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UNITED STATES ENVIRONMENTAL PROTECTION AGENCY
REGION III
1650 Arch Street
Philadelphia, Pennsylvania 19103-20

By Federal Express
Thomas P. Jacobus
General Manager
Washington Aqueduct
5900 MacArthur Blvd., N.W.
Washington, DC 20016-2514

August 3, 2004

Jerry N. Johnson
General Manager
District of Columbia Water and Sewer Authority
5000 Overlook Ave., SW
Washington, DC 20032
Gentlemen:
The United States Environmental Protection Agency Region III (“EPA”) has primacy for
the Public Water System Supervision (“PWSS”) Program in the District of Columbia. The
primacy agency is responsible for implementing the PWSS Program and the National Primary
Drinking Water Regulations (“NPDWRs”), including designation of optimal corrosion control
treatment (“OCCT”) under the Lead and Copper Rule (“LCR”) for public water systems. The
NPDWRs define OCCT at 40 C.F.R. § 141.2 as “the corrosion control treatment that minimizes
lead and copper concentrations at users’ taps while insuring that the treatment does not cause the
water system to violate any national primary drinking water regulations.” The Preamble to the
LCR states that the effect of corrosion control treatment on the waste water stream also may be
considered in selecting OCCT. 56 Fed. Reg. 26460, 26480 (June 7, 1991).
On July 16, 1997, EPA conditionally designated an OCCT for the drinking water
treatment and distribution system for the District of Columbia and required additional study. In
February 2000, EPA designated the use of pH adjustment as the OCCT for the drinking water
distribution system for the District of Columbia, which required the Washington Aqueduct to
maintain a pH in the finished water between 7.7 and 8.5. On May 17, 2002, EPA revised its
designation of OCCT with respect to the monthly pH goals.
On August 26, 2002, the District of Columbia Water and Sewer Authority (“DCWASA”)
submitted a final report to EPA Region III stating that, during the compliance period July 1,
2001 - June 30, 2002, the level of lead in first draw water samples from 53 residences served by
the District of Columbia drinking water distribution system was 75 parts per billion (“ppb”) at
the 90th percentile. This monitoring result exceeded the lead action level of 15 ppb at the 90th
percentile. On July 29, 2003, DCWASA reported to EPA Region III that, during the compliance
period January - June 2003, the level of lead in the first draw water samples from 104 residences
was 40 ppb at the 90th percentile. For the July - December 2003 compliance period, DCWASA
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reported that the level of lead in first draw water samples was 63 ppb at the 90th percentile. For
the January -June 2004 compliance period, DCWASA reported that the level of lead in first draw
water samples was 59 ppb at the 90th percentile.
On May 28, 2004, the U.S. Environmental Protection Agency Region III (“EPA”)
approved an interim modification of the OCCT for the drinking water distribution system for the
District of Columbia. The interim modification consisted of an application of the corrosion
inhibitor orthophosphate to the 4th High Pressure Zone of the District of Columbia drinking
water distribution system. The 4th High Pressure Zone is hydraulically isolated from the
remainder of the District of Columbia’s drinking water distribution system, but is representative
of the entire system in terms of component materials (lead service lines, unlined cast iron pipe,
etc.). The purpose of the proposed partial system application was to assess, prior to any full
system application, operational characteristics and any unanticipated effects. At the time EPA
approved this interim modification, it was expected that, absent any unresolvable problems and
subject to EPA’s approval, the system-wide OCCT ultimately would be modified to include
application of orthophosphate to maintain reduced levels of lead in the entire District of
Columbia drinking water distribution system.
This letter modifies EPA’s interim designation of the OCCT for the District of Columbia
distribution system. The interim OCCT for the District of Columbia drinking water distribution
system shall consist of the application of the corrosion inhibitor orthophosphate subject to the
conditions and water quality parameters (“WQPs”) set forth below. This designation is being
considered an “interim” designation because it applies only to the passivation period. A final
designation for maintenance of corrosion control will be issued once the system is passivated.
The Washington Aqueduct will use an orthophosphate product in the form of phosphoric acid
that meets ANSI/NSF Standard 60: Drinking Water Chemicals -- Health Effects. The
Washington Aqueduct will apply an initial passivation dose that will continue until the lead level
in the 90th percentile of tap water samples is equal to or below the 0.015 mg/l (15 ppb) lead
action level, or until water quality results indicate the need to reduce the dosage earlier. The
initial passivation dose should be designed to achieve a residual of > 3.0 mg/L measured as
orthophosphate in tap samples. Following initial passivation, it is anticipated that the
Washington Aqueduct will apply a maintenance dose sufficient to achieve a residual of
approximately 0.5 - 1.5 mg/L measured as orthophosphate in tap samples, or a dose sufficient to
ensure lead levels remain equal to or below 0.015 mg/l (15 ppb) at the 90th percentile of tap
samples.
The interim WQPs set herein apply to the initial passivation dose. The LCR
contemplates that the primacy agency will establish final water parameters following passivation
of the system. EPA will review monitoring results and system operation records after
passivation has been reached and will establish final WQPs for the Washington Aqueduct and
DCWASA for maintenance of corrosion control following passivation. EPA anticipates that it
will establish final WQPs that will allow for smaller variations in the parameters than the interim
WQPs for the passivation dose set forth in this letter.
The Washington Aqueduct is a wholesaler of water and has no distribution system of its
own. The Washington Aqueduct sells water to a number of other water systems. DCWASA,
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Arlington County Public Works and the City of Falls Church are consecutive community water
systems and provide no additional treatment to the water received from the Washington
Aqueduct before they distribute it to their customers. The Washington Navy Yard is a
consecutive community water system that purchases its water from DCWASA. The Anacostia
Annex, the Naval Observatory and the Naval Security Station are consecutive non-transient,
non-community water systems that purchase water from DCWASA. Ronald Reagan National
Airport is a consecutive non-transient, non-community water system which has the capability of
providing additional disinfection to the water it receives from the Washington Aqueduct. Thus,
any treatment, including OCCT, applied by the Washington Aqueduct will affect all of its
customer water systems. The public water systems affected are:
PWS Identification Number

Public Water System

DC0000001

Washington Aqueduct Division, U.S. Army Corps of
Engineers
District of Columbia Water and Sewer Authority
(“DCWASA”)
Naval Station Washington – Washington Navy Yard
Naval Station Washington – Anacostia Annex
Naval Observatory
Naval Security Station
Arlington County Public Works
Ronald Reagan Washington National Airport
City of Falls Church Public Utilities

DC0000002
DC0000003
DC0000004
DC0000005
DC0000006
VA6013010
VA6013080
VA6610100
Background

Following DCWASA’s report that it had exceeded the LCR lead action level in 2002,
EPA recognized the need to conduct additional research into the cause of elevated levels of lead
in the District of Columbia drinking water distribution system. (Arlington County and the City
of Falls Church have not reported elevated lead levels in their drinking water distribution
systems.) EPA contracted with an independent corrosion expert in May 2003 to research the
cause of the increased lead levels. The expert presented a written report to EPA in October
2003. DCWASA developed a research strategy, which it presented to the Washington Aqueduct,
Arlington County, the City of Falls Church and EPA in January 2004. EPA formed the
Technical Expert Working Group (“TEWG”) to address the problem of elevated lead levels in
tap water in the District of Columbia in February 2004. The TEWG consists of representatives
from EPA Region III, EPA Headquarters’ Office of Ground Water and Drinking Water, EPA’s
Office of Research and Development, the Washington Aqueduct, DCWASA, the District of
Columbia Department of Health, Arlington County, Falls Church and the Centers for Disease
Control and Prevention.
The TEWG’s Production Treatment Operations Team, led by the Washington Aqueduct
and its contractor, developed a Desktop Study. The Desktop Study considered various treatment
options, including maintaining a constant high pH at the Dalecarlia and McMillan water
treatment plants using either quicklime (current practice) and/or sodium hydroxide (caustic
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soda), and feeding a corrosion inhibitor, such as orthophosphate, while maintaining a constant
pH throughout the year of about 7.7. The Desktop Study reviewed the various reports and
recommendations previously prepared for the Washington Aqueduct and/or EPA, conducted a
telephone survey about treatment techniques employed by drinking water treatment and
distribution facilities similar to Washington, D.C.’s, performed mathematical modeling of
corrosion abatement strategies, and reviewed water treatment industry accepted corrosion control
practices.
The TEWG and the Washington Aqueduct originally recommended introduction of
orthophosphate as a corrosion inhibitor. The Desktop Study and its recommendations were
reviewed by an Independent Peer Review Panel assembled by EPA’s Office of Ground Water
and Drinking Water in Washington, D.C. Based upon one of its members’ greater familiarity
with the use of zinc orthophosphate, the Peer Review Panel recommended the use of zinc
orthophosphate. On April 30, 2004, EPA designated use of zinc orthophosphate for partial
system application in the 4th High Pressure Zone.
On May 28, 2004, EPA modified its April 30, 2004 designation, and EPA designated use
of orthophosphate (rather than zinc orthophosphate) for the partial system application of a
corrosion inhibitor in the 4th High Pressure Zone. This modification was based on concerns
raised by Arlington County regarding its wastewater treatment plant’s ability to handle the
anticipated added zinc load from any future full system application and on data suggesting that
zinc orthophosphate and orthophosphate are equally effective in achieving corrosion control
endpoints. For an explanation of EPA’s considerations, see Letter from Jon M. Capacasa to
Thomas P. Jacobus and Jerry N. Johnson (May 28, 2004).
Orthophosphate (in the form of phosphoric acid) is an approved and commonly used
drinking water additive. Phosphoric acid, one of the three common forms of orthophosphate and
the form proposed for the full system treatment by the Washington Aqueduct, is a proven
corrosion inhibitor that is currently being used by the Washington Suburban Sanitary
Commission for corrosion inhibition on Potomac River water. It also is used in a number of
large distribution systems, including distribution systems in New York, Wisconsin and
elsewhere. See The Cadmus Group, Inc., Investigation of Potential Environmental Impacts due
to the use of Phosphate-based Corrosion Inhibitors in the District of Columbia (July 22, 2004)
(“Cadmus Report”). As noted in TEWG’s Desktop Study, orthophosphate “has been used for
many years as a reliable, known and safe chemical additive that has been shown to reliably
reduce lead and copper corrosion.” See Letter from Jon M. Capacasa to Thomas P. Jacobus and
Jerry N. Johnson (May 28, 2004).
EPA has considered the known studies and data. In addition, EPA has consulted with
members of the TEWG, the Independent Peer Review Panel, other experts attending the recent
Lead and Copper Rule Workshop, and regulators in states that have water distribution systems
using orthophosphate and/or zinc orthophosphate. EPA has concluded that zinc orthophosphate
and orthophosphate are likely to be equally effective in achieving corrosion control end points in
the District of Columbia drinking water distribution system. It should be noted that the proposed
application of orthophosphate will not immediately decrease lead levels in the tap water. It is
expected that lead levels will decrease over the course of implementing the proposed treatment.

