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Preface

Ihave referenced temporarypage numbersfor Part 6O4for my convenience.

PART 604
DESIGN, OPERATION AND MAINTENANCE CRITERIA

General Comment 1
Definitions are notprovidedfor ternis contained in this part; addition ofdeflnitions would be helpful to

the public entities that will be using this partfor guidance.

General Comment 2
Traditionally, the Board’s regulations have used the term “shall”for mandatory compliance items and

the term “should “ for recommendations.

This part departsfrom the traditionalformat, andfrequently uses the term “must”.

PUBLIC WATER SUPPLIES: PROPOSED NEW
35 ILL. ADM. CODE 604

R2018-017 (RULEMAKING - WATER)
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604 105 (d) 3) (Curry temporary page no 5)
. . . duplicate units for water treatment facilities must be provided . . . when treatment unit is installed ...

for . . . removal of carcinogenic volatile organic compounds.

Question:

East Alton, Illinois has a single aerator and intermittently detects troublesome concentrations of
regulated VOCs (volatile organic chemicals). Will East Alton be required to install a second
aerator?

604.120 (Curry temporary page no. 6)
. . . piping identification ...

Respectfully recommend that use ofpainted labels be permittecL

Many existing plants do not use color coding, and the individual pipes bear painted labels
identifying the contents.

I personally know Water Operators that are “color blind”; color-coding of piping may
cause those persons to not correctly identify pipes and contents?

Questions:

Ifthis proposed requirement remains “as-is”, will existing plants that use painted labels
be required to re-paint and color code all piping?

Ifre-painting is required to comply with this proposal, would the Board and Agency
grant at least a 12 month grace period to accomplish the re-painting?

604.130 (c) (Curry temporary page no. 9)
. . . measuring chlorine residual ...

Respectfully recommend add additional requirements for systems that use chioramines for
disinfection and as a secondary disinfectant: “. . . test equipment to measure free chlorine residual,
total chlorine residual, monochiorarnine residual, dicklorarnine, free Ammonia-N, totalAmmonia-N
(including reagents to dechlorinate samples containin,c,’ chioramines).”

It is essential that systems using chloramination have the capability to speciate the form
and concentration ofthe chloramine residuals, and to be able to analyze products of
chioramine decay in distribution systems (i.e., dichloramine, ammonia or ammonium);
measurement of Ammonia-N in raw water is required to select the correct Ammonia or
Ammonium dosage to form monochloramine; measurement of total and free Ammonia-N
is necessary to monitor the treatment process and distribution system to minimize
potential for nitrification . . . and to help identify water quality parameters if nitrifying
bacteria are present.

(
-
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Dichioramine concentration can be determined with an amperometric titrator. Otherwise,
dichioramine can be estimated using the following relationship:

mg/L dichiorarnine rng/L total chlorine residual — (mg/L free residual + rng/L monochioramine)

604 130 (d) (Curry temporary page no 9 and 10)

At (2) . . . Respectfully recommend re-phrase: “iron removal — test equipment for measurinj’
ferrous and total iron”.

Effectiveness of conventional iron removal processes relies upon oxidation of. +2 • • +3 . .ferrous iron (Fe ) to fernc iron (Fe ). Process monitoring should mclude the
capability to measure the “un-oxidized” ferrous iron. Ferrous iron is soluble and
will not be removed with filtration; ferric iron is insoluble and can be removed
with filtration.

(Ferrous and total iron testing methods are contained in “Standard Methods”
and equipment and reagents are commercially available.)

Total iron = ferrous iron (Fe2) + ferric iron (Fe3)

At (3) . . .Respectfullv recommend add equipment for measuring CHLORIDE.

Cation exchange softeners use sodium chloride to regenerate the ion exchange
resin. The sodium is “exchanged” with the divalent metallic cations (calcium and magnesium) to
accomplish softening, and the Chloride remains in solution. The fast rinse and slow rinse portions
of ion exchange resin regeneration cycle remove excess Chloride. If excess Chloride is not 100%
removed from cation exchange vessel, Chloride concentration is increased in treated water and
corrosivity of the water would increase.

(Chloride testing methods are contained in “Standard Methods” and equipment
and reagents are commercially available.)

At (4) . . . Respectfully recommend addNitrite-N to list ofparameters.

MCL for Nitrate-N is 1 0 mg/L; MCL for Nitrite-N is 1 mg/L; MCL for Nitrate-
N plus Nitrite-N is 1 0 mg/L; if nitrification is occurring, the Nitrite-N is formed
first, followed by oxidation ofNitrite-N to Nitrate-N. In most instances,
concern about Nitrite-N formation is out in the distribution system. The
capability to measure Nitrite-N is necessary to assure that the MCL is not
exceeded.

(It will be necessary to have the capability to monitor for Nitrite-N and Nitrate-
N to comply with the NAP (Nitrification Action Plan) proposed at 604.140.)

(Nitrite-N and Nitrate-N testing methods are contained in “Standard Methods”
and equipment and reagents are commercially available.)

-
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At (4) . . . Respectfully recommend eliminate “alkalinity” and replace with “total and

C-
phenolphthaleinf”P”J alkalinit’ forms.”

The coagulation process is affected by the type of metal (aluminum and iron are
most common) coagulant used, and their effectiveness is dependent upon pH and
the form of alkalinity.

(Total and phenolphthalein {‘P”] alkalinity testing methods are contained in
“Standard Methods” and equipment and reagents are commercially available.)

(Please, also see (5) below.)

At)(4) . . . Respectfully recommend addinj “Total andlnsoluble Aluminum” to list of
prarneters.

At plants using coagulants that contain aluminum (particularly aluminum sulfate,
colloquially referred to as alum), if coagulation occurs outside the pH zone of
least solubility for aluminum, there is potential for soluble aluminum to pass
through the filters and precipitate in solid form (aluminum hydroxides) after
filtration and increase turbidity of the filtered water to the extent that the turbidity
MCL may be exceeded. This actually occurred at Hillsboro, IL and resulted in a
prolonged citywide boil order . . . which could have been prevented if the plant
had checked for aluminum in the filtered water.

If soluble alun;inum passes through the filters, it is likely to precipitate in the
distribution system and appear in the form of “white floc particles” which is

. - objectionable and can cause the public to mistrust the safety of the water.

If soluble aluminum passes through the filters and orthophosphate is used as a
corrosion hthibitor, it can result in detrimental scale formation in treated water
mains. (DuPage County Water Commission experience?)

AWWA and others recommend that total aluminum not exceed 0.05 mg/L in
drinking water.

(Aluminum testing methods are contained in “Standard Methods” and equipment
and reagents are commercially available.)

(Soluble aluminum can be measured by first passing the sample through a 0.2
micron membrane filter using commercially available equipment for this
procedure.)

I
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At (5) . . . Respectfully recommend eliminate “alkalinity” and replace with “total and
phenolphthalein alkalinity forms.” (It is important to be able to differentiate forms of

alkalinity.)

When total and phenolphthalein alkalinity values are known, the specific forms
of alkalinity can be identified (bicarbonate, carbonate, hydroxide) . . . and the
chemical precipitation softening processes are directly related to the form of
alkalinity present within known pH ranges.

Alkalinity is “buffering capacity” or “resistance to change in pIT”. Alkalinity is expressed as equivalent

to CaCO3 (Calcium Carbonate) since its molecular weight is 100 and simplifies calculations.

Alkalinity is comprised of:
HCO3 bicarbonate (when pH is below 8 .3 , all alkalinity is bicarbonate)

CO3 carbonate (pH must be above 8.3 for carbonate to be present)

OH hydroxide (pH must be above 9.3 for hydroxide to be present)

At lime softening plants, the Operator typically tests for “P” (phenolphthalein) alkalinity and for “Total”

alkalinity.

The indicator solution for “P” alkalinity is phenolphthalein; pH at endpoint oftitration is 8.3.

The indicator solution for “Total” alkalinity is bromcresol green. pH at endpoint oftitration is:

( 4.9 if alkalinity is 30 rng/L as CaCO3
%- 4.6 if alkalinity is 1 50 mg/L as CaCO3

4.3 if alkalinity is 500 mg/L as CaCO3

pFI at endpoint is often taken as 4.5 for routine analyses.

Alkalinity Relationships

Result of Hydroxide Carbonate Bicarbonate

Titration Alkalinity Alkalinity Alkalinity
AsCaCO3 AsCaCO3 AsCaCO3

P=o 0 0 T
P<½T 0 2P T—2P
P=’/T 0 2P 0
P>’/T 2P—T 2(T—P) 0
P=T T 0 0

(Total and phenolphthalein alkalinity testing methods are contained in “Standard
Methods” and equipment and reagents are commercially available.)
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At (9) . . . Respectfully recommend eliminate “hardness” and replace with “calcium hardness
and total hardness, expressed as calcium carbonate”.

Calcium hardness (as CaCO3) is used in calculations to determine Calcium
Carbonate Precipitation Potential . . . used to estimate the tendency of water to
form or dissolve calcium carbonate scale; excessive scale formation can clog
piping and household plumbing systems; an acceptable amount of scale can help
to prevent “red water” problems associated with corrosion of iron piping
materials.

(Calcium hardness and total hardness testing methods are contained in
“Standard Methods” and equipment and reagents are commercially available.)

At (9) . . . Respectfully recommend add “temperature”

Temperature is used in calculations to determine Calcium Carbonate
Precipitation Potential. . . used to estimate the tendency of water to deposit, or
dissolve, calcium carbonate scale. Please see preceding item.

At (9) . . . Respectfully recommend adding Chloride and Sulfate to list ofparameters.

Marc Edwards [Virginia Tech] et al. has documented the importance of the
Chloride: Sulfate ratio with respect to corrosivity. (Mark Edwards and Simoni
Triantafyllidou (July 2007) “Chloride to sulfate mass ratio and lead leaching to
water”, Journal AWWA (Peer Reviewed).

Edwards
article ATTACHMENT 1

USEPA has documented that the Chloride:$ulfate Mass Ratio (OCSMR) is an
important parameter in evaluating potential for lead release into water. (USEPA
Office of Water (March 2016) Optimal Corrosion Control Treatment Evaluation
Technical Recommendations for Primacy Agencies and Public Water Systems.
(EPA 816-B-16-003; Office ofWater (4606M)).

The Larson-Skold “The Larson-Skold index was developed to evaluate the
potential for the corrosion of cast-iron pipes transporting water from the Great
Lakes.” (Roberge 2006, cited at Masten et al., 2016). Chloride and sulfate
concentrations are required (in addition to alkalinity) to calculate this index.

This index was used to analyze and explained the reasons
for water discoloration at Flint, MI during the lead crisis.
(Masten et al.)

__________________________________

Masten article @ ATTACHMENT 2.

Larson-Skold Index information @ ATTACHMENT 3

t
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Larson & Skold (1 957) i.E. Larson, and RN. Skold, “Corrosion and
tuberculation of cast iron”, Journal AWWA, 49(10), 1294-13 02.

Larson & Skold (1958) T.E. Larson, and R.V. Skold, “Laboratory studies
relating to mineral water quality of water to corrosion of steel and cast iron”,
Corrosion, 14(6), 285-288.

Masten et al.(2016) Susan Masten, Simon H. Davies, and Shawn P. McElmurry
“Flint Water Crisis: What Happened and Why”, Journal AWWA, 108.12,
December 2016. ATTACHMENT 2

Roberge (2006) P. Roberge, “Corrosion Inspection and Monitoring”,
5.1., Wiley Online Library (cited at Masten et al., 2016).

Respectfully recommend add:

(10) manganese removal — test equipment for measuring the concentration oftotal Manganese

and soluble Manj’anese.

Many groundwater and surface water supplies operate treatment processes to
remove Manganese, which causes discoloration of water and staining of laundry
and plumbing fixtures. Manganese has now come to the forefront as a potential
public health concern.

Successful operation of Manganese removal processes depends on measurements
oftotal and soluble Manganese.

AWWA and others recommend that total Manganese not exceed 0.05 mgiL in
drinking water.

(Manganese testing methods are contained in “Standard Methods” and equipment
and reagents are commercially available.)

(Soluble Manganese can be estimated* by first passing the sample through a 0.2
micron membrane filter using commercially available equipment for this
procedure.)

* Manganese dioxide (insoluble) is colloidal and the majority is retained
on a 0.2 micron membrane filter, and it is presumed that Manganese in
the filtrate represents the “soluble” fraction not oxidized/removed in the
treatment process. Many Water Operators successfully employ
filtration with 0.2 micron membrane filter as a process monitoring
technique; the academic community uses “molecular scale” filtration —

which is not considered practical for most water treatment plants.
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Respectfully recommend add:

(11) “treatment with chlorine dioxide — equipmentfor measuring chlorine dioxide residual
and chlorite ion concentration.”

Other regulatory guidance limits chlorine dioxide residual to 0.8 mg/L. There is
a 1 .0 mg/L MCL for chlorite ion . . . so monitoring is necessary.

Question:
Perhaps this provision would better be incorporated at (c)?

604.135 (d) (Curry temporary page no. 12)
. . . Emergency Operations Plan ...

Question:
Are “templates” available from JEPA, USEPA, or any other source? Many small systems do not have in-
house staffcapable ofwriting this type ofplan. Ifthe Agency and/or Board desires specific content,
would it be possible to include a sample “table of contents” for the plan?

The concept ofhaving an Emergency Operations Plan is in the best interest ofthe public, but the logistics
are daunting for preparation of individual plans for approximately 1700 individual systems in Illinois.
Small systems in particular could benefit from additional guidance.

C
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604 140 (a) (Curry temporary page no 12)

( . . .

Nitrification Action Plan .

Question:
Will “consecutive systems” that purchase treated water from another source be required to
comply with 604140? Please, can a clarification be added?

TKN (Total Kjeldahl Nitrogen) = Ammonia-N + Organic N

Question:
Anticipate that there is no TKN data for Illinois community water systems? If Organic N is
present, it may pose water quality problems? And, if it is present, but not monitored, the nitrogen

balance may be inaccurate?

An annual test for TKN could be beneficial . . . to determine if organic N is present.

At (a) . . . respectfully recommend re-phrase as follows, with addition of total ammonia (after

dechiorinating samples containing chioramines) and dichioramine.

“a) contain a plan for monitoring totalAmmonia-N, free Ammonia-N, Nitrite-N, Nitrate-N,
monochioramine residual, dichioramine residual, and total chlorine residual.”

Performing a nitrogen balance can be useful in evaluating occurrence of nitrification in
water distribution systems, and it is necessary to know total Ammonia-N concentration.
In

surface waters, Nitrate-N concentration can vary in source water with subsequent
treated water Nitrate-N variation in distribution systems. Monitoring ofNitrate-N is
nevertheless important.

Total Nitrogen = Ammonia-N + Nitrite-N + Nitrate-N + (0.27 x monochioramine
residual)

Expressing nitrogen compounds in terms of “N” equivalence is conventional in the fie1d...
The MCLs for Nitrite-N and Nitrate-N are expressed as “N” equivalents.

As chloramine residual decays, Ammonia-N (and Ammonium-N) is released into the
water. As nitrification progresses, oxidation of Ammonia-N occurs and the Ammonia-N
concentration decreases. IT IS CONSIDERED ESSENTIAL TO MONITOR TOTAL
AMMONIA-N IN ADDITION TO FREE AMMONIA-N TO IDENTIFY
NITRIFICATION OCCURRENCE.

Nitrification is also accompanied by:

V Alkalinity decrease.
V pH decrease.
VI’ D.O. (dissolved oxygen) decrease (and even depletion in some cases) due to

oxygen uptake by the Ammonia and Nitrite oxidizing bacteria.

I
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Decay of chioramine residual and D.O. concentration decrease will be accompanied by a

,--
decrease in ORP (Oxidation Reduction Potential) . . . which can potentially increase

( potential for leaching of lead from solder, lead service lines, and plumbing materials that

contain lead.

Jn critical chloramine decay and/or nitrification circumstances, it will be advisable to

monitor alkalinity (with a high degree of accuracy), pH, D.O., and ORP . . . and increased

monitoring for lead may be necessary in sensitive systems.

Rationale for monitoring dichioramine
The NAP requires monitoring for total chlorine residual and monochioramine

residual. If they are not equal, then dichloramine is present.

Total chlorine residual = free residual + combined residual

Combined residual = monochloramine + dichioramine + trichloramine
(gaseous nitrogen trichioride)

The difference between total residual and monochloramine residual will consist of

dichloramine.

The following information is from: Russell et al. (2017) “Practical Considerations

for Implementing Nitrosamine Control Strategies”, (Peer Reviewed), Journal

AWWA; Caroline G. Russell, Richard A. Brown, Katie Porter, and David Reckhow;

June 2017 — 109:6. [ATTACHMENT 4.

— “USEPA iizcludedfive nitrosamines on thefourth Contaminant Candidate List and

also considered nitrosamines (including N-nitrosodirnethylamine [NDMAJ aspart of
the third Six-Year Review ofthe Microbial and Disinfection Byproducts (M/DBP,)

regulations (USEPA 2016). Ifthe USEPA decides to regulate nitrosanzines, affected

water systems will need to explore strategies to reduce concentrations in theirfinished

water and in their distribution systems. More than one out ofeveiy 10 chloraminated

water systems could be affected by an NDMA ML equivalent to the current alfornia

izotficaioiz level oflO ing/L (Russell et al. 2012).

NDMA, the nitrosarnine detected rnostfrequenfly in drinking water, is a chiorarnijiated

disinfection by-product (DBP) thatformsfrorn reaction ofdichlorarnine with amine-
basedprecursors (Schreiber & Mitch 2006,).

Nitrfication in the distribution system could also coiztribute to NDMAformation in the

distribution system. (Zeng & Mitch 2016).”

Nitrification in the distribution system can cause decay of monochioramine

residual . . . resulting in formation of dichioramine.

Dichioramine is objectionable because it reacts with precursors to form NDMA . . . a

known carcinogen . . . which is under consideration for regulation by USEPA.
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Nitrosamines and/or NDMA are not yet regulated by U$EPA, but a proactive
approach is recommended . . . to minimize formation of dichioramine. Dichioramine
should be measured.

With respect to the NAP . . . TCEQ (Texas Commission on Environmental Quality)
has published extensive guidance documents and a template for use by systems in
Texas that are required to create a NAP. TCEQ has granted permission to use
their documents so long as TCEQ is identified as the source. Until such time that
Illinois develops its own guidance documents and templates, it is recommended that
community water supply systems distributing water without a free chlorine residual
should be informed of the availability of the TCEQ documents.

604 155 (5) Curry temporary page no 14
. . . standby power ...

Respectfully recommend revise to include: Systems that do not have standby power on the
date this part is adopted shall install standby power suppip within 24 months ofthe date of
adoption ofthis part.

It could take up to 24 months for a community public water supply system to obtain
financing, complete engineering design, utilize a public bidding procedure for
procurement of equipment and installation, and to complete construction and startup of a
standby power system.

604.160 (a) Curry temporary page no. 15
. . . chemical safety plan ...

Question:
Are “templates” available from IEPA, U$EPA, or any other source? Is there available guidance
identifying the contents desired by the Board? If the Agency and/or Board desires specific content, would
it be possible to include a sample “table of contents” for the plan?

604 165 (d) Curry temporary page no 15
. . . operating report records ...

Question:
How long do the copies of records need to be maintained and stored?

(
—
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604 170 Curry temporary page no 15
—- (a) . . . protection ...

( ,

Respectfully recommend revisinj’ to read as follows:
“Each

community water supply well, well house, raw wateT intake structure, pumping stations,

treatrnentpiant buildings, and treated water storage reservoirs shall beprotected to prevent

vandalism and entrance by animals or unauthorizedpersons.”
(5) . . . fencing ...

Respectfully recommend clarifvinj where fencinj is specifically required

It is notfeasible tofence raw water reserwoirs/lakes or river sources to prevent
trespassing etc.

There are many treatmentpla;zts that have open-top clarfiers and/or settling basins, but the

properties are notfeizcetl What timefrarne will be allowed to constructfencing
in order to comply with this requirement?

Respectfully recommend specifying the type ofyrotective fencinj, minimum height, and
confturation.

for instance? Chain linkfence equal to Illinois Dept. of Transportation (1DOT)
Standard 664001-02 . . ., minimum 6ft. height with 3-strands ofbarbed wire above minimum

fence height, with locking devicesprovidedfor all gates.

604.200 (b) (2) Curry temporary page no. 15
604.200 references raw water source . . . the requirements described at (b)(2) are ;;zore specficaliy
described in various parts of3S L4C.

Redundant?

604.245 Curry temporary page no. 24-27
. . . well records ...

Respectfully recommend addina the following requirements at the end of 604.245:

ci,, The owner ofeach well shall be responsible for submitting record information for each well to
the Illinois State Water Survey and Illinois State Geoloaical Survey, includinj’:

1) items listed at 604.245 (d).
2) full description ofravei pack material confijuration, ifused, includinj results

ofgradation tests to identify effective size and uniformity coefficient, thickness,
and depth interval, and relationship to screen slot size openin’.

3) well pump, discharge piping, and appurtenances information listed in 604.255.

Ii The owner ofeach well shall be responsible for submitting driller’s lo,’ and drill

cuttinirs to the Illinois State Geolo’ical Survey.”
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The Illinois State Water Survey and Illinois State Geological Survey have been the “keeper-of
records” for wells in Illinois. The first place that we check for well records is at the Illinois State

( Water Survey.

604 315 (a) (4) (A) Curry temporary page no 33

Respectfully recommend . . . add list ofparameters that are to be tested . . . for wells . . . and for
surface water sources.

Guidance is available from the Agency for initial raw water quality parameters for well
construction?

Raw water quality parameter guidance is needed?

604.510 (1) Curry temporary page no.41
. . . flocculation ...

(0 states: “Superstructure — A superstructure over the flocculation basins may be required.”

Questions:
1. What is meant by the term “superstructure”?
2. What criteria govern the determination whether or not a “superstructure” is required?

I have personally been involved with “open-air” flocculation basins at the Carlyle plant

( from the mid-1960s through the early 1980s prior to their new plant, Nashville plant from
1969 to 1997 prior to their new plant, Salem plant from 1974 to date, Kaskaskia Water
District plant from 1977 to date. These basins and treatment plants have operated
satisfactorily.

604.515(h) Curry temporary page no.42
. . . mechanical sludge removal equipment required in sedimentation basin.

Respectfully recommend revise to read as follows:
“1;) Mechanical sludj’e removal equipment may be used in the sedimentation basins.”

Or “Ii) Mechanical slud)ç’e removal equipment shall be used in sedimentation basins constructed after
the date ofadoption ofthis part.”

There are numerous Illinois treatment plants that obtain satisfactory results using “plain”
sedimentation basins without mechanical sludge collectors . . . including the Illinois American
Water Company Mississippi River plant at East St. Louis, City of Salem, etc.

I have firsthand familiarity with the Salem water treatment plant, and the plant operates very
efficiently and treated water quality has historically complied with regulatory requirements.
Requiring installation of mechanical sludge collectors in their sedimentation basins would not
result in improved treated water quality and could be “economic waste”.

(
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604 520 (c) Curry temporary page no 43
. . .

rapid mix device . . . with solids contact unit

What criteria will the Aj’ency use in determininj that a particular installation will require a separate
rapid mix basin?

Solids contact upflow clarifiers having different configurations are commercially available and
are used in Illinois. The solid contact upflow clarifiers that are equipped with upflow draft tubes
for high-rate sludge recirculation intermixed with raw water containing selected chemicals (for
coagulation etc.) do not, in my opinion, require a separate rapid mix.

604.600 (a) Curry temporary page no.47
. . . filtration . . . pilot study ...

604. 600 (a) states that the Agency “may” requirepilot treatment studies.

What criteria will the Agency use in determini;i’ whether or not a pilot treatment study is to be
performed?

The types of filter configurations listed at 604.600 (b) are considered to be conventional and in
widespread use in North America.

If pilot studies will be required . . . the duration and protocol (including treatment methods

used preceding filtration) will need to be identified?

(
604.600 Curry, temporary page no.47

. . filtration ...

Criteriafor membranefiltration?
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604.605 (g) (1) Curry, temporary page no.49
. . . rapid gravity filters ...

Thisprovision
limits thefilier media depth to 30 inches unless otherwise approved by die

Agencypursuant to Section 604.145(b). Section 604.145(b) indicates that die Agency “may”

approve . . . alternate designs.

What criteria will the Agency usefor approvingfllier media depth greater than 30 inches?

The 30 in. depth limitation is not objectionable in itself . . . but die necessityfor obtaining

Agency approval is burdensome and criteriafor die Agency’s approval are not stated.

The Nashville, IL water treatment plant utilizes 48 in. filter media depth (24 in. of GAC

over 24 in. of sand). Will the City be required to obtain an “exception” from the

Agency?

The City of Springfield water treatment plant utilizes filter media with 32 in. depth. Will

the City be required to obtain an “exception” from the Agency?

Deep bed filter media depth may vary from 48 to 72 in. according to Figure 8.5, Water

Quality and Treatment, A Handbook of Community Water Supplies, American Water

Works Association, 1999.

Lake County Water Action Agency’ s treatment plant uses approximately 60 in. of filter

media. (Personal communication with Bill Soucie.)

604.605(i)(5) Curry temporary page no. 52

Respectfully recommend revise to read asfollows: a contiizuously recording Nephelometer

capable ofmeasuring and recordingfllter effluent turbidity at maxinmm 15 minute intervals,

and with an alarm to notify die Operator jfflltered water turbidity exceeds 0.3 NTU

(Nephelometric Turbidity Units).

