PLM) test system for evaluation of corrosion 

control approaches to aid utilities in meeting the requirements of the LCR. The 

PLM was designed and built at the Illinois State Water Survey (Figure 1-3). This 
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original PLM design had both copper and lead pipes for testing the effects of 

corrosion control strategies on copper and lead concentrations in the water. Test 

pipes were ıó ID and between 17 to 26 feet in length to have enough sample 

volume for water quality analyses. 

 

 

Figure 1-3: AWWARF-PLM 

The PLM operation established by AWWARF consists of time cycles where 

water flow through the lead pipe is turned on and off and water is left standing 

inside the pipes. The schedule followed by the PLM (Table 1-2) simulates 

household water usage. Samples are taken after an 8-hour stagnation period, 

which represent the first-draw samples of the LCR monitoring protocol. Factors 

such as flow rate and pressure are controlled during operation of the pipe loop. 
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Table 1-2: AWWARF-PLM schedule 

Time Cycle 

7:30A.M. On 

8:30A.M. Off 

4:30P.M. On 

5:00P.M. Off 

7:30P.M. On 

8:00P.M. Off 

10:30P.M. On 

11:00P.M. Off 

1:30A.M. On 

2:00A.M. Off 

4:30A.M. On 

5:00A.M. Off 

 

Cantor et al. (2000) studied the effects of phosphate corrosion inhibitors in three 

Wisconsin water utilities. Using the AWWARF-PLM they tested two corrosion 

inhibitors, orthophosphate and a 2:1 orthophosphate:polyphosphate blend, in 

new and old lead pipes. The concentrations used were 1.5 ppm as P of the 

orthophosphate and 0.6 ppm as P of the orthophosphate:polyphosphate blend. 

Lead levels decreased below the MCL in the pipes treated with the 

orthophosphate and similar results were obtained in both new and old pipes. 

Lead levels in the pipes treated with the polyphosphate blend ranged from 190 to 

810 Ǫg/L as Pb and were consistently higher than lead levels in the pipes that 

were not treated with corrosion inhibitor.  

8hr 
standing 
period 
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C h a p t e r  2 

PROBLEM DESCRIPTION 

2.1 Introduction 

Saint Paul Regional Water Services (SPRWS) serves the city of Saint Paul, 

Minnesota and its suburban communities. In this chapter the SPRWS treatment 

and distribution system will be discussed along with the LCR compliance 

problem faced by the utility. 

2.2 Saint Paul Regional Water Services 

SPRWS supplies drinking water to over 400,000 customers in the city of Saint 

Paul and its suburbs. The raw water comes from the Mississippi River and passes 

through a chain of lakes before entering the treatment plant. The water treatment 

system consists of lime softening, flocculation, sedimentation, disinfection, 

filtration, and corrosion control. The utility supplies an average of 50 million-

gallons-per-day (MGD) and has a finished water storage capacity of 136.2 million 

gallons. A summary of the treated water quality characteristics is shown in Table 

2-1. 
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Table 2-1: Water quality parameters of SPRWS treated water-annual average 2001 

Temperature (°C) 11 

pH 8.99 

Dissolved Oxygen (ppm) 10.23 

Alkalinity, Total (as CaCO3, ppm) 48 

Total Hardness (as CaCO3, ppm ) 80 

Carbonate Hardness (as CaCO3, ppm) 48 

Non-Carbonate Hardness (ppm) 33 

Total Residual Chlorine (ppm) 3.42 

 

The distribution system consists of approximately 1,100 miles of water mains and 

92,000 water services. Over 23,000 of the services are comprised of lead or a 

combination of lead and some other material. 

2.3 SPRWS LCR Compliance Problem 

SPRWS was exceeding the maximum contaminant level of 15 ppb in some of 

their sampling sites (17 out of 99), so a phosphate corrosion inhibitor was added 

to reduce the lead corrosion beginning in December 1999. An orthophosphate 

and polyphosphate blend was added at a concentration of 0.1 ppm as PO4 and 

increased to 0.33 ppm in January 2000. Three months later, the concentration of 

the chemical was increased to between 0.8 and 1.1 ppm as PO4. Total coliform 

were detected during routine sampling for the first time in April 2000 (1 site). A 

month later the number of sites where total coliform counts were detected 

increased to 8. SPRWS stopped feeding the phosphate blend on May 12, 2000. In 

June 2000 the number of sites with total coliform decreased to 6 and then to 1 

site in July. 
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The positive total coliform counts was likely caused by one or both of the 

following processes: 1) the addition of phosphate, a microbial nutrient, to the 

water stimulated biological growth and 2) polyphosphate may have caused the 

release of corrosion products and biofilms that were attached to the pipe wall. 

SPRWS concluded that the increase in inhibitor concentration had caused the 

problem because nothing else had changed in their treatment system, therefore 

the water utility switched to a different corrosion inhibitor called AS-8111 (ASI, 

Alameda, CA) in the fall of 2000. The chemical dosage used was 0.125 ppm as 

SnCl2 and 0.175 ppm as SnCl2 during the warmer months (June through 

September).  