4

A measurable reduction of lead levels may take more than six months and possibly more than a
year.
The partial system application to the 4th High Pressure Zone commenced on June 1,
2004. After reviewing the available data the Technical Expert Working Group reached
consensus that there were no water quality monitoring results that would warrant delaying full
system application of orthophosphate as a corrosion inhibitor. Although data from the 4th High
Pressure Zone application have not yet shown a reduction in lead levels, this was expected based
on experts' opinions and TEWG members’ experiences elsewhere. Data did show some elevated
numbers of heterotrophic plate count bacteria at several sample sites and elevated color and iron
levels in about one third of samples taken from fire hydrants. These results can reasonably be
expected during the start-up phase of a phosphate-based corrosion inhibitor treatment. There
have been no customer complaints of red water in the 4th High Pressure Zone. The equipment
installed to perform this temporary chemical feed has performed well. In summary, no results
indicated unresolvable problems in connection with application of orthophosphate in the 4th
High Pressure Zone, and no unexpected results from the water quality monitoring were seen.
The TEWG's consensus, from its discussion on July 28, 2004, is that there is no reason to delay
application of a full system treatment.
EPA considers this interim OCCT designation to be part of an ongoing process. Pursuant
to 40 C.F.R. § 141.82(h), “[u]pon its own initiative or in response to a request by a water system
or other interested party, [EPA] may modify its determination of the optimal corrosion control
treatment ... where it concludes that such change is necessary to ensure that the system continues
to optimize corrosion control treatment. A revised determination shall be made in writing, set
forth the new treatment requirements, explain the basis for [EPA’s] decision and provide an
implementation schedule for completing the treatment modifications.” EPA’s interim OCCT
designation is informed by its understanding that additional studies are being undertaken. For
example, the TEWG is conducting pipe loop experiments to evaluate optimal treatment dose, pH
and other factors. The Washington Aqueduct also is studying means to optimize pH stability.
Other ongoing research includes: investigation into galvanic corrosion related to water meter
replacement; flow-through pipe loop studies; lead corrosion behavior studies in household
plumbing (lead profiling); pipe scale analysis; a study of lead leaching rates; and pipe loop
studies to compare the relative effectiveness of zinc orthophosphate and orthophosphate in
reducing lead levels. In addition, studies are planned on galvanic corrosion related to partial lead
service line and water meter replacement and potential impacts on corrosion rates from electrical
system grounding to home plumbing systems.
Conditions and Water Quality Parameters
The Washington Aqueduct will use an orthophosphate product that meets ANSI/NSF
Standard 60: Drinking Water Chemicals – Health Effects. Based on the NSF certification, the
application of orthophosphate is not expected to cause adverse human health effects. In
addition, the application of orthophosphate is not expected to have an adverse effect on the Blue
Plains Wastewater Treatment Plant or the Arlington County Water Pollution Control Plant. See
Cadmus Report. Discharges of potable water from the drinking water distribution systems in the
District of Columbia, Arlington County and the City of Falls Church to receiving streams
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through planned and unplanned events such as line flushing, water main breaks, combined sewer
overflows, lawn watering, etc. are not expected to cause any adverse effects to the receiving
streams.
The application of orthophosphate may cause temporary rust-colored or “red water”
events in the tap water, a potential increase in total coliform bacteria due to breakdown of
biofilm on the pipes, and an increase in calcium (lime) deposits in water mains and residential
plumbing. Total coliform are indicator bacteria and any increase in total coliform bacteria
caused by the application of orthophosphate does not present a human health risk. Information
regarding these possible effects and what to do if there is “red water” was provided by EPA in
two public information sessions conducted on April 27 and 29, 2004, by DCWASA in a public
information session conducted May 24, 2004, and by the TEWG’s fact sheet, which is posted on
the District of Columbia Department of Health’s website. EPA, DCWASA, the District of
Columbia Department of Health and the Washington Aqueduct will continue with outreach
programs designed to inform consumers of steps that should be taken as a result of the
application of orthophosphate. DCWASA has informed EPA that DCWASA intends to send a
letter to its customers informing of them of the application of orthophosphate and the steps that
should be taken if they experience discolored water. EPA and the TEWG are scheduling
additional public information meetings as well.
DCWASA, with support from Washington Aqueduct contractor flushing crews, will
proceed with a unidirectional water main flushing program as quickly as possible to complete
flushing the entire DCWASA distribution system prior to the onset of freezing weather. During
this and all subsequent water main flushing events, DCWASA shall implement best management
practices (in addition to dechlorination) to minimize discharges associated with water main
flushings to storm sewers and receiving streams. Such best management practices shall include,
but not be limited to, exercising best efforts to avoid conducting line flushings in combined
sewer overflow (“CSO”) service areas during or immediately after storm events and identifying
and monitoring relevant CSOs during line flushings to determine whether the line flushings are
associated with any discharges from CSOs.
No later than December 1, 2004, or within ten (10) days of completing a study to analyze
pH control (whichever is sooner), the Washington Aqueduct shall submit to EPA a study
analyzing methods of pH control designed to achieve the WQP goals set forth herein.
Monitoring
Pursuant to 40 C.F.R. § 141.82(f), EPA is required to set WQPs for water supplies
implementing corrosion control treatment. The interim WQPs and WQP goals set forth herein
apply both to water entering the distribution system and to water quality as measured in tap
water samples from the distribution system collected pursuant to 40 C.F.R. § 141.87 and this
letter. The Washington Aqueduct will be responsible for monitoring and achieving the WQPs
for water entering the distribution system. DCWASA will be responsible for monitoring and
achieving the WQPs in the distribution system. The interim WQP for orthophosphate in water
entering the distribution system is set as a range to account for the possibility that the
Washington Aqueduct may need to adjust treatment for a short period of time to respond to
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temporary conditions in the distribution system (such as red water). The pH values for waters
entering the distribution system are expressed as a range to allow the Washington Aqueduct to
make adjustments to consistently attain WQPs in the distribution system. The interim WQP
goals will serve as targets which both the Washington Aqueduct and DCWASA should strive to
achieve.
Along with the typical parameters required of systems using a phosphate-based corrosion
inhibitor, EPA is requiring that DCWASA monitor for and report supplemental parameters in the
distribution system to help determine whether the application of orthophosphate causes any
unexpected water quality changes. Because the purpose of monitoring for and reporting the
supplemental parameters is to assist EPA, DCWASA and the Washington Aqueduct in
evaluating and fine-tuning operations, the requirement is for monitoring and reporting, and no
numeric values have been assigned to the supplemental parameters.
The Washington Aqueduct shall conduct monitoring for WQPs according to the
requirements in 40 C.F.R. § 141.87. DCWASA shall conduct monitoring for WQPs according
to the requirements in 40 C.F.R. § 141.87, with the following modifications. With respect to
frequency, DCWASA shall monitor for WQPs monthly at all sample locations. DCWASA also
shall monitor all locations selected pursuant to 40 C.F.R. § 141.87 for all parameters set forth
below, including those parameters designated as “monitor and report.” DCWASA’s compliance
with the numeric interim WQPs established herein shall be assessed based upon monitoring
conducted at the locations selected pursuant to 40 C.F.R. § 141.87.
In addition to monitoring at the locations selected pursuant to 40 C.F.R. § 141.87,
DCWASA also shall monitor at least twenty-five (25) additional or “supplemental” locations to
provide additional information on any changes in the water chemistry during the passivation
period. Monitoring at the supplemental locations shall consist of monitoring and reporting for
all parameters set forth below, including pH, orthophosphate, free ammonia nitrogen and
nitrite/nitrate nitrogen. Although DCWASA must monitor and report parameter values for these
twenty-five supplemental locations to comply with 40 C.F.R. §§ 141.82 & 141.87, compliance
with the numeric interim WQPs for pH, orthophosphate, free ammonia nitrogen and
nitrite/nitrate nitrogen will not be assessed based on the data from these supplemental locations.
Monitoring at the supplemental locations shall be conducted in accordance with a supplemental
monitoring plan described below.
Prior to the full system application of orthophosphate, DCWASA shall develop and
submit to EPA for review a supplemental water quality monitoring plan. This plan shall
identify at least twenty-five (25) additional or “supplemental” sample locations beyond those
required by 40 C.F.R. § 141.87. The additional or “supplemental” sample locations shall be
representative of dead-end and low flow areas of the distribution system confirmed using
DCWASA’s calibrated hydraulic model. The supplemental water quality monitoring plan also
shall include monitoring for all parameters listed below at all sampling locations, both those
identified in the supplemental water quality monitoring plan and those identified pursuant to 40
C.F.R. § 141.87.
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Reporting
The Washington Aqueduct and DCWASA shall report WQP monitoring data as required
by 40 C.F.R. §141.90 with the modifications below. WQP reports are due to EPA within ten
(10) days of the end of each monthly monitoring period. Where the tenth day falls on a weekend
or holiday, reports are due the first business day thereafter.
DCWASA shall also report to EPA data collected under the supplemental WQP
monitoring plan within ten (10) days of the end of each monthly monitoring period. Data for the
parameters identified below as “monitor and report” will be used by EPA, the Washington
Aqueduct, and DCWASA for evaluating and fine-tuning operations.
At this time, EPA is setting interim WQPs and WQP goals for the passivation period. As
stated above, once the distribution system is passivated, EPA will establish more refined WQPs
to be achieved in connection with maintenance of corrosion control. EPA anticipates that the
WQP goals provided herein will form the basis of the more refined WQPs associated with the
maintenance of corrosion control that will be established by EPA following the initial
passivation period.
Interim Water Quality Parameters for the Passivation Period
For water entering the distribution system during passivation period
(These apply to Washington Aqueduct):
pH
Orthophosphate

InterimWQPs
7.8-7.9 ± 0.3
1.0-5.0 mg/l*

WQP Goals
7.8 ± 0.1
3.0 mg/l*

*dose necessary to reach this residual in tap samples
For water samples from the distribution system during passivation period
(These apply to DCWASA):
pH
Orthophosphate
residual in tap samples
free ammonia nitrogen
nitrate/nitrite nitrogen

Interim WQPs
7.7 ± 0.3
1.0-5.0 mg/l

WQP Goals
7.7 ± 0.1
3.0 mg/l

0.5 mg/l
0.5 mg/l

0.2 mg/l
< 0.1 mg/l

Supplemental Parameters
free chlorine
total chlorine
temperature (NC)
alkalinity

monitor & report
monitor & report
monitor & report
monitor & report

8

Calcium hardness as CaCO3
Calcium dissolved hardness
iron
aluminum
total dissolved solids
oxidation-reduction potential
sulfate
color
heterotrophic plate count bacteria
total coliform bacteria and fecal
coliform or E. coli testing of
total coliform positive samples
free ammonia
total ammonia nitrogen
dissolved PO4
total PO4

monitor & report
monitor & report
monitor & report
monitor & report
monitor & report
monitor & report
monitor & report
monitor & report
monitor & report
monitor & report
monitor & report
monitor & report
monitor & report
monitor & report

Thank you for your efforts to help secure a long term solution to elevated lead levels in
the District of Columbia drinking water distribution system. If you or your staff require
additional information, please contact Rick Rogers, Water Protection Division, EPA Region III
at (215) 814-5711.
Sincerely,

Jon M. Capacasa, Director
Water Protection Division
EPA Region III
cc:

Hugh J. Eggborn, Director, Office of Water Programs, Culpepper Field Office, Virginia
Department of Health,
Robert J. Etris, Director of Public Utilities, City of Falls Church, Virginia
Randolph W. Bartlett, Arlington County Department of Public Works
William J. Brown, Ronald Reagan National Airport
Thomas Calhoun, District of Columbia Department of Health
Thomas Lewis, Naval District Washington
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Oxidant/Disinfectant

Chemistry and Impacts on Lead Corrosion

MichaelR. Schock
Chemist
WaterSupply& WaterResources
Division
U. S. EnvironmentalProtectionAgency
Cincinnati,OH 45268
RichardGiani
WaterQualityManager
District of ColumbiaWater& SewerAuthority
Deptof WaterServices
WaterQualityDivision
3900DonaldsonPI,NW
Washington,DC 20016

Background
In response
to continuedelevatedleadlevelsthroughoutthe District of Columbia'sdistribution
system,a collaboration was begun with the District of Columbia's Water & SewerAuthority
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(WASA) andWaterResources
Division ofU. S. EnvironmentalProtectionAgency's(USEPA)
Office of ResearchandDevelopmentin latewinter of 2004to investigatethe causesof the
suddenincreasesin lead release. Lead levels had been slightly abovethe Action Level in 1991