The “surface water treatment rule” requires continuous recording Nephelometers for

filters treating surface water.
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604 605 (1) (6) Curry temporary page no 52
- Gravity filters . . . filter flow rate controller ...

Respectfully
recommend revise to read as follows: “(6) provide an adjustable valve to allow

the Operator to gradually control the flow rate increase when placing each filter back into

operation;”

Gravity filters are used for surface water sources, and must deliver filtered water with

turbidity less than 0.3 NTU at least 95% ofthe time.

604.605(i)(4) appropriately requires provisions for “filter to waste” (also referred to

as “re-wash”) prior to placing a filter back into service.

The requirement for a “flow rate controller” implies that some type of automatic valve or

controller must be installed to provide gradual (flow) rate increase when placing the filter

back into operation? I am not aware of any plants that have some type of automated flow

rate controller that provides gradual rate of increase.

Most plants manually control the filter effluent valve* to select the desired filtration rate

during the filter-to-waste portion of the cycle andlor to allow gradual increase of filtration

rate following backwash. An Operator is in attendance during the backwash and return-

to-service and the Operator manually sets the filter effluent valve in a position to

deliver the desired production flow rate.

* The valve can be controlled by the Operator with a manual hand wheel, or it

can be manually controlled via an electric or pneumatic actuator.

“Slow starting of a filter consists of starting the filter at a low filtration rate and gradually

increasing the rate over a period oftime, such as 15 minutes. To slow-start a filter, the

filter should be equipped with rate control valve (emphasis added) that can be gradually

increased.” (USEPA (2004) Long Term 1 Enhanced Surface Water Treatment Rule

Turbidity Provisions Technical Guidance Manual, (EPA 8 1 6-R-04-007).

604 605 (1) (7) Curry temporary page no 53
. . . Operator-attended backwash cycle . . . rapid rate gravity filters

Stipulates that backwash is to be “operator initiated” and “automated systems” shall be “operator-

adjustable”.

Respectfully recommend . . . revise to read as follows: “7) An Operator shall be in attendance to initiate

the backwash cycle and to control the return-to-service procedure to assure that the effluent turbidity is

less than 0.3 NTU wizen the filter is placed back into operation for discharge to the clearwell.”

What constitutes an “automated system”? It has been my experience that an Operator needs to be

present to initiate the backwash cycle, and to terminate the backwash cycle (including filter-to-

waste) when the filter can be returned-to-service with turbidity less than 0.3 NTU.

(
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604 620 Curry temporary page no 56

Respectfully recommend revise 6th sentence in first paragraph to read as follows: “ . . . synthetic
organic chemicals, oxidation ofammonia-nitrogen, iron, and ;nananese.”

Ammonia-N is biochemically “oxidized”, not biochemically reduced. Nitrate and
perchiorate can be biochemically “reduced” for removal.

604.620 (a)(2) Curry temporarypage no. 56

Respectfully recommend revise to read as follows: “2) The pilot study shall establish emp4’ bed
contact time, surface filtration hydraulic loading rate, substrate loading rate per unit filier
media volume, and treatment efficiency for removal or reduction ofconcentration of
parameters targeted for the pilot study.”

Substrate (such as Ammonia-N for example) loading per unit volume is usually the
controlling factor for sizing attached growth (fixed film) blo-reactors. (Ref. Personal
communication, Professor Bruce E. Rittmann, Arizona State University (formerly at
Northwestern University and University of Illinois).

604.700 (b) Curry temporary page no. 56

Thisprovisionprohibits use ofchloramines as aprirnaiy disinfectant, unless approved by the
Agency pursuant to Section 604.145(b).

Comment:
I am aware of at least one surface water treatment plant that does NOT use free chlorine residual
in its process and completely relies on chioramine disinfection to achieve required log
inactivations for Giardia and viruses. That particular community has chosen this treatment
technique to minimize potential formation of DBPs (TNM4 and HAA5) and for control of
manganese.

Question:
If the specific community treatment plant has not had any water quality violations and has a
record of attaining required log inactivations for Giardia and viruses, will the Agency approve
continued use of chioramines? Should the community file a formal request for approval?

604.700(d) Curry temporary page no. 57

Respectfully recommend . . . clarify intent? . . . to notify thepublic (particularly hospitals, kidney
dialysisfacilities, andfish breeders) . . . prior to changing theform ofchlorine residual or type
ofdisinfectant.

.

Intent is to give notice prior to changing form of chlorine residual from free
residual to chioramines, and prior to changing from chloramines to free
residual, in addition to type of disinfectant (including use of chlorine dioxide).

(
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604 715 (a) Curry temporary page no 58

‘. -- . . .

contact time . . . carry-over from 1EPA Technical Policy Statements

Question:

Reference is made to a 0.3 bafflingfactor.

How is the 60 minute minimum contact time to be determined? (Reference to the 0.3 baffling
correctionfactor implies that my Potential Method B is to be used?)

Potential MethodA (historically used in Illinois to evaluate compliance with this
requirement)
Hydraulic retention time = water volume in basin, gallons = minutes

fiow rate, gpm

Or,
Potential Method B (modified for use with baffle correction factor)

Effective retention time, T10 water volume in basin, j’aL x 0.3 minutes

fiow rate, gpm

* “Baffle correctionfactor” is the ratio ofthe time takenfor 10% ofa tracer to
reach the outlet (known as T10,) to the system ‘s theoretical average detention time; the
theoretical average detention time is equal to the basin volume divided by theflow rate
expressed in gpm. (Reft USEPA)

( Comment:
‘%_. There are likely many communities in Illinois that have facilities designed, constructed, and

operated based on Potential Method A for calculating minutes detention time based on the 60
minute requirement. Potential Method A has historically been used in Illinois to determine
compliance with the 60 minute contact time requirement.

Questions:
If Potential Method B will be required for calculating effective retention time, how many
community systems will be in violation?

Expanding contact basin capacity if required in order to use this method for determining
compliance could be costly, have the costs been estimated?

Iffiltration is employed and at least 0.5 log Giardia inactivation and at least 2 log Virus
inactivation are achieved with disinfection in the clearwell after the filters, is the 60 minute
contact time still required?
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IFPOTENTL4L METHOD B MUSTBE USED TO DETERMINE COMPLIANCE
Respectfully recommend revise to include: Existinj’ systems that do not comply with this

( requirement on the date this part is adopted shall make necessan’ modifications (baffling,
increased volume, etc.) within 24 months ofthe date ofadoption ofthis part.

It could take up to 24 months for a community public water supply system to obtain
financing, complete engineering design, utilize a public bidding procedure for
procurement of equipment and installation, and to complete construction and startup of a
standby power system.

604.720 (d) Curry temporary page no.59
. . . inactivations ...

Comment:
The “baffle correctionfactor” selection procedure was elusivefor a number ofyears. I
do not know ofany specJIc instances where a community expendedfunds to perform a tracer

study, but some may have beei; performed. (Perhaps . . . ???... many ofus arefearful that the
tracer study may produce a baffle correctionfactor that is lower than the value being usedfor
calculating inactivations . . . because it could require either capacity-down-ratingfor aplant, or
it could require major expenditures to improve the effective contact time.?????)

In the interest ofpubllc health protection . . . should we “bite the bullet” and undertake
statewide tracer studies? We are not aware ofany disease outbreaks caused by inadequate
inactivations at treatmentplants . . . but we do not know fisolated illnesses have been caused

-
by inadequate inactivations? Are the “safetyfactors” already sufficient?

Respectfully recommend that the Board andAgency consider revising to read as follows:
“d) Factors to be considered in determinino inactivation include, but are not limited to: pH,
temperature, form ofdisinfectant residual, disinfectant residual concentratioiz, flow rate, volume of

basi;zs/yipinj, and baffling factors. Baffling factor shall be determined in accord with “Improving
Clearwell Design for CT Compliance* or a tracer study approved by the j’”

“Improving Clearwell Designfor CT Compliqjicc, Gil F. Crozes andJames F. Hagstrom
(Caroilo Engineers); Mark li Clark, Joel Ducoste, Catherine Burns (University ofIllinois);

A WWA Research foundation, 1999.
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604 725 Curry temporary page no 59

THIS INCREASES MINIMUM FREE CHLORINE RESIDUAL FROM 0.2 TO 0.5 MG[L A]1J
INCREASES

MJJIIMUM CHLORAMINE RESIDUAL FROM 0.5 MG[L TO 1.0 MGIL.

-

IRESPECTFULLYACKNOWLEDGE THAT THEAGENCY HAS OBSER VED WATER

QUALITYPROBLEMS THATAD VERSELYAFFECTED PUBLIC HEALTH, AS A

RESULT OFINADEQUATE DISINFECTANTRESIDUAL THE AGENCYHAS

INDICATED THE BELIEF THATINCREASING THE MINIMUMRESIDUAL VAL UES

WILL IMPROVE PROTECTION OFPUBLIC HEALTH.

Respectfully recommend consider that this provision take effect 90 days (or a time period

acceptable to the Board andA)ency) after adoption of604. It will take some time for

Operators throughout the state to become informed ofthis chanye and to modify their

treatment and operational practices.

Comment:

I and others in the field will need to remind Operators of the provisions contained in 35
IAC 6 1 1 .3 1 3, 6 1 1 .3 80(d), and 6 1 1 .3 83(c)( 1)(A) . . . which allows considerable flexibility
in disinfectant residual concentration leaving the treatment plant . . . in order to sustain a
higher residual in the distribution system if necessary.

604.730 Curry temporary i
. . . automatic shutdown ...

Comment:
I am not aware ofany treatmentplants that now comply with the “automatic shutdown”

provision. To attain compliance will require that a low level alarmftom a continuous

recording chlorine residual analyzer be electrically interconnected to shut-down:

Pumps at raw water source.
Each individualpre andpost chemical treatfnent system.
Each individual clarjfier sludge biowdown valve.
Each individualfilter effluent valve.
Each treated water high service pump.

Atpresent, the low-level condition causes a visual and/or audible alarm that notfles the

Operator oftheprobiem, and the Operator manually shuts down the plant.

An indeterminate amount oftime and money will be requiredfor each community to comply

with this requirement.
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Ifthis requirement is adopted “as-is” ...

Respectfully recommend consider that this provision take effect 180 days (or a time period
acceptable to the Board andAjency) after adoption of 604. It will take some dine for
Operators t1zroujIiout the state to become informed ofthis chanje and to modify their
treatment plant electrical controls and operational practices.

(
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604 900 Curry temporary page no 63
, THIS ISA DISCUSSION THAT WARRANTS INPUT FROM EXPERT WATER QUALITY

t PROFESSIONALS . . . SUCHAS VERNONL. SNOEYINK, PROFESSOR EMERITUS Of
ENVIRONMENTAL ENGINEERiNG, UNIVERSITY OFILLINOIS, CHAMPAIGN-
URBANA.

The valuable USEPA publication titled: Optimal Corrosion Control Treatment Evaluation Technical

Recommendations for Primacy Agencies andPublic Water System March 2016 (USEPA Office of
Water (4606M) EPA 816-B-16-003) contains nine (9)flow charts thatprovide giddancefor corrosion

control. Each individualfiow chart contains alternative treatment techniques to selectfrom.

Regardless ofwhich treatment method is usedfor corrosion control, I respectfully recommend that all

systems measure ...

Chloride:Suifate Ratio and the Larson-Skold Index, initially once monthlyfor 6 consecutive months

and then once annually fstable conditions are demonstrated to exist. Ifstabie conditions existfor 6
consecutive months, annual measurement shall be performed.

SEEATTACHMENT 1 fOR CHLORIDE:SULfATE RATIO INFORMATION (Edwards et al.)
SEE ATTACHMENT 2 FOR IMPACT OFDETRIMENTAL LARSON-SKOLD INDEX
INFORMATION. (Masten et al.)
SEE ATTACHMENT 3 FOR LARSON-$KOLD INDEXINFORMA TION

for systems that rely on adjustment ofpH and other water quality parametersfor corrosion control:
,— CCPP (Calcium Carbonate Precipitation Potential) once weekly.

The treatmentprocess should be controlled to prevent excessive calcium carbonate scale deposition by
assuring that the CCPP does not exceed + 4 mg/L.

[ See discussion below for evaluation of calcium carbonate scale-forming tendency at systems that

feed orthophosphate corrosion inhibitor.J

CCPP BACKGROUND INFORMATION:

“The prediction ofthe threshold for calcium carbonate formation is important for several
reasons. First, it can create a constraint on the ability to adjust pH, by forming a

detrimental deposit. (emphasis added) Second, for some materials such as cement
linings, it is a consideration for adjusting water chemistry to arrest deterioration. Third, it
can be used to monitor the consistency oftreatment processes such as lime softening or
neutralization with limestone or dolomitic materials.” (Schock and Lytle, 201 1)

Schock, Michael; Lytle, Darren A. (201 1); “Chapter 20. Internal Corrosion and
Deposition Control”, Water Quality & Treatment, A Handbook on Drinking Water, 6th

ed., James K. Edzwald, Editor; American Water Works Association.

Here, the “detrimental deposit” is excessive calcium carbonate that is deposited because
of improper equilibrium ofwater quality parameters. These deposits can reduce the
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carrying capacity of water mains and household piping systems, fire suppression piping,

and can cause clogging ofhousehold plumbing systems.

Marc Edwards (Virginia Tech) et a!. have documented the importance ofthe
Chloride:Suifate ratio wit/i respect to corrosivity. (Mark Edwards and Simoni
Triantafyliidou (July 2007) “Chloride to sulfate mass ratio and lead leaching

to water” Journal A WWA (Peer Reviewed). TTACHMENT 1.

USEPA has documented that the Chloride:Sulfate Mass Ratio (CSMR) is an
irnportantparameter in evaluatingpotentialfor lead release into watei
(USEPA Office of Water (March 2016) Optimal Corrosion Control Treatment
Evaluation Technical Recommendations for Primacy Agencies and Public
Water Systems, (EPA 816-3-16-003; Office of Water (4606M)).

The Larson-Skold “The Larson-Skold index was developed to evaluate the
potential for the corrosion of cast-iron pipes transporting water from the Great
Lakes.” (Roberge 2006, cited at Masten et al., 2016). Chloride and suffate

concentrations are required (in addition to alkalinity) to calculate this index.

This index was used to analyze and explain the reasons for
water discoloration at flint, MI during the lead crisis. (Masten

et al.) 4TTACBMENT 2.

Larson & Skold (1957) T.E. Larson, and R.V. Skold, “Corrosion and
tuberculation of cast iron”, Journal AWWA, 49(10), 1294-13 02.

Larson & Skold (1958) I.E. Larson, and R.V. Skold, “Laboratory studies
relating to mineral water quality of water to corrosion of steel and cast iron”,
Corrosion, 14(6), 285-288.

Masten et al.(2016) Susan Masten, Simon H. Davies, and Shawn P. McElmurry
“Flint Water Crisis: What Happened and Why”, Journal AWWA, 108.12,
December 2016.

Roberge (2006)P. Roberge, “Corrosion Inspection and Monitoring”, sI., Wiley
Online Library (cited at Masten et al., 2016).

See ATTACHMENT 3 for information about Larson-Skold Index.

PCB R2018-017 (Rulemaking - Water) PRE-FILED TESTIMONY by Capt Michael D. Curry, P.E. Page 23



The CaCO3 Indices Modeling Spreadsheet can be used to estimate CCPP (Calcium Carbonate
Precipitation Potential), and is available as a FREE download from Trussell Technologies, Inc., Pasadena,
CA. Contact www.trusselltech.com, select “downloads”, select “tools”, select CaCO3 Modeling
Spreadsheet. This is a useful tool for predicting quantitative estimates of calcium carbonate scale forming
tendencies.

The TetraTech (RTW) Model is available for purchase from AWWA (AWWA catalog number 53052), at
a cost $274. for members and $421. For non-members, as ofMay 2016. In addition to predicting CCPP

(Calcium Carbonate Precipitation Potential), the Excel spreadsheet software is useful for monitoring
water quality parameters using different chemicals for coagulation, pH adjustment, and alkalinity
adjustment. (Rothberg et.al., 2011)
Rothberg, Michael R., Liang, Hong-Chang “H.C.”, Tabatabaie, Sarvin, Tamburini, Joseph R. (2011)
TetraTech (RTW) Model for Water Chemistry Process. and Corrosion Control, AWWA.

ccpp is referenced in “StandardMethods’ Parameters required as input for the spreadsheet
models referenced above are:

TDS (Total Dissolved Solids) . . . conductivity is easier to measure and is considered sufficient
for estimating TDS after confirmation ofthe multiplierfactor.

pH

Temperature (deg. C.)

Alkalinity (expressed as CaCO3)

Calcium hardness (expressed as CaCO3)
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Monitoring calcium carbonate scaleforming tendencyfor systems thatfeed

C orthophosphate corrosion inhibitor:
If phosphates are present, preference is given to the Marble Test over the Trussell Technologies

spreadsheet or the TetraTech (RTW) Model spreadsheet for estimating CCPP. (Schock & Lytle,

2011)

$chock, Michael; Lytle, Darren A. (2011); “Chapter 20. Internal Corrosion and Deposition Control”,
Water Quality & Treatment, A Handbook on Drinking Water, 6th ed., James K. Edzwald, Editor;
American Water Works Association.

The Marble Test (Larson, 1971)

“The marble test is a rapid method of determining if a water is in balance with solid calcium

carbonate. The test procedure is given in detail in the AWWA publication “Simplified

Procedures for Water Examination”. Essentially, the test consists of determining the alkalinity

on one portion of the sample being tested and adding an excess of finely powdered calcium

carbonate to another portion ofthe same sample in a 300-ml glass-stoppered (and water sealed)

BOD bottle. This sample is mixed by shaking at frequent intervals for at least 3 hr., settled

overnight, and filtered. The alkalinity is then determined on the filtered sample. If the alkalinity

has increased, it indicates that the water was not saturated with calcium carbonate and could not

deposit any protective scale. In fact, it might dissolve any previously deposited scale and would

( then be corrosive. Ifthe alkalinity has decreased, the water is supersaturated with calcium

‘s__ carbonate and may deposit protective scale or maintain a coating already deposited. It should not

dissolve any previously deposited protective scale, but neither will it maintain or improve such a

coating.”

Larson, Thurston E. (“Doc”) (1971); “Chapter 8. Corrosion Phenomena — Causes and Cures”, Water
Quality and Treatment, A Handbook ofDrinking Water, 3 ed., Paul D. Haney, Revision Committee
Chainnan, American Water Works Association.

The procedures for “Calcium Carbonate Saturation” are similar to the marble test described by

T.E. “Doe” Larson, and are described at Simplified Procedures for Water Examination, Manual of

Water Supply Practices M12. (AWWA, 2002)
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Special attention must be given to equ4iment andprocedures used to

t_

measure aikalinityfor the Marble Test (Calcium Carbonate Saturation) in
orderfor results to be meaningfuL

ALKALIKITY TEST

______ TITRATION ENDPOINT WITH pH METER

mg/L alk as CaCO3 end point pH for total alk
30 4.9
60 estimated 4.8
1 00 estimated 4.7
150 4.6
245 estimated 4.5
350 estimated 4.4
500 4.3

COLOR CHANGE FOR IDENTIFYING THE ALKALINITY TEST TITRATION E1NDPORT IS

I1’IDIVThUALLY SUBJECTWE . . . WHICH IS WIlY USING A pH METER IS PREFERRED

FOR MAXIMUM ACCIJEACY.

‘ Accurate alkalinity values are required for input into the CaCO3 Indices Modeling Spreadsheet to

‘ estimate CCPP (Calcium Carbonate Precipitation Potential), TetraTech (RIW) Model to estimate CCPP,
and

for alkalinity measurements using the Calcium Carbonate Saturation . . . “Marble Test”.

End point pH for total alkalinity

Silicates or phosphates
known or suspected 45

Routine or automated
analyses 4.5

(Estimated alkalinity valuesfor endpointpH 4. 8, 4. 7, 4. 5, and 4. 4 are not listed in “Standard

Methods “, and were estirnatedfor use here using graphical method)
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ALKALINITY TEST

‘-- -

The customary sample volumes for “routine” alkalinity tests are listed below (AWWA):

(\ Alkalinity Range Sample Volume Multiplication Estimated
mg/L as CaCO3 ml Factor “A” (a) Accuracy

0-250 100 10 ± 1 mg/L (b)
251-500 50 20 ±2mg/L(b)
501-1000 25 40 ±4mg/L(b)

(a) Based on:

Alkalinity as mg CaCO3/L “A” x N x 5OOOO (APHA, AWWA, WEF)
ml sample

“A” ml of standard acid titrant used.
N normality of standard acid, O.02N H2504

(5) Assume can read burette graduations to nearest 0. 1 ml of acid titrant used.

The sample volumes shown in the above table may be acceptable for “non-critical”

alkalinity determinations, but are not considered suitable for alkalinity

determinations to be used for CCPP calculations or for the “marble test”.

(
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ALKALIINITY TEST VALUE ACCURACY CAN BE IMPROVED BY U$1NG A LARGER

- - -
BLEET VOLUME WITH GRADUATION MARKJNG$ SHOWN ON THE FOLLOWING

( TABLE.

ALKALINITY TEST
Commercially available “automatic” burets that can be utilized to disperse the titrant for the alkalinity test

include:

Buret Subdivision for Sample Maximum Estimated

Volume, ml Graduation Markings Volume, ml Alkalinity (a) Accuracy

50 0.1 ml 100 500 mg/L ± 1 mg/L (b)

50 O.lml 150 333mg/L ±O.66mg/L(b)

25 O.05m1 100 250mg/L ±O.5mg/L(c)

25 O.O5ml 150 166mg/L ±O.33mg/L(c)

10 0.02 ml 100 1 00 ing/L ± 0.2 rng/L (d)

1 0 0.02 ml 1 50 66 mg/L ± 0. 13 mgIL (d)

(a) Using O.02N }I2$°4 titrant.

(b) Assume can read burette graduations to nearest 0. 1 ml of acid titrant used.

(c) Assume can read burette graduations to nearest 0.05 ml of acid titrant used.

(d) Assume can read burette graduations to nearest 0.02 ml of acid titrant used.

(
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“The Langelier saturation index (Langelier, 193 6) is the most widely used and MISUSED index

(emphasis added) in the water treatment and distribution field.” (Schock & Lytle, 2011)

The Langelier Saturation Index (LSI), and other calcium carbonate-related indices such as the Ryznar

index and calcium carbonate precipitation potential (CCPP), can be used as indicators of scaling

conditions ($chock and Lytle, 2O11)’. It is important that the L$I and other CaCO related indices

not be used to evaluate lead or copper control. The L$I is only important insofar as it provides

information regarding the amount of pH adjustment that can be employed without causing precipitation.

(Schock & Lytle, 2011)

“The Langelier Saturation Index (LSI) was used historically as an indicator ofwater’s corrosivity. Itis

ineffective as an indicator because it’s based on inhibition that’s solely by carbonate species (carbonate,

bicarbonate, and hydroxide ions) and calcium, and incorrect from the perspective of dissolved inorganic

carbonate, which is a measure of all dissolved carbonate-containing species. Other compounds can

complex with metals, including phosphate and silicate among other anions, so the L$I may not correlate

well with the water’s corrosivity.” (Snoeyink et al., 2014)

In 1994, in recognition that the LSI was frequently misused as a corrosion index and that inappropriate

treatment approaches were being adopted and used in different parts ofthe United States, the USEPA

repealed the section of the 1980 amendment to the National Interim Drinking Water Regulation

that required all community water supply systems to determine either the LSI or an even more

ajproximate version, the aggressiveness index (AT), and report these values to the state regulatory

agencies (USEPA, 1980, 1994). Although the L$I tends to predict if CaCO(s) will precipitate or

dissolve, it does not predict how much CaCO(s) will precipitate or whether its structure will

provide resistance to corrosion (Larson, 1975). “ (Schock and Lytle, 201 1) )

Schock, Michael; Lytle, Darren A. (2011); “Chapter 20. Internal Corrosion and Deposition
Control”, Water Quality & Treatment, A Handbook on Drinking Water, 6th ed., James K.
Edzwald, Editor; American Water Works Association.

Snoeyink et al. (2014) “Developing Corrosion Control for Drinking Water Systems”, OPFLOW,
American Water Works Association (AWWA), November 2014. Qufrien Muylwyk (with CH2M
Hill), Anne Sandvig (with Cadmus Group), and Vem Snoeyink (Professor Emeritus of
Environmental Engineering at University of Illinois).
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IN WATER CONTAThJNG PHOSPHATES, WBERE TRE MARBLE TEST IS PREFERRED.



604.900(a) Curry temporary page no.63

Respectfully recommend that alkalinity, total hardness, and calcium hardness be expressed
equivalent to calcium carbonate (CaCO3)

Respectfully recommend that temperature be added as a water quality parameter, especially
because it impacts CCPP (Calcium Carbonate Precipitation Potential) and potentialfpj
nitrification increases at higher temperature.

604.900(b) Curry temporary page no.63

Respectfully recommend revising as follows:

Under 3) . . . list orthophosphate and sodium silicate as corrosion inhibitors?

Under 5 . . . list calcium hydroxide, soda ash (sodium carbonate), andsodium bicarbonate as
alkali chemicals?

604.905 Curry temporary page no.63

Proprietary systems, such as TOMCO, provides carbon dioxide addition in theform ofa carbonic
acid/water solutionfed underpressure . . . which does NOT require a separate recarbonation basin
having detention time of2O minutes or more.