SPRWS must monitor for lead and not exceed the MCL. If lead levels exceed the 

MCL during a monitoring period then hundreds of lead service connections must 

be replaced at a cost of approximately $1,500 each. SPRWS was interested in 

learning more about different corrosion inhibitors in order to select the most cost 

effective chemical that will ensure compliance with the LCR and avoid the 

expense of replacing lead service lines. To date, stannous chloride has worked 

well at SPRWS. After passing four consecutive sampling rounds without 

exceeding the lead MCL, their lead monitoring schedule has been reduced. 

2.4 Research Goal 

The main goal of this research was to determine the best corrosion inhibitor for 

controlling lead release without causing coliform problems. The research 

consisted of simulating St. Paulõs distribution system and testing different 

corrosion inhibitors for 8 months. Four different corrosion inhibitors were tested 

in a pipe loop system similar to the AWWARF-PLM. The pipe loop system 

consisted of five loops, four treated with corrosion inhibitors and one un-treated 
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(control). Lead and bacteria concentrations were determined for each loop 

throughout the 8 months of the study. 
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C h a p t e r  3  

MATERIALS AND METHODS 

3.1 Introduction 

In this chapter the methodology followed throughout the research and the 

materials used are discussed.  

3.2 Pipe Loop  

3.2.1 System Description 

The pipe loop system is based on the PLM. The system consists of five parallel 

loops mounted on a plywood frame. Each loop is composed of 40 feet of 3 inch 

ID ductile iron pipe followed by 25 feet of 0.5 inch ID lead pipe2 (Figures 3-1 

and 3-2 and Appendix B). The iron pipe simulates the distribution system and the 

lead pipe simulates the lead service lines and in-home lead piping. The pipe loop 

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

 

 

 

                                                 
2 Vulcan Lead Products, Milwaukee, WI 
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Figure 3-1: Schematic diagram of pipe loop system showing one of five parallel 

lines 

 

Figure 3-2: Photographs of the SPRWS pipe loop 

 

3.2.2 System Operation 

 

Water from filter 19 or filter 21 was pumped into the influent end of the pipe 

loop. Continuous flow through the pipe loop was assured by alternating between 

Chemical 
feed tank 

Water from 

filter 19 or 21 

Sampling 
tap 

To waste 

25õ ıó ID 
lead pipe 

40õ 3ó ID ductile 
iron pipe 

Solenoid 
valves 

Pressure 
gauge 

Needle 
valve 

Static 
mixer 

Flow 
meter 

Chemical 
feed pump 
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filters when one filter was undergoing backwashing. This is done to provide 

continuous flow through the ductile iron pipe to simulate conditions in a water 

main. The corrosion inhibitors were fed into the loops by chemical feed pumps3. 

The chemicals are pumped from 20 gallon tanks4 filled weekly. The water and the 

chemical then passed through a static mixer before entering the ductile iron pipe.  

The flow in each loop is 1 gpm. Water flows continuously through the ductile 

iron pipes to simulate flow conditions in a main. Water flows through the lead 

pipe following a schedule that simulates household use of drinking water (Table 

3-1).  

Table 3-1: Pipe loop schedule 

Time Flow cycle 

4:30A.M. On 

5:30A.M. Off 

1:30P.M. On 

2:00P.M. Off 

4:30P.M. On 

5:00P.M. Off 

7:30P.M. On 

8:00P.M. Off 

10:30P.M. On 

11:00P.M. Off 

1:30A.M. On 

2:00A.M. Off 

 

There are solenoid valves5 at the end of the ductile iron pipes and at the end of 

the lead pipes. The valves at the effluent of the iron pipes are two-way-normally-

                                                 
3 LMI Milton Roy, Acton, MA 

4 Lab Safety Supply, Janesville, WI 

5 ASCO Florham Park, NJ 
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opened valves and the valves at the effluent of the lead pipes are two-way-

normally-closed. Water would flow continuously from the iron pipe directly to 

waste unless the valves were energized. The valves were energized by a controller6 

(SLC 500) that was programmed with the schedule. When the valves were 

energized, the valve at the effluent of the iron pipe was closed and the valve at 

the effluent of the lead pipe was opened. 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 there were taps for sampling purposes. 

 
3.2.3 Systemõs Test Subjects 

Four corrosion inhibitors were tested, three phosphate chemicals and stannous 

chloride (Table 3-2).  

Table 3-2: Pipe loop treatment legend 

ID  Corrosion inhibitor Concentration 

Loop 1 SnCl2 ð AS-81117 0.125 ppm as SnCl2 

Loop 2 Orthophosphate ð C-98 1 ppm as P 

Loop 3 Polyphosphate ð C-58 1 ppm as P 

Loop 4 Ortho-Poly 50:50 blend ð C-48 1 ppm as P 

Loop 5 None  

 

The polyphosphate stock solution was comprised primarily of polyphosphate 

(79%) but also contained some orthophosphate (21%). The 50:50 phosphate 

blend actually contained 71% orthophosphate and 29% polyphosphate.  