through1994. Althoughincreasesin pH andthe additionof orthophosphate
wereinvestigatedin
pilot studiesanddesktopcorrosionstudiesat thattime, the 90thpercentileleadlevelsdroppedto
below0.012mg/L throughoutthemid- to late 1990s.This coincidedwith a programof
increasedflushingandconsiderablyelevatedfreechlorinedosages(oftenashigh as4 mg/L) to
provideimprovedcontrolofbiofilms andbacterialregrowth.However,by 2000,concernwith
theupcomingincreasesin stringencyof disinfectionbyproductregulationsled to a decisionto
changeto chloraminationin an attemptto keeptrihalomethane
(THM) levelsbelowthe new
standards.Thechangewasmadein Novemberof 2000,andin thenextLeadandCopperRule
(LCR) monitoringround,the 90thpercentileleadlevel surprisinglywasfoundto havejumpedto
over0.07mg/L. Subsequent
LCR 90thpercentileresultshaveremainedover0.04mg/L. The
generalhistoryof leadlevelsis illustratedin Figure1, keepingin mind that somesampling
periodsarerepresented
by somedifferentmonitoringsitesin the sitepool, andtherewerealso
differencesin thenumberof samplingsitesrequired.
Althoughtherewasconsiderable
skepticismthat chloraminationcouldhavebeenthe causeof the
suddenelevationof leadlevels,someapparentincreasesof leadandcopperreleaseandattackon
brasshadbeenreportedbeforein severalinvestigations(Larsonet al., 1956; JamesM.
MontgomeryConsultingEngineers,1982; Francis,1985a,1985b;JamesM. Montgomery
ConsultingEngineers,1985; Schock,1999). In fact,reviewsof generalaspectsof theredox
chemistryof disinfectantsandconsideration
of the differentchemicalbehaviorof metalsin their
differentcommonvalencestates(eg.Fe,Mn, Cu, Pb)do suggestthat anysubstantialchangein
the oxidation/reduction
potential (ORP)couldsubstantiallyalterthebehaviorof pipe scalesand
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the potential for corrosion byproduct or contaminantrelease(A WW ARF- TZW, 1996; Schock,
2000; Schock & Holm, 2003).
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While most water treatment and water chemistry specialistsare very familiar with the radically
different solubilities and scale formation properties of ferrous iron versus ferric iron, or cuprous
copper versuscupric copper, there is much less realization of the samepotential behavior of lead.
Potential-pH diagramsfor the lead systemgoing back many years have a prominent stability
field for the highly insoluble lead dioxide (PbOs)solid (Delahay et al., 1951; Pourbaix et al.,
1966; Pourbaix,1973; Schock, 1980, 1981; Schock & Wagner, 1985; Schock et al., 1996;
Schock, 1999). Thus, an analogy can be drawn betweenthe Pb(IV)-Pb(II) redox couple and the
Fe(III)-Fe(II) redox couple. The higher valence state forms oxide or oxyhydroxide scalephases
of much lower solubility than those of the lower valence state.In the caseof lead, however, the
ORP required for the transformation ofPb(II) to Pb(1V) is much higher than for the ferrous to
ferric iron transformation. Becauseof typical free chlorine dosages,consumerdislike of
chlorinous tastesand odors, normal water residencetimes, and the usual pipe wall and bulk
water oxidant demands,such highly oxidizing conditions will not be common amongstpublic
water systemsin the United States.
USEPA analysesof scalesfrom lead pig-tails and service lines in the late 1980's and early
1990's verified that one or both of the common polymorphs ofPbO2 (plattnerite and scrutinyite)

werepresent
in varyingdegrees
onthepipesfromseveraldifferentwatersystems
(Schocketal.,
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1996). Thus far, of more than 85 lead pipe specimensobtained from 34 water systems,at least
16 specimensrepresenting9 systemshave either a-PbO2, or j3-PbO2,or both presentin clearly

identifiable
quantities.Moresamples
mayhavetraceamounts
thatarehardto positively
confirm.Usually,thePbO2existsin theformof patches
or a thin surficiallayeratthewater
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boundary. PbO2comprisesnearly the entire scalematerial in the pipe samplesfrom W ASA and
Cincinnati, and the majority of the scalematerial in someOakwood, OH specimens. In
Madison, WI, it formed a rather distinct surficial layer in contact with the water. The presen~eof
PbO2is associatedwith waters of persistently high ORP. The elevatedORP could be causedby
any of severalmechanisms. For example:pristine low-NOM ground waters with little bulk
oxidant demandallowing significant persistenceof free chlorine; waters that very effectively
passivateiron and remove its oxidant demand(such as hard waters with high buffering
intensity); waters with low oxidant demandresulting from oxidative treatmentssuch as
greensandfiltration (enabling the stability of high ORP); and many other possible scenarios. An
additional
cause
can be thetowards
use of very
of free
chlorine to combatbiofilm
problems
or to overcome
corrosivity
ironhigh
anddosages
its pipe wall
demand.
'
More pipe analysis investigationsby the U. S. Environmental Protection Agency in 2000 and
2001 revealedmuch more evidencefor the importance of tetravalent lead compoundsas very
large primary componentsof lead service line scalematerial, particularly those in Cincinnati,
Ohio and Madison, Wisconsin (Schock et al., 2001). In the Cincinnati pipe, representinglong
periods of relatively high disinfectant concentrations,followed by a combination of granular
activated carbon and free chlorine treatment, essentiallythe entire scalewas composedof the
two PbO2polymorphs, with only tracesof basic lead carbonate. It is not known when the PbO2
,
,

scaleformedin theCincinnatipipe,astherewerenohistoricalscaleanalyses
duringseveral
earliertreatment
schemes.
ForthedistributionsystemareawheretheCincinnatipipespecimens
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wereobtained,it hasemployedelevatedpH (8.5to 9.2) sincethe 1980sfor corrosioncontrol.

Thele~dservicelinespecimens
fromMadisonhadathin layerof PbOzatthewaterinterface,

with PbCO3makingup thebulk of theunderlyingscale.An importantamountof tetravalent
leadscalematerialwasalsofoundin pipe from Oakwood,Ohio (anotherpH 7 high alkalinity
waterwheregreensand
filtration for iron removalis employed).Takenin combination,these
observations
finally providea reasonable
hypothesisto explainthe apparentanomalyobservedin
manyfield studiesin which high alkalinity watersdid not tendto producenearlyashigh levels
of leadreleaseaswould be expectedfrom theknowledgeof leadsolubilitYchemistryandbenchscaletests(Dodrill & Edwards,1994; Dodrill, 1995; Dodrill & Edwards,1995; Edwardset al.,
1999).

Pipe ScaleAnalysesResults
Leadserviceline specimens
from residentialhomesin the District wereshippedto theWSWRD,
U. S. EnvironmentalProtectionAgencylab in Cincinnati,with their endssealedto preserve
humidityandmoisture. The specimens
werecut longitudinallywith a bandsawhavinga fine
metal-cuttingblade,andwerephotographed
with a stereomicroscope
at 6 to 66 X. Figures2 and
3 illustratesomeof the specimens
from theWASA systemthatwereanalyzed,andhow they

compare
to similarscalescomposed
of largeamounts
of tetravalent
leadcompounds
fromother

watersystems.
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Scalewasremovedandanalyzedby X-ray powderdiffractionusingthe sameproceduresas
describedpreviously(Schocket al., 2001). Whenleadcarbonateandhydroxycarbonate
solid
phasesarepresent,thepositiveidentificationof PbOzcanbe somewhatproblematic,because
someof thesignificantdiffractionpeaksof 13-PbOzanda,-PbOzoverlapwith someof thepeaks
from PbO(litharge)andPbCO3(cerussite).While the d-spaceaccuracyof the carefullycalibrateddiffractometershouldbe morethansufficientto positivelyidentify thephasesof
interest,thenaturally-formedsolidstendto havelatticedistortionsandpeakbroadeningfrom
smallcrystallitesizes. Both of thesefactorscomplicatethe positiveidentificationof PbOz
polymorphs.
Therefore,to confirmthe existenceof tetravalentleadphasesandcorroboratethe XRD results,
thePbpip~scaleswereadditionallyanalyzedby X-ray absorptionnearedge(XANES) andXray absorptionfine structure(XAFS) spectroscopies.
For XANES andXAFS studies,a thin
layerof a Pb scalewassmearedontoKaptontapeandfoldedbackon itself. Pb (13035eV) LIII
XANES andXAFS datawerecollectedat Sector20-BM (PacificNorthwestConsortiumCollaborativeAccessTeam(PNC-CAT)) at the AdvancedPhotonSourceat ArgonneNational
Laboratory,Argonne,IL. The electronstoragering operatedat 7 GeV. Threescanswere
collectedat ambienttemperature
in fluorescence
modewith an Ar-purgedLytle detector.A 0.5
mmpremonochromator
slit width anda Si(lll) doublecrystal.monochromator
detunedby 20%to
rejecthigher-orderharmonicswasemployed.Thebeamenergywascalibratedby assigningthe
fIrst inflectionof the absorptionedgeof leadmetalfoil to 13035eV. ReferencesamplesofPbO

,
i

(massicot),PbCO3(cerussite),Pb3(CO3)z(OH)z(hydrocerussite),Pbs(PO4)3Cl

.r

:

(chloropyromorphite),
Pb(NO3)z,I3-PbOz
(plattnerite),andPb3O4
werecommerciallyobtained
/
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for comparison with the XANES and XAFS spectra. The phase identities were confirmed by
XRD. The collected scansfor a particul~r samplew~re av~raged,the data were then normalized,
and the background was removed by splme fittmg usmg WlnXAS 2.0 (Ressler, 1998).
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Becausethe scaleswere very thin and tenaciously adherentto the pipe surfaces,only small
amounts(tens of milligrams) were available for analysis. Subsampleshave also been sent by
USEPA to the U. S. Geological Survey laboratory in Denver, for digestion and elemental
analysis to investigate general scale chemistry and to try to help identify some of the other trace
compoundspresentin the diffraction patterns.
Figures 4 and 5 show examplesof the XRD and XANES patternsthat confirmed that the W ASA
lead pipes are coatedwith a thin and uniform layer of a,- and !3-PbO2.

Discussion

Conventional lead corrosion control theory, which is normally basedon divalent lead chemistry,
would predict solubility behavior approximately as representedin Figure 6. This was done using
the LEAD SOL computer program (Schock, 1980; Schock et al., 1996) with somerepresentative
concentrationsfor chloride, sulfate and total inorganic carbon. Figure 7 illustrates the difference

in trendsandorderof magnitudeof solubility for tetravalentleadasopposedto divalentlead.

Trying to modelPb(IV) solubility is full of difficulties,asthereis little relevantdataappropriate
to potable water systems. Someof theseissueshave been addressedpreviously (Schock et al.,
2001). Due to lack of stability constantdata and speciationdata, the model followed suggestions
ofPourbaix (1966) as a first approximation. Only PbO32-and PbO34-complexeswere included.
.Theaccuracyof the thermodynamic.dataand the proper speciesto choosefor the aqueousmodel
is highly questionable. However, even if considerably off, it still strongly arguesthat tetravalent
solubility is remarkably lower than in well-treated systemsworking with divalent lead scales.
U sing the existing tentative aqueoussolution model for Pb(IV), tetravalent lead solubility is
predicted to be at its lowest level at a pH even below neutrality. Hence, the solubility
minimization trend with pH is intriguingly opposite that of Pb(II) in the normal pH range for
controlling corrosivity to metallic materials, approximately pH 7 to 10.

t
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No specific information on identified Pb(IV) orthophosphateor carbonate-containingsolids has
been uncoveredso far. Whether or not orthophosphateinteracts with tetravalent lead is also hard
to determinereliably, becauseof conflicting published interpretationsof experimentalresults
from lead-acidbattery performanceinvestigations (Voss, 1988). At very high phosphoric acid
concentrations,someevidencehas been found for somestable Pb(IV)-orthophosphatecomplexes
or poorly-crystalline materials (Amlie & Berger, 1972). Someresearchsuggeststhat
orthophosphatefacilitates reversibility of oxidation and reduction by surface sorption and
modification of the PbO2phases,while other researchsuggeststhat the orthophosphatecould
bind with Pb(II) and reducethe formation of PbSO4(Bullock & McClelland, 1977; Bullock,
1979a;
Bullock,
1979b, 1980;
Voss,
1988).
The
high acidity
and
high concentrations
of
sulfuric
andphosphoric
acids
present
in such
systems
cannot
beextremely
directly applied
to estimate
the relative impacts at concentrationsthousandsof times lower in drinking water solutions. One
~
4
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. of the mostinterestingaspectsof the literature,however,is thatPbOzsolidsmay readilyfunction
'-

assemiconductors
(Greninger
etal., 1975).Thus,thereis likelyconsiderable
electrochemical
reversibilityandeaseof electrontransportbetweenthe waterandtheunderlyingleadmetalof
thepipe,makingresponses
of the scaleto changesin ORPratherfast andmeasurable.

..

Thecritical role that the concentrationandtype of disinfectionplaysin the formationand
solubilityofpassivatingfilms on leadserviceline piping is clarifiedby Figure8. Thetop figure
is a simplepqtential-pHdiagramfor 1 mg/Lfree chlorine,showingthe speciationof the chlorine
systemandthe high ORPnecessary
for freechlorinestability. Thesefields areconsiderably
abovethethermodynamic
waterstabilityboundary.Thebottomtwo graphsshowthe
comparisonof ORPvaluesobtainedusingdifferentconcentrations
of monochloramine
solution
andfreechlorinein recentUSEPA laboratorystudiesby James,et. al. (2004). Note the ORP
producedby monochloramine
concentrations
arefar lower thanthoseproducedby the same
concentration
of freechlorine. Referringto thepotential-pHdiagramfor lead(Figure9), it can
be seenthat freechlorineat high dosagescanproducesufficientlyhigh ORPto form PbOz.
Theseexperimentaldataarein goodagreement
with valuesextractedfrom the researchliterature
in papersrelatingto virus inactivationstudiesor breakpointchlorinationstudies(Schocket al.,
1996).
Therearesomeuncertaintiesin the PbOzfield bo:undary
becauseof.~e impr.eci~ion
andP?ssible
maccuracyof the tabulated free energy of formatIon data, although It ISquahtatively consIstent

with the analyzedscalematerialandthe solubilitybehaviorin the actualleadpiping. The
boundarywould shift upward(higherORPneeded)if the PbOzmaterialis lesssolublethan
.