Respectfully recommend alter this provision to permit use ofproprietarv carbonic acid feed systems
that can be used for lowerin, pH oflime softened water before it enters the filters.
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604 1O1O(b)(2)(A) Curry temporary page no 67

Respectfully recommend revise to read as follows: “A minimum detention time of3O minutes
shall be provided following aeration to insure that the oxidation reactions are complete prior to
filtration. This minimum detention time may be modified only where a pilot plant study
indicates completion ofoxidation reactions in less time. for new treatment plants, the time
required for complete oxidation ofiron after beinj’ aerated should be determined by bench
scale pilot studies.”

Justi/Icationfor recommending bench scale pilot studies:

Rf 0 ‘Connor John T (1971) “Iron and Manganese “, Water Quality and Treatment. A
Handbook ofFublic Water Supplies, American Water Works Association

“A survey ofthe perfonnance of3l plants practicing iron removal in Illinois was made
in 196. The results ofthis surveyprovide some indication ofthe effectiveness ofaeration
andfiltrationfor iron removal. .. . Although 1 hr. ofdetention was normally provided
following aeration, frequently a largefraction ofthe iron in thefilter influent appeared to
be in theferrousform [SOLUBLE . . . NOT REMOVED BY FILTRATION]. Much of
this unoxidized iron appeared in thefilter effluent, indicating that complete oxidation
might have resulted in more complete iron removal.”

CCTh survey indicated that design deficiencies may exist when insufficient reaction time
isprovidedfor the complete oxidation and agglomeration ofiron and manganese. The

—-
amount oftime required apparently must be determined by measuring the kinetics of

( precipitationfor each individual water.”

I believe that the O’Connor’s lessons from 67 years ago remain valid today.
Performing a bench scale study to evaluate reaction time for complete
oxidation of iron is a relatively simple procedure.

Recommendation for consideration for “iron removal using groundwater source”:

. . . add provision as follows: “When raw water iron and manganese concentration is expected to
exceed 10 ni,/L, consideration should be given to use ofa clarification unit or settlinj basin prior to
filtration in order to reduce the solids loading to the filters and minimize potential for excessive water
usage for backwashing the filters.

Most small “iron removal plants” utilize aeration, a detentionlreaction basin, and pressure filters
that employ “direct filtration”. When the raw water iron concentration reaches the 8 to 10 mg/L
range, the solids loading to the filters causes very short filter runs and a considerable amount of
water (and plant capacity) is taken up by the increased frequency of filter backwash.

‘When concentrations in the source water are above 8 to 10 mg/L combined iron and
manganese, a clarification step is typically required before filtration. The clarification
process reduces the amount of solids that must be removed by the filters, which results in
longer filter run times before backwashing is required.” (A WWA (2015) Iron and
Manganese Removal Handbook Second Edition, American Water Works Association.)
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“Alum flocculation and sedimentation are generally required after aeration. These

—
processes are then followed by filtration, especially in cases where the iron concentration

( of the raw water exceeds 5 rng/L.” (Kamura, Susurnu (2000) Integrated Design and
, Operation of Water Treatment facilities. Second Edition)

604 1020 (0 Curry temporary page no 70
. . . powdered activated carbon feeders ...

Respectfully recommend . . . eliminate the 0.1 mg’L minimum dosage.

The 0.1 to 40 mg/L dosage range represents (40/0.1) = 400 to 1 feed ratio. Commercially
available volumetric feeders normally have a 10: 1 feed range, and some of the newer motor/drive
systems can expand to 50: 1 feed range ifthe Operator can change the size ofthe feed screws and
spouts. It is not considered practical to feed powdered activated carbon at dosage as low as 0.1
rng/L, and it is not considered to be practical to determine the impact on water quality at dosage
as low as 0.1 mg/L.

I have personally experienced T&O situations where 80 mg/L PAC dosage was required. That
particular system’ s experience of feeding large amounts of PAC resulted in installation of GAC
filter media (overlying sand media) . . . which resulted in overall cost reduction and a dramatic
water quality improvement and consistent absence of objectionable T&O.

604.1020(g) Curry temporary page no. 70
. . . powdered activated carbon storage ...

*- Respectfully recommend delete (g) and insert the following requirements taken from the
current edition of “10-State Standards”:
g. Powdered activated carbon must be handled as a potentially combustible material.

1) A separate room shall be provided for carbon feed equipment, including a door to
allow isolation ofthe room.

2) The separate room shall be as nearly fireproofas possible.
3) Other chemicals shall not be stored in the same room as powdered activated carbon.
4) Carbon feeder rooms shall be equipped with explosion-proofelectrical outlets, lights,

and motors.

The General Carbon Corporation (Calgon) manufactures powdered activated
carbon and their Safety Data Sheet includes the following information:

v_’ Hazard classification . . . combustible dust.
v__ All powdered activated carbons are classified as weakly explosive.
1_ Fine carbon dust may penetrate electrical equipment and cause electrical

shorts [ Curry addition . . .which can result in fires].

The recommendation is considered necessary as a safety measure to protect
Operators and other personnel.

(
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604.1O1O(d)(2) Curry temporary page no. 69
. . . phosphate solution storage ...

Respectfully recommend incorporate additional provision contained at 604.910.

604.1110(5) Curry temporary page no.77
. . . deluge shower ...

Respectfully recommend add after (b):

“The deluje shower and eye/face wash device shall be located in close proximity to the
potentially hazardous material. Comply with:

1) OSHA regulations contained at 29 CFR 1910.151.
2) ANSIZ358.1-2014.

a. Within 10 seconds walking time from the location ofthe hazard (approximately
55 ft.).

b. Installed on the same floor level as the hazard (I.e. access shall not require
going up or down stairs or ramps.

c. The path oftravel shall be free ofobstructions and as straight as possible.

The water supply for the deluge shower shall comply with:
3) OSHA reyulations contained at 29 CFR 1910.151.
4) ANSIZ358.1-2014.

a) Water temperature between 60 and 100 deg. F., except in circumstances where
a chemical reaction is accelerated by flushing fluid temperature ifdetermined by
consuliation with product manufacturer safety advice to determine the optimum water
temperature for each application.
b Deliver at least 20 ‘pm for 15 minutes.

The water supply for the eye/face was!; device shall comply with:

“The water supply for the deluge shower shall comply with:
5) OSHA regulations contained at 29 CFR 1910.151.
6) AN51Z358.1-2014.

a) Water temperature between 60 and 100 de,’. F., except in circumstances where
a chemical reaction is accelerated byftushing fluid temperature ifdetermined by
consultation with product nianufacturer safetj advice to determine the optimum water
temperature for each application.
b Deliver at least 3 gpm for 15 minutes.

Reason:
The recommended additional provisions are intended to provide adequate safety
provisions for Operators and other personnel, and to comply with OSHA and standards of
good practice.

If a distressed Operator is suddenly exposed to extremely cold water for up to 15
minutes duration, after a bodily exposure to a hazardous chemical, cardiac arrest can
occur.
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It is my recollection that IDPH has a regulation governing deluge shower and eye/face
—-

wash devices . . . but I was unable to research their regulations.

604 115(c)(11) Curry temporaryjge no 78
. . . provisions to chemically neutralize chlorine gas ...

Comment:
Jam not aware ofany treatmentplant in the southernpart oflllinois that Izasprovisionsfor
neutralization ofchlorine gas. This is not to say that sonze or all ofthe plants need to install
this type ofequipmeizt in order to protectpublic health.

Question:
Is there a certain distance between the chlorine gas storage area and residential or developed
areas that the Board andAgencyfeel should trigger installation ofequipment to chemically
neutralize chlorine gas?

Respectfully recommend revise to include: Existing systems that do not have provisions for
neutralization ofchlorine gas, but are required to provide this capability, on the date this part
is adopted, shall iiistall equipment for neutralization ofchlorine gas within 24 months ofthe
date ofadoption ofthis part.

It could take up to 24 months for a community public water supply system to obtain
financing, complete engineering design, utilize a public bidding procedure for
procurement of equipment and installation, and to complete construction and startup of a
chlorine gas neutralization system.
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Questions:

-

As now written, this section appears to be applicable only to-batched soiutionsfedftorn day

t tanks?

Does this section take into account that many (larger) treatmentplantsfeedpotassium
permanganate with gravimetric (dry) feeders?

604.1150(c)(1) Curry temporary page no. $2
. . . fluoride incompatible with aluminum coagulants ...

Respectfully recommend revise (c)(1) to read as follows: “1) Fluoride compound shall not be
added prior to filters at plants that lime soften and/or coajulate for turbidit’ removal, and shall
not be added prior to ion exchange”

Reason . . . should add fluoride afler coagulation:
Coagulant chemicals used for lime softening and/or turbidity removal may reduce the
concentration of fluoride. Alum, in particular, will remove fluoride.

Fluoride dosage needs to produce a specific fluoride concentration in the water being
delivered to customers, so chemical interference should be avoided.

604.1225(c)(1)(C) Curry temporary page no. $6

— . . .

redundant flow meter ...

.— Respectfully recommend delete (C) . . . a meter for measuring flow rate for each individual pump.

Reason:
A meter for measuring flow rate is required at 604. 1225(c)(2). Customary piping arrangements
allow a single meter to be used to check/monitor flow rate from individual pumps. Installation of
redundant meters is not necessary for pump stations and would unnecessarily increase the cost of
piping and the size ofthe building to house the pumping and piping equipment.

Ifthis requirement would remain “as-is”, many existing facilities would have to be retrofitted,
and the cost for compliance could be significant.

604.1225(e)(3) Curry temporary page no. $6
. . . electrical controls above grade ...

Respectfully recommend delete (3) reguirina that electrical controls be located above rade.

Comment:
There are numerous “package” underground water pumping stations located in Illinois, many of
which are manufactured by Engineered Fluid, Inc. at Centralia, LL. Many entities prefer an
underground pump station to lessen exposure of above-ground buildings in residential areas and
for other reasons. From my experience, all (or nearly all?) of the underground pump stations
have controls located underground in the pump room chamber.

PCB R2018-017 [Rulemaking - Water) PRE-FILED TESTIMONY by Capt. Michael D. Curry, P.E. Page 36



It has been my experience that some communities prefer above-ground pump; stations, and some
prefer underground pump stations. Underground pump stations have been in service for many
years in Illinois (including since 1967 at Dix-Kell Water & Sewer Commission in Jefferson
County).

if the controls for underground pump stations would have to be located above ground:

.

a. Operators would be required to access 480 Volt control panels during all weather
conditions . . . rain, lightning, snow, etc. This could result in hazardous exposure
for the Operator; or

b. The controls would be in a separate building, which would significantly add to
the cost and perhaps defeat the purpose/advantage of an underground pump
station.

Below-ground pump stations customarily have a master electrical disconnect above-ground at the
service meter, and the National Electric Code requires a disconnect for each pump motor within
view of the pump motor . . . so it is necessary to have the disconnects underground at underground
pump stations.

Question:
Ifthis provision is adopted, a large number of community systems would be in violation, and
considerable expense would be incurred to modify the controls for existing underground pump
stations.

-

Ifthis provision must be adopted by the Board, respectfully recommend that it not take effect

t for 24 months to allow communities ample time to obtain funding for modifications to existin
‘ control systems for existing underground pump stations.

604.1440(a)(1) Curry temporary page no. 101

Question:

1 . What is the definition of “existing or proposed drain”?

Respectfully recommend revise to incorporate the followinj’:

The ten ft. horizontal separation is not required between water mains and open-ended culvert
pipes intermittently conveyin,’ storm water runoffin response to precipitation events, and
interconnected with open ditches upstream and downstreaim

End written testimony.
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Statement of Qualifications and Experience: Capt. Michael P. Curry, P.E.

( I am 75 years of age, and I am a Registered Professional Engineer in Illinois by examination, in Missouri
by

reciprocity, and formerly in Iowa as a Civil Engineer by reciprocity and as a Sanitary Engineer by
examination. I chose to allow my Iowa registrations to lapse in good standing because I did not intend to
do further work in Iowa. I am an Illinois Class *A* Certified Water Operator. I attended Parkland
College and University of Illinois at Champaign-Urbana but did not obtain a degree.

I served on the Water Supply Operators Advisory Board from 1982 to 2000, an appointment made by the
Governor oflllinois, based on a recommendation from Illinois EPA. I was Chair ofthe Illinois Section of
the American Water Works Association in 1983 -84. In 1983, I received the Clifford E. Fore Award from
Illinois Section American Water Works Association. In 1985, I received the Fuller Award from Illinois
Section American Water Works Association. I received an “award of excellence” from Illinois Potable
Water Supply Operators Association in 2000.

I was the recipient of a national award from American Water Works Association for the “Best Paper of
the Year” in the Water Quality Division of Journal AWWA in 1 984. I have published various papers in
Journal AWWA, OPFLOW, Water & Sewage Works, Journal of Water Supply: Research and
Technology (with Vernon L. Snoeyink et al.), and other publications. I have presented technical papers
pertaining to water treatment and water quality topics at numerous conferences sponsored by Illinois
Section American Water Works Association, Illinois Potable Water Operators Association, Southwest
Central Water Operators Association, and Southern Illinois Water Operators Association on nearly an
annual basis from 1977 to 2017.

In 1979, at the request of LEPA, I prepared the Outline for Advanced Waterworks Operator Courses
-. -

offered at community colleges statewide, on a voluntary basis. In 1983, I and Sandy Moldovan prepared

( the Task Analysis for the IEPA Division of Public Water Supply Operator Certification Section, covering
Classes *D*, *C*, *B*, and *A* certification examinations, on a voluntary basis. I was an instructor for
water supply operator courses between 1970 and 1999 at Greenville College, John A. Logan College,
Rend Lake College, Kaskaskia College, Southeastern Illinois College, Environmental Resources Training
Center at Southern Illinois University-Edwardsville, and an advanced water operator class for Missouri
DNR at the City of St. Louis Missouri Howard Bend Water Treatment Plant (Missouri River source).
Under contract with the Illinois Dept. of Conservation (now DNR), I conducted various waterworks
operations seminars at Starved Rock State Park and at Allerton House (Monticello) for statewide Park
Rangers and Park Employees.

In 1980, I served as a “subject matter expert” and was a member of a five person panel from the U.S. and
Canada to validate waterworks operator education and certification material for the Association of State
Boards of Certification. This one week project at Upland, California was funded by USEPA.

Between 1961 to 1979, I was employed by Sherman Smith & Associates Engineers in Burlington, Iowa;
Des Moines County Engineers in Burlington, Iowa; Clark Dietz Painter & Associates in Urbana, Illinois;
HMG Engineers in Carlyle, Illinois (including assignments in their St. Louis, Missouri and Libertyville,
Illinois offices); Lawrence Lipe & Associates Engineers in Benton, Illinois; Group Ill Consultants in
Salem, Illinois (including assignments in their Washington, Illinois and Effingham, Illinois offices).

I have been employed by Curry & Associates Engineers, Inc. at Nashville, Illinois from 1979 to date. My
duties include design of water supply and wastewater treatment facilities, water distribution systems,
pumping stations, water storage reservoirs, sewage collection systems, storm water management systems
and storm sewers, mainline railroad track alignments and interconnects, industrial railroad spurs and run-
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around tracks, streets, and roads. We routinely assist Water Operators and other engineers to address
— -

water quality and treatment problems.

At the request of1EPA in May 2008, I served as coordinator and member of a four person team that
performed a Comprehensive Performance Evaluation (CPE) of the Macomb, Illinois water treatment plant
that was experiencing persistent violations of the turbidity regulations for drinking water. The team
identified performance-limiting factors and recommended corrective action. The CPE is the first step in a
two-step process developed by USEPA, known as “Composite Correction Program (CCP)”, which was
adopted by the Illinois Pollution Control Board as a regulatory requirement to address chronic violations
of drinking water standards.

In 2010, the City of Carbondale requested that I serve as Technical Advisor for the interview process to
select a person to fill the position of Water Operations Manager. Assistance included preparation of
standardized questions on how to solve water treatment process operational problems, to be answered by
all applicants during the interview process. I participated in all interviews and assisted with evaluation of
each applicant’s qualifications and responses to the standardized questions.

At the request ofIEPA in 2016, I served as coordinator and member ofa four person team that performed
a Comprehensive Performance Evaluation (CPE) ofthe South Sangamon Water Commission (Sangamon
County, Illinois) water treatment plant and satellite systems where persistent customer complaints about
water quality were being registered. The team identified performance-limiting factors and recommended
corrective action. The CPE is the first step in a two-step process developed by USEPA, known as
“Composite Correction Program (CCP)”, which was adopted by the Illinois Pollution Control Board as a
regulatory requirement to address chronic violations of drinking water standards.

- -
I am a Life Member ofthe American Water Works Association and a Life Member ofthe American

t Society of Civil Engineers. I am a member ofthe Illinois Potable Water Operators Association,
‘c Southwest Central Water Operators Association, Southern Illinois Water Operators Association, and the

Missouri Water & Wastewater Conference.

I hold a Merchant Marine 50 Ton Master’s license issued by the United States Coast Guard, with a sailing
endorsement. I earned a separate United States Coast Guard certification, by written examination, for
Celestial “Ocean” Navigation 500/1600 Gross Tons.

. . . end . . . qualifications and experience ...
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( distribution systems Experimentaltests and uti1fties practical experIanca highlighted the importanc of ch1oride

‘ to-sulfate mass ratio {CSMR) In the controt of lead leaching to potable watet The effect of

higher CSMRwas demonstrated in bench-scale experiments using brass coupons and lead

solder—copper pipe joints. with the amount oflead leaching to water increasing by faotors

of 12—2.7 and 23—4OO, respectively. Anion exchange treatment a switch iitiiagulanttype%

and otherseemingty innocuous treatment steps can result in significant chanqes in CSMR.

Practical data collected atthree US utilities confirmed that afterations in CSMR can trigger

serious lead contamination incidents. /
(% a
rAi;J2

ChLoride—to-sulfate
mass ratio and lead

C teaching to water
H=Ei ncreasing evidence indicates that lead and copper corrosion can be

BY MARC EDWARDS AND .. strongly influenced by seemingly innocuous changes in water treatment.

SIMON! TRIANTAEYLLIDOU It has long been matter can

son;etimes ;nse the likjjjhQodofoppe1 prttmg fdwiids et

L_=_ established that in Washington, D.C., a

switch from free chlorine to cMorarnine disinfection caused serious problems

with lead leaching to water from lead pipe, soldei; and brass materials (Lytle &

Schock, 2005; Edwards & Dudi, 2004).
Conceptually, modem corrosion control attempts to reduce leaching from

lead pipe, solder, and brass materials by encouraging Ioi-mation of low-solubil
Ity lead h34xyrl caibonate and phosphte films on the nlumbmg material sur

face(eg., Schock e al,f99 Schock, 1989). Practically it is understood that this
is an oversimplification of reality. Changes to water that alleviate leaching for one

lead-hearing material can worsen leaching in others, and issues such as galvanic

corrosion require specialized understanding suspected to be important in some

instances (Edwards & Triantafyllidou, 2006; Dudi, 2004; Lyde & Schock, 1996;

&-itton & Richards, 1981). Thankfully (and in spite of the gaps in current fun-
damenual understanding), lead leaching in the majority of systems has responded

favorably to stock curessuchasraisingpH,increashigalkalinityjj.e., dissolved

morganicaTb3n),Rr addingoposphate coirosion inhibitors Recently,

howevei the authors encountered some unconventional lead corrosion prob

lems that dId not respond favorably to stock cures, instigating a literature review

of galvanic corrosion and chloride-to-sulfate mass ratio fCSMR) to provide

( potential insights to the problems.
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In the experimental setup for 5% ‘eaded brass, a nongalvanic brass coupon was epoxIed to the bottom of a glass vial Heft) to study

corrosion of brass by itself. A brass coupon was galvanically corrnectsd to a type-M copper tube (right) to study galvanic corrosion

of the brass and capper connectbn

LITERATURE REVIEW
Galvanic corrosion of solder—brass and solder—copper

connections. The literature is not in agreement on the
potential importance of connections between dissimilar
metals as a cause of problems with lead contamination.
As background to the debate, Dudi (2004) assefted that
hi the absence of a connection to coppe; corrosion of
pure lead pipe is a relatively straightforward phenomenon.

r-Tt proceeds with lead oxidation fanodic reaction) and
f .

oxygcn reduction (cathodic reaction) occurring in rela
over

the pipe surface. The 0H

produced via the cathodic
reaction is at least partly
neutralized by the acid pro-
duced via the anodic reac
tion, resulting in a slight
increase or no change in the
pH of water contacting the
lead pipe. Wten leadppjjg

_

connected to djer, the anodic and cathodic reactions are
separated. The lead material becomes anodic and is sac-

I rificed,whereas the cathodic reactions occur over the

‘t suface of the copper. In this situation, lead leaching to
i water could increase because of a higher corrosion rate

and/or a lower pH at the surface of the lead material.

I Because lower pH tends to prevent passive film formation

t on lead surfaces, high galvanic currents could be some-

L__.what self-perpetuating.
It is instructive to examine the studies that investi

gated galvanic corrosion of leaded plumbing materials
hi relation to drinking water contamination. The work of
Rether and Dufresne (2006) and Rether (1991 ) concluded

that galvanic effects are short-lived and of relatively lit-
tie consequence. These studies never took direct mea
surements of lead leaching to drinking water but relied on
electrocheinical measurements that were imperfect pre
dictors of potential lead contamination. Moreover, both
sets of experiments were conducted using Seattle (Wash.)
tap water or Seattle tap water amended with extra sulfate,
which is not representative of the range of US drinking
watet Furthermore, the Reiber work was conducted under
continuous turbulent flow conditions (velocity of 0.25

rn/s in the 1991 study). The constant flow eliminated
buildup of acidic pH values at lead surfaces during stag-
nation, a factor deemed critical to galvanic problems
occurring in practice (as described by Dudi, 2004).

Earlier research suggested that the consequences and
longevity of galvanic corrosion are highly dependent on
many of the factors thought to be important by Dudi
(2004). An English study that examined various synthetic
waters noted the importance of chloride and sulfate 1ev-
CIa (Oliphant, 1983). Chloridesjgui1ated-astack on lead 9
when the lead was galvacal1yconnected to copper, /
Thereas chloride tendedto jitect leaded materials when l
they were not connected to coppe Sulfate, on the other

200? © American WaterWorks Association

\.
..l

C

high chloride-to-sulfate mass ratio attributable

to coagulant change can trigger galvanic corrosion of lead
solder and cause hazardous levels oflead in drinking water
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( , FIGURE 1 Lead release tlog scate) versus time for
galvanic and nongalvanic brass samples when
no inhibitor was added to the water (control
condition)

—.— Nongatvanic PACI
-4- Galvanic, PACI
—— NongatvanJo a[um

c_•_
Galvanic, alum

FIGURE 2 Effect of galvanic connection on lead release
from brass in PACt-treated water versus alnm
treated water when no inhibitor was added to
the water (control condition)

0 — .----- —

PAC (High CSMR) Alum (Low CSMR)

CSMR—ch!arida4o-sulfate mass mt!o, PACI—polyaluminum chloride

The values reported are averaged from weeks if through I I of the
experiment. Errorbars represent 95% confidence intervals.

I hand, was found to inhibit corrosion of leadbearing

I materials both in isolation and in galvanic connections to

I coppet Analysis of the corroded surfaces by scanning

I electron microscopy showed that sulfate had a profound

) effect on the physical form of the corrosion product layer,

t changing it from needlelike crysEals to flat platelets that

, were deemed more protective. Formation of the more

) protective layer required sufficient sulfate to overcome

L the_negative effects of chloride. As with Reiber’s work, the

Ofiphant research neeiiasured lead leaching directly

but based conclusions on galvanic current measurements
under continuous flow conditions.

C$MR Followup studies by Gregory (1985) using the

Oliphant apparatus fof 3 8 real vaters in England rein-

forced the importance of the relative amount of chloride to

sulfate in producing sustained, high-galvanic voltages that

sacrificed lead plumbing when connected to copperS Gregory

developed a concept of CSMR to explain this depen

dency, with a formula and illustrative calculaon for a

water containing 10 mg/L Ch and 20 mgfL SO4 as

shown below:

CSMR =
[Cl-] 10 mgI Cl

{S04—21 %J mg/I S042

In this example, the CSMR is equal to 05. Gregoryver

ified(Ollphant’s previous finding that high chloride re1a-

five to sulfate gal-

vanic cgposionofleadsoldzCoijopper pipeS

Gregory also studied the effect of inhibitors and determined

that zinc (alone or with orthophosphate) was most effective

in reducing the voltage of galvanic connections, whereas
orthophosphate was relatively ineffective in stg this

Eiiuciveto sustained

galvaitic voltages because of an elevated CSMR and other

factors, however, the benefits of zinc were not always ade

quate in reducing corrosivity (Gregory & Gardinei;
Again, no measurements of actual lead leaching to water

were made, and the experiments were conducted under

continuous flow (OO mIAThin).
In a utffity survey during the initial rounds of the US

Environmental Protection Agency (USEPA) Lead and
Copper Rule (LCR), Dodrifi and Edwards (1995) inde

pendently determined that as the relative concentration of
chloride to sulfate increased in a water supply, a utility was

more likely to have a higher 90th-percentile lead con-

centration. In fact, for a subset of utilities studied in

depth, 100 % of utilities (12 out of 12) with CSMRs

belowOS8rnet the lead action limit of 15 pg/L, whereas

only 36% ofiihiities (4 out of 11) with CSMRs above

0.58 were in compliance. The critical CSMR level cited

for adverse effects on lead leaching in the Dodrihl and
Edwards study (0.58) was remarkably shuilar to the level

identified as causing galvanic corrosion of lead (0.5 mg
Ch/n;g SO42) Other fborathi5’ xperiments (Dudi,

2004; HimdI et al, 1994) as well as anecdotal evidence
from specific US utilities (AWWA, 2005; Kelkar et al,

199$) supported the hypothesis that lead release was

affected by higher ratios of Cl to S04_2 (Table 1).
Study objectives. This literature review uncovered sub-

stantial data on the potential importance of the CSMR but
found that well-controlled experimental studies and mech

anistic insights were limited. h order to provide more

insight and overcome some limitations of prior work, the

current study had five objectives:
. conduct well-controlled experiments of several weeks’

duration to rigorously test the longevity of galvanic cor

fosion relative to lead contamination,
. assess the relative effects of chloride and sulfate by

directly measuring lead release into drinking water at dif

ferent CSMRs,
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. evaluate the role of inhibitors in mitigating
lead leaching,

a test the hypothesis of Dudi (2004) regarding
very low pH at the surface of the lead anode as a
potential mechanistic explanation of the galvanic
acceleration in corrosion, and

a conduct field investigations demonstrating die
serious potential public health implications when
elevated CSMRs are present in water.