                                                 
6 Allen Bradley, Milwaukee, WI 

7 A.S. Inc., Alameda, California 

8 Hawkins Chemicals, Minneapolis, MN 
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3.3 Experiment 

3.3.1 Experiment Timeline 

The Pipe Loop construction was completed in August of 2001. On August 22, 

2001, the iron pipes of each loop were inoculated with Escherichia coli in an 

attempt to establish a biofilm on the pipes. Flow of filtered water through the 

loops was initiated a week later. Background data from the system were collected 

during September of 2001. On October 18, 2001 the addition of corrosion 

inhibitors began. Results from the first 8 months of operation will be discussed. 

3.3.2 Bacteria Inoculation 

E. coli were obtained from a stock solution (derived from E. coli strain K-12). The 

E. coli culture was streaked onto m-Endo agar plates and incubated for 24 hours 

at 35°C. Then a single colony was removed from the plate using a flame sterilized 

metal loop and placed into 500 mL of m-Endo liquid media to achieve a final cell 

density of 1.83x108 colony forming units (CFU)/mL . Approximately 100 mL of 

the culture was poured into each empty iron pipe through a hole made at the 

middle of the 40 feet section (Figure 3-3). Finished water from the treatment 

plant was dechlorinated by adding bisulfite and then pumped into the influent of 

the pipes until the pipes were full. The water was left sitting inside the pipes for 

two days.  
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Figure 3-3: Bacteria inoculation in pipe loop 

3.3.3 Lead Sampling 

Water samples were typically taken from the lead pipes after an 8-hour stagnation 

period. This represents water inside household plumbing during overnight hours. 

Just before the solenoid valves were energized and the 8-hour stagnation period 

was over, the sample was collected taken by opening the tap from the lead pipe 

and closing the waste line valve. The 965 mL of water that was in the lead pipe 

was collected in four plastic bottles9 (Figure 3-4). The first 60 mL of water was 

collected and later discarded because it comprised water from the tap and 

sampling line. The next 250 mL of water was collected in the second bottle for 

analysis of temperature, pH, alkalinity, and hardness. The next 125 mL of water 

was collected in the third bottle and used for lead analysis. The final 500 mL was 

collected in the fourth bottle and used for chlorine analysis.  

 

                                                 
9 Nalge Nunc International, Rochester, NY 
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Figure 3-4: Sampling bottles 

 

After the 8-hour stagnation sample is taken, the water continues to flow through 

the lead pipe. Another 50 mL of sample are collected from the lead pipe one 

minute or more after the continuous flow started. This sample is called a 

background or a flush sample and represents the amount of lead present in the 

water with no stagnation period. Finally, each day the pipe loop was sampled, 1 L 

of the influent water was collected to measure temperature, pH, alkalinity, 

hardness, chlorine, and lead concentration (Appendix C). 

 

From the 125 mL sample collected for lead analysis, 30 mL was passed through a 

syringe mounted filter (0.45 Ǫm MCE membrane filter10) into a 50 mL plastic 

bottle for analysis of the dissolved lead concentration (Figure 3-5). All lead 

samples were acidified to a 0.5% concentration of nitric acid. The lead samples 

were stored in the treatment plantõs laboratory at room temperature and analyzed 

within 6 weeks. Before sampling, all bottles were cleaned by filling with a 0.5 N 

                                                 
10 Fisher Scientific, Pittsburg, PA 
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nitric acid solution for 24 hours or more and then rinsing three times with reverse 

osmosis filtered water (Standard Methods 3010). 

 

 

Figure 3-5: Filtering lead sample 

Temperature was measured immediately after sample collection with a glass 

thermometer. After all loops were sampled, the 250 mL and the 500 mL bottles 

were taken to the laboratory for analysis of pH, alkalinity, hardness, and chlorine. 

3.3.4 Bacteria Sampling 

Samples were collected weekly to determine the concentrations of heterotrophic 

plate count (HPC) and coliform bacteria in each loop. Water was sampled from 

the influent of the pipe loop and from the effluent of the ductile iron pipe of each 

loop where E. coli bacteria were incubated before the start of the experiment. 

Before collecting the water samples from the loops, the copper taps were flame 

sterilized using a propane torch for at least 10 seconds. All microbiological 
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samples were collected in 500 mL Nalgene bottles sterilized by autoclaving. The 

HPC and coliform concentrations were determined using the membrane filter 

technique (Standard Methods 9215 and 9222). The filtering device, consisting of six 

individual funnels and filter holders attached to a vacuum manifold (Figure 3-6), 

was sterilized by autoclaving for 30 minutes. The filters used were 0.45 µm-pore-

size membrane filters11.  

 

 

Figure 3-6: Filtering device  

After passing 100 mL of sample through the filter, the filter was removed and 

placed in a 47 mm disposable plastic petri dish containing either m-ColiBlue 24 

agar12 (for coliform analysis) or R2A agar (for HPC). For each water sample, 

duplicate coliform plates and triplicate HPC plates were prepared. The plates 

were incubated membrane-filter side up at 35°C for 24 hours (coliform plates) or 

48 to 72 hours (HPC plates).  

 

 

 

                                                 
11 Millipore, Molsheim, France 

12 Hach Company, Loveland, CO 