"'-""

predicted
by thepublished
data.However,
thereis clearlya straightforward
mechanism
thatcan

readilyexplainthe suddenrise in dissolvedleadrelease(aswell assomeparticulates)whenthe
ORPis lowered. In thepH rangeof normaloperation(high 7's to low 8's), divalentlead
solubilityis considerablyhigherthantheAction Level,andobservedleadlevelsin targeted
samplesrepresenting
waterin directcontactwith the leadservicelinesfor "overnight"standing
periodswerein an amazinglysimilarrange(100to 200 ~g/L) to thatpredictedby the solubility
model. Unfortunately,specificleadserviceline sampledatawasnot availablefrom the late
1990'swhenthe 90thpercentilevalueswerevery low andthe ORPwasvery high from the useof
freechlorine. However,giventhe first-drawrelationshipsto the serviceline concentrations
in
the currentsampling(post-chloramination),
the leadlevelswereprobablyvery low duringthat
time period,consistentwith tetravalentleadsolubility trends.Notethat of 5 second-draw
sample
collectionsin 1997-2000,
the 90thpercentilefor the second-draws
wereequalor lower thanthe
90thpercentilesfor the first drawsin 3 casesandonly slightly higherin the othertwo cases.
Sincethe changeto chloraminationandthe leadscaledestabilization,
the 90thpercentileof the
seconddrawsampleshasalwaysbeenat leastapproximately50%higherthanthe 90thpercentile
of thefirst draw samples,andhasgenerallybeen2 to 4 timestheAction Level.
Two otherlinesof investigationfurthercorroboratethe operationof thePb(lV) to Pb(lI)

conversion
mechanism
asbeingthecauseof thesudden
increase
in leadlevels.DuringApril of

I.

f

2004,thenormalspringtimeseasonalswitchto 1 monthof freechlorineresidual(4 mg/L) was
made.After 3 weeksof goingbackto freechlorine,severalleadprofileswereconductedin
residentialhomescontainingleadservicelinesthat previouslyhadleadprofil.esconductedduring

:
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chloramination.In all cases,leadlevelsdecreased
substantiallyoverthattime frame(Figures10
& 11),showingthe reversibilityof the leadredoxreaction.

V

Supportis alsoprovidedby datafrom the exhumedpipe sectionusedin oneof the "stagnation"
loop testsdescribedby Thomaset, aI, (2004),shownin Figure 12. After equilibratingwith the
chloramines"control" condition,the disinfectionwaschangedto hypochloritesolution(dashed
referenceline). Theleadconcentrations
immediatelybeganto drop. After abouta monthof
operationat approximately5 mg/L freechlorinedosage,thedosagewasapproximatelydoubled
(solidreferenceline). As wasdemonstrated
in the USEPAlaboratoryexperiments(Figure13),
the ORPdid not changesignificantlyby the additionalfreechlorineaddition. Leadlevels
continuedto nearlylinearly decrease.It is hardto tell from the dataif thetrendwasbeginningto
reducein slopeafterabout3 weeksof this elevatedORPwhenapproximately10mg/L (asPO4)
wasaddedto testits effect(dot/dashed
line). Therefore,it is not possibleat this time to
unambiguously
determineif the apparentstabilizationis causedby interferencewith the
oxidationof existingPb(II) solidsin the scaleto PbO2,ornot. In comparisonto the "control"
experimentwith chloramineonly (not shown),the leadconcentration
after2 monthsof returnto
freechlorinewasmorethana factorof 15timeslower. Interestingly,the total leadconcentration
in the controlloop is similar (particularlywithin modelinguncertainty)or slightly higherthan
thatpredictedby the diagramin Figure6, andthe dissolvedleadconcentrations
in
orthophosphate-dosed
chloraminated
loops
were
mostly
between
approximately
45 and80 J.lg/L,
againconsistentwith modeltrendpredictions,thoughslightly higher. .
Theplausibilityof relativelyrapid(months)formationofPbO2underdrinkingwaterconditions
(DIC = 10mg/L, freechlorineresidual,pH 6.5 -10) from the additionof leadchlorideto water
hasbeenprovenin benchexperimentsatUSEPA(Lytle & Schock,2004). ThePbO2evolved
from a hydrocerussite
or cerussiteprecursorphase,andwhenthe ORPdecreased
afterthe
chlorineresidualwasreducedor lost, thePbO2decomposed.Thephasetransformations
were
observedto follow the expectedtrends,i.e. decreasing
dissolvedleadconcentrationduringPbO2
formation,andincreases
backt.othe carbonatephaseequilibriumvaluesafter oxidantdepletion
andreversion.Theinductionperiodfor PbO2formationvariedwith pH, but wasgenerallyonly
a few weeks. Decompositionafterthe lossof sufficientORPwassimilarly only a few weeksin
duration.

I
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Future ResearchNeeds
More leadpipe specimens
will be collectedandanalyzedfrom boththe serviceline removal
program,andalsofrom the laboratorytestsystems,to get an evenbetterunderstanding
of the
scaletransformations
takingplace.
Thefield dataandthe chemicalmodelsshowthathigh ORPconditionswill mitigatethe lead
solubilityproblemcausedby thebreakdownof the PbO2passivatingscale.However,if the
maintenance
of high ORPconditionsthroughfreechlorinearenot desiredfor otherreasons,
thereis relativelylittle firm informationuponwhich to basethe developmentof an alternative
treatmentstrategythat would be aseffectiveagainstleadrelease.
/
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Theviability of differentalternatetreatmentschemes
aretotally dependent
uponthe exact

reactionpathwayof thechemical
reduction/breakdown
pathwayof thePbO2,andtherelative
ratesof thebreakdownreaction(s)versusthe ratesof formationreactionsfor divalentlead
compounds.For example,thebreakdownof PbO2couldfollow anyof severalreactionpathsto
releaseleadinto solution,suchas(but not confirmedto be)
PbOz(s)+4H+~Pbz+

+4HzO

(1.1)

.

or
PbOz(s)+2H++2e-~PbO(s)+HzO
PbO(s)+2H+~Pbz+

+HzO

(1.2)
(1.3)

Pb(1I)oxideandhydroxideareboth extremelysolubleat 'anydrinkingwaterpH, so other
precipitationreactionswould haveto be operativeto limit leadlevels. Oncein solution,the
activity of the free leadion will be governedby the amountof complexation,primarily by
bicarbonate,
carbonate,andhydroxideions (Hunt & Creasey,1980; Schock,1981; Schock&
Gardels,1983; Schocket al., 1996; Schock,1999). Thefreeleadion canthenreactwith
carbonateor orthophosphate
in thewaterto precipitateoneof the conventionalpassivating
solids. For example:

~

"'-'".

3Pbz++2HzO+2CO;-~Pb3(CO3)z(OH)z(s)

5Pbz+
+3PO~-+HzO~Pb5(PO4)30H(s)
3Pbz+
+2PO~~Pb3(PO4)z(s)

(1.4)

(1.5)
. (1.6)

Presumably,
thesereactionrateswould necessarilybe very dependent
uponpH andthe activities
of thepassivatingandcomplexingligands,suchasbicarbonateandorthophosphate.
Unfortunately,kinetic informationfor thesedissolutionandprecipitationreactionsis almost
completelylacking,makinga priori estimatesof leadlevelsandtime to achievethemvery
unreliable.If the existingscaledissolvesfasterthanthe releasedaqueouslead(1I)speciescanreprecipitateinto a sufficientlyinsolublepassivatingfilm, thenprolongedelevatedleadlevelswill
persist,until all of theprior scaleis converted.If theprecipitationreactionsareasfast or
potentiallyfasterthanPb2+Ionsarereleasedfrom the PbO2breakdown,andif the scalematerial
adheresto thepipe surface,thenthe leadconcentrations
in thepipeswill stabilizein theusual
timeframestypified by the experiences
of manyotherwatersystemsthathavesuccessfullyused
pH/carbonate
adjustmentor orthophosphate
passivation.

"
V

The currenthardnessof thewaterandtheuseof lime for pH adjustmentessentiallyprecludesthe
pH/alkalinity/TICadjustmentapproach,becausethenecessary
pH (over9 basedon theoryand
the experiences
of otherwatersystems)couldnot be achievedwithoutmajorscalingproblemsin
the filters anddistributionsystem. Supplemental
softeningor somekind of carefullybalanced
thresholdsequestration
would be needed.Theremainingalternativeapproach,using
orthophosphate
dosing,needsto be investigatedto determineempiricallywhat therelativerates
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of divalentleadpassivationreactionsarein comparisonto thebreakdownof the existingpipe
scale.As notedabove,if thereactionof the Pb(II) releasedfrom the breakdownof the PbOz
scalewith orthophosphate
in the water(equations1.5and 1.6)is equalto or fasterthantherate
of dissolutionandreleaseinto the water,thenit shouldbe possibleto achievesufficientlylow
leadlevelsin the waterrelativelyquickly. If it is not, thereis not a goodbasisto estimatethe
lengthof time it would taketo achievecompleteconversionof PbOzto the passivatingdivalent
leadphosphatesolids.

,--I

Very basicquestionspertainingto Pb(lV) chemistryarecritical to answerto provideimportant
informationnecessary
for revisionsto leadcorrosioncontrolguidance,andto properlyevaluate
disinfectionalternatives.Thesefundamentalquestionsinclude:

.

.
.
.
.
.
.

What are the solubility constantsfor the a-PbOz and I3-PbOzpolymorphs?

Whatfactorsgovernthe formationof onepolymorphasopposedto the other?
WhataretheimportantaqueouscomplexesofPb4+(e.g.P04,S04,Cl, HCO3,CO3,OH-)?
Whatarethe stabilityconstantsof thosecomplexes?
Whatreactionpathwaysaretakenfor formationandbreakdownof PbOzphases?
Are thereotherimportantPb(IV) solid phasesfor drinkingwaterconditions?

Little is knownaboutthepassivationmechanismfor exposedsolderedjoints andbrassdevices.
Whetheror not PbOzsolidscanform andbe stableon thesekindsof surfacesis another
importantquestion,becauseof its relevanceto the origin of leadconcentrations
caughtin I-liter
first-drawsamples.

t
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Severalstudiesto shedlight on someof the aspectsof tetravaJent
leadchemistryarecurrently
underwayat WASA andat USEPA. Corrosioncontrolis intimatelyinterrelatedwith other
finishedwaterquality objectives,for consumersatisfactionandregulatorycompliance.
Therefore,theserecentdiscoveriesof the importanceof Pb(lV) chemistryin somewatersystems
supportthe ideathat moreresources
needto be mobilizedquickly to gatherthe information
neededto providetimely guidancefor watersystemsconfrontedwith needingto evaluate
complexandcostlymajortreatmentupgradesto meetnewregulatoryrequirements.
Disclaimer
Any opinionsexpressed
in this paperarethoseoftheauthor(s)anddo not, necessarily,reflectthe
official positionandpoliciesof theEPA. Any mentionof productsor tradenamesdoesnot
constituterecoIilmendation
for useby the EPA.
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Executive Summary
This study set out to investigate two basic issues and has largely succeeded at resolving
both. The first issue was whether grounding or impressed currents have a significant
and prolonged impact on the electrochemistry and corrosion of lead service lines (LSLs)
in a water distribution system, or, for that matter, on any metal plumbing appurtenance
that may be hydraulically and electrically connected to a household service line used as
an electrical ground. The second principal issue was to characterize the electrical
impacts associated with galvanically-coupled copper and lead service lines to determine
if replacing a portion of a lead pipe with copper piping might cause accelerated lead
release. Both issues relate to the potential for accelerated corrosion on LSLs leading to
the release of metals in drinking water. Both have relevance to the DC WASA corrosion
control program and LSL replacement program.
The specific objectives of the research were to establish under controlled laboratory
conditions the absolute magnitude of the electrical impacts on LSLs associated with both
grounding and galvanic coupling under a variety of pipe geometries and water
chemistries. This research did not intend to explore grounding currents in an existing
home or to replicate actual distribution system conditions where a partial lead service
line replacement (PLSLR) had occurred. Rather, the goal was to demonstrate whether
or not grounding currents or galvanic coupling could generate lead release. If a
meaningful impact could not be demonstrated under conditions designed to exacerbate
lead release, then it would be unlikely that a PLSLR as practiced in the DC WASA
system (where conditions would be much less challenging than in the laboratory) would
produce accelerated metal release. If positive effects were found, the study would then
serve as a foundation for further testing.
All the LSL pipe sections used in these tests had been removed recently from
residences in the DC WASA distribution system.
In brief, this study has shown that grounding and/or impressed currents moving along
LSLs, end eventually leaving the pipe to ground, have no meaningful impact on internal
pipeline corrosion and do not contribute to metals release. Therefore, we believe the
long-debated controversy about whether or not grounding currents generate accelerated
corrosion and metal release can now be considered closed. Also, while the study found
that galvanic impacts can be substantial on unpassivated, newly-exposed lead surfaces,
the magnitude of galvanic impacts on aged and passivated LSL surfaces and on new
copper surfaces is minimal, and, in the long term, likely to be inconsequential. Therefore
there is now a basis for discounting concerns relative to the long-term impacts
associated with PLSLR.
A caveat that must be attached to these finding is that testing was restricted to waters
with low mineral content similar to the water distributed within the DC WASA system;
galvanic impacts in systems having water with a substantially higher mineral content
could be more extensive and possibly more prolonged.
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The significant conclusions to be drawn from this study are as follows:
•

Well-aged DC WASA LSL specimens – including those that have been exposed
to an orthophosphate inhibitor – are exceptionally well passivated and highly
resistant to electrical perturbations of any kind.