MATERIALS AND METHODS
To address the first four goals, bench-scale exper

iinents were undertaken for I I weeks. Real waters
originating from the same raw source and treated
with polyaluminurn chloride (MCI) or alum were
compared head to head in terms of lead leaching
from brass (5% lead content) and 50:50 lead—tin
solder. Both leaded materials are present in home
plumbing as well as in die publicly owned distrib
ution system, where they typically are In direct dec
trical co;mecdon to copper pipe.

Materia] content. New brass fixtures, such as
faucets, are considered major contributors to lead
contamination of tap water (Kimbrough, 2001;
Lytle & Schock, 1996; Mariflas et al, 1993). One of
the most common types of brass used in faucets is
C$3600, an alloy with a lead content of 5% by
weight. In this test, small C83600 brass coupons
of 0.64-cm (0.25-in.) diameter and 0.97-cm (0.38-
in.) height were fabricated from brass rods. The
coupons were epoxied to the bottom of a 46-niL
glass vial to study corrosion of brass by itself (see
photo on page 97). This vial was filled halfway with
test water in order to achieve a ratio of brass surface
area to water volume of 1.4 x 102 q in]mL. To
simulate brass galvanically connected to copper,
identical brass coupons were squeezed into a hole
machined into a copper type M pipe coupon of ‘A-
in. nominal diameter and 2.0-in. height. All other
aspects of exposure were the same for this sample.
if anything, the brass galvanically connected to the cop-
per had 14% more surface area exposed to the water
because no epoxy was used on the bottom surface.

Solderwire (50:50 lead—tin) pieces of3.2-mm (0.125-
in.) diameter and 22-mm (0.854-in.) height were epoxied
to the bottom of a 46-niL vial (see photo on page 100),
which was then filled halfway with 25 niL of test waten
To simulate the galvanic connection between copper pipe
and solder at joints, an identical piece of solder wire was
melted onto the inside surface of a copper tube. It is esti
mated that the solder connected to the copper pipe had
approximately 40 % more surface area exposed to the 25
mL of test water compared with solder by itself.

Test water. Test ‘ratei’ was obtained by weekly ship-
ment of raw water from the Greenville (N.C.) Utilities
Coimnission (GUC) treatment plant. Collected water was

FIGURE 3 Lead release (tog scale) versus time for
galvanic and nonaIvanic soldersamples when
no inhibitor was added to the water (control
condition)

FIGURE 4 Effect of galvanic connection on lead release
from solder in PACI-treated water versus alum-
treated water when no inhibitor was added to
the water (control condition

-a

‘,

3ooo

2OOO
-I

1,000

PACI tHih CSMR) Alum (Low CSMR)

CSMR—chloricTh4o-sulfate mass ratio, PAcI—polyaluminum chiorida

The values reported are averaged from weeks 6 through 1 1 of the

experiment. Errorbars represent 95% confidence intervals,

separated and subjected to two simulated treatments.
Treatment involved coagulation with either PACI or alum,
ozonation, filtration, fluoride addition, chloramination,
and final pH adjustment. The pH for both treatments was
adjusted to pH 7. 7 ± 0.1 . The two waters were identical,
except that one had been treated with PACt and the other
had been treated with alum (see illustration on page 107).
BecausePACladdschloxjdetothe water, it increases the
iatio of chiondeto sulfate,
thereby dereasingtheratio. The two CSMR values
obtained in the lab were identical to those obtained for fin-
ished GUC water (GUC currently uses alum coagulation
but in the past used PAC1 coagulatioi;). The two CSMR
ranges are reported later in the case study section.

With the exception of ozone, which was produced on

site, all chemicals were provided by the Greenville treat-

(

-*- Nongalvanic, PACI
100,000, —a— calvanio, PACI

I —.— Nongalvanlc, alum
Galvanic, alum

I
“1 1•y

Time—weeks

PACI—polyaluminum chloride

5,000 lij Galvanic solder
= Nongalvanic solder

4,000 I
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ment plant, Doses, timing of addition, and duration of
treatments were selected to simulate (to the extent possible
at bench scale) the full-scale treatment pfactice Tests of
finished water ultraviolet absorbance at 254 mm (UV254)
at bench scale compared favorably with those at full scale,
providing some reassurance that the simulated treatment
was similar to that at full scale. Slightly more UV,54 was
removed by alum coagulation because of the lower coag
ulation pH inherent for that chemical, relative to PACI.

Each water was subjected to four levels of corrosion
control: (1) no inhibitor, (2) ordiophosphate dosed at 1.0
mgfL as P (current Greenville treatment), (3) orthophos
phate dosed at 1.0 mg/L as P and zinc dosed at 0.5 mgfL

as Zn2, and (4) zinc dosed at 0.5 mgfL as Zn2.
NHmber, protocol. and frequency of tests conducted. In

smmnary, two leaded materials (solder and brass) under

two connections to copper (galvanic versus nongalvanic
connection) were exposed to two water conditions (PA1 ver
sos alum treatment) under four inhibitor options. Each test
was performed in triplicate (2 x 2 x 2 x 4 x 3) for a total of
96 tests (inside 96 glass vials) conducted overall. All glass vials
were kept at room temperature and out of light throughout
the testing period.

Exposure of the plmnbing materials to water was via a
static “fill-and-dump” protocol three times per week (Mon
day/Wednesday/Friday). The water from each test condi
don was collected throughout the week, and the unfiltered
composite was analyzed for metals. Metals analysis was
performed via inductively coupled plasma mass spec-
trometiy. In addition to metals analysis, pH measurements
were taken for water near the brass and copper surfaces
using a flat membrane pH rnicroelectrode.1

TABLE 1 Kewater quality parameters, CSMR, and LCR teed monitoring (where applicable) for selected case studies
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In the experimenta’ setup for 50:50 lead—tin sotder( a nongalvanic solder coupon was epoxled to the bottom of a glass vial (left) to studV

corrosion of the solder by itself. A solder coupon was galvanically connected to a type-M copper tube (right) to study galvanic corrosion

of the solder and copper connection.

90th-Percentile
CSMR Range Lead l3efore/
Before/After After Coagulant

Water Alkalinity Corrosion Coagulant Change

Study pH mg/L as CaCO lnhibitot Change Refetence

Bay City Mich.* 9.1—9.3 30—40 Data not awilable 1.0—2010.4—0.6 > 15/c 15 [<elkar et aI 1998

Columbus City Ohio 7.7—7.9 30—45 Zinc orthophosphate O82—I5o]O.29—O.49 33/3 AWWA, 2005

Virginia Tech study 8.5 38.6 One condition with 079 versus 19.8 NA Dud!, 2004

orthophosphate, in experiments
all others with
no inhibitor

University of Colorado 7.2 Two conditions: No inhibitor Varied from 0.02 NA Himdi et al, 1994

study 45 and 90 to 0.2 in experiments

CaCO3—calcium carbonate, csrtR—cffloride-to-srifate mass ratio NA—not applicable, LCR—Lead and Copper Rule

*pislied water quality parameters Ion Bay City rellecrpa.cr conditions, at the time of hIgh CSMR.
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RESULTS AND DISCUSSION

‘. Role of galvanic conilection and exposure time. A corn-
pIison of lead release from samples with and without a
connection to copper pipe provides direct insight into
galvanic effects. For brass, the enhancerneilt to lead leach-
irag resulting from the galvanic connection was 52% in
the water with high CSMR only during the first week of
testing. Surpnsrngiy, under all other conditions and times,
the galvanic connection reduced lead leaching from the
brass (Figure 1). Brass Is close to copper in the electro
chemical series, and, in exceptional circumstances, brass
can even be cathodic to copper, in which case the galvanic
connection reduces lead leaching both in theory and
practice (Tuiantafyllidou, 2006; Dudi, 2004). This might
have been the case here, because the galvanic connec
tion between brass and copper reduced lead leaching by
a factor of 4 at high CSMR and by a factor of 7 at low
CSMR, for average data from weelcs 5—1 1 of the exper
iment (Figure 2). It is also possible that the higher mon
itofed levels of copper in the water with the galvanic
connection to copper pipe somehow acted to reduce lead
leaching froni the proximate brass (copper, zinc, lead)
alloy. After the first week of exposure, lead release from
brass dropped markedly (by a factor of 3—8) in both the
presence (galvanic) and absence of copper pipe (nongal
vanic connection). Howeve;; the drop was more pro-
nounced in the presence of copper pipe (Figure 1).

C In the case of solder alone, the galvanic connection
increased lead leaching by 6 times (low CSMR) to 16
times (high CSMR) over the duration of the study (Figures
3 and 4). The greatest enhancement to leaching from the
connection to copper (66 times) occurred during week I
and for the high CSMR TateJ with 14,400 igtL lead
released in the galvanic connections versus 220 pgfL in
solder alone Indeed, the water exposed to the solder gal-
vanically connected to copper became very turbid, whereas
turbidity was not visually observed for solder alone (see the
photo on page 1O6) By week 2, the galvanic ethancement

was 27 times for the high CSMR condition (low sulfate)
and only 4 times for the low CSMR (high sulfate). This was
consistent with the observation of others (Gregory, 1985;
Oliphant, 1983) that waters with high sulfate passivate gal-
vanic attack for lea& It may also explain the rapid passi
vation that was observed in a previous study (Reibe;
1991) because extra sulfate was added to that watea In the
current study, however, the galvanic effect was nrnch more
sustained in the water with high CSMR; the lowest
observed enhancement to lead leaching was 14 times dur
itig weeks 5 and 9 of the experiment.

Effect of CSMH and inhibitors on lead IeacWng from sot-

II der galvanically connected to copper. In order to dIrectly

yr compnre the relative effect of higher CSMR for each test

water,
a lead-leaching ratio, was calculated. R(pt)

defined as the amount of lead released in PAd
k) treated water (high CSMR), divided by the amount of

lead released in alum-treated water (low CSMR):

I 2,000

-J
1,000

Pb release1, PACI water
?b) Pb release1 water

From this perspective, PAC1-treated water typically
increased lend leaching by 1.5 to 3 times, relative to alum-
treated water for the case with no inhibitor.

When orthophosphate was added to the water, how-
eve; a much more dramatic difference of approximately
40 times (on average) was noted for the duration of the
study (Figure 5). For instance, with orthophosphate, dur
ing week I of the experiment, more than 1 9,000 pg/L
lead was released in the PACI-treated waren Use of the
same inhibitor In alum-treated water released only 490
jig/L lead. By week 7, solder released just 11 ig/L in the
alum-treated watei whereas it released 460 pg/L lead in
the PAC1-treated water.

In general, the inhibitors were ineffective in coun
tering the adverse effects of higher CSMR in PAd

FIGURE 5 Lead Ieachin ratio versus experimental time
for galvanic solder

!
Time—weeks

P04—phosphate, Zn—zinc

FIGURE 6 Lead release versus corrosion control
treatment for galvanic solder in PACI-treated
water and alum-treated water averaged from
weeks 5to 9 ofthe experiment

4,000

3,000

No Inhibitor pa4 P04+Zn Zn

CSMR—chloride-to-sulfate mass ratio, PACI—polyahiminum chtoride,

P04—phcsphate, Zn—zinc

Error bars denote 95% confidence interva1s

(2)
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FIGURE 7 Lead refease versus corrosion control
treatmontfot galvanic brass in PACI-treated
water and alum-treated water, averaged from
weeks 5 to 9 of the experiment

20 PACt (high CSMR)
rJ Alum (low CSMR)

CSMR—chloride4o-sulfate mass ratio, PACI—palyatuminum

chiajide, P04—phasphate, Zn—zInc

rrar bars denote 95% canfidance interuafs

treated watet The exception was the condition with
zinc orchophosphate. for which alum-treated water had
higher lead leaching in 5 out of I 1 weeks of testing

(R(pb) <1 in Figure 5).
Indeed, in weeks S through 9, the higher CSMR dId not

increase average lead leaching when zinc orthophosphate

was used (Figure 6). Among the inhibitors tested,
orthophosphate alone was most effective in reducing the
concentration of lead Ieache4, regardless of CSMR (Fig
ure 6). Zinc orthophosphate was the second most effec

i five corrosion inhibitor, whereas zinc alone was the least

eiye corrosion inhibitor.
L_-- These findings were not consistent with expectations

based on prior work (Gregory & Gardiner, 1985;

Oliphaiit, 1983), which measured galvanic corrosion but

did not measure lead leaching. These previous studies
found orthophosphate ineffective and zinc effective in
reducing galvanic current/voltage. This may reinforce the
importance of directly measuring lead leaching to waten

Future research should consider this potential discrep
ancy in greater detail.

Effect of CSMR and inhibitors on lead leachinj from brass

gaIvanicall connected to coppei hi a comparison of PACI
and alum treatments for both the no-inhibitor and

orthophosphate cases, PACI-treated water was generally
more aggressive toward lead release by approximately
50% in the long term (Figure 7). When Zn was the
inhibitor. the exact opposite effect was observed, i.e., the

water treated with alum proved to be more corrosive, as
evidenced by an average of 50% more lead hi the water vet-
sirs PACI treatment. For the case of zinc orthophosphate,

no difference between PACI and alum treatments was

observed (Figure 7). Even though these trends were
observed for the case of lead leaching from galvanic brass
in PAC1 and alum treatments, they were not significant at
95% confidence (error bars plotted, Figure 7).

jXEiparison of the different corrosion inhibitors

I (regardless of coagulation chemical) indicates that addi

I
Lion of zinc orthophosphate was the niost effective lend
corrosion control strategy for brass connected to coppen
Addition of orthophosphate alone was the second most
effective condition, whereas addItion of zinc alone was the

least effective. The control condition without inhibito

was the most aggressive (Figure 7).
Mechanistic insights va pH microelectrode measure-

ments. Measurement of pH provided mechanistic insight

into the observed trends. All pH measurements were
taken after 48 h of exposure to the test waters during
week 1 1 . Measurements of pH were taken near the sur

face of brass and solder (witithi 1
mm of the surface), near the sur
face of the copper tube in the gal-
vanic samples, and in the bulk
water for all conditions.

For brass, the galvanic connec
tion reduced or had no effect on
lead leaching for all the waters
tested. Not surprisingly, measure-
ments of brass and copper surface
pH showed little difference. Most
differences were not significant at
95% confidence, and the largest
difference was only 0.3 pH unIts
(Figure 8). In addition, for the one
type of brass tested in this study
(C83600, lead content of 5% ), lit-
tie difference was observed hi the
pH on the surface of brass with
and without a galvanic connection
to copper (Figure 8). In general,
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FIGURE 8 Local pH measurements after 48 h of exposure for the 5% leaded
brass samples galvanically connected to copper pipe

9.0 D Brass surface
Eli Copper surface

8.0 _ , _ Nongalvanic
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Enhibitor

P04 •PO4+Zn Zn

PACE

No
Inhibitor

P04 P04+Zn Zn

Alum

PACI—polyaluminum chloride, P04—phasphafe, Zn—zinc

Errorbars denote 95% confidence intervals. The red line represents the average pH for the

nongalvanic brass samples after 48 Ia of expazure.
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measurements of pH at the sur
face of the brass detected lower
pH than at the surface of coppei
which tended to support the fact
that the brass was slightly anodIc
to copper at this point of the
experiment.

In the case of solder, dramatic
differences were apparent, consis
tent with the hypothesis of Dudi
(2OO4) In every case, tile pH near
the surface of the solder anode was
Iowei- than that near die surface of
the copper cathode at >95% con-
fidence (figure 9) From an initial
bulk water pH of 7.6—78, the pH
near the surface of the solder with-
out copper present dropped to &1,
whereas the pH near the solder
surface in galvanic samples
dropped to as low as 14 for PACI
treatment (zinc inhibitor) and as
low as 4.4 for alum treatment (zinc
orthophosphate inhibitor) (Figure
10). These lower pH values would
markedly decrease galvanic passi
vation and enhance lead leaching.

Aside from the contribution of
drop in pH to lead leaching, other
factors obviously are involved
because the trend in pH, e.g., low-
est for all inhibitors tested and
highest for no inhibitot in the case
of alum (Figure 10), was incon
sistent with the trend expected on
the basis of lead leaching These
other factors probably include (1)
the type of solids formed at the
anode and cathode, (2) differen
tial formation of soluble lead C1
complexes at tile anode, and (3)
the magnitude of the galvanic cur-
rent between the anode and cath
ode. In any case, the preliminary pH measurements

reinforced the key role of pH reduction near the anode
and suggest that further investigation of this phenom
enon is warranted.

REAL-WORLD IMPLICATIONS AND CASE STUDIES
The knowledge and hisights derived from the literature

review and the experimental results were applied to cases

of lead spiking in US drinking water. In all of these
instailces, chailges in water treatment causing the lead

spikes had resulted in a higher CSMR
Stafford, Va. The county of Stafford has two water

treatment facilities that have successfully used phosphate

corrosion inhibitors since 1984. All homes in the utilities’
monitoring program under the LCR were built with lead
solder. The 90th-percentile lead was below the detection
limit of 2 pg/L in LCR monitoring in 1998 and 2000,
allowing the utilities to easily meet the 1 SjigfL action
leveL The highest first-draw sample collected in 1998
was 4 jiglL, and every sample collected in 2000 was below
the detection limit for lead

To comply with new disinfection by-product (DBP)
regulations, the utilities instituted treatment changes.
Specifically, in April 2003, one of the treatment plants
switched from alum to ferric chloride coagulant; the other
plant continued to use a1um Both treatment plants

( FIGURE 9 Local pH measurements after48 h ofexposureforthe solder
samples galvanically connected to copper pipe

i::i Solder surface

Ii LiLL
P04 P04+ Zn

Alum

P04 P04÷ Zn ZnNo No
Inhibitor Inhibitor

Zn

PACt

PACI—polyalurninum chloride, P04—phasphate, Zn—zinc

Errorbars denote 95% confidence Intervals. The red line reprezants the pH of water close

to the soldersurfaca ofthe nongalvanic sample after4e li ofexposure

FIGURE 10 Local pH measurements close to the surface of solder galvanicallV
connected to copper

Na inhibitor ZnP04 P04÷ Zn

CSMR—chloride-fo-sulfate mass ratio, PACI—polyafuminum chloride, P04—phosphate,

Zn—zinc

Measurements were taken after 48 h of exposure to PACI-treated and alum-treated waters.

Error bars denote 95% confidence intervals. The red line represents the average pH of water

close to The solder surface of the nongalvanic samples after 46 h ofexposure.

I
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changed from free chlorine to chiorarnine in February
2004. For LCR monitoring conducted in the summer of
2003, 38% of samples (12 of 32) contained detectable
lead, 90th-percentile lead was 40 pg/L, and lead concert-

trations in 16% of samples were >15 igfL, thereby exceed-
ing the LCR action level. The highest first-draw lead was

68 ig,t. All of the samples with detectable lead came

from the part of the distribution system served by water
from the treatment plant that had switched from alum to

ferric chloride.
The utility increased its orthophosphate inhibitor dose.

Even so, hi summer 2004, 46% of samples had detectable
lead, and 90th-percentile lead was 54 rg/L, significantly

above the 15-pg/L action level. At that point the highest
sample in tire LCR monitoring pool contained 441 j.ig/L

lead. As before, all samples with detectable lead were
from parts of the distribution system served by water
treated with the ferric chloride coagu1ant

The seemingly innocuous change in coagulant type
clearly triggered a lead probiem in part of the distribution

system. The coagulant shift from alum (aluminum sul

fate) to ferric chloride decreased the sulfate concentra

non of finished water from approximately 30 to 8 mg/L

and increased the chloride concentration from 10 to 38
mg/h. More specifically, the CSMR of the water supply

was 0.29—0.38 in 2001—02 with alum and rose to 435 in
2003 with ferric chloride, an increase of 12S times. In

other words, when alum was used, the CSMR was well
below tire threshold of 058

reported by DodriII and
Edwards (1995) to be rela
tively nonaggressive to lead
leaching; following the util
ity’s conversion to ferric
chloride, the CSMR was far
above the threshold. Analy
515 of the problem strongly

. suggested that the increase

- — —.
in CSMR had triggered the
lead problem.

A change in coagulant from ferric chloride to ferric sul

fate was recommended in order to reduce the CSMR in the

water while inamntaining a high-level removal of DBP pre

cursor material (Edwards, 2004). The recommended change

was made in August 2004, and test samples collected that

October found lead atlevels below the detection limit at all

but two sites hi the distribution system. One sample with
detectable lead of 1 1 yg/L came from a tap that had pro-

duced water with lead concentrations of 441 and 71 8 jig/L

when ferric chloride was used. When LCR testing was

conducted in December 2004, the 90th-percentile lead

dropped to 11 jig/L, and Stafford was again under the

action level. More significantly, every sampled home that

had first-draw lead levels >10 pg/L before the change from

ferric chloride to ferric sulfate had lower lead after the fer

nc sulfate treatment was instituted (Figure 11). The 90th-
percentile lead dropped to 3 pgfL

— by tire first half of 2005.

Durham, N.C. Tire city of
Durham is supplied with potable
‘ater from two facilities: the
Brown Water Treatment Plant
(WTP) and the Williams WIP.
On the basis of USEPA LCR
monitoring, Durham would be
classified as a city without a lead
corrosion problem, as evidenced
by a 90th-percentile lead level of
<3 pg/L in 2004. However, an
environmental assessment in the
apartment of a child diagnosed
TLd1 lead poisoning found 837
pg/L lead in a I00-mL water sam-
pie (Biesecker, 2006; Clabby,
2006; Gronberg, 2006). High 1ev-
dr oflead were detected through-
out the apartment complex and
in other nearby buildings. Sped

L F
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hioride stimulated attack on lead when the lead

was galvanically connected to copper, whereas chloride

tended to protect leaded materials when they were not

connected to copper.

C

FIGURE 1 1 First-draw toad sampflng under the LCR in Stafford County, Va., for

different coagulants used in treatment

1,000 ci Mum (low CSMR)
TE FerrIc chloride (high CSMR)
D Ferric sulfate Iow CSMR)

I 100
•0
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LOR action level

-%.--- n
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H t

. £ JTJfT;1LJ
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Sampling Locaticn

CSMR—ch!orIde-to-sulfate mass ratio LCR—Lead and Copper Rule

Lead measurements far alum-treated water and for all IocatIos are actually below the

2-pg/I. detection limIt reported on this figure.
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icall3 water from 13 of 51 apartments in the complex and
I 1 of 19 locations within a hall-mile radius of that location
had lead concentrations above the action level.

A specialized sampling protocol was used duiing a sire
visit to the apartment building and other nearby build-
ings, and water samples collected during the site visit
showed a high CSMR of 5=0. That work demonstrated
that lead solder particles trapped in the aerator were a
key source of lead (as was the case for Greenville, dis
cussed in detail subsequently). Depending on how sam-
ples are collected (eg., flow rate, with or without the
faucet aerator), potentially serious lead problems could
be missed (Triantafyllidou, 2006).

In 2002, the Brown WTP, which supplied water to the
apartment complex, had changed its coagulant chemical
from alum to ferric chloride This new treatment practice
increased the chloride level of finished water from 9 8
mg/L in 2000 to 35.6 mg/L in 2005
while simultaneously decreasing
the sulfate level from 22 mg/L in
2000 to S mg/L in 2005W The
resulting CSMR of finished water
was increased 16 times (from 044
before the switch to as ifigli as ZI
after the change) and exceeded the
threshold level identified by Dodrill
and Edwards (1995) and Oliphant
(1983) necessary to trigger galvanic
corrosion of solder. In addition to
the change in coagulant, chlor
amines had been introduced as a
secondary disinfectant in 2002.

The site visit confirmed that all
other aspects of water corrosivity,
including pH and orduophosphate
dose, were in an acceptable range.
Although earlier samples collected
by the health department indicated
pH < 7.0, these low pH values
were not confirmed on the day die
site visit was conducted. At least
some nitrification was occurring
iii the pipes, as indicated by nitrite
> 0.02 mg/L and a positive test for
culturable nitrifiers. Although
there was legithnate debate about
die extent of the lead problem in
the city and the effectiveness of the
utility sampling protocol in detect-
lug it, the Brown WTP switched
from ferric chloride back to alum
in July 2006 (Clabby, 2006).
Durham’s monitoring data mdi-
cated that lead levels in some
affected homes decreased
markedly within a few months,

and by early 2007 only I of 157 samples collected weic
over the USEPA action limit (Baker, 2007).