•

When a well-passivated LSL is coupled to a new length of copper tubing (as in a
partial LSL replacement) the area of galvanic influence is very limited. The actual
reach of the galvanic current is partially a function of the water quality, but is
likely limited to the first inch of the LSL.

•

A conventional plumbing dielectric junction removes even the minor corrosion
risks associated with galvanic coupling. Any break in electrical continuity
between the copper and LSL lines effectively eliminates the potential for
significant galvanic effect.

•

A chlorine residual (free or combined) does elevate the galvanic effect on the
LSL/copper couple by accelerating the cathodic current exchange process. The
impact overall, however, is largely limited to the galvanic influence on the copper
service line. The overall impact on the LSL surface is nearly imperceptible.
Interestingly, water conductivity has a more important effect on the galvanic
process than chlorine residual.

•

Impressed currents, whether AC or DC, on LSLs or copper service lines
(including grounding type currents), have no impact on the internal corrosion of
the household service lines (or any other plumbing appurtenance for that matter).
There is no acceleration of corrosion associated with the conventional practice of
electrical system grounding to household water systems.
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Background
In theory, it is conceivable that replacing a portion of a lead line with a new copper
service line could create a strong galvanic couple with an initial Cu/Pb electromotive
difference in the 400 - 500 mV range (Reiber, 1991). If a significant portion of the
remaining section of lead service line were shifted in the anodic direction by even a
fraction of this amount, there would be a substantial acceleration of the corrosion rate
and associated metal release rates.
In a similar sense, for well over a decade, there has been substantial conjecture within
the drinking water industry that electrical currents impressed, or, more often, shunted
onto water service lines as a result of grounding practices in individual homes, create a
similar scenario. Supposedly these impressed currents shift the surface potential of the
corroding pipeline surface, generating accelerated corrosion and metal release, and in
some cases producing other corrosion-related problems such as localized pitting. There
are few texts on distribution system corrosion that do not cite impressed currents as a
potential cause of the interior pipeline corrosion (Bell, 1996; AWWARF, 1996). The
suggestion has been made that these currents may be responsible for some of the
abnormally high lead release levels observed in isolated homes. By extension, it could
be assumed that if grounding currents are important, then perhaps a portion of the
randomness associated with observed lead levels may be related to the presence of
different magnitudes of grounding currents.
It is important to note that while the proposed mechanisms of galvanic and/or impressed
current influence are plausible, and that some limited evidence is supportive, it has not
been demonstrated that either grounding currents or galvanic coupling meaningfully
increase LSL corrosion rates. Moreover, partial LSL replacement in the DCWASA
system has not resulted in observed increases in lead release (Wujek, 2004). In fact, the
recent DC WASA experience relative to LSL replacement suggests that in the long term
PLSLR does not exacerbate lead release rates, but rather reduces overall household
drinking water lead concentrations in proportion to the amount of LSL replaced. While
this evidence appears strong, for several years there has been a debate on the potential
galvanic effects associated with replacing a portion of old LSLs with new copper tube, or
for that matter coupling any lead-containing alloy to a dissimilar metal.
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Figure 1. Polarization (Evan’s) diagram of coupled lead and copper
surfaces.
Theoretically, the coupling of a new copper surface to a lead surface should produce a
substantial galvanic impact. The Evan’s Diagram above illustrates this point. The
diagram presents the observed polarization behavior of uncoupled copper and lead
surfaces, as well as the theoretical polarization behavior of the surfaces that would occur
if they were coupled. The uncoupled surfaces are unscaled and unpassivated, and
hence represent practical worst-case scenarios. Relative to lead, the coupling of the two
surfaces results in a theoretical initial increase in the anodic (lead) exchange current (Δi,
corrosion current density) of approximately two orders of magnitude, which of course
would have a profound impact on corrosion and metal release rates if it were sustained
at this level.
What cannot be discerned from the above representation is how long that accelerated
current exchange can be sustained after the initial coupling. In a practical sense, since
all of the existing LSLs in the DC WASA system are well passivated after many decades
of service, the more important question becomes how passivation of the lead and/or
copper surfaces affects the galvanic current. A large portion of this modest study
focuses on that question.
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Research Protocol
Electrochemical Measurements
At the core of this study was the search for the substantial electrochemical impacts that,
theoretically, should be associated with the galvanic and impressed currents imposed on
the LSLs. The principal measure of these impacts would be a significant shift in the
electrochemical potential of the interior surface of the LSLs away from the freely
corroding surface potential. Surface potential can be directly and accurately measured
using straightforward electrochemical tools (AWWARF, 1996).
This research did not attempt to create laboratory conditions that exactly replicate field
conditions. Instead, the goal was to demonstrate whether or not extremes of grounding
currents or galvanic coupling could affect the LSL electrochemistry. It was also beyond
the scope of this work to define how differences in passivation states of copper tubing, or
quality of plumbing fabrication may influence the respective current impact. Testing was
generally short-term, inexpensive and designed to answer the simple question, “Can
grounding and/or galvanic currents under a worst-case scenario meaningfully contribute
to lead corrosion and metals release?”
The study used a series of electrochemical cells which allowed the mounting of sections
of LSLs under flow conditions and the placement of electrodes capable of quantifying
shifts in surface potential. In most cases the electrode of choice was a calomel
electrode (Hg/Hg2Cl2), selected because of its stability and resistance to external
electrical noise. This electrode, coupled with a sensitive potentiostat, can measure
surface potential shifts of a millivolt or less. This is an important analytical factor, since
the shifts in surface potential theoretically resulting from the galvanic and impressed
currents were thought to be hundreds of millivolts or greater.
The surface potential measurement is sensitive, easy to use, and allows speedy
measurements, but its principal advantage is that it is influenced only by the
electrochemistry of the metal surface and the water in contact with that surface. It is not
substantially or directly influenced by the mechanical stability or chemical solubility of the
corrosion scale covering the surface – unless the rapid loss of that scale is changing the
underlying electrochemistry. The surface potential measurement reflects the corrosion
conditions of the underlying metal, which, in this case, is the factor most directly
influenced by application of the galvanic and/or impressed currents in question. At the
same time, the limitation of this electrochemical testing is that it tells us very little about
the stability or changing mineralogic makeup of the corrosion scale. Nonetheless,
relative to the issue of galvanic and impressed currents, electrical perturbation will
precede any long-term change in the nature of the corrosion scales.
The short-term tests used in this study did not readily lend themselves to standard metal
release monitoring used in other aspects of the DC WASA corrosion-control optimization
studies (Giani et al, 2005). While monitoring of metal-release rates was attempted, it
was found that the physical cutting and manipulation of LSL sections generated
frequent, but irregular, particulate release. The individual tests, which generally ran for
periods of only a few days each, did not provide sufficient time to condition and stabilize
the scales on the different test sections.
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Galvanic Coupling Experiments
The original approach to the galvanic coupling research was to utilize polarization cells
mounting individual sections of LSLs and copper tubing. These cells could be
connected in a hydraulic series, with the electrical connections between the individual
cells manipulated at will. Because the pipe specimens of each cell were not in direct
contact, these cells were referred to as indirectly coupled. The importance of the
indirectly coupled cells relates primarily to the ability to control cathode/anode ratios. It
is critical to the appreciation of the galvanic couple concern to understand that it is not
the contact of dissimilar metals, per se, that creates the corrosion risk, but rather the fact
that the cathodic surface (the more electropositive metal), if present in abundance, can
affect a shift in the surface potential of the anodic surface. The greater the
cathode/anode ratio the greater the potential shift, and the greater the area of anodic
impact. Any meaningful shift in the anodic surface in a more positive direction generates
a higher corrosion rate on that surface.
A second approach to galvanic testing utilized longer segments of LSLs and copper pipe
coupled together in a manner similar to an actual PLSLR. Because these pipe
specimens are in direct contact, this type of testing is referred to as directly coupled
pipe specimens. This form of testing yielded more useful results about the nature of the
galvanic couple formed between copper and LSL sections.

Indirectly Coupled Cells.
Recirculation pipe loops with individual cells holding LSL and copper pipe sections were
fabricated with acrylic polarization cells and vinyl connecting tubing. The schematic
presented in Figure 2 shows the arrangement of the individual cells, hydraulics and
electrical connections. In this arrangement the cells are hydraulically connected in
series, and electrically connected via external circuits that can be configured as needed.
The arrangement offers the opportunity to manipulate cathode/anode ratios, measure
the current flow between cells, evaluate metal release and, most importantly, accurately
assess the surface potential of the individual pipe sections, all while controlling flow and
water quality conditions. Figure 3 presents a photo of such a loop in operation.
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Figure 2. Schematic of a typical pipe rig configuration using indirectlycoupled cells
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Figure 3. Photo of a pipe rig with indirectly-coupled cells in operation.

Evan’s Diagram.
The data presented in the Evan’s diagram of Figure 1 was prepared using results
obtained from an indirectly-coupled pipe rig of a type similar to that in Figure 2. In that
test a single LSL section was coupled to a single copper pipe section of comparable
internal surface area (20 cm2). Originally, both the LSL and copper surfaces were
abraded and then polished (300 grit wet jeweler’s paste) so as to represent truly
unscaled and unpassivated surfaces. This attempt to create an unpassivated LSL
surface generated a surface potential of approximately -400 mV (vs. SCE), which is not
substantially different than the surface potential of a passivated LSL. Discussions with
Michael Schock (US EPA – ORD) suggested that a truly unpassivated lead surface
should be closer to -500 mV (vs. SCE), rather than the -400 mV measured.
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Revisiting the techniques used to remove the LSL corrosion scale, a milling machine
with high speed de-burring tool was used to ream out the interior of the short LSL
sections, exposing bare metal with the assurance that no corrosion scale or passivation
layer remained. Surface potential measurements on these specimens were
approximately -550mV (vs. SCE) when first exposed to water flow. Owing to the
electroactive nature of the pure lead surface, the absolute magnitude of the
measurement quickly began to decrease as the surface began to passivate in the
presence of water.
The rapidly changing electrochemical nature of a bare lead surface makes it difficult to
accurately assess the surface potential of a truly unpassivated specimen. The data
presented in the Evan’s diagram of Figure 1 is probably best described as a partially
passivated LSL surface.
Other experiments conducted to define the character of an unpassivated LSL surface
were, at best, only partially successful. The most substantial observation is the speed
with which an unscaled lead surface will begin to passivate. Although we have not tried
to quantify the rate of passivation, we note that an unpassivated LSL section within a
matter of weeks will take on the character of a passivated LSL section having decades
of exposure, and it will do this in a low mineral content water very similar in chemistry to
that distributed by DC WASA. Moreover, it is clear that while orthophosphate corrosion
inhibitors can over a substantial period of time enhance the passivation of LSL surfaces
(based on on-going metal release pilot studies), these surfaces will effectively passivate
absent orthophosphate or other specific corrosion inhibitors (Reiber and Giani, 2005). It
is the nature of the lead surface to quickly form an effective passivation layer, which is
why LSLs are still found in service even after a century of exposure to drinking water
flows.