Greenville, NC. The city of Greenville receives its potable
water from the single treatment plant operated by the

GUC. Sampling under the LCR from 1992 to 2001 showed
that the plant was easily meeting the lead action limit

throughout tins period (Figure 12) However, sampling in

2004 indicated a problem with lead leaching, which was
reinforced by two cases of elevated lead blood levels atnib

uted to lead from potable water (Landers, 2006; Allegood,

2005; Renner, R., 2005; Norman et al, 2005). When tap
water from an affected individual’s faucet was tested, lead

was measured as high as 400 gg/L (although lead was

more commonly detected from this faucet at levels of 40—60
pg/L). Greenville’s main distribution system does not include

lead pipes; therefore, the key sources of lead in the water

were leaded solder and leaded brass.

Year

(

t

FIGURE f2 Greenville, NC.. compliance historywIth the LCR action level
for lead
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1:iori, could have contributed to the change in the water’s
aggressiveness to lead. The utility began using chloramines
rather than free chlorIne as a secondary disinfectant in
December 2002 in order to comply with USEPA regula
tions regarding DBP formation. At the same time (and
because of the introduction of chioramines), finished water

pH was increased from about 7.2 to Z7 in order to opti
mize monocMoramIne formation. In August 2003, the
utility instituted another treatment change and switched
from chlorine to ozone as its primary disinfectant.
Throughout these shifts in disinfection treatment, the plant
continued to follow optimal corrosion control (as required
under the LCR) using a polyphosphate/phospliate blend.
After exceeding the LCR action level for lead in August
2004, the GUC started dosing an orthophosphate corrosion

For th no-corrosk,n-fnhthitor

GGndftion, water treated With

polyaluminum chloride (PACT)

showed turbidTty after exposure

to galvanic solder during week

I of the expertrnent (left),

in contrast to the clear condition

of PACE-treated water after

exposure to solder alone (right).

inhibitor to try to mitigate the
lead corrosion problems

In January 2001, the facil
ity had made another change
and switched its coagulant
from alum (aluminum sulfate)

to PAd as a means of achieving better femoval of nit-

bidity and organic matten The new treatment triggered an
increase in the CSMR of finished water leaving the treat-
meat plant, as demonstrated by historical data (Figure
13). After the coagulant switch, the CSMR increased to
well above the threshold of 058 cited in the Dodrill and
Edwards study; for the year 2000 (just before the change),
the CSMR averaged 0.50 but increased by a factor of 9
to 45O during the year 2003 (Figure 13).

After considering recommendations from the bench-
scale experiments reported earlier in this article, the udi
ily returned to using alum as its coagulation chemical in
April 2006. This change dropped the CSMR. to O55 (Fig
ure 13) and reduced the 90th-percentile lead level to 18
jig/L (a 38% reduction) during the first half of 2006 (Fig-
ire 12). The next LCR sampling, conducted during the
second half of 2006, showed further reduction in the
90th-percentile lead concentration to 8 jig/L, below the
action level (Figure 12).

CASE STUDY FINDtNGS AND LARGER LESSONS
LEARNED

A high CSMR attributable to coagulant change can
trigger galvanic corrosion of lead solder and cause haz

2507 © American Water Works Association

For the year 2004, about 22% of LCR samples con-
tamed lead above the action level. This percentage
increased to 27% for the year 2005. The 90th-percentile
lead concentration was relatively constant at 28—30 ogI
in 2004 and 2005.

Like many other utilities across the United States, the
GUC made a series of changes in its treatment process in
order to better comply with stringent federal regulations.
Theoretically, any of these changes, alone or in combina

(

hankfully (and in spite of the gaps in current fundamental

understanding), lead leaching in the majority ofsystenis has responded

favorably to stock cures such as raising pH, increasing alkalinity (i.e.,

dissolved inorganic carbon), or adding orthophosphate corrosion inhibitors.
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ardous levels of lead in drinking
waten Li many cases, galvanic cor
rosion of lead often passivates
quickly and is oflitde consequence
(Reiber & Dufresne, 2006), but this
is not always the outcome. The
work described here demonstrated
that specific changes in water theni
istry can cause hazardous lead
leaching from galvanic lead—copper
connections, even in systenis that
had been passivated for decades at
utilities practicing optimal corro
sion control.

In light of earlier work by the
authors and others in Washington,
D.C. (e.g., Lyde & Schock, 2005;
Edwards & Dudi, 2004), it is clear
that dangers of lead leaching from
plumbing to Tater do not invari
ably decrease with time but can
reemerge almost overnight if cer
tam aggressive conditions occur For
CSMR, future research might
demonstrate that the hazardous effects on lead leaching
occur only in waters below approximately SO mg/L alka
unity as calcium carbonate (Table 2) or that have other as
yet unspecified preconditions.

It is troubling that in some North Carolina cases, the
lead hazards from water were not detected by utilities but
by health officials investigating cases of children with
elevated levels of lead in their blood North Carolina is
one of the few health departments to implement conunon
sense testing of water when investigating cases of ele
vated blood lead in children, in marked contrast to the
Centers for Disease Control and Prevention (CDC) poll-
des that do not recommend testing of lead in potable
water if the utility is meeting the LCR (Edwards & Dudi,
2004). Testing of water as a possible cause of elevated
blood lead is lint always straightforward; in this research,
for example, wont for the case studies sometimes found
no lead problem at the kitchen tap, yet high lead levels

(> 1000 gg/L) were detected at a bathroom tap also
used for drinking.

Although all of the case studies described in this arti
cle cIte changes in cSMRthatrsulted from switching
the coagulant chemical, recert evidence taggeststhat
problems with CSMR ae not limited to these sit’à

tioIi. For example, anion exchange for arsenic removal
replhces sulfate in the water with chloride. In a recent -

case tn Maine, a small apartment complexstarted to
use anion exchange for arsenic treatment and soon expe
rienced first-draw lead values in the hundreds and thou-
sands of micrograms per litre (Bolduc, 2006). The build-
lug had not experienced any problems with first-draw
lead compliance before the anion exchange treatment
was introduced Serious health problems were avoided,
in large part because of the vigilance oflocal health offi
dais and regulators (Smith, 2007) but also because of the
fortunate happenstance that routine LCR monitoring

TABLE 2 Summary of key water quality parameters, CSMR, and LOR lead monitoring for the three US utilities examined

n depth in this study

C$MR Ringe 90th-Percentile

Finished Before/After lead Before/After

Water Alkalinity Corrosion Coagulant Coagulant Change

Utility pH rng/L as CaCO Inhibitor Change pg/i.

Stafford, Va. 7.8 20 Orthophosphate 0.29—038/4.75 BDL/40—54

Durham, NC. 7.1—2.2 17—34 Orthophosphate 044/7. 1 < 3 aftei but cases of
‘ead poisoning occurred

Greenville, NC. 7.5—SO 12—35 Orthophosphate 0.50/142—450 < 10/28—30

BDL—below detection limit caco,—cak-iuin carbonate CSMR—cthloiide-to-sulfate mass ratio, LCR—tead and Copper Rule

2007 © American Water Works Association
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t

PAd
(14.3 mg/L)

Coagulation,

c::E:D
sedimentation

— Atum

Raw water
(28 mg/L)

Coagulation,
sedimentation

( mg/L)
NH,CI (3.4—3.7 mg/I. as dl,)

pH adjustment (7.6—7.8)

Ozonation Filtration
(1 .5 mgJL) Glass-fiber fliter — —

PACt-treated finished water
(high CSMR)

H,SiF (1 .0 mgIL)
NH2dI (3.4—3.7 mg/L as Cl2)

pH adluotment (1.6—7.8)

Ozonation Filtration
(1 .5 mgIL) Glass-fiber filter

Alum-treated finished water
(low dSMR)

In the experimental setup for water treatment performed in the lab, half ofthe raw water was

treated with polyaluminum chloride IPACII as the coagulant, and the remainder was treated with

a]um, resulting in two finished waters with different chloride-to-sulfate mass ratios ICSMRsL

Other treatment included osonation, filtration,fiuoride addition (H2SiF), chbramination {NK2CI),

and final pH adjustment to a range of 7.6 to 78.
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(scheduled a month after anion exchange treatment was
introduced) detected a serious problem. Even though
exposure to hazardous levels of lead occurred for oniy
a short duration, the residents’ blood lead concentra
tions were affected and in one case exceeded CDC 1ev-
els of concern (Bolduc, 2OO6) The authors’ analysis of
samples from the apartments proved that much of the
lead was associated with tin-containing particles, con-
sisteut with the previous utility case studies and gal-
vanic corrosion of lead—tin solden It is clear that the
Maine case was influenced by other water chemistry
problems associated with this particular anion exchange

treatment, including lower pH and lower alkalinity
attributable to frequent regeneration. It is also clear that
numerous anion exchange treatments for arsenic have
been installed in the United States without triggering
serious lead problems. Nevertheless, this incident rein-

forces the need for caution whenever significant changes
in water treatment and CSMR are made.

CONCLUSIONS
A series of well-controlled experiments lasting 11

weeks yielded several significant findings.
. Waters with high CSMR were consistently more

aggressive in increasing lead leaching from solder gal-
vanically connected to copper. Although orthophosphate
reduced the extent of lead leaching, the adverse effects of
higher CSMR were dramatIc (e.g., 40 dines higher lead)

even when phosphates were present. Zinc prthophos

phate countered the adverse effects of higher CSMR,

whereazi alone had little effect.
I Waters with higher CSMR resulted in increased lead

leaching from brass. Dosing of phosphate did not mitigate
the adverse effects of higher CSMR for lead leaching from
brass, whereaszincortphçpIjgte or zinc alone did.

. Regar&essof the CSMR, thophosphate was the most

effective treaümientin the case of solder galvanically connected

to copper pipe, and zinc orthophosphate was most effective

in the case of brass galvanically connected to copper.
. The galvanic connection of solder to copper markedly

increased lead release to the water under all conditions
tested for a period of almost three months in the lab. The

pH close to the solder surface dropped significantly from
the neutral range to as low as 3.4 for the high CSMR water

and 4.4 for the low CSMR water. This finding underscores

the importance of the pH drop at the anode in sustaining
galvanic corrosion and increasing lead leaching, although

other factors may be involved as well.
. The galvanic connection of brass to copper markedly

decreased lead leaching over the long term for the one
type of brass tested. The extent of the pH drop at the

surface of brass (connected to copper) was relatively low
Analysis of the extensive case studies led to the fol

lowing observations:
a A switch from sulfate-concerning coagulants to those

containIng chloride can increase CSMR, which in turn
can create a lead hazard in water. Problems can arise even
in systems in which solder has been passivated over a
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period of decades with orthophosphate inhibitot Pre
Iin:iinary data and theory suggest that lead leaching is
most sensitive to coagulant type in treating waters with
relatively iow C1 and S042, because potential shifts in
CSMR are more significant in these situations. Lower
alkalinity might also be an important factor, because a low
buffering capacity is expected to increase the magnitude
of the pH drop at the lead anode.

. The negative effects of changing CSMR are trig-
gered not only by coagulant selection but also by other
water treatment practices, such as anion exchange for
arsenic removal.

. The effects of the CSMR on lead release into drink-
iiag water are currently underappreciated and understud
led. The work presented here constitutes a first step ii; fill-
ing some of these research gaps. Additional work is needed
to detennine factors in water that might ameliorate adverse
effects of higher CSMR, such as alkalinity and natural
organic matteL
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T
here has been much in the news about the water crisis that began

in 2014 in Flint, MICh., and the length of time it took for govern-

ment officials to reaCt. The elevated levels of lead found in the

drinking water of residences in Flint have had a profound effect

-

on the level of trust within the COIUmUIUt3T Slid the state, the

economy of the region, and the health andwell-being of the residents of Flint

and the surrounding communities. As Eric R: Rothstein so aptly stated, “Flint

matters because the water utility industry can do betteL The crisis, tragic in so

many respects, also presents an opportunity for lasting benefit—benefit from

recognizing that we are Flint” (Rothstein 2016). We have investigated the

chemistry and engineering bel;indwhat happened to Flints water, why it was

corrosive, and the extent to which the system appears to be recovering. This

analysis is based on an extensive review of the monthly operating reports

(MOPs) and other reported documents from the water treatment facifities, and

from personal communications withplant operatois and managers.
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Fhnt Water Crisis
What Happened and Why?
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HISTORICAL PERSPECTIVE
The first water distribution system

in Flint was privately owned and
incorporated as the Flint Water

Works Company in 1883 (Dunbar

& May 1995). On July 8, 1897, the

City of Flint passed an ordinance
requiring lead pipes: “a1l connections

- with any water mains shall be made

with lead pipe” (Anon. 1897)
The City of Flint purchased the

Flint Water Company in 1912 By
1930, Flint River water was being
treated using alum coagulation
before sand filtration, with the plant

rated at 28 mgd (Hàrdin 1932).

Construction on a new treatment

plant for the City of Flint began in

1952 and was completed in 1954. At

that point, treatment of the flint

River included prechiorination,

coagulation with alum, lime—soda

ash softening, recarbonation, filtra
S

tion, the addition of polyphosphate

for corrosion control, and postcMo

rination. Taste-and-odor-causIng

compounds were removed using
activated carbon, along with the
addition of ammonia and sodium

chlorite. The plant was rated at a

capacity of 59 mgd, with a maxi

mum overload capacity of 86 mgd.

The 50th percentile pH, color, and

turbidity of the finished (tap) water

were 10.3, 2, and 0.1 ppm (silica

scale; approximately equivalent to

0.02 Jtu), respectively. The total and

noncarbonate hardness were 86 and

49 mgfL as CaCO3 (calcium carbon-
ate), respectively (Wiitala 1963).

In 1967, Flint began purchasing

wholesale treated water from the

DetoitWater•and Sewage Depamnent
(DWSD). While the water quality of

the Flint River was poor as a result

ofimreguiated discharges by indus

tries and municipalities (Leonardi

& Gruhn 2001), the principal rea

son for the switch was to ensure a

sufficient quantity of water for the

growing population (Carmody

2016). After 1967, the Flint Water

Service Center (FWSC) was main-

tamed as a backup water treatment

facility, treating Flint River water

two to four times a year for periods

of only a few days. The National
Pollutant Discharge Elimination

System permit allows the treated
water to be discharged back into the
Flint River. In 2012, the Board of
Water Commissioners for the City
of Detroit approved a resolution
that would allow the DWSD director
to enter into contractual arrangement

community water source.

to allow blending of treated Flint

River water with that purchased

from DWSD as a cost-saving men-
sure (City of Detroit 2012). While

DWSD and the City of Flint nevei

entered into a contractual agree-

ment, it is unclear whether blend-
ing Of these two different waters
actually occurred.

With the goal ofreducing the costs
for treated water (Felton 2016), Flint
officials decided in 2013 to join the
newly formed Karegnondi Water
Authority (KWA), which was con-
stmcthig its own pipelne to transmit

raw water from Lake Huron. In the
interim, the City of Flint had the

option to continue to purchase

treated water from DWSD (whose
source was Lalce Huron) or treat Flint
River water at its own facffity After

failing to come to an agreement on a
short-term contract with DWSD, Flint
decided to use water from the Flint
River and treat it at the FWSC.

. Many warnings and concerns were
voiced regarding the use of the Flint
River as a comniunity water soarce

For example, Brian Larkin, then asso
ciate director of the (Michigan)

Governor’s Office of Urban and

Metropolitan Initiatives, foretold the
crisis in a Mar 14, 2014, e-mail mes

sage to several others in tie gover-.
nor’s office: “The expedited time-

frame is less than ideal and could lead

to some big potential disasters down
the road.” Mike Glasgow laboratory
and water quality supervisor at the

plant, warned in an Apr. 25, 2014,

e-mail to the State . of Michigan

Department ofEnvironrnental Quality

(MDEQ), I do not anticipate giving
the OK to begin sending water out
anytime soon. if water is distributed
from this plant in the next couple,
weeks it will b againir my direction.”

. Despite concerns, the FWSC switched

from purchasing and distributing

water from’DWSD to treating water
at its facility in Flint. In doing this, the
source water changed from Lake
Huron to the Flint River.

Within a few weeks of the switch,
residents started complaining about

the color, taste, and odor of their
drinking watet In May 2014, they
informed officials that the water was
causing rashes, especially in children
(MDEQ e-mail records). During this
time, red water and discoloration

were observed throughout the distil-
bution system (Veolià North America
2015, Felton 2014), and there was an
unusually large number of water
main breaks (Fonger 2015). General
Motors Corporation complained
about the corrosiveness of the water
on its engine parts and in October

2014 switched to using water from
Flint Township instead of from Flint.

Starting in summer 2014, a number
f violations occurred. Escherichia

coil (R. coil) and total coliform viola-
dons resulted in the issuance of three
boil-water alerts within a 22-day
period during summer 2014 (Emery
2016; Fonger 2014a, 2014b). As
shown in Table 1, total trthalometh
ane (TTHM) concentrations at sev
cml sampling locations exceeded the
80 ig/L regulatory lim.it during May
and August 2014 (Lockwood,
Andrews, & Newman 2015). As a ,
result, the MDEQ requested a pre- . -

emptive operational evaluation in
September 2014 and notified Flint of

1

Many warnings and concerns were voiced

regarding the use of the Flint River as a
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an initial quarterly violation of the
Safe Drinking Water Act fSDWA)
Disinfèction)Disinfection Byproducts
(D/DBP) Rule in December 2014
(Flint Water Advisory Task Force
2016; Table 1).

In February 2015, the City of Flint
sampled flint resident Lee Ann
Walters’ home and found lead in her
water at a concentration of 104 pgfL
(e-mail correspondence between US
EnvirOnmental Protection Agency
[USEPA] Region 5 and MDRQ dated
Feb. 26, 2015; FlintWater Advisory
Task Force 2016). By Aug. 31, 2015,

Marc Edwards, a professor at
Virginia Polytechnic Institute and
State University had analyzed 120
samples from Flint homes. He found
that 20 % of the samples had lead
levels that exceeded the 15 jig/L
action level and that the 90th per-
centile was 30 ig/L (Roy 2015a).
In September, a team led by a local
pediatrician, Mona Hanna-Attisha,
published data showing that blood
lead levels (BLLs) in children
increased significantly after the switch
to the Flint River as a water source
(Hanna-Attisha et al. 2016; Kennedy

et aL 2016). In the area of Flint that
had the highestleadlevels inthe watei
the BLLs in children who were tested
increased by a factor of about 2.5.

The. city was required by the
SDWA Lead and Copper Rule to con-
duct sampling for lead and copper in
Tier 1 premise plumbing over six-
month periods. Although not all of
the homes sanp1ed were Tier 1 sites
(City of Flint 2016), the first round

. of sampling revealed that the 90th
percentile lead concentration was
greater than that observed during
the previous five rounds of testing
(Figure 1); by the end of the second
six-month sampling period, the 90th
percentile lead level was a]most three
times greater than that observed in
the previous 15 years (Figure 1).

After much publicity regarding the
lead problem, on Oct. 16, 2015, the
source water for the City of Flint was.
switched back to treated Lake Huron
water supplied by DWSD, with
approximately 1 mg/L phosphorus to
inhibit corrosion. Because the lead
levels measured in the water remained
high in som houses, on Dec. 9, 2015,
the concentration of the phosphate
corrosion inhibitor was increased by
adding an additional .—2S mgfL
phosphoric acid (1?) at the FWSC.

Finally, in February 2016, infor
mation on the increase in the nurn
her of cases of Legionellosis that
occurred in Flint in the summers of
2014 and 2015 was released. Ninety-
one cases and 12 deaths have been
confirmed in the Flint area, up from
six to 13 cases a year before the
switch to Flint River water (Adderson
2016). The source of the outbreak
has not been definitively determined
or directly connected to the Flint
water system, but as noted by
Anderson (2016), the illnesses
began after Flint changed its water
supply. Given the low residual disin
fectant levels (chlorine in tins case)
and the presence of iron in the water
in the distribution system (Veolia
North America 2015, Felton 2014),
along with high concentrations of
assimilable organic carbon that
would have likely formed during the

(

TABLE 1 Total trihalomethane (TTHM) concentraions In the Fnt distrIbutIon

.
system

TTHM concentration
. . pg/L

Location May21, 2014 Aug. 27, 2074 Nov. 21, 2014 Aug. 18, 2015

. I

¶

I-

.

1 1624 145.3 58.6

2 75.1 112 36.2

3 111.6 127.2 33.3

4 79.2 181.3 33.9

5 106.4 196.2 93.6

6 822 112.4 50.1

7 88.2 144.4 53.6

8 96.5 118.3 41.1

FIGURE 1 Historical data for [earl concentrations in the Flint
distribution system
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ozonation of the high totcil organic
cai•bon (TOC) Flint River water,
conditions could have been conchv
cive to biological growth and the
propagation of Legionella in the
distribution network.

WATER TREATMENT ATTHE FUNT
WATER TREATMENT PLANT

During the period fromApril 2014
to October2015, th turbidity of th
ra’r Flint River water at the FWSC
plant ranged from IS’ to 45.2 rita

(according to the MORs). The thlo
ride level in the raw water ranged
froiri 38 to 82 mg/L, wIth the
monthly average values ranging
from 3 8 to 54 mg/L. The TOC of
the Flint River was reported to b&
10.3 mg/L on May 22, 2014

(Lockwood, Andrews, & Newman
2014). The FWSG raw water intake
is upstream of most development in
Flint, but there is still some concern
about industrial éontaminants and
sewage (Fonger 2014c).

Although numerous changes were
made to the treatment process over

the course of the iS years of treat-
merit, as of November 2014, when
the draft. Operational EyaluatIon
Report (OER) was published, the

. treatment train was as shown in
Figure 2 (Lockwood, Andrews,

& Newman 2014). Water was drawn

from the Flint River through raw
water screens, thenpumped into the
ozonation basin. Sodium bisulfate
was added in the last cell of the
ozone contactor to destroy any resid-.
ual ozone left in the waten The water
then flowed into a rapid mix tank,
where ferric chloride was added.
From there, the water entered a
three-stage flocculation unit followed
by plate sett1ers from the settling
unit, water flowed into an upflow
clarifier, where lime and anionic and

cationic polymers were added. Fluo
- ride was added at the outlet of the

clarifier. From there, water moved

into the recarbbnation unit, where
carbon dioxide was added to lower
the pH. Chlorine was added just

before dual media (sandlanthracite)
filtration and again’.before flowing
into a 3-mil-gal clearwell (Figure 2).

Before the switch to Flint River
water, Laboratory andWater Quality
Supervisor Mike Glasgow sent
MDEQ staff engineer an e-mail
message onApr. 17, 2014, stating,
do not anticipate giving the OK to
begin sending out water anytime
soon.” While the message sounded
the alarm that staffing and monitot
ing plans were inadequate, it has not

been reported how poorly equipped
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It is unctear what ozone dosage was used over

the mjority ofthe treatment period becaUse it:

was not recorded in the MORe until’March 2015.

I

FIGURE2 Sehematicofthe Flint WaterTreatment Plant
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1 the plant was. It is clear frOfli the

( MOR that the plant was woefully
unprepared for full-tithe operation
on Apr. 2-5, 2014. The May 2014

-

MOR reveals that the pLant had only
four to five days of polymer avail-
able to “use as a trial on two differ-
ent occasions.” Supervisory control

and data acquisition (SCADA)
upgrades were incomplete and out
for bid. Filter headloss meters were
not operational on the SCADA sys
tern. Also, chlorine residual monitor-
ing equipmentat the point of entry
into the distribution system had not
been installed, so chlorine levels

wouldhave had to have been mea
sured by taking grab samples from
the clearwell as well as from a tap
in the laboratory. ft appears that, on
the basis of the MORs, chlorination
after filtration was not ued until
May 17, 2014. Fluoridation was not
implemented until Jtily 2, 2014.
The water utility did not have a
corrosion-control plan, and it had
not inst&d.corrosion control equip-

} ment when the water was witched
back to DWSD on Oct. 16, 2015. On
the basis of the comments in the
MORs, the filter headloss meters
were never made operationaL

Figures 3 and 4 illustrate the vati
ability in the chemical dosages that
were used during the treatment pro-
cess. Bench-scale jar testing for

. trffiaiomethane (TI-fM) removal was
not completed until sometime
between January and August 2015
(City of Flint 2015). Without any
treatability studies on which to
determine chemical dosages until late
August 2015 (City of Flint 2015), it
appears that plant personnel were
left to attempt to address the pleth
ora of complex water quality issues
and complaints by trial and error.
Significant changes were made to
chemical dosages, and the reasons
for these changes were often not
apparent. For ecample, the dosage of
the anionic polymer (P-I42PWG)
added to the lime softening process
to enhance settling was initially
0.05 mg/L; the anionic polymer dos-
age was later increased significantly,
with concentrations approaching or
exceeding the maximum dosage of
1.0 mg/L as recommended by NSF
International (2016). The OER
issued in August 2015 (Lockwood,
Andrews, & Newman 2015) states
that ‘feethng.coagulation/floccuIation
polymer aids” do not have “a mean-
ingful benefit.” However, while there
was a slight decrease in polymer use
in March 2015, both anionic and
cationic polymers were used con-
tinuously until the plant was shut
down in October 2015. The reasons
for the increase in the lime dosage in
November 2014 and then the

FIGURE 3 Variability in the monthly average ferric chloride las Fe3) and

. .

lime dosages used atthe Flintwatertreatmsntplantfor 1.5 years

—0— md treated
Ferric chloride

-0-Ume
so- -200

,

0 p--q
:i4o- -‘ I a-O

1’ 2 , ‘b- -ISO

I o ,
—

t, p , •13 ‘ 0 -125 ‘

3o. , 0 r

g cj- i_A

I :
-

-

.____,of_a

The volume of water treated (mgd) is given fer comparative purposes.

FIGURE 4 Variability in the monthly average ozone and polymer dosages
used atthe Flintwatertreatment Iantfor .5 years
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decrease in February and March
2015 are unknown.

It is unclear what ozone dosage
was used over the majority of the
treatment period because ft was not
recorded in the MORs until March
2O1 The OER (Lockwood,
Andrews & Newman 2015) states
that the ozone system was not feed-
ing optimally until “corrective mod-ifications

“ were made in January
2015. The corrective modifications
appear to have been repairs to
gauges and programming” to pro-
duce “proper ozone under manual
operation.” Repairs were planned for
the first quarter of 2015 to “allow
automatic operation,” but It is.
unclear if those were made

Bromate is a disinfection by-product
formed by the reaction of bromide
ion with ozone. Monthly bromate
monitoring for the first year of oper
ation was requIred by the D/DBP
Rule and were ordered by MDEQ
staff on Sept. 11, 2014. The first bro
mate sample was to be taken by the
end of that month. The 2014 con-
sumer confidence report (City of
Flint 2014) states that the bromate
levels varied from 0 to 23 pg/L, and
that no violation occurred. However,
as the reporting limit for bromate
was 5 pgIL (Stark 2016), the bro
mate levels actually varied between
<5 and 23 pg/L

The maximum contaminant level
(MCL) for bromate is 10 ig/L, as a
running unual aveiage fRAA), deter-
mined at the point of entry No data
for bromate concentrations are pro-
vided in the 2015 cons?rner confi
dence report (City of Flint 2016);
however, e-mail correspondence on
Apr. 6, 2015, between MDEQ staff
members indicate that the RAA was
“hovering just above the MCL of
10 pp5.” E-mail correspondence
between FWSC staffaud MDEQ staff
indicates that bromate results were not
reported for five ofthe 13 months after
September 2014, even though ozone
was used continuously at the plant.

Disinfection was accomplished
using gaseous chlorine which, as
shown in Figure 2, was to be added

both before and after filtration. The
total chlorine dpsage varied from
—5 mg/L in the winter months to
>7 mg/L in the summer months
(Figure 5). Not surpisingly, the cMo
rine demand, calculated bysul*racting

the chlorine residual leaving the
treatment plant from the applied
chlorine dosage, increased dtiñng the
summer and decreased during the
winter. The location of chlorine
application varied significantly dur
ing the treatment period, with nO
post-filtration chlorination until May
17, 2015, and then no preffiter chlo
rination afterAug. 3, 2015. No justi
ficatidn for these changes was docu
merited in the MORs. The softening
bypass stream had been reduced to
no greater than 20% in November
2014 in an attempt to reduce ±10-
rine demand. The minutes of the
Nov 7, 2014, TTHM Response

Planning Meeting (MDEQ e-mail
correspondence) state that the byjass
was discontinued ccd it appears -

that the ‘chlorine demand has
dropped by OS—1.O mg/L.” However,
as shown in Figure 5, this drop

appears to be a part of a downward
trend that occurred before this change.
In summer 2015, the chlorine demand
was somewhat lower than in summer
2014, but it is not clear whether this is
due to eiiminatingthe softening bypass
stream or to other causes.

Difficulties were encountered in
maintaining chlorine residuals -

throughout the distribution system
throughout the 1.5 years of treatment

and continues to be prob1emac, even
after the change back to DWSD
water. As shown in Figuie 6, chlorine
residuals in the treated Flint River
water were low during the first few
months of operation. In response to

- Since. the Flint plant had not been fully operational
.. In almost 50 years, was understaffed, and some

of the stff were undertrained, it is nOt surprisIng

that it was dIfficult to achieve effective treatment.
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— -. this and the detection of K coli, the

post-filtration chlorine dosages were

increased from 0.0 to 23 mg/L in
. June 2014 and then to 3.8 mg/L in

July—October 2014, resulting in a

decreaseiii the number ôfdisthbution

system samples with no detectable

chlorine residual. However, as shown

in Table 1, increasing the chlorine

dose: resulted in increased concentra

Hons offl}JMs. Although the FWSC

reported increases in chlorine residu

als after Oct. 2014, Marc Edwards

reported that inAugust 2015, 41% of

the sathples his group collected bad

no detectable chlorine (Roy 2O15b)

FIGURE 6 ChlorIne residuals atmonitoringsites in the Fllntdistiibution ystem
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Source of data: City of Flint monthly operating reports

This team’s sampling and analysis in

late October 2015 revealed that l6of

the 30 samples coliected had chlorine

residuals less than 0.2 mg/L and 10

had cifiorinelevelsiess than Oi mg/L.

The US Environmental Protection

Agency (USEPA) Safe Drinkhig Water

Task Force remains concerned about

chlorine residual levels in Flint’s water

(Emery 2016).
The 24-month source water sam-

pling for ‘ Oryptosporidizim, B. coil,

and turbidity to determine bin place-

merit required by the SDWA Long-

Term 2 Enhanced Surface Water

Treatment Rule was not done before

the switch to Flint River water, appar

endy because MDEQ staff believed

the Flint River was only a temporary

source (MDEQ e-mail conversations),

despite the fact that construction on

the 80-mi ICWA pipeline had not even

begun in April 2014.
Attempts to address the TTHM

exceedances included first ebminat

lag the softening bypass stream in

an attempt to increase TOC removal

(Lockwood, Anthews, & Newman

2014). However, TTHM exceed-

ances continued, so the anthracite

media in the filters was replaced

with granular activated carbon, and

the ozonation system was repaired

in summer 2015 (MDEQ Construc

tion.Permit W151055). TTHM lev

els were finally reduced, and in

August 2015, only one of the eight

samples takea exceeded the 80 ig/L

TTHM limit (Table 1).

UALtIY OF TREATED FLINT RiVER

WATER
In attempting to understand what

happened in Flint, it is necessary to

look not only at specific contaminants

but also the general quality of the

treated water. As shown in Figure 7,

the pH and alkalinity of the finished

water varied significantly over the

is years of treatment, and for much

of the time, both were quite low,

especially in summer 2015. The

decreases in alkalinity from June to
- July 2014 and over the course of the

period from Maccl; to May 2015,

both correspond to increases in the
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FIGURE 7 Monthty average pH and alkalinity In the treated Flint River water
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fjnie dosage (Figure 3). The reason

for the chahge in alkalinity and pH

after JW 2015 is unknown, as the

Jjne and ferric chloride dosages were

fairly constant during this period.

The carbon dioxide dosage may have
changed during recarbonation, -but

the carbon dioxide dosageswere not
provided in the MORs.

Treatment for -softening and tur

bidity removal, along with disinfec

tion, reduced the alkalinity by as

much as 204 rng/L as CaCO3 and
the pH by up to one.log unit. The
Langeher saturationindex (LSI) is a
measure Of calcium carbonate solu
bility described as

LSI=pH+log . --

t .

[j2] . HCO3- . [HCO3-]
\ y+.{K,]

where iç i the add dissociation con-
stant forbicarbonate, y is the activity -

coefficient, [ j denotes the molar con-
centration, and K5 is the solubiity
product of CaCO3. An LST value
greater than zero indicates that the
solution is supersaturated and the
precipitffon of calcium carbonate is
favored and that corrosiOn is less
likely. Au LSI value less than zero /
indicates that the soluflon is under-
saturated and calcium carbonate dis
solution is favored, and that the water
could be corrosive if no other mea
sines were taken to control corrosion.
As a result of reductions in pH, nIh-
linity; and hardness during treatment,
the finished water was undersatu- -

rated with respect to caicium carbon-
ate (Figure 8). As the temperatur of
the waer is likely to change in the
distribution sytem (warms during
winter, cools during summer), the LSI
is also likely to change, suggesting
that the water became more under-
Saturated during summer and less
undersaturated during winteL The
f_sI wduld havç approached —1.5 due-
lug August2O15, when the water
temperature was predicted to be 15°C
l the distribution system.

.

As shown in Table 2, the cfflo
ride content of the treated water

ranged from 62 to 95 mgIL
(median -of 83 mg/L). The chloride
level in the treated water was signifi-.
candy higher than in thd river wate;
predominantly due to the addition of
ferric chloride as a coagulant Calcula
tions using dosing daa show that the
chloride levels in the treated water
increased by 28—100% as a result of
the addition of ferric chloride.

The turbidity ofthe rawFlh ffier
water varied seasonally (Figure 9).The

turbidity of the finished water did
not vary greatly (0.08—0.16 ntu),

÷l-.,÷ +1-. 4:;;÷.,
-LJJ.LLflJ.OLL .L.L5 I!.. -J) Y

operating successfully..However, it can
be observed that the turbidity of
the watr applied to the filters var- -

ied greatly, indicating the dial-
lenges plant operators had in
achieving cohsistent performane

tin the upflow clarifiers. The
changes inlime and polymerdos
ages, shown in Figures 3 and 4,

fl

FIGURE 8 Langetier saturation index ofthe treated Flint River water at
various times during t[uetreatment period
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TABLE 2 Parameter concentrations used to characterize the lltceVihood
Of COCtOSIOn and associated CSMR and Larson—Skofd indexes

. . in the treated F’int River water

Concentration . Concentration

. -

rng,1L mg/I as CuCO3

- - - Larson—Skold
Sample Date CF S042 Alkalinity CSMR Index

May22,2014 . 85 25 - . 118 3.$ 1.24

. Aug. 6, 2014 65 23 60 . 2.8 2.31

Oct. 28, 2014 62\ ‘-‘-22 - . 76 2.8 1.45

feb.16,W15 9 25 47 3_s 3.40

Mayl22015 90 - 1 55 2.9 2.84

Aug11,2015’ 81 zi 36 3.8 3.78

CaCO,—calcium carbonate, Cl—chloride, CSMR—chlactde-to-sulfate mass raCo, S042—sulfate
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,
Ii1ce1y reflect attempts to optimize

( the rernoval of tirbidity

CORROSIVE INDEXES
Although a number of indexes

have been developed to provide an
indication of the likellhood that cor

rosion pr deposition will occur, none

are able to predict the rate at which

corrosion might occur. Nevertheless,
they can be used to assess the poten
tial effects of waterquality changes

on the likelihood of corrosion.
The Larson—Skold index was

developed to evaluate the potential

for the corrosion of cast-iron pipes
transporting water from the Great

Lakes (Roberge 2006). It can be used
to determine the effect of chloride;
sulfate,

and bicarbonate/carbonate

ions on the corrosivity of the treated
water toward iron pipes in the distri

bution system The Larson—Skold
index is calculated as -

(Cl-) ± (SO
LSI = (HCO-) + (COt)

where the concentrations are given
in units of equivalents per liter. A
Larson—Skold index of (1) less than

o8 suggests that chloride and suffate
levels are unlikely to cause corrosion,
(2) between O8 and 12 suggests

higher than desired corrosion rates

may occur, and t3) greatei than t2

is indicative of high corrosion rates

(Roberge 2006).
Unfortunately, as the. sulfate cQn

centrations were determined on only
six occasions, the Larson—Skold
index can be calculated only for
those six days (Table 2). Of those

six days, the Larson—Skold index

suggests that high (sometimes very

high) rates of iron corrosion should
have been expected. While the nurn

ber of dates are limited, the sulfate

concentration was fairly constant

over the iS years; therefore, the

values of the Larson—Skold index

shown in Table 2 are likely to be

indicative of the treated water dat-

Ing the time when the Flint River

supplied the FWSC plant.
The chloride-to-sulfate mass ratio

(CSMR) has been shown to be an

effective tool to identify where cot-
rosion is likely (Hill & Cantor

2011). An extensive survey of water

utilities showed that 100% of utili

ties with a CSMR <0S8 met USEPA
action limit for lead (15 igfL)

(Edwards 1999). On the contrary,

only 36% 9f utilities with a CSMR
>0.58 met the USEPA action limit

(15 ig/L). If the alkalinity is less

than 50 mg/L as CaCO, then

Nguyen et al. (2010) suggested that

the goal should be • to achieve - a

CSMR in the finished water of less

than O.% Table 2 shows that the

CSMR for the treatment period

was very high in all six samples.

The high values of the CSMR and

Larson—Skold indexes of water

entering the Flint distributionys

tern should have raised serious con-

cerns about the possibility of corro

sion, especially given prior

experience by water utilities. For

example, in Columbus, Ohio, the

90th percentile lead levels in the

water increased by almost 360%

after a change in coagulant from alum
to ferric chloride, which resulted in an

increase in the CSMR by up to 170%

(HiU & Cantor 2011).

So WHAT WENT WRONG
INFLINT?

The previous discussion demon-

strates the complexity of treating a

variable water source. Flint River

water was considered to be a chal

lenge to treat, with “high bacteria

and high carbon concentrations” that

“fluxuate [sici depending on rain

events” (Mar. 20, 2012, meeting miii-

utes, MDEQ meeting on KWA water

issues) . The only pilot testing that

appears to have been completed

before the switch was in 2002—a

treatability study by Alvord, Burdick,
and Howson LCC (AB&H)—and is
mentioned in the OER (Lockwood,
Andrews, & Newman 2015) The

author of the study describes the

water source as “particularly difficult
to treat with seasonal variation

‘betveen high organic load and high
magnesium hardness “ (Lawrence

2012). The treatment train recoin-

mended in the AB&H report differs
significantly from that used at the Flint
water treatifient plant, which meant

that in%014 theplant operators lacked
important information about the treat-
ability of the water that was necessary
forproper plant operation.

AWWA (Muylwyk et aL 2014) rec

ommends that if a municipality is
considering changing how its source
water is treated, the potential effects

IC

FIGURE 9 Variability in turbidity within the Flint water treatment plant
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on the corrosiyityof the treated water
and the need for corrosion control
should be evaluated.” Howevei suf
ficient pilot testing and corrosion
studies were not commissioned and
completed before the April 2014
swiich of source waters. Furthermore,
since the Flint plant had not been
fully operatIonal in almost SO years,
was understaffed, and some of the
staff were undertraiiled, it is not sir-
prising that it was difficult to achieve
effective treatment.

Muylwyk et al. (2014) warn that
any of the following treatment
changes could affect corrosioh or
corrosion control in the distribu
tion system:

U Process changes that result in
pH or alkalinity changes

U Process changes that affect the
CSMR

U Change in coagulant (the Lake
Huron plant uses alum)

U

Introduction of a new acid to
the process (the Lake Huron
plant does not use recarbon
atlon; the Flint plant did)

U Introduction of a new base (the
Lake Huron plant does not use
lime; the Flint plant did)

These changes were made when
Flint switched to treating the Flint
River water; however, as mentioned
previously,

corrosion control was not
used at the plant, and there was rid

.

plan for corrosion control.
As shown in Figure 7, the

monthly average pH and alkalinity
of the treated water were highly

variable. Not shown in the figure
are the changes on, a daily basis.
The daily pH measurements varied
from 7.00 to 8.46 over the first
three months of treatment. Daily
fluctuations often varied between
=0.2 to 0.3 pH units, and as high as
1.1 log units in late April 2014. By
contrast, the pH of the DWSD
water varied no more than 0.34 log
units over the course of a month.
ChangesinpjjwQrthan 0.2 units
perket recommended
(Hill & Cantor 2011), as such rapid
changes in water chemistry (as
experienced in the Flint system)

may adversely affect system equilib
rium and the passivation layer and
scales on the insides of the pipes.

The red.-color of the water
observed by Flint residents is evi
dence àf the corrosion of iron dis
tribution .pipes WhileFWSC

are below the action level.

Bushed the mains by opening fire
hydrants, it never seemed to address
the root cause of the colored water
namely the corrosion of the iron
pipes. Changes mpH and alkalinity
can iron
tubefEThsndtheore result in
increasedironcorrosion (Hill &
Cantor2011) As discussed previ
ously, in all six samples, the Larson—
Skold index was close to or greater
than 1.2, indicating potentially high
iron cOrrosiOn rates should have
been expected. On the basis of this
and the fact that no corrosion inhib
itor was used, it is not surprising

Adapted from Nguyen et iii. 2010

CaCO,—calcium carbonate, CSMR

that significant iron corrosion was
observed. In addition, bacteria are
,known to contribute to the corro
sion of iron pipes, so it is possible
that the corrosion problem was
exacerbated by bacterial regrowth
as a result of low chlorine residual

and the likely presence of low
molecular weight/easily metabolized
compounds formed from the reac
tion of ozone with naturally occur-
ring organic matter.

Commonly used indexes could
have predicted that the treated’
Flint River water would likely cor
rode lead pipes. For example, the
decision tool shown in Figure 10
uses the CSMR to predict the cor
rosivity of water toward lead pip-

. ing. As shown in Figure 7, before
July 2015, when the alkalinity of
the water was greater than 50 mgJL
as CaCO3, the CSMR values of the

Evenafter all the leadpipesare replaced, it mey

teke years for the lead levels in Flint to reach a

point at which the concentrations of all samples
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t___ treated Flint River water exceeded

‘ t1e 0,5 cutoff, so the corrosivity of
.

water would have been a significant

concern. After this time, the alkalinity

of the water was less than SO rng/L

and the CSMR greatly exceeded 0.2,

indicating that lead corrosion was an,

, even more serious concern than ear-

lien The addition of phosphate as an

-

inhibitor to preventlead corrosion is
, commonly used in the industry (Hill

& Cantor 2Q11), and while the pos
, sible use , Of phosphate as a corro

sion inhibitor was siggestd

IWadeTrim 2009), thereasori corro

sion control was not implemented is

still unknown. No preliminary ‘cdr-

rosion estimates using simple

indexes appear in any of the engi

nearing reports, and they do not

appear to have been considered dur

lug the design process. Journalistic

reports of the’ Flint disaster have

often stated that the failure to add

phosphate was the primary cause of

the lead corrosion problem. How-

ever, it should be recognized that

the CSMR of the treated Flint River

water was so high that, even *ith

the addition ofphosphate, the water

may have been so corrosive that

lead levels iii the system might have

still exceeded the action level. The

FIGURE 11 Percentage ofsamples exceeding the lead AL of 15 pg/L and the 90th percentite td coneentrationa
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failure to recognize the corrosivity
of the water and to add a corrosion
inhibitor had devastating effects.

1_n the wake of the 1ad exposure,
the MDEQ finally conducted exten
sive sampling and anaiysis of the

Flint waten As of June 28, 2016, a
total of 23,119 samples have been
collected and analyzed for leadsince
September 2015. The higbes lead
levels measured exceeded 23,100
ig/L. On the basis of the Sentinel
samplesahd this more extensive data
set collected by the MDEQ, itipears

that a significant number of premises
still have high lead levels in their
water (Figure 11) It has been sng
gested that in many cases, the high
lead levels now seen in homes are due
to the presence of particulate lead
(USEPA 2016). This may be the case,
although at this time there appears to
be limited publicly available evidence
to support this supposition.

There are plans to replace all
lead pipes in the Flint system. As of
July 2016, lead pipes have been
replaced in about 30 premises
(Thomas 2016). In the case of
Madison, Wis., the utility and
homeowners worked together for
several years to fully replace the

. lead service lines in every home in
their service area (Corley 2016). High
lead levels were found in a number of
samples four years after all of the lead
pipes were replaced in Madison, Wis.
(Cantor 2006), suggesting that even
after all the lead pipes are replaced, it

may take years for the lead levels in
Flint to reach a point at which the

concentrations of all samples are

below the action level. Clearly there

is much to be done before the water

crisis in Flint is oven
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Larson-Skold Index
For Evaluating Corrosion of Iron Pipes

December 2016

Preface

Well-remembered are the television pictures of “reddish-brown” waterfrorn the taps at Flint, Ml during
the 2014-2015-2016 water quality crisis when high levels oflead were released into the waterfrom
householdplumbing. Based on analysis ofLarson-Skold indexfor 6 water samples collected between
Mcy 22, 2014 andAugust 11, 2O15 the Larson-Skold index varied between 1.24 and 3. 78 (Masten et aL,
2016,). The high index coincided with distinct water discolorationproblems associated with release of
iron into the waterfrom tubercules in unlined cast iron p;e. It is unfortunate that the Index was not
being measured even though it was known that the raw waterfrom the Flint River had much higher
concentration ofchloride than the waterpreviouslypurchasedfrom Detroit.

The Larson-Skold Index relates to potential cOrrosion ofiron and steelpie, but it does not relate to
corrosive conditions that can cause release oflead (and copper) into drinking water. Presence of iron
discoloration in drinking water in absence ofiron in the source water signals a warning that corrosive
conditions likely exists in the distribution mains.

The work by Masten, Davies, andMcElmurry (Masten et al., 2016) has revivednew interest in the
Larson-Skoldlndexfor use as an additional “tool” in evaluating andprotecting water quality.

**********************************************************

“The Larson-$kold index was developed to evaluate the potential for the corrosion of cast-iron pipes
transporting water from the Great Lakes.” (Roberge 2006, cited at Masten et al., 2016).

Here, the Larson-Skold Index is expressed as L-S1 to differentiate itfrom the customary
expression ofLangelier Saturation Index . . . “LSI”.

L-$I < 0.8 Suggests that chloride and sulfate levels are unlikely to cause corrosion.
L-SI 0.8 to 1.2 Suggests higher than desired corrosion rates may occur.
L-SI > 1 .2 Indicative of high corrosion rates (Roberge 2006, cited at Masten et al., 2016)

A similar but slightly different approach.

“It is well known that the neutral salts chloride and sulfate influence the corrosion of ferrous metals
drastically. This corresponds to the practical experience ofmany water utilities. The German regulations
(DIN 50930, Teil 2, 1980) that deal with the behavior ofplumbing materials in contact with drinking
water consider this influence in terms of a “neutral salt/alkalinity ratio:

[Cr’] + 2 [5Q2J

[HC03’]

where the brackets denote the molar concentration of the ion. If this ratio is smaller than 1, the
probability of (ferrous material) corrosion problems in negligible. This is based on the work by Larson

Larson-Skold Index, Corrosion oflron Pipes, with Calculationsdocx/Lead & Copper OCCT Folder
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-
A later. alternative interpretation for determining the Larson-Skold Index.

“The Larson Index, unlike both the L$I (Langelier Saturation Index) and Al (Aggressiveness Index), is

!i2t (enzphasis added) related to the solubility of calcium carbonate. The Larson Index is an empirically
derived ratio of specific ions which expresses the corrosive nature of a particular water sample with
regard to the rate of metal corrosion. The Larson Index is

Larson index = (Cl + SO4) I Alk.

Where chloride (Cl), sulfate (SO4), and total alkalinity (Alk.) concentrations all are expressed as mg/L of
equivalent CaCO3. (emphasis added) (Singley and others, 1985, p. 11& Larson, 1975, cited at
Barringer et aL 1993).

All Larson Index values greater than 0.5 indicates potential water corrosiveness (Singley and others,
1985, p. 1 16). The Larson Index emerged from work with experimental solutions containing bicarbonate,
chloride, and sulfate ions (Larson, 1975), and is not designed to be applied to waters with low hardness
and small concentrations ofdissolved solids (Singley and others, 1985, p. 116). The Larson Index may be
applicable to waters containing dissolved solids ranging from 250 to 1000 mg/L (the range of dissolved
solids in Larson’s experimental solutions). As a ratio, it compares the corrosion-enhancing properties of
chloride and sulfate to the corrosion-inhibiting effect of alkalinity. $chock and Neff (1982) point out that
the Larson Index is not based on chemical kinetic expressions or mass-action expressions, and does not
accurately predict whether metal concentrations in drinking water will exceed drinking-water standards.”
(Barringer et aL, 1993)

-
“The presence of aggressive anions, such as chloride, sulfate, and fluoride, can greatly increase corrosion

( rates, especially pitting corrosion. Larson (1975) has shown that the ratio of equivalents (emphasis
— added. . . do not confuse the 0.2 value below with the Larson and Skold Ratio) of chloride to bicarbonate

or chloride plus sulfate to bicarbonate can be directly related to corrosion rate, at least for steel in waters
of relatively high alkalinity. Anions diffuse toward the anodic site in a corrosion cell. Values above
about 0.2 are associated with increased corrosion rates. The strong acid anions have no neutralizing
capacity to the acidity ofthe corroding metal ions. Hence, low pH values and high concentrations may
develop colToding pits. It is believed that the aggressive effects of sulfate and chloride are due to their
chemisorption to the iron surface, where they interfere with the formation of a protective oxide film or
alter the properties ofthe film that forms. Since fluoride is also a strong acid anion and has similar
sorption properties at low concentrations, it is hypothesized that the ratio of sulfate plus chloride plus
fluoride to bicarbonate can be used as an index of corrosion susceptibility. Such a ratio has not been
tested . . . “ (A WWARF/D VGW 1985, p. 631-633)

(
‘- - Larson-Skold Index, Corrosion of Iron Pipes, with Calculations.docx/Lead & Copper OCCT folder
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Calculating
Larson-Skold Index

L-SI = (Cl + SO4) I Alkalinity

All parameters expressed as mg/L of equivalent CaCO3.
Barringer et al. (1993)

THIS ISA DIffERENTFORM OF EXPRESSIONFOR THE LARSON-SKOLD INDEXSINCE IT
UTILIZES Cl and SO EXPRE&S’ED AS EQUIVALENT TO CaCO3.