Cathode/Anode Ratio Effects.
Using the indirectly coupled cell rig, the effect of coupling passivated LSL sections to
unpassivated copper sections quickly became apparent. Figure 4 presents the results of
coupling a single LSL section (20 cm2 internal surface) to multiple copper pipe sections
of equivalent surface area. At most, the electrical perturbation of the passivated LSL was
a few millivolts, regardless of how many copper sections were electrically coupled to it.
A substantially different observation was made when a relatively unpassivated LSL
section (mechanically reamed) was coupled to the same copper pipe sections as above.
The unpassivated LSL surface was substantially influenced by the galvanic coupling –
producing an anodic shift of approximately 100 mV at a cathode/anode ratio of three.
Clearly, galvanic coupling is important on relatively unpassivated surfaces, yet largely
irrelevant to passivated LSL specimens.
While this experiment evaluated the macro effects of galvanic coupling, it is not
unreasonable to extrapolate these macro observations to the micro surface chemistry
associated with leaded brasses. The question has been raised (Korshin, 2005) as to
whether brasses having any lead inclusions will accelerate corrosion of the lead by virtue
of the intrinsic galvanic couple created by a surface with very small lead anodes
surrounded by the much more abundant and more electropositive copper/zinc alloy
(brass). The macro galvanic coupling experiment described above would suggest that
cathode/anode ratio is largely irrelevant to the corrosion of a passivated lead surface.
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Hence, it seems likely that lead corrosion on an aged brass surface is unlikely to be
influenced by the more electropositive alloy surrounding it.

Figure 4. Effect of cathode/anode ratio on LSL surface potential.

Directly Coupled Pipe Sections.
Following the test with indirectly coupled pipe sections, the study attempted to quantify
galvanic effects by directly coupling copper tubing sections and DC WASA LSL sections.
New ¾-inch diameter copper tubing was selected to ensure as high a galvanic driving
force as possible. To ensure electrical coupling, the end of the LSL was grooved to
accept the end of the copper tubing, which mated directly with the LSL. A hydraulic seal
was achieved by mounting both the copper and LSL sections between compressive
headpieces. Holes placed at strategic locations along the copper and LSL sections
allowed for the placement of reference electrodes capable of reading the surface
potential on the pipe opposite to those locations. To simulate operational service, water
was circulated through the pipe sections while the surface potentials were recorded.
Figure 5 presents a schematic of a directly coupled cell. Figure 6 presents a picture of a
small coupled pipe cell used for one portion of this testing.
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The LSL pipe sections used in these tests were recently removed (July, 2005) from
residences in the DC WASA distribution system. As such, they had been exposed for a
period of almost one year to the phosphoric acid corrosion-control mitigation strategy
implemented in the summer of 2004. The passivated LSL sections described in this
section were used as received. An attempt was made to create unpassivated LSL
sections for this testing by polishing the interior of relatively long sections of the LSLs by
forcing a tightly wadded plastic abrasive sheet (Scotch-Brite) back and forth along the
length of the LSL section. This was at least partially successful and did remove a
portion of the very adherent and very protective passivating layer on the aged LSL
sections. Because of the length of the test sections it was not possible to use a
mechanical reaming tool as was done in the indirectly coupled cell testing. Although the
specimen geometry did not allow for a rigorous polishing, the effort did produce a
substantial change in the surface electrochemistry that was evidenced in subsequent
testing. For purposes of this discussion, partially polished LSL sections are referred to
as unpassivated.

Figure 5. Schematic of a test rig showing the direct coupling of LSL and
copper pipe sections

Figure 6. Photo of directly coupled LSL and copper sections used in a
portion of this study
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Figure 7 presents a comparison of the surface potentials measured along passivated
and unpassivated LSL sections connected to equivalent lengths of copper tubing in a
directly coupled cell. The comparative results are significant at two levels: first and
foremost, as in the testing in the indirectly coupled cels described earlier, direct coupling
of new copper tubing to well-passivated LSL sections has almost no discernible
electrochemical impact on the LSL. Secondly, coupling to an unpassivated LSL section
shows the converse, and is in fact strongly influenced by the connection to the copper
tubing. This second point underscores the earlier observations that an unscaled and
unpassivated LSL section is highly electroactive, but that once it is passivated it is
remarkably polarization resistant.

Figure 7. Surface potential along the length of coupled LSL and copper
service lines

Water Quality and Galvanic Impacts.
The directly coupled cell approach was used to assess the impact of important water
chemistry changes including chlorine chemistry and concentration, and the impact of
water conductivity. The baseline water chemistry used in this testing was a simulated DC
WASA water having similar pH, alkalinity, hardness and conductivity profiles.
Figure 8 shows the effect of chlorine concentration on the galvanic impacts on a
passivated LSL section. An increasing free-chlorine residual elevates the galvanic effect
by accelerating the cathodic current exchange process on the copper pipe, however, the
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impact overall is limited to the copper service line, while the impact on the passivated
LSL surface is nearly imperceptible.
Figure 9 shows the comparative effect of equal concentrations of free and combined
chlorine relative to galvanic coupling using a passivated LSL sections. The test shows
no meaningful difference in galvanic impact on either the lead or copper surfaces. (Note:
While the DC WASA lead solubility issues were the result of redox chemistry impacts
associated with the change from free to combined chlorine, the test used here is capable
of discerning only fundamental changes in surface electrochemistry, and tells us nothing
about solubility of the existing corrosion scales).
Figure 10 shows the impact of increasing conductivity levels on the galvanic impact
relative to a passivated LSL section. Conductivity increases were brought about by the
simple addition of NaCl to the recirculating water in the test rig. Interestingly, water
conductivity has a more important effect on the galvanic process than chlorine residual,
or chlorine type. The area of galvanic influence on the LSL specimen is marginally
expanded as the conductivity of the electrolyte (water) increases, while the area of
influence on the copper service line is substantially expanded. This would appear to be
because the higher conductivity lessens the resistance of the electrolyte circuit (water),
expanding the “reach” of the galvanic current. (Note: DC WASA distributes a low
conductivity water (< 100 microSiemens), which, in part, explains the minimal galvanic
impacts observed.)
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Figure 8. Effect of chlorine concentration on galvanic impacts relative to
passivated LSL specimen.

Figure 9. Comparative effect of free versus combined chlorine on
galvanic impacts relative to passivated LSL specimen.
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Figure 10. Effect of conductivity on galvanic impacts relative to
passivated LSL specimen.

Dielectric Insertion.
A dielectric is an insulating device that prevents direct electrical contact between
dissimilar metals, and hence avoids at least some of the problems associated with
galvanic coupling. Although not always used, it is generally considered good plumbing
practice to use a dielectric when different metal plumbing materials are to be connected.
It is standard policy for DC WASA to use dielectric couplers when performing partial LSL
replacements (DC WASA, 2004).
Figure 11 shows the effect of inserting a dielectric coupler between the passivated LSL
and copper sections of the directly coupled test rig. While in the previous water quality
testing it was shown that the galvanic effect of the direct coupling was largely limited to
the copper line and had little effect on the LSL, the insertion of a dielectric removes any
galvanic impact from either surface. This is a particularly important finding, and along
with the general polarization resistance of passivated LSL sections, explains why the
partial LSL replacement program in the DC WASA system has not exacerbated lead
conditions, but rather has helped to reduce household lead levels.

Figure 11. Effect of inserting a dielectric between the passivated LSL and
copper sections on galvanic impact.
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Grounding and Impressed Currents
Does a current flowing in the pipe wall, and exiting the pipe via an external connection (a
typical electrical-system grounding scenario in many older households), change the
electrical character of the internal pipe surfaces? If it does, a variety of corrosion and
water quality impacts are to be expected, including accelerated metal release. However,
a clear absence of a measurable electrical change on the internal surface would mean
the grounding circuit is irrelevant to the internal corrosion processes.
That is the question that was addressed by this portion of the study which focused on
investigating the interior LSL surfaces relative to simulated grounding currents. The
objective was to demonstrate under controlled conditions whether it was possible to
create a grounding scenario that accelerates internal corrosion, and to extrapolate its
relevance to household plumbing practices.
Although this topic has been previously researched, there is still considerable debate
about the impact of externally imposed grounding currents on the electrochemistry of
domestic plumbing. The bulk of available research has focused on copper tubing –
largely ignoring grounding impacts on LSLs. While some research has suggested an
important internal corrosion role for grounding currents (Bell, 1998), other laboratory
simulations and field tests have discounted them relative to copper release and
associated water quality effects (AWWARF, 1996).
At first glance, it seems intuitive that imposing a (grounding) current on a buried pipe
would change the surface potential of the internal and external surfaces. Certainly, as
the current is dissipated to ground, the surface potential of the external surfaces does
change. However, internally, unless some portion of the grounding current is lost to the
electrolyte (water in the pipe), these surfaces will show no change in surface potential
relative to the water contacting them. In effect, imposing an external current on the
pipeline changes the potential of all surfaces (internal and external) and everything in
contact with the pipe. Internally, however, the surface potential relative to the electrolyte
(which determines corrosion rates) may not change since the electrolyte potential has
also been shifted an amount equal to the internal surface.

Impressed Current Experiments
A flow-through recirculation loop consisting of DC WASA LSL segments, new copper
tubing, water reservoir, flow control and pumping hardware was employed for this
testing. As in the previous galvanic work, the LSL segments were modified to accept
high impedance reference electrodes penetrating the pipe wall at multiple locations
along its length. The electrodes monitor surface potential on the interior of the pipe
relative to the electrolyte, yet allow for pipeline pressurization. Internal surface potential
along the pipeline was monitored, while different current forms, amperages, voltages
and grounding scenarios were applied to the test pipes. Figure 12 presents a schematic
of the test rig.
Quantifying the actual interior surface potential change vis-à-vis the electrolyte (water) of
these pipes was key to assessing grounding current impacts. Any meaningful change in
the corrosion condition of the internal surface could be assessed by measuring any
substantial change in surface potential, which could be monitored with a high degree of
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accuracy (+/- 0.1 mV). Table 1 presents a summary of the basic electrical testing profile
used in this examination.

Figure 12.

Schematic illustration of impressed current test rig

Table 1. Grounding Currnet Testing profile
Impressed grounding
• Full wave AC
current forms
• DC
Voltage range
0 – 120 Volts AC, 0 - 12 Volts DC
Current range
0 – 20 Amps AC, 0 – 6 Amps DC
Grounding scenarios • Single-point ground
• Multi-point ground along pipe length
• Variable resistance reservoir ground: By providing a
current path from the pipe wall through the electrolyte to
ground, it was possible to dissipate some of the applied
external current to the interior surface of the pipe.
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With the test rig in operation, the actual assessment could be conducted quickly,
generally requiring no more than a few hours per test condition. The testing proceeded
from impressing direct currents at minor voltages and amperages to upwards of a 12
Volt current at up to six amps of current flow. Attempts to measure the impact of the
impressed current on the interior surface potential were made at different locations along
the pipe rig. Different grounding scenarios were tested in conjunction with the
impressed current in an attempt to force the impressed current to flow the full length of
the pipe samples, as well as to force as much of the current to transfer to the water flow
as possible. (Presumably, current transfer from pipe wall to water creates a corrosion
cell). The most rigorous of the grounding protocols involved adding a ground to the
recirculation water reservoir in parallel with the pipe rig ground, thus allowing a direct
current path from the pipe wall to the recirculating water.
Following the DC testing, alternating currents were imposed on the pipe rig using a
standard 120-Volt (breakered at 20 amp) wall-type circuit. Grounding scenarios similar
to the DC testing were employed. A summary of actual results from this testing is
straightforward: impressed currents, whether AC or DC, had no meaningful impact on
the surface potential of the pipe rig regardless of voltage or amperage. Figure 13
summarizes the results of the highest voltage DC and AC tests, demonstrating that
these impressed currents did not meaningfully shift the interior surface potentials of the
test specimens.
Impressing an AC current, however, does create substantial electrical noise, making it
difficult to measure a stable potential. Yet, while the noise effect expanded the range of
variability by about 5 mV, the baseline potential did not shift. There is an
electrochemical argument to be made about the capacitive effect of an AC current
applied across a corrosion scale, yet, if the corrosion potential of the interior surface
does not change vis-à-vis the water, capacitance is irrelevant.
From this testing we conclude the obvious: currents flowing in pipe walls take the path of
least resistance to ground, producing no change relative to the corrosion potential of the
internal surface, whether it be a copper or lead service line.
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Figure 13. Impressed current impacts (separate DC and AC tests) on
surface potential of an LSL coupled to copper tubing.
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Observations and Conclusions
This study has shown that grounding and/or impressed currents moving along LSLs, and
eventually leaving the pipe to ground, have no meaningful impact on internal pipeline
corrosion and do not likely contribute to metals release. Secondly, while the study found
that galvanic impacts can be substantial on unpassivated lead surfaces, the magnitude
of the impact on aged and passivated LSL surfaces (as well as on copper service lines)
is so minimal as to be inconsequential. The study provides a strong basis for
discounting claims and concerns relative to accelerated metal release associated with
PLSLR. Moreover, we believe that the long-debated controversy about grounding
currents impacts can now be considered closed.
The most significant observations to be drawn from this study are summarized below.