THIS IS DIFFERENTFROM RTWMODEL . .. . ALK/ (Cl + SO) . . . where ALK is expressed as mg/L
CaCO3 Cl is expressed as rng Cl/L, 804 is expressed as mg SO/L .. . which Dr. H C. Liang suggests
calling the “Larson-Type Index or Ratio “. (Liang, 2016)

********************************************

Definition:
Equivalent weight = atomic wtivalence

MolecularweightofCaCO3=40.078 + 12.011 +3 (15.999) = 100.086

Equivalent weight ofCaCO3 (100.086)/2 = 50.043

Eguivalentwt.ofCl’ = 35.453/1 35.453

mg/L Cl’ expressed as CaCO3 mg/L Cl’ x 50.043/35.453
mg/L Cl’ x 1.4115

Molecularwt. ofSO2=32.066 +4 (15.999)= 96.062

Equivalent wE. of SQ-2 96.062/2 48.031

mg/L $Q42 expressed as CaCO3 = mg/L $Q42 x 50.043/48.031
= mg/L $Q42 x i .0419

C

C
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Example:
Given

. . . C1 = 65 mg/L

( .

SQ42 23 mg/L
Alk.

= 50 mg/L as CaCO3

****************************************************

Professor Susan Masten calculation procedure . . . (Masten 2017)
All values expressed as “equivalents”, which is based on the original work by Larson and Skold.

Cl- Alk
mg/L 65 23 50 as CaCO3
mg/mmol 35.453 96.0626
n 1 2
mg/meq 35.453 48.03 13 50 mg/meq (for CaCO3)

meq/L (65/35.453) (23/48.0313)
1.833413 0.478854 1

L-$I= (1.833413 + 0.478854)= 2.3122c
(1)

Professor Masten developed an Excel spreadsheetfor this calculation , and kindly granted
permission to share the spreadsheet to assist waterworks professionals, and C&A will be happy
toforward it to interestedpersons.

*******************************************

Alternative calculation procedure . . . (after Baninger et aL 1993)

L-SI = (Cl + $04) / Alkalinity
All parameters expressed as mg/L of equivalent CaCO3.

Barringer et al. (1993)

(65 mg/L C1 x 1.4115) + (23 mg/L x 1.0419) =2.314
50 mg/L alk

‘ Larson-Skold Index, Corrosion oflron Pipes, with Calculations.docx/Lead & Copper OCCT Folder
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The US Environmental Protection Agency included five
rntrosamines, including N-nitrosodimethylarnine (NDMA),
on the fourth Contaminant Candidate List, indicating its
consideration of these contaminants for potential regulatory
determination. If nitrosamines are regulated, affected water
systems and regulators will need to consider simultaneous
compliance, risk balancing, operational, and cost impacts

‘Li

€p-1, L
. Qi.t

—------

of implementing control strategies. This study showed that
site-specific data are lacking on the source(s) of NDMA,
hindering the ability of a water utility to identify optimal
control strategies for their system. A framework is presented
to guide water systems through initial steps to assess
nitrosamine sources, control strategies, and unintended
consequences as they plan for potential regulations.

Keywords: NDMA ContrOl strategies, NDMA sources, practical considerations, unintended consequences

f_ The US Environmental Protection Agency (USEPA)
‘ I included on the fourth Contaminant

Candidate List and also considered nitrosamines (includ
lug N-nitrosodimethylamine [NDMA]) as part of the
third Six-Year Review of th Microbial and Disinfection
Byproducts (MIDBP) regulations (USEPAcJ). If the
USEPA decides to regulate nitrosamines, affected water
systems will need to explore strategies to reduce concentra
tions in their finished water and in their distribution sys
tems. More than one out of every 10 culoraminated water
systems could be affected by an NDMA maximum con-
taminant level (MC%,tcpivalent to the current California
notification level og/Russell et al. 2012).

NDMA, the nitrosamme detected most frequently in
drinking water, is a chloraminated dis . ion roduct

V (DBP) that forms from reaction dichiorami • with
‘.‘ ,min-sed precursors (Sc ei er& ). Efflu

ent organic matter has been identified through several
studies as an important source of NDMA precursors in
wastewater-affected waters (Krasner et al. 2009, Mitch et
al. 2005, Mitch & Sedlak 2004). Soluble microbial prod-
ucts from biological wastewater treatment plants, the
phareutitidine, quaternaryamines found in

_,

A full report of this project, Uninte;zded Consequeiïces of

1. (_
Implementing Nitrosamine Control Strategies (#4491), is

‘ I available for free ro Water Research Foundation subscribers by
\__ %__/ logging oo to wwwwaterrf.org.
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sham oos, dyes in laundry water and the herbic di n.have all been identified as mtrosamine precursors that can
occur in wastewater- or agriculturally affected source
waters (Zeng & Mitch 2015, Kemper et al. 2010, Le Roux
et al. 2011, Krasner et al. 2008, Sacher et al. 2OQ.8.)._—

Cationic amine—based polymers such as polyDAD
orôyase as coagu ant or ewatering ai s ave
aIs315n identified as NDMA precursors (Kohut &
Andrews 2003, Wilczak et al. 2003, Najm & Trussell
2001). Mitch et al. (2009) found that finished water
NDMA concentrations at chioramine plants generally
increased with increasing po1yDADMAC dose. Cornwell et
al. (2017) observed similar trends; howevei; the increase in
NDMA formation with increasing po1yDADMAC dose was
more pronounce.Lus.ciwe water sources than others.
Park egJ.i(O9) showedie37. formation
pote,fal of polymers generally follows the trend 6fly-
amile >

less odioddaflf or nitrosifying agent was involved.
NDMA can also be present as a source water con-

taminant from or
upstream wastewater discharge, an impurrtn ion
exchange resins (Kemper et al. 2009, Najm & Trussell

rubber
gaskets) used in distribution systems (NTEet al.
2O11However, review of Unregulated Contaminant
Monitoring Rule 2 (UCMR 2) data (Russell et al.
2012) and additional NDMA occurrence studies

C Practical Considerations for Implementing
Nitrosamine Control Strategies

CAROLINE G. RUSSELL,1 RICHARD A. BROWN,2 KATIE PORTER,3 AND DAVID RECKHOW4

frd,;

‘
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implications associated with unregulated contaminants

(e.g., emerging DBPs) and regulated contaminants within

r_ compliance with existing rules (e.g., increased formation

‘ of bromate, but at levels below the 1O-jig/L MCL). This
article presents information on unintended consequences
to provide practical guidance to water utilities and inform
regulatory discussions.

C

APPROACH
This approach to identify and document unintended

consequences of implementing nitrosamine control strat
egies included a literature review, desktop analysis of 14
water systems, and a project workshop. For the literature
review, peer-reviewed articles and reports focused spe
cifically on NDMA control strategies, and documented
consequences were reviewed (e.g., Krasner et al. 2015,
2012a; Shah et al. 2012), along with general guidance
documents on the consequences of implementing the
strategies that could be considered to reduce NDMA
concentrations (e.g., USEPA 2007). This review formed

£228 RUSSELLETAL. I JUNE2O17•f09:6 I JOURNALAWWA

the basis for developing site-specific considerations for
further discussions with water systems participating in
the desktop studies.

Desktop studies were developed for 14 water systems
representing a range of system size and source water, treat-
ment, and distribution system characteristics (Table 1). All
participating water systems are located in the continental
United States: one in the Northeast, four in the South, five
in the Midwest, and four in the West. Eight of the 14
water systems operate more than one water treatment
plant (WTP), resulting in 27 WTPs being reviewed in
total. Because basic treatment characteristics of the
WTPs for a given water system were generally consis
tent, Table 1 focuses on overall characteristics of the
water systems themselves.

All participating water systems use chloramines as a

disinfectant, and most had average distribution system
NDMA concentrations >10 ng/L based on UCMR 2 data.
Most of the water systems use some form of cationic

amine—based polymer; however, the type varies.

TABLE 1 Characteristics for parlicipating utilities

Water System Geographic NDMA Secondary
System Sizea Region LRAAb Polymer Addition Oxidation Treatment Type Disinfectant

A XL South 15 Po1yDADMAC Ozone Conventional; Chiorarnines
converting to
biological filtration

B XL South 30 Po1yDADMAC None Conventional Chioramines

C XL South 16 Po1yDADMAC Chlorine Conventional Chloramines

D VL Midwest NA P01yDADMAC Chlorine Conventional Chloramines

E XL West 3 P01yDADMAC Ozone/chlorine Conventional Chioramines

F XL Midwest 35 P01yDADMAC None Softening, clarification, Chiorarnines
(seasonal use) membrane filtration

C VL west NA P0IyDADMAC Chlorine/ozone Conventional with Chioramines
biologically active
carbon

H XL Midwest 11 PoIyDADMAC Chlorine Lime softening, Chioramines
year-round PAC

I S Northeast 26 Polyarnine Chlorine Conventional Chloraniinu
(epichlorohydrin
dimethylamine)

J VL Midwest 30 P01yDADMAC None Conventional Chloramines

K VL Midwest 20 P01yDADMAC Chlorine Conventional Chloramines

L VL South 1O2OC Polyacrylamide Chlorine dioxide Conventional Chloramines

M XL West NA P01yDADMAC Ozone/chlorine Direct filtration, Chlorine and
U-v disinfection chloraminesd

N XL West 3 Po1yDADMAC Chlorine Conventional Cifioramines

Modified from Russell et al. (2017). Reprinted with permission. 0 Water Research foundation.

LRAA—locational running annual average, NA—not available, NDMA—N-nitrosodimethylamine, PAC—powdered activated carbon, S-—small, UV—ultraviolet,

VL—very large, XL—extra large

aSmall 501—3,300; nedium: 3,301—10,000; large: 10,001—50,000; VL: 50,001—100,000; XL: >100,000.
bBased on Unregulated Contaminant Monitoring Rule 2 data unless otherwise noted.
COneyea range from Water Research foundation Project 4444 using monthly data for approximately a year (Uzun et al. 2016).
dconverting to chloramines; a portion of the system was on chlorine at the time of this study, whereas other portions of the system were on chloramines.

2017 © American Water Works Association



(

(

(Krasner et al. 2016) illustrate that NDMA in finished

water and dis, samples is foremost

attribut to h1oramines disinfect n.

NDMA contro • argeting precursor removal

(Figure 1) incliiide
. biodegradation during riverbank filtration (Krasner

et al. 2015);
. oxidation with chlorine, chlorine dioxide, ozone, or

medium-pressure ultraviolet photolysis (McCurry et

al. 2015, Shah et al. 2012);
. adsorption onto powdered activated carbon (PAC)

or granular activated carbon (GAC) (Hanigan et al.

2012);
. membrane desalination (i.e., nanofiltration and

reverse osmosis) (Wang et al. 2015, Sedlak &

Kavanaugh 2006); and
. polymer optimization (Labernik et al. 2010).

The latter can include r acernent po1yDADMAC

polymers with iiatura starch-based mers (Cornwell et

al. 2015). Notably, the est available technologies to reduce

formation of currently regulated halogenated DBPs (i.e.,

enhanced coagulation and softening as well as moving the

point of chlorine addition to later in the treatment train)

are not effective for reduction in NDMA formation.

Krasner et al. (2013) provide a summary of NDMA
sources, formation mechanisms, and control strategies.

Practical guidance on unintended consequences associ

ated with implementing changes to reduce NDMA or

nitrosamine. concentrations has been lacking. Several of

the control strategies that could be implemented to reduce

NDMA (e.g., oxidation, polymer optimization) could

result in simultaneous compliance issues with the M/DBP

rules. Strategies to reduce nitrosamines could also have

operational and cost effects and potential health-risk
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FIGURE 1 Impactoftreatmenton NOMAprecursorremoval

Source RBFb,C
Water
Treatment

ASRd

ChlorineeJ

C102e I -

Oxidatiana

______________________________

Ozoneef

____________________________

MP UVe,f

_________________________________________________

Po’ymer optjmization

PACC,h,i

_________________

Additiona’

_____________

Treatment or GACC,j,k

____________

Optimization
NFk,I

ROm
I

0 10 20 30 40 50 60 70 80 90 100

Precursor Removal—%

Modified from Russell et al. 2017 Reprinted with permission. © Water Research Foundation.

ASR—aquifer storage and recovery, C102—chlorine dioxide, GAC—granulated activated carbon, MP—medium pressure,
NDMA—N-nitrosodimethylamine, NF—nanofiltration, PAC—powdered activated carbon, RBF—riverbank filtration, RO—reverse osmosis,
UV—ultraviolet

apercent NDMA precursor removal for chlorine, C102, and ozone is based on doses typically applied for Giardia inactivation ranging from 14 to 60
mg-min/L chlorine and 0.2-1.0 mg-min/L ozone per McCurry et al. (2015) and from 4 to 20 mg-min/L C102 per Shah at al. (2012). NDMA precursor
removal for UV is based on 186—1,000 mJ!cm2 MP per McCurry at al. (2015).

bSchmidt et al. 2006
CKrasner at al. 2015
dSacher at al. 2008
eShah et al. 2012
McCurry at al. 2015
°Labernik at al. 2010
hParcent removal for PAC doses ranging from 4 to 21 mg/L at two full-scale wastewater-affacted plants (Krasner at al. 2015). Percent removal
depends on PAC dose and type and site-specific NDMA precursor characteristics (e.g., wastewater- or polymer-derived).

‘Hanigan at al. 2012
iPercent removals for two full-scale wastawatar-affectad plants, with GAC filters in various stages of exhaustion. Percent removal may depend on
degree of GAO exhaustion and site-specific NDMA precursor characteristics.
kMiyashita at al. 2009
‘Wang at al. 2015
tmSedlak & Kavanaugh 2006
Farré at a!. 2010

U
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Information packages based on UCMR 2 data and other
available survey and research data were assembled for each
water system. The information packages included the data
fisted in Table 2 to the extent available. Table 2 can be used
as a checklist for other utilities seeking to evaluate potential
NDMA sources and control strategies for their own

systems. Consecutive systems will need to paiTher with their
wholesale providers to collate information to assess NDMA
sources and evaluate corresponding control strategies,
which could be challenging absent a regulatory driver.

On the basis of the water system information, one to
four potential nitrosamine control strategies were proposed

I, Recommended

v Number and
Frequency of Data

Data Category Parameter Sample Location Points for Review Other Information

Source water Ammonia All source water supplies monthly samples Description of source water type (e.g.,
chaiacteristics for a given WTP for past 1—2 years surface, groundwater); upstream point

and nonpoint source impacts (number of
TOC monthly samples and distance upstream, type of

for past 1—2 years agricultural and industrial activities

Bromide quarterly samples within watershed)

for past 1—2 yes Information of seasonal events (e.g., rainy
seasons) and corresponding changes in

. Sucralose quarterly samples plant operations (e.g., PAC addition,
change in coagulant or polymer dose)

Nitrosamine and Nitrosamine Source water(s), recycle quarterly samples Descriptions of any nitrosamine control

NDMA concentrations stream(s), seined strategies that have been implemented,
concentrations water, finished water tested, and/or are under consideration for

NDMA precursor distribution system quarterly samples anaiysis
concenfrationsa maximum residence

time locafionb

General water Average flow High-service pump monthly data WI? process flow diagram and rated
treatment plant stations for past 1—2 years capacity
characteristics Information on site-specific approach to

meet Stage 1 D/DBPR TOC removal
requirements

Polymer addition Polymer dose Each application point Daily data for pest Information on polymer application
1—2 years point(s), polymer type for each

application point, and location relevant
to chlorine and aimnonia addition

PAC addition PAC dose Application point Weekly data for past PAC application point, carbon type, and
1—2 years water quality goals prompting use

Oxidant/primary Oxidant dose Each application point Monthly data for Oxidant type and application point(s),
disinfectant past 1—2 years contact time including description of any
addition . . .

seasonal variation
Oxidant residual at for each oxidant type Monthly data for

C x T monitoring and corresponding past 1—2 years
location disinfection zone

Plant recycle Recycle flow Each recycle stream XTeeiny data for past Information on which residuals streams are
protocols 1—2 years recycled, any polymers used for residuals

handling before recycle, and disinfectant
residual in the recycle stream

Chiorarnine Chlorine residual Entry point and DS Entry point: weekly Information on chloramine application
dosing for past 1—2 years points, target chlorine residual
procedures DS: monthly for past concentration at the entry point and

1—2 years in the distribution system, C19:NH3-N
. .

mass ratio, pH
Cl7:NH3-N ratio Entry point Weekly for past 1—2

yeais

Distribution HHM and HAA5 DS Quarterly for past 2 Information on water age (average
system data speciation and years and maximum)

concentrations

c T—product of disinfectant concentration determined before or at the first customer and the corresponding disinfectint contact time, cl,:NHi-N—chlorine
to ammonia mass ratio, D/DBPR—Disinfectants and Disinfection Byproducts Rule, OS—distribution system, HAA5—five haloacetic acids,

NDMA—N-nitrosodimethylamine, PAc—powdered activated carbon, UHM—total trihalomethane, Toc—total organic carbon, WTP—water treatment plant,

WWTP—waatewater treatment plant

a5.iy available NDMA formation pntential, uniform fonnatinn conditions, or simulated distribution system data should be collated to review sources of precursors

at tie different sample locations. See Kramer at ii. (2012b) for information on methods to assess NDMA concentrations following chloramine addition at bench

scale as an indicator of the presence of precursors.
bSee Water Research foundation 4491 for Guideline on Source-to-Tap NDMA/Nitrosamine profiling (Russell et al. 2017).
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TABLE 3 NDMA control strategies and considerations (example prepared for utility H)

t

Modified from Russell et al. (2017). Reprinted with permIssion. © Water Research Foundation.

C107—chlorine dioxide, C x T—product of disiofectant concentration determined at the end of a disinfection zone and the corresponding disinfectaot contact
time, D/DB?R—Disinfectants and Disinfection Byproducts Rule, GAC—granulated activated carbon, HAM—five haloacefic acids, LT2ESWTR—Long Term 2
Enhanced Surface Water Treatment Rule, Mn—manganese, NDMA—N-nitrosodimethylamine, O&M—operafions and maintenance, PAL—powdered activated
carbon, flHM—total tcthalomethane, UV—ultraviolet

‘Boldface text is used to indicate the four potential NDMA mitigation strategies identified for utility H.
5Could help reduce polymer dose at plant.
CIncreed NDMA precursor removal can be achieved by increasing the free chlorine contact time and optimizing pH (Krasner et al. 2015).

;‘ dfor polymer-derived precursor degradation, the oxidation step should occur after sedimentation.
eHanigan et al. (2015) showed that activated carbon could not remove po1yDADIvIAC-derived precursors, but could potentially remove
polyamine-derived precursors. More research is needed on the degree to which polymer-derived precursors can be adsorbed to activated carbon and the
conditions influencing adsorption (e.g., polymer type, carbon type).

tPrecuisor removal is observed in some waters (Shah et al. 2012); howevet testing is required to assess the impact under site-specific conditions. McCurry et al.
(2015) showed that medium-pressure 1W is more effective than low-pressure UV
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Origin of NDMA

Compliance Preformed Watershed- PoIymer
Strategy in Source Derived Derived Site-Specific Considerations

(1) (2) (3) (4) (5)

Change in source X X Xb Water fights
water . .

New surface water source would require monstoring for LT2ESWTR
compliance, which may result in bin reclassification and additional
treatment

Changes in freatabiuty of plant influent water and impacts to distribution
system_stability

Riverbank filtration X X X Depends on geology and land availability
or soil aquifer . . .Chances en treatabslsty of plant miluent water
treatment

Oxidation with X Xd Tests and/or desktop analysis of data using empirical models
chiorluer needed to assess feasibifity of achieving longer C x T while

complying with Stage I and 2 D/DBPR, particularly mainte
nance of 40/30 TTffM/HAAS certification

Oxidation with X Xd Testing needed to understand seasonal impacts on NDMA
ozone precursor removal, bromate formation, and assimilable

organic carbon concentrations

Potential beneficial impact on taste and odor issues and Stage
2 D/DBPR compliance

Relatively Ifigh capital and O&M cost compared with alternate
oxidants

Oxidation with X Xd Cl02 only effective in some cases
chlorine dioxide . . . .

.

Could be included m bench tests sf Cl02 is conssdered for other purposes
such as zebra mussel control or Mn oxidation

Testing should include evaluation of chlorite formation

Change in x Sampling needed to assess nitrosamine precursor contribution
polymer by polymers
dose/type . . .

Bench and pilot- or full-scale testmg to determine impact on
settled water turbidity, filter rim times, and residuals
handling

PAC addition X Xe PAC feed system already in place for use in spring and summer
to remove atrazine

Testing would be needed to assess impact of increased dose or
frequency of application and carbon type on NDMA precursor
removal

GAC contactors X Xe GAC filter adsorbers included as potential future process in long-range
facility plan

Beneficial impact on taste and odor issues

Impact on polymer-derived precursors would need to be assessed

U-si photolysis X X X Included as potential future treatment process in long-range facility plan

Could remove NDMA from finished water but reformation would need to
be ssed

Dichloramine X X Chlorine a ded • t, with ammonia added to achieve a chlorine-to-
minimization ammonia-ni gen mass ratio as close as possible to 5:1

Distribution system Continued reaction of chloramines fur sting recommended to assess the seasonal impact of water age
management with precursors in finished water; on continued NDMA formation in the distribution system

distribution system materials (in
some cases)
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using the decision tree provided in Krasner et aL (2015) as
a guideline. Control (compliance) strategies that were

f___ considered are listed in Table 3 (column 1), and those that

‘\ were selected for a given water system were indicated in
boldface text for further discussion with the utility.

Table 3 highlights the identified control strategies
(boldface text) for utility H. Similar tables were prepared
for each of the 14 participating water systems and are
available in Russell et al. (2017). Nanofiltration and
reverse osmosis were not included in the desktop evalu
ation because they would likely be considered only by
systems seeking to address additional water quality con-
cerns andlor if no other strategy proved effective to meet
target finished water NDMA concentrations. The control
strategies focus on removal of NDMA andlor NDMA
precursors rather than other nitrosamines because
NDMA is detected at much greater frequency (approxi
mately 1 in 10 UCMR 2 samples) than other nitrosamines
(<1 in 1,000 samples for each of the other five nitrosa
mines included in UCMR 2). Nitrosamines other than
NDMA were detected only in a few UCMR 2 samples for
two of the 14 participating water systems.

Columns 2—4 in Table 3 illustrate which sources of
NDMA the respective compliance strategies are effective
at addressing on the basis of the literature. For example,
an “X” in column 2 indicates that riverbank filtration is
a demonstrated technology to remove NDMA in source

- waters (Schmidt et al. 2006). If no “X” is shown, the

( compliance strategy is assumed to have limited effective-

U’--

ness in reducing NDMA from the indicated source.
Site-specific considerations factoring into selection of

the control strategies for utility H are summarized in
column 5 of Table 3 . Chlorine oxidation was selected for
discussion as a potential control strategy because the util
ity’s \VTP5 have multiple chlorine feed points, thus facil
itating potential changes in chlorine oxidation time, and
because total trihalomethane (TTHM) and five haloacetic
acid (HAAS) concentrations are historically low (i.e., 16
and I 7 pg/L average distribution system concentrations,
respectively). Ozone oxidation was selected as a potential
strategy if other, potentially lower-cost plant optimization
techniques were not feasible. Polymer optimization was
selected because the plant may be able to achieve lower
NDMA formation by altering the polymer dose, type, or
chlorine and ammonia feed point. Data comparing
NDMA formation after chloramination of settled water
have been shown to be lower than the maximum NDMA
formation possible by reaction of the whole polymer with
chloramines (Cornwell et al. 2015). PAC addition was
selected as a potential control strategy because utility H’s
WTPs already have PAC feed capabilities, but may not
have optimized the carbon dose and type for NDMA
precursor removal. Dichloramine minimization was not
selected because the WTPs currently operate under condi
tions that would be recommended to minimize dichlora
mine formation (i.e., chlorine added first, 4.5:1 to 5:1

chlorine-to-ammonia nitrogen mass ratio, pH —8). Distri
bution system management was not highlighted becaiiQ
UCMR 2 data did not indicate continued NDMA forma
tion in the distribution system.

The research team discussed the practicality of inrple
menting identified potential control strategies and conse
quences with each participating water system. Utility input
was solicited on site-specific simultaneous compliance,
operational, and cost impacts of implementing the respec
tive rntrosarmne control strategies. A project workshop was
conducted to solicit additional input on unintended con-
sequences of nitrosamine control strategies and feedback
on the type of practical guidance that could be developed
for utilities as an outcome of the project.

WATER SYSTEM CHARACTERISTICS AND
CONSIDERATIONS FOR NDMA MITIGATION

Table 4 summarizes available source water quality data
for the 14 participating water systems. Six of the water sys
tems have participated in other Water Research Foundation
(WRF) projects or have proactively conducted additional
water quality analyses relevant to understanding NDMA
sources. For these systems, source water sucralose,
NDMA, and NDMA formation
shown) provided insight into the potential contribution
of watershed-derived NDMA precursors. Sucralose con-
centrations were reviewed because the artffjçeetener
provides an indication ofrcent wastewater impact

( Oppenheimer et al. 20 1 1), and wastewater effluents have
been identified as a source of NDMA precursors (Krasner
et al. 2009). The available data indicated a range in source
water quality, with some water systems having higher
wastewater impacts (i.e., utilit A, D, F and L; seasonal
sucralose concentrations I 000 nc) and others having
mi ima 5 water impacts (e.g., utility E, with sucralose

<2OO ng/L 5 a reference, Oppenheimer et al. (2011)
reported a median concentration of sucralose in US
wastewater treatment plant effluents ofLfQ—g/L.
NDMA FP expected trends based
on sucralose data, with higher NDMA FP concentrations
(>30 ngIL) in source waters for utilities A, D, F and L,
and lower NDMA FP concentrations (<10 ng/L) for util
ity E. A few utilities had detectable levels of NIXN4A in
the source water. Utility J had NDMA concentrations
between 4.5 and 5.7 ng/L in its source water, utility K had
NDMA ranging from nondetect to 8.8 ngIL, and utility
M had NDMA in one of its groundwater supplies up to
40 ng/L. Utility M is located near an area with ground-
water contamination from former liquid rocket fuel pro-
diaction. For the eight water systems with no source water
nitrosamme or NDMA precursor data, sampling would
be needed as an initial step to assess concentrations in the
source water and corresponding control strategies.

Other water quality data, such as ammonia, bromide,
and total organic carbon, facilitate a review of potential
control options, factoring in unintended consequences.
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Utilities A, B, F H, and K have ammonia in the source
water based on available data, providing insight into the

- feasibility of implementing chlorine oxidation or dichior
amine minimization to reduce NDMA. Historical bro
mide concentrations can be used to (1) frame bench test
conditions to assess the feasibility of implementing ozone
factoring in compliance with the bromate MCL and (2)
model the impact of an increase in free chlorine contact
time on Stage 1 and 2 Disinfectants and Disinfection
Byproducts (D!DBP) Rule compliance, factoring in for-
mation of brominated DBPs. Research has also indicated

a threefold increase in NDMA concentrations following
chloramine addition in the presence of bromide at pH >8

. .

( Luh & Marinas 2012); however, the bromide concentra
tions evaluated (32 mg/L) were several orders of magni
tude higher thanypically observed in drinking
water supplies (i.e., Ipg/L) (Amy et al. 1995).

Some WTPs treat water from multiple sources (e.g.,
utilities L and M). For these water systems, the charac
teristics for each source will need to be reviewed to assess
mtrosamine and NDMA precursor sources and control
strategies. Any planned or future changes to the relative

(

TABLE 4 Source water characteristics for participating water systems

Modified from Russell et al. (2017). Reprinted wfth permission. © Water Research foundation.

N—nitrogen, ND—not detected, Toc—total organic carbon, V1TP—water treatment plant

aSucrajose, N-nitrosodimethylamine (ThJDMA) fonnafion potential, and/or aource water NDMA data were available from utility aampling and/or other Water
Research foundation projects (4180, 4370, 4461, 4444).

bSurface water is chioraminated by a water authority before distribution to the utility’s WTPs.
CBlend of two supplies; concentrations >300 pg/L are measured in a source that constitutes 2OYo of the current supply.

Ga WTPZ uses a blend of the source for WTP1 and WTP3.
eUtilities L and 1sf operate only one surface water treatment plant but bad discrete data sets for each of the two sources supplying that Wi’?.

Shading indicates that information is not available.

(

Upstream Impacts (Reported)
Ammonia TOC Bromide

Utility Wastewater Agricultural Industriat mg/L as N mg/L pg/L

A, ‘A[fp • ND—O.3 5.3 120

A, WTP2 • 011—0.96 6.6 145

A,WTP3 • 0.10 5.9 148

B, WTP1 and 3 • • O.18_2.5b 3.4—14.3 38—147

B,WTP2and4 • • 5.8—16.1 24—93

C • • 2.9-4.7

Da • • 8.2—18.4 2040r

E,WTP1 4.9

Ea,WTP2 1.6

fa • ND—0.36 7.0—12.7

G, wwld • • 1.9—6.0 ND—650

0, Afl-p3d • • 2.4—5.2 ND—300

H, WTP1 • I 0.01—0.31 2.7—9.2 <50—210

H, WTP2 • • 0.01—0.5 3—9.8 <50—150

I <0.1 6.2

Ja, WTP1 •

Ta, WTP2 •

K • • • 0.11 6.9

L5, WTP source ie • • 184—487

L5, WTP source 2 • 31—56

M, WT source ie • ND—O.12 1.6—3.8 40—270

M, WTP source 2 • ND-o.02 1.4-3.8 30—290

Ma, wells

Na,\[1p1 •

N, WTP2

Na, WTP3

•1
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blend should also be considered in an evaluation of con-
trol strategies and consequences.

(_
Plant schematics and operations data were used to

‘ further assess potential NDMA sources and control strat
egies. For example, if a water system used a polyamine
or po1yDADMAC polymer, polymer-derived precursors
were considered as a potential source of NDMA. If a
utility had a long free-chlorine contact time (e.g., >200
mg-rninlL), additional chlorine oxidation was not con-
sidered a potential control strategy for further reduction
in NDMA formation. If a utility had TTHM or HAAS
concentrations approaching the respective MCLs, DiDBP
Rule compliance factored into the assessment of potential
control strategies and consequences.

Eight of the 14 water systems operate ntore than one
WTP. To respond to a potential nitrosamine regulation,
these systems will need to consider NDMA contribution
from each entry point and the effect on potential distribu
tion system compliance concentrations, factoring in sea-
sonal variations in plant production and water age.

Several of the water systems add PAC either on a seasonal
or year-round basis. Other utilities have PAC feed capa
bilities at their WTPs but report that the feed systems are
never or rarely used. For these utilities, PAC addition on a
more frequent basiEiea low-capital-cost option to
trim NDMA concentrations for compliance with a poten
tial future regulation. PAC has been observed in bench tests
to remove wastewaterved precursors, with better

( removal achieved using lignite versus bituminous coal /
‘—

carbon for the conditions evaluated (Hanigan et al. 2012).
Krasner et al. (2015) reported 38—59% NDMA precursox

—% J
removal at two full-scale wastewater-affected Plantyor
PAC doses ranging from 4 to 21 mg/L (Figure 1)./
NDMA TRENDS AND SOURCES /

Figures 2—5 show NDMA data for several Ithe partici
pating water systems, highlighting the follog trends:

a NDMA data for utility (Figure 2 ighlights the
need for year-to-year profiling assess the range of
NDMA concentrations that could be observed in the
finished water and distribution system. UCMR 2
data collected in 2009 and 2010 were all <5 ng/L.
However, grab samples collected in 2007 and 2010
had finished water concentrations >10 ng/L. Samples
collected in 2013 (Krasner et al. 2016) also showed
higher concentrations.

. On an annual basis, a wide range of NDMA concen
trations is observed for some water systems in fin-
ished water and distribution system samples. Quar
terly distribution system maximum residence time
samples varied more than 15 ng/L for utilities A, C,
F; I, J (WTPs 1 and 2), and K (Figure 3). For these
Tater systems, seasonal water quality (e.g., percent

wastewater impact, source water ammonia concen

{ trations) and/or operational conditi (e.g., polymer
\. - use, chloramination conditionsjrtere) may be

leading to periodically high NDMA concentrations.
Review of plant operation and water quality data to
understand factors contributing to these events could
lead to control strategies that lower the peak NDMA
concentrations facilitating compli ance, which is

FIGURE 2 NDMA concentrations in finished
water and distribution system samples
from utility A

G Finished water
0 MR dllstribution system

0

UCMR2 0
data 4)

I

Feb. July Nov. Apr. Aug. Dec.
2008 2009 2010 2012 2013 2014

Month and Year

MR—maximum residence time, NDMA—N-nitrosodimethylamine,
UCMR 2—Unregulated Contaminant Monitoring Rule 2

FIGURE 3 Box and whisker plot illustrating range in
NDMA MR US concentrations over one year
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expected to be based on a locational running annual
average (LRAA), if regulated. As an example, utility F
(Figure 4) observedhigh NUMA concentrations on two
spnng sampling events when ammonia was detected in
the source water. For these sampling events, localized
breakpoint reactions resulting in dicMoramine forma
tion and an absence of free chlorine contact time were

identified as the likely causes of the high NDMA con-
centrations (McCurry et al. 2016a).

. Some water systems (Figure 5) had consistently
higher distribution system NDMA concentrations
compared with finished water concentrations, mdi-
cating continued formation or additional NDMA
sources in the distribution system that would need
to be factored into any control strategy. For utility
N, the distribution system NDMA concentrations
were above the finished water concentrations, but
still low at <10 ng/L.

ASSESSMENT OF POTENTIAl. NITROSAMINE SOURCE
AND CORRESPONDING CONTROL STRATEGIES

Table S lists potential sources of NDMA formation at
each water system based on available NDMA data and
information on system characteristics (Tables 1 and 4).
The potential contribution of source water contamina
tion, watershed-derived precursors, polymer-derived pre
cursors, and distribution system formation is referenced
as “high” if considered a likely source of NDMA,
“medium” if considered a possible source, and “low” if
considered to contribute minimally or not at all. In the
absence of quantitative information, the following
assumptions were made to provide a qualitative assess-
ment of potential sources of NDMA:

. Concentrations of preformed NDMA were assumed
to be minimal in source waters unless data were
available to indicate otherwise. This assumption is
supported by trends observed in WRF 4461 (Krasner
et al. 2016). In a few cases, data were available from
other WRF projects and/or the utility to confirm the
absence of NDN4A in source water samples.

. Source water characteristics (Table 4) were reviewed
to assess the likely contribution of watershed-derived
precursors. For example, if utilities indicated that
their water supply had
industrial impacts or was wastewater-affectthe
source water was identified as alikely source o
NDMA precursors. The water supply for iti ity E is
not affected by any municipal, agricultural, or indus
trial activities. Utility I is located in a rural area and
has a pristine source water; howeve NDMA forma
tion tests would be needed to confirm the contribu
tion of the source water to NDMA formation.

. The potential contribution of polymer-derived precur
sors was assessed on the basis of use of polymer at
each respective utility and NDMA data, if available.
Polymer precursors were indicated as a likely source
of NDMA in Table 5 for utilities reporting the use of
polyDADiviAC and polyamjicj.arohydrin
dimethylamine). Utilifimized its use of poly
DADMAC in 2003, reducing the dose to <0.5 mg/L
as product, and it has since observed finished water
NDMA concentrations <2 ng/L minimum reporting
level. Utility F uses polymer (po1yDADMAC) only a
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FIGURE 4 NDMA concentrations in finished
water and distribution system samples
from utilityF
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few months of the year. Utility L applies <0.1 mg/L
polyacrylarnide. On the basis of bench-sc.NJ2A
FP tests for utility L, the o yacry1arnide does n t

contribute NDMA, consistent ‘

(Labernik et aI. 2010).
, NDMA formation in the distribution system is indicated

/ as a possible source of NDMA for water systems with
higher NDMA concentrations in distribution system
samples than in finished water samples. For these sys
tems, the distribution system concentration being higher
than the finished water NDMA concentration is likely
attributed to continued or
polymer-derivepecusors with chIorpes author

\ with chloramines.

? However, in some cases, distribution system materials

I have been linked to NDMA(Teefy et al. 2014, Morran

$ i et al. 201 1). Nitri n hithe distribution s stem
—-q could also contribu to ND - . . he distri

\. bdbon system (Zeng &M,it _ 16).
Back’Water recycling practices should also be

considered in an assessment of potential nitrosamine
sources. Eleven of the 14 participating water systems
recycle decant or pressate from the sedimentation basin
blowdown and/or spent filter backwash water. On the
basis of system characteristics for utility I, current back-
wash recycling practices are a likely source of NDMA;
however, sampling data are needed to confirm the contri
bution from the recycled water.

Table 5 highlights the need for source-to-tap nitrosa
mine and NDMA precursor profiling to identify and
quantify the primary sources of NDMA, which may
include source water contamination, watershed-derived
precursors, polymer-derived precursors, recycled back-
wash water and distribution system components. The/1’
relative contribution of those potential NDMA sources
may vary under site-specific conditions. Profiling_should
be conducted at an appropriate fr quenc ccount for
poteTseasona ajtear-to-year variations.

Table 6 summarizes proposed control strategies for all of
the participating utilities, developed on the basis of available
system information. Dots are used to illustrate the proposed
NDMA control strategies for each utility. In some cases,
only one control strategy was suggested. For example,
utility F has conducted sufficient studies to pinpoint distri
bution system materials (tank gaskets) as the source of
N]MA concentrations >10 ng/L. No other control strategy
is suggested because the source of NDMA and prioritized
strategy have been identified. In contrast, for most other
utilities, testing is required to identify the primary sources
of NDMA and assess the optimal NDMA control strategy,
taking into account costs, operational impacts, and simul
taneous compliance considerations. For these utilities, three
or more control strategies may be considered until NDMA
sources and control options are better understood.

The variability in proposed NDMA control strategies
(Table 6) highlights these key points:

Source Watershed Polymer Distribution System
Utility Contaminant Precursors Precursors Formation

A Low High High Medium

B • Low High High Medium

C Low High High Low

Da Low Medium High Medium

E Low Low Low Highb

fa Low High Low Medium

G Low Medium Medium Medium

H Low High High Medium

Ia Low Low High Medium

Ja Medium High High Medium

K Medium High High Medium

La Low High Low Medium

M High Medium Medium High

N Low Medium Medium Medium
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TABLE 5 Summary of potential NDMA sources for case studies

Modified from Russell et al. (2017). Reprioted with permission. © Water Research foundation.

high—a likely source ofNDMA, low—an unlikely source of NDMA, medium—a possible source of NDtIA, NDMA—N-nitrosodimethylammne

NDMA data (beaidea Unregulated contaminant Monitoring Rule 2) were available to help clarify nitoaamine aources (e.g., from utility sampling
and/or other Water Research Foundation projects).

bNDMA in Utility Es distribsition system is linked to leaching of NDMA and NDMA preccsrsors from materials in a distribution system storage tank.
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No si1e best available technology ests for NDMA
tr ent. The optimal treatment approach will

i__ depend on the primary sources of NDMA, the
NDMA treatment goal, and other site-specific char
acteristics, such as source water quality (bromide,
turbidity, ammonia, TTHM and HAA5 precursor
concentrations), existing treatment processes (e.g.,
polymer use, current oxidation steps), and distribu
tion system characteristics (e.g., water age, materials).

. Testing is needed to assess the optimal control strategy
on the basis of NDMA removal and simultaneous
compliance considerations, operational impacts, and
costs. Some utilities with lower NDMA concentrations
may be able to tweak existing processes, whereas oth
ers will need to explore a range of options to get
NDMA below a target compliance level.

UNINTENDED CONSEDUENCES
Many of the known consequences of implementing treat-

ment or control strategies considered to minimize NDMA
concentrations have been documented. For example, in its
simultaneous compliance document for the MJDBP rules,
the USEPA lists simultaneous compliance and operational
considerations associated with source management, dis
tribution system management, ozonation, chlorine dioxide
addition, and addition of GAC (USEPA 2007). Table 7
summarizes consequences documented in that USEPA
guideline, along with considerations derived from other

literature and those highlighted during discussion with the
14 participating water systems. The tables can be used to
facilitate rule development, such as for taking into account
the costs associated with the identified consequences (e.g.,
changes to residuals handling options, increased DBP
monitoring if the 40/30 TTHMJHAAS certification for
reduced monitoring is no longer met).

The compilation of consequences documented in the
literature and derived from the 14 participating water sys
tems for this desktop study clearly illustrates that changes
made at a WTP to reduce NDMA concentrations may

. result in compromised ability for a water system to
comply with other regulations;

. result in increased health risk from exposure to other
constituents in water while still in compliance with
existing regulations; and

. affect operations, with implications for annual oper
ations and maintenance costs.

Discussion with the participating water systems high-
lighted several consequences of implementing NDMA con-
trol strategies that were not immediately apparent from
review of the literature or engineering experience. Several
utilities were concerned about continued ability to meet
Partnership for Safe Water criteria if they made changes to
their polymer use. Participation in the Partnership for Safe
Water aids in consumer confidence and minimizes pathogen
risk beyond levels required by the surface water treatment
rules. Two water systems also expressed potential challenges

I

Utility Polymer PAC Chlorine Other Major D5
(NDMA Range—ng/L) Optimization Addition Oxidation Ozonation Capital Projectb Control/Management

A(ND—30) . .

B (4—25) . . a

C($—36) a a S a

D (3-7) • a a a

E(ND—3) a

F (5—82) a a a a

G (ND-4) a

H (3—18) a a a a

I (10—45) a a a

J(ND—35) a a a a

K(5—32) a a a a

L(3—25) a a a

M (ND-21) a a a a

N (ND—7.5) a a
I

a
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TABLE 6 Potential NDMA control strategies for participating water systemsa

Modified from Russell et al. (2017). Reprinted with permission. © Water Research foundation.

OS—distribution system, ND—no data, NDMA—N-nitrosodimethylamine, PAc—powdered activated carbon

aDots indicate potential NDMA control strategies propoaed for different utilities.
bOther major capital projects discussed with participating utilities include granulated activated carbon contadors, ultraviolet photolysis (medium-pressure
ultraviolet at doses 200 mJ/cm’), riverbank filtration, or soil aquifer treatment.
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TABLE 7 SmuItaneous compliance, risk balancing, and operational considerations for NDMA control strategies

C

RU55ELLETAL. JUNE2Q17•109:6 JOURNALAWWA E23?

NDMA
Mitigation
Approach Simultaneous Compilancea Risk Balancing Operational Impacts

Change in source Changes in DS water quality with Change in DS water quality with A source water change may alter the
water impacts on pipe corrosion impacts on pipe corrosion taste and/or odor of a water or

May affect TfHM and HAA5 Changes in pathogen loading cause water color issues (e.g., from

formation balanced with impacts on Fe or Mn)

May chance particle and pathocen disinfection requirements and Potential impact on residuals

loading corresponding formation of TfHM quality/quantity
and HAA5

LT2ESWTR, Stage 1 and 2 D/DBPR, Changes in treatabiity and

LCR, GWR, RTCR corresponding plant operations

RBf or SAT Changes in DS water qualitywith Change in DS water quality with Potential impact on residuals
impacts to pipe corrosion impacts on pipe corrosion quality/quantity

May decrease TTHM and HAA5 Potential increase in concentrations Clogging/hydraulic impacts for RBF
formation of minerals/contaminants in the .

. Chan°es in treatability and
rwerbanlc or aquifer (e.g. arsenic) .

Potential credit for ClyptospoTzdlum corresponding plant operations
removal per microbial toolbox
(USERA 2006a)

May reduce particle and pathogen
loading

LT2EST’VTR, Stage 1 and 2 LhDBPR,
LCR

Oxidation Increased formation of HHM and Increased formation of TOX and Increased sampling if 40/30
with HA.45 unregulated halogenated DBPs certification allorting reduced
chlorine . . . (Krasner et al. 2006) monitoring no longer applies (see

Potential increase in C x T and
.

Table DLF-1 of USEPA 2006b
improved pathogen control

Stage 1 and 2 D,VBPR, RTCR

Oxidation Bromate formation Increased formation of chioropicrin May remove taste-and-odor-causing
with ozone . . . (McCurry et al. 2016b Bond et al. compounds from water

Potential reduction in TTHM and .

. . 2014 Ho;ane&Baderl9BB) and .

HAA5 Lorn;abon particularly . AffecLs Mn speciabon and removal
. acetaldehydes (McKnwht &

when coupled with BAF . . . .

Reclthow 1992) Additional water quality momtoring
Potential increase in C x T and . for bromate ozone residual and

. Increased cancer nsk from bromate
improved pathoovn control . . AOC

mgestion at levels below the MCL
Deoradation of NOM to AOC can . . . . Discontinued ability to add chlorine

. . . . Reduction in haloacetomtriles .

affect biofilm growth and stability . for algae control on filters if they
.

(MclinicTht & Reclthow 1992)
of pipe scales are converted to BAF in

. . . . Potential benefit for aIal toxin conjunction with ozone addition
Potential credit for Ciypfospoizdiunz

inactivation per microbial toolbox
con o

(USEPA 2006a) Change in DS water quality with

LT2ESWTh Staae 1 and 2 D/DBPR
impacts Ofl pipe corrosion if AOC

LCR, RTCR
is not mitigated

Oxidation with Chlorite formation Chlorate formation potential May remove taste-and-odor-causing
chlorine dioxide . . .

compounds from water
Potential increase in C x T and .

. Benefit for alaal toxin control
improved pathogen control jreFe and Mn removal

Potential credit for Cryptospofldium , Nitrfflcation prevention from release
inactivation per microbial toolbox . ( of chlorite ion (McGufre et ii.

(USEPA 2006a) 2006)

LT2EST47TR, Stage 1 a;zd 2 D,VBPR Requires additional monitoring for
compliance with Stage 1 D/DBPR

Change in polymer Impact on particulate removal and Impact on pathogen risk reduction Plant production efficiency
dose/type SWTR compliance including . . . .

S Impact on continued ability to meet Shorter filter run times
LT2ESWTR Crvptospondnon . .

., . Partnership for Saie Drrnkinx
removal credit if IFE or CfE . Increased backwash frequency

. . . Water requirements
turbidity concentrations chan°v .Residuals handling

Compliance with Stage 1 and 2
DBPRb

Alternate polymers may not be
effective for targeted ifiter loading

Potential impact on NPDES permit rates (>10 gpm/fr2) for a direct
depending on change in coagulant filtration plant
dose and site-specific permit limits

LT2ESVVTR, IPDES
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TABLE 7 Simultaneous compliance, risk balancing, and operational considerations for NDMA control

(

t

strategies, continued

Adapted from Russell et aL (2017). Reprinted with permission. © Water Research Foundation.

AOC—assimilable organic carbon, BAF—biologically active filtration, CFE—combined filter effluent, C17:M13-N—chlnrine-to-an;monia mass ratio, C x

product of disinfectant concentration and the corresponding disinfectant contact time, POP—disinfection by-product, D/DBPR—Disinfectsnts and Disinfection
Byproducts Rule, DS—disthbution system, Fe—iron, GAC—granulated activated carbon, GWR—Groundwater Rule, HAA5—haloacetic acid, IFE—individual filter
effluent, LGR—Lead and Copper Rule; LT2ESWTR—Long Term 2 Enhanced Surface Water Treatment Rule, MCL—maximum contaminant level, Mn—manganese,
NDMA—N-nifrosodimethylamine, NOM—natural organic snatter, NODES—National Pollutant Discharge Elimination System, PAC—powdered activated carbon,
RBF—riverbank filtration, RTCR—Revised Total Coliform Rule, SAT—soil aquifer treatment, SWTR—Surface Water Treatment Rule, TOX—total organic halogen,
HHM—totsl thhalomethane, USEPA—US Environsnental Protection Agenc UV—ultraviolet

aRe,,flafions for which compliance could be affected because ofproposed NDMA mitigation strategy are listed in italics.
5A few pafficipating water systems that tested polymer changes at hill-scale observed an increase in TTHlvl and HAA5 formation as a result of that change;
however, it was not clear from discussions whether the coagulant dose was a factor.

associated with meeting National Pollutant Discharge

Elimination System (NPDES) permit requirements if a

7 change in polymer application translated to increased

‘( coagulant dose. Utility It currently discharges all plant
-

residuals to the Mississippi River under an NPDES
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permit. That section of the river has established

numerical criteria for aluminum; an increase in the

alum dose potentially required to facilitate discontin

ued or reduced use of polymer may result in NPDES

permit compliance implications. Utility H also cited

NDMA
Mitigation
Approach Simultaneous Compliancea Risk Balancing Operational Impacts

PAC addition Removal of NOM and certain trace Potential benefit for algal toxin May remove taste-and-odor-
organics can reduce DBP control causing compounds from water
formation Maintenance of PAC feed system

Stage 1 and 2 D/DBPR . .Increase m residuals Ioadmg

Impact on chlorine dose
depending on point of
addition

GAC RemovaL of organics can reduce DBP Potential benefit for algal toxin May remove taste-and-odor-
contactors formation control causing compounds from water

Removal of organics can improve Removal of other organic Potential need for low lift
control of disthbufion system microconsfituents pumping
bioflims and reduce chlorine .

. . . . Addition of GAG backwash
demand with beneficial impacts .

. water for ressduals handhn
on LCR and RTCR compliance

Potential 0.5-log credit for
Cryptospoddiu;n removal per
microbial toolbox (USEPA 2006a)

Stage 1 and 2 D/DBPR, LCR, RTCR

Uv photolysis Pathogen inactivation Cliloroplain formation with Potential need for low lift
. . . . medium pressure DV lanips pumping

Potential credit for C;yptospondzum
. . . . . çReclthow et aL 2010
inactivation per microbial toolbox
(USEPA 2006a) Degradation of microconstituents

LT2ESVVTR

Dichloramine Optimized formation of Careful control over Cl2:NH3-N can Impact on nitufication control
minimization monochlorarnine and improved also help manage nitrificafion, depending on target C12:NH3-N

management of nittifitation can resulting in better disinfectant and pH
provide benefit for RTCR residual maintenance . .

. Minimize taste and odor
compliance . . .

associated with didiloranune

RTCR Stringent performance window
with implications for process
control and staffing

Distribution Potential reduction in HElM and Potentially improved microbial Impact on nitrification control if
system HAA5 concentrations if water age control water age is reduced or a
management is reduced change in chlorine boosting is

. . impleniented
Improved clslorine residual

maintenance Rushing results in increased
. water loss

Can reduce corrosion

Stage 1 and 2 D/DBPR, RTCR
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concerns regarding the potential impact of a change

in polymer dose or type on its residuals permit.
4 Positive consequences of making changes to address

‘ NDMA were also reported. Utility M reported that its
efforts to optimize polymer use to reduce chemical costs
translated to a reduction in NDMA formation following
cMorarnine addition. Implementation of ozone, chlorine
dioxide, PAC, or GAG to address NDMA can also result
in improved taste and odor.

Compliance with the existing MJDBP