Passivation.
Lead is a highly electroactive metal, and in pure form oxidizes extremely rapidly. An
unscaled lead surface, even under natural environmental conditions, has an exceedingly
high initial corrosion rate. Fortunately, lead also passivates strongly and quickly.
Observations in this study suggests that meaningful passivation on LSLs can be
achieved within a matter of days. Well-aged DC WASA LSL specimens – especially
those that have been exposed to an orthophosphate inhibitor – are exceptionally well
passivated and highly resistant to electrical perturbations.

Lead Electrochemistry.
Passivated LSL specimens are highly polarization resistant – meaning that it takes an
exceptional surface perturbation to affect the underlying corrosion rate. The actual
degree of polarization resistance expressed as a Tafel Value is in excess of 500 - 600
mV per decade of current shift. Overall, this explains, at least in part, why the galvanic
coupling has little apparent effect on passivated lead surfaces.

Area of Galvanic Influence.
When coupled to a new length of copper tubing (as in a partial LSL replacement) the
area of galvanic influence on a well-passivated LSL is likely limited to less than the first
inch of LSL pipe in the immediate vicinity of the coupling. The galvanic area of influence
on an unpassivated LSL specimen is larger, but likely limited to the first few inches of
pipe in the vicinity of the coupling. As the LSL passivates, the area of galvanic influence
decreases rapidly. The period of transition can be as short as a few days under normal
distribution system conditions.
A potential reason why galvanic impacts do not generate a more significant corrosion
response relates to the respective geometries of the anodic and cathodic surfaces of the
pipeline couple. Because sequential pipelines (LSL to copper tubing) are connected at
only a single location, only a small portion of the LSL is polarized by the galvanic current.
And, given the relatively rapid rate at which both copper and lead surfaces passivate, the
duration of the polarization is relatively brief. Hence even the meager galvanic effect, is
short-lived.
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Cathodic Effect of Copper Pipe.
The cathode/anode ratio on a well-passivated LSL surface is unimportant relative to the
galvanic effect. This means that even an exceptionally long length of copper pipe
connected to a partial LSL does not elevate the galvanic effect. (It had been argued that
long lengths of copper service line connected to short LSL sections would exacerbate
the galvanic effect.)

Water Quality and Galvanic Impacts.
A free-chlorine residual does elevate the galvanic effect by accelerating the cathodic
current exchange process. Conversely, chloramine has a lesser galvanic impact than
free chlorine. The impact overall, however, is largely limited to the galvanic influence on
the copper service line. The overall impact on the LSL surface is nearly imperceptible.
Interestingly, water conductivity has a more important effect on the galvanic process
than chlorine residual. The area of galvanic influence on the LSL specimen is marginally
expanded as the conductivity of the electrolyte (water) increases, while the area of
influence on the copper service line is substantially expanded. This is because the
higher conductivity lessens the resistance of the electrolyte circuit (water), expanding the
“reach” of the galvanic current.
DC WASA distributes a low conductivity water (< 100 microSiemens), which, in part,
explains the minimal galvanic impacts observed.

Dielectric Effects.
While galvanic impacts relative to DC WASA PLSLRs are likely minimal, any break in
electrical continuity between the copper and LSL lines effectively eliminates the potential
for a galvanic effect. In short, a conventional plumbing dielectric junction removes even
the minor corrosion risks associated with galvanic coupling.

Impressed Current Effects.
Impressed currents (AC or DC) on LSLs and copper service lines, including grounding
type currents, have no impact whatsoever on the internal corrosion of the household
service lines (or any other plumbing appurtenance for that matter). There is likely no
acceleration of corrosion associated with the conventional practice of electrical system
grounding to household water systems.
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TECHNICAL MEMORANDUM

TO:

The Cadmus Group

FROM:

Anne K. Camper

DATE:

July 30, 2004

RE:

Evaluation of Washington, DC Distribution System; Orthophosphate
Addition Effects on Microbial Water Quality

In accordance with my agreement with The Cadmus Group, and based upon the information I
have received from them and from telephone conversations with the Technical Expert Working
Group, I have prepared this technical memo to address specific questions posed by Cadmus.
Questions included:
1. Considering WASA's distribution system infrastructure (e.g., extent and age of cast iron
pipes) and water quality, do you believe that orthophosphate addition will help control biofilm
growth? More specifically, how will the addition of orthophosphate affect TCR compliance?
Do you have any other recommendations for controlling biofilm growth and improving TCR
compliance?
2. What detrimental effects could there be in a distribution system such as WASA's from
maintaining an orthophosphate residual of 3 mg/L?
3. Can the Aqueduct reduce the disinfectant residual concentration in the DC distribution system
without adversely impacting TCR compliance?
4. WASA practices unidirectional flushing in their distribution system. They routinely flush the
entire system approximately every two years. How important is unidirectional flushing for the
DC distribution system? In your opinion, how often should WASA flush their entire system
(e.g., once a year, once every two years, once every five years)?
Before these questions are addressed, some general comments are necessary. Each distribution
system is unique. The nature and extent of biofilms in distribution systems is influenced by the
interaction of many factors including pipe materials, water quality (including disinfectant and
organic matter) etc. Therefore, extrapolating the performance of a corrosion inhibitor,
disinfectant, or other treatment change on the response of biofilms from one system to another
should be done with caution. It is also important to note that there can be a difference between
the control of biofilms and the suspended cells that are measured during routine monitoring. The
tendency is to assume that a reduction in HPC counts also means a reduction in biofilms. It is
only possible to infer some connection between suspended cell counts and biofilm cell numbers
in non-disinfected systems. Even then, detachment of biofilm cells may not be constant even
under steady flow conditions. This is further complicated by flow reversals, surges in velocity,
etc. If a disinfectant residual is present, the suspended cells may be reduced in number but the
biofilm organisms are unaffected. When evaluating the impact of a treatment change on biofilm
or suspended HPC and coliform counts, historical trends prior to the change must be taken into
consideration. Separation of variables in full-scale systems is nearly impossible; a decrease in
1

HPC counts after the change may not be related to the new practice but to some other variable
like decreasing water temperatures. This can be partially ascertained by evaluating historical
data at that location.
QUESTION 1. DISTRIBUTION SYSTEM INFRASTRUCTURE AND ORTHOPHOSPHATE
Distribution system materials
A review of the provided information indicates that the majority of the WASA system is unlined
iron or steel, with a large portion being cast iron (Section 6, Distribution Piping Improvements,
CDM Report). In general, the literature and practice has shown that biofilms on iron surfaces are
more problematic than those on other types of surfaces (LeChevallier et al. 1998, LeChevallier
1997, Delanoue et al. 1997, Neden et al. 1992, Niquette et al. 2000, Kerr et al. 1999).
LeChevallier et al. (1996) showed that coliform occurrences correlated directly with the number
of miles of unlined cast iron pipe in the distribution system. Another study showed that the
biofilm densities on iron were significantly higher than those on plastic-based materials such as
PVC with densities on cement intermediate to plastic-based materials and iron (Niquette et al.
2000). Neden et al. (1992) reported that cast iron pipes had the highest counts, while PVC was
the lowest. Camper (1996) demonstrated in laboratory studies that mild steel had 10-fold higher
HPC and coliforms than polycarbonate surfaces in reactors operated in an identical fashion. In
another laboratory study, Kerr et al. (1999) found the highest counts and species diversity on cast
iron when compared to medium-density polyethylene and uplasticized PVC. In another
laboratory study where iron, PVC, cement and epoxy were compared, biofilm levels on iron
were always higher than the other materials with the exception of when the systems were fed
biologically treated water (Camper et al. 2003). It was also found that increases in DOC led to
general increases in biofilm and effluent HPC, and this effect was most pronounced for reactors
that contained iron. Parallel field testing results indicated that either iron had the highest
regrowth, or the type of material had no influence on the number of bacteria present.
Involvement of organic matter
One of the difficulties in interpreting the importance of iron surfaces on regrowth is the
interaction of iron oxides with natural organic matter. As will be explained below, these iron
surfaces have an affinity for natural organic matter, but the potential for immobilized organic
matter to act as a carbon and energy source for biofilm organisms has been largely ignored. The
industry generally attempts to correlate fractions of the organic matter (AOC and BDOC)
obtained from bulk water fractions with growth determined in suspended systems to what can be
expected in the distribution system. However, in many distribution systems, AOC and/or BDOC
levels have not been correlated with regrowth. There are several reasons for this inconsistency:
(1) an inadequate number of AOC or BDOC measurements to truly represent the level of organic
carbon available for growth, (2) a significant interaction of other factors (disinfectant,
distribution system materials, etc) that govern microbial growth, and/or (3) the presence of
organic carbon promoting biological growth not measured by these tests. In fact, Najm et al.
(2000) report that utilities should not rely on AOC or BDOC levels alone to assess the potential
for regrowth; other factors should be considered as well. The third possibility, that there are
components of the organic material recalcitrant to degradation in the bulk fluid, is discussed here
in the context of interaction with iron oxide surfaces and corrosion control.
Part of the recalcitrant components of total organic carbon in water is humic and fulvic acids.
Until recently, there has been only one reference suggesting that biofilm bacteria are capable of
using humic materials (Volk et al. 1997). In our laboratory it was demonstrated that soil derived
humic substances fed at a level of 1.4 mg/L, resulted in a biofilm that was at least one log higher
than the same water before the addition of humic substances (Burr et al. 2004). In earlier work,
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humic substances supported nearly the same number of biofilm and suspended cells in a
simulated drinking water distribution system as more readily available carbon sources (amino
acids and carbohydrates)at the same concentration of carbon (Butterfield et al. 2000b, Ellis et al.
2000). Across the reactor, nearly 80% of the humic substances were removed. This may be
caused by the large amount of substrate bound to the biofilm (8.3 - 11 µg C/cm2), which would
lead to growth rates independent of the bulk fluid concentration. This adsorption may influence
the ability for microorganisms to degrade humics. This phenomenon is most widely studied on
iron oxides (Parfitt et al. 1977, Tipping 1981, Tipping et al. 1981, Davis 1982, Gu et al. 1996).
Gu et al. (1995) showed that different fractions of NOM are adsorbed by iron oxide with
different affinities and capacities.
Implementation of corrosion control on distribution system biofilms
As will be described in more detail below, implementation of corrosion control has been seen to
decrease biofilm cell numbers and suspended cell counts in systems containing corroding iron
when all other parameters are held constant. It is unknown if the effect relates to improvement
of disinfectant efficacy by reducing the amount of available iron to react with the disinfectant, to
the reduced availability of the adsorbed organic matter, or other causes. It is likely that there is a
combination effect that is dependent on the type of organic matter, the surface, and the
disinfectant.
To see if corrosion control may improve disinfectant efficacy, work has been done with reactors
exposed to free chlorine or monochloramine with and without the presence of corrosion control
chemicals (orthophosphate, polyphosphate, pH adjustment). In ductile iron annular reactors,
there was a substantial demand for both disinfectants. Influent concentrations of 3.25 mg/L in
both cases resulted in barely measurable residuals. When compared to the control reactor (no
disinfectant), the chlorinated reactor had higher numbers of culturable cells in the biofilm. The
counts from the monochloramine system were lower than that of the parallel control system, and
lower than when chlorine was used. Overall, monochloramine appeared to be a slightly better
disinfectant under these conditions and the addition of a corrosion control chemical improved
biofilm control, especially in the chloraminated reactor, with orthophosphate being most
effective (Abernathy and Camper, 1998a, b). These results support field observations that
monochloramine may be more effective at controlling biofilms grown on corroding ferrous metal
distribution system materials, and the combination of monochloramine and corrosion control for
improving microbial water quality has been demonstrated (Schreppel et al. 1997). Since
corroding surfaces are often considered to problems in full-scale distribution systems, the use of
monochloramine as a secondary disinfectant may be indicated when the primary material in the
network is unlined cast or ductile iron pipes, and the use of corrosion control schemes may also
improve biofilm control. However, even this observation must be extrapolated with care. As
shown by Batte et al. (2000), phosphate added to a reactor system containing non-corroding
material (polycarbonate) seemed to protect the biofilms from both chlorine and monochloramine
(both at an applied dose of 0.5 mg/L) when compared to systems with the disinfectants but
lacking the phosphate.
Because of the suspected interaction of humic substances with iron oxides, a project was
specifically designed to determine if the presence of iron oxides enhanced biofilm growth in the
presence of humic substances with phosphate and pH adjustment for corrosion control
(Butterfield et al. 2002a). For this work, the biofilms were grown in small columns containing
glass beads, glass beads covered with a synthetically created iron oxide, or crushed corrosion
products taken from a cast iron drinking water distribution pipe. The surfaces were initially
exposed to humic substances (termed “loading”) with the exception of a control. After initial
exposure, all but one column received influent humics at a concentration of ca. 3 mg/L. For
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glass beads, the humics addition was pH adjusted to 7.3, 8 or 9. For corrosion products, only pH
7.3 and 8 were used. For both corrosion products and glass beads, a set of columns at pH 7.3
received chlorine at an effluent residual of 0.15 - 0.2 mg/L, another was chlorinated plus
phosphate added. A control with humics and phosphate at pH 7.3 was also run. The data for cell
counts in the effluent and on the beads were subjected to a weighted hierarchical process called
the simple multiattribute rating technique was used to determine which columns resulted in the
best performance, which was selected to be the least number of bacteria in the biofilm and
effluent. The addition of humic substances was a major factor in biofilm formation. The
absence of added humics was the second most important factor following chlorine. The
interaction between iron oxides and humics also was high for the corrosion products, suggesting
that the interaction of humics with a reactive iron surface is favorable for biofilm formation. The
corrosion products removed from the distribution system had a much higher adsorption affinity
for the humics. They also retained sufficient humics during the initial loading that even if no
other humics were added to the column influent, far more biofilm than the equivalent iron oxide
bead system was supported. Of the corrosion control schemes tested, pH adjustment had little
positive effect (in fact, the pH 9 system had higher counts than the column held at pH 7.3).
Phosphate addition with chlorine was slightly more effective than chlorine alone when the
corrosion products were used.
In a full-scale system (Southern California Water Company-Southwest District) with over half of
the pipeline being unlined iron and steel, polyphosphate blend was added to a portion of the
distribution system in a pilot scale test to determine if this would reduce disinfectant (free
chlorine) demand by decreasing corrosion. The polyphosphate blend was utilized because the
deposits formed should be softer than those produced by orthophosphate, thus making removal
by flushing easier to accomplish. A secondary anticipated benefit was reduction in HPC. For
approximately the first six months after phosphate addition, the HPC counts increased from 600 800 CFU/mL up to 1600 CFU/mL. The counts then gradually declined over a two year period to
an average below 100 CFU/mL. During the first six months, the chlorine residual steadily
increased and then remained constant. This study suggested that it may take three years to
achieve an overall improvement in water quality after implementation of corrosion control and
that flushing should be used to help remove any loosened deposits (Cohen et al. 2003).
A report issued by the American Water Works Association Research Foundation (Kirmeyer et al.
2000) provides information on changes in water quality from five extensively monitored systems
and case studies from eight utilities that implemented corrosion control. Several of these utilities
added orthophosphate, polyphosphate, or both with and without pH adjustment. Specifically,
Detroit utilized orthophosphate at 3 mg/L phosphate, Philadelphia increased their phosphate
dose, and Hartford, Connecticut gradually added blended phosphate to attain a level of 1 mg/L
phosphate. For the case histories, it was found that Springfield MA, Portland ME, Cedar
Rapids, IA and Charleston SC implemented phosphate addition. Evanston, IL added a
phosphate/polyphosphate blend. A general conclusion was that phosphate corrosion control had
minimal secondary impacts (red water, elevated microbial counts, etc.) provided that adequate
residuals were maintained and the pH was held at 7.3 - 7.8. Systems most at risk for adverse
effects included those with large amounts of unlined iron pipe, highly varying distribution water
quality due to many changes in practice or unbuffered water with pH swings, and those systems
that implemented large changes in water quality. This report specifically indicates that for
phosphate, doses should be increased incrementally at values of approximately 0.2 - 0.5 mg/L as
phosphate. They also recommend flushing to help control any negative impacts.
The data from the 4th High monitoring program (Table 1) are somewhat ambiguous on the effect
of phosphate addition on HPC counts. At some locations there seems to be elevated counts
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while at others the numbers remain low. A comparison was made to data collected prior to
phosphate addition at the 4-H 4 site in April and May; all of these counts are below 84 CFU/ml.
Data from August of 2003 to present at this site have counts as high as 4400 (7/14/04) but the
count the next day is only 33 CFU/ml. This illustrates the inherent variability in HPC counts.
With the information provided, it can only be said that there does not appear to be a dramatic
impact of phosphate addition on HPC counts in the 4th High system.
Based on the results listed above and other sources, it is probable that phosphate addition will
have a beneficial effect on regrowth in the WASA system in the long term. Although there are
some circumstances where phosphate addition could stimulate microbial growth (seen in the
Scandinavian countries) the WASA water is likely to be carbon limited rather than phosphate
limited. Better biofilm control could be from improved disinfectant efficacy or in modification
of the surface chemistry so that the organisms are not as likely to grow. However, the effect may
take some time to occur, and in the short term, there may be elevated counts. In the remainder of
the distribution system that has not been flushed, increased bacterial counts are probable. This
may be seen with coliforms as well; phosphate will be added at a time when there has been a
general upward trend in coliform positives. In addition, late summer is associated with warm
water conditions and is the season when violations are most likely to occur. There could be
sporadic coliform releases from the pipe surfaces until the new surface equilibrium is reached.
Unfortunately, the disinfectant concentration present is not likely to kill these organisms,
especially if they are released in clumps or if they associated with particulate matter released
from the pipe surface from the softening of the scales. Ideally, it would have been beneficial to
have the entire system flushed before the addition of phosphate to minimize the potential for
increased microbial counts.

Other recommendations for controlling biofilm growth and improving TCR compliance
For overall water quality improvement, including reducing disinfection by products, reducing
microbial growth, and potentially improving taste and odor, reduction in natural organic matter is
a high priority. There is a great deal of published literature and practical experience that has
shown this approach to be beneficial in improving microbial water quality during distribution.
As a case in point, the study on pipe material conducted in our laboratory (Camper et al. 2003)
showed the same level of biofilm on iron, PVC, cement and epoxy when exposed to biologically
treated water in the absence of disinfectant. When monochloramine or free chlorine were added
to maintain a residual of 0.2 mg/L, bacterial levels on the iron surfaces became elevated and the
suspended counts also increased; the disinfectants could not control the increased amounts of
biofilm growth and detachment. However, the importance of the disinfectant in controlling
bacterial growth, even when organic matter is reduced, is apparent in the literature. The results
from an American Water Works Association Research Foundation funded field project (Najm et
al. 2000) suggests that the suspended cell counts are more heavily influenced by chlorine
residuals than the level of BDOC or AOC. Waters with very low concentrations of AOC/BDOC
still required the presence of residual to keep bacterial numbers within acceptable levels. Along
with the information presented earlier, it is apparent that there is an interaction between many
water quality factors that contributes to microbial numbers in distribution systems, with the type
and quantity of natural organic matter and disinfectants being key players.
Another recommendation is the removal/relining of the iron pipes. The reported interactions of
natural organic matter, disinfectants, and iron pipes suggest that the iron surfaces are a major
factor in regrowth.
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QUESTION 2. WHAT DETRIMENTAL EFFECTS COULD THERE BE IN A
DISTRIBUTION SYSTEM SUCH AS WASA'S FROM MAINTAINING AN
ORTHOPHOSPHATE RESIDUAL OF 3 MG/L?
These comments are restricted to the potential impact on microbial growth/biofilms. There is no
information available in the literature on the effect of dose of phosphate on regrowth, provided
that phosphate is not the limiting nutrient for bacterial growth. As stated above, it is unlikely
that the WASA water is phosphate limited (more likely organic carbon limited). The only
potential effect will be the rate at which the surfaces are impacted by the corrosion inhibitor and
the time required to reach equilibrium. There may be initial sloughing of the deposits, causing
higher bacterial counts, followed by a gradual decline in numbers. The slope of this line may be
impacted by the dose of phosphate, but there are no data to support this. Experience has shown,
however, that the goal should be to reach equilibrium and not to change practices just because
deleterious effects are seen initially; these may be short-term and overcome as the system adjusts
to the new water quality (Kirmeyer et al. 2000).
QUESTION 3. CAN THE AQUEDUCT REDUCE THE DISINFECTANT RESIDUAL
CONCENTRATION IN THE DC DISTRIBUTION SYSTEM WITHOUT ADVERSELY
IMPACTING TCR COMPLIANCE?
If corrosion control has a positive impact on microbial counts with the HPC numbers declining
with time and a downward trend in the detection of total coliforms, it is possible that the
chloramine dose can be reduced. It would be best to determine if the corrosion control scheme
was producing desirable results prior to reducing the disinfectant, however, to ensure that control
can be maintained. In addition, it is important to ascertain that there are measurable residuals in
the dead ends and low flow sections of the distribution system. Again, if corrosion control is
adequate, it may be feasible to deliver a residual to these locations even if the concentration
leaving the plant is decreased.
QUESTION 4. WASA PRACTICES UNIDIRECTIONAL FLUSHING IN THEIR
DISTRIBUTION SYSTEM. THEY ROUTINELY FLUSH APPROXIMATELY EVERY TWO
YEARS. HOW IMPORTANT IS UNIDIRECTIONAL FLUSHING FOR THE DC
DISTRIBUTION SYSTEM? HOW OFTEN SHOULD THEY FLUSH?
Flushing the distribution system has several benefits. Good unidirectional flushing will remove
loose deposits that contain organisms and materials that cause color, may scour the pipe surface,
moves disinfectant residuals into areas that may have levels that are too low, decreases water
age, helps control nitrification, and in the case of the corrosion inhibitor, will ensure that it
reaches all points of the distribution system. In dead ends and low flow areas, flushing, looping,
and bleed-off may ensure that the potential benefits from corrosion control access these problem
sites. Flushing of the DC system, especially in light of the presence of a predominance of
unlined iron pipes, is critical for maintaining water quality. This practice will have the most
benefit in areas where flows are typically low enough that loose deposits accumulate. It would
have been beneficial to have the DC system flushed prior to phosphate addition to minimize any
adverse impacts on scale release, microbial counts, and color. In lieu of this, however, spot
flushing should be used to help remediate sites if adverse effects are seen.
For microbial control, flushing can remove loose deposits that contain bacteria (Barbeau et al.
1999, Gauthier et al. 1997). Typical flushing velocities will do little to remove the tightly
adherent deposits such as tubercles. These deposits also contain organisms that will be protected
from shear, disinfection, and predation. There may be some effect on biofilm bacteria on the
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surfaces of the deposits, although the effects are probably limited. McMath et al. (1997) tested a
system where biofilms had developed under low flow conditions and then incrementally
increased the flow and collected the bacteria that were detached from the surface. Bacteria were
released from the surface for over 48 hrs, which far exceeds the time a part of the distribution
system is flushed. Donlan and Pipes (1988) showed a linear relationship between flow velocity
and HPC density on coupons placed in a full scale system. It is possible, though, that this effect
was due to greater transport of disinfectant to the surface rather than increase in shear at higher
flow velocities. After flushing, the biofilm can and will regrow within a time scale much shorter
than the flushing interval. Actual recovery times will depend on water quality, the amount of
biofilm remaining after flushing, and the surface upon which the organisms are attached. In
Zurich, Switzerland, the water is unchlorinated and the entire distribution system is flushed twice
a year to keep microbial counts low (Klein and Forster 1998). Regardless, flushing has been
used by many utilities to help improve microbial water quality, and it should be considered as
part of the program in the DC system.
It is difficult to determine the frequency at which the flushing should take place. Some
information suggests that flushing should initially take place frequently to remove loose deposits
that have accumulated over the years (Friedman et al. 2003). Once the system is relatively clean,
it may be possible to increase the time period between flushing. The interval may be determined
by other water quality parameters, including color, ability to maintain a disinfectant residual,
potential for nitrification, etc. Other important parameters are cost, ability to dechlorinate and
discard the flushed water, water availability during drought conditions, personnel, etc.
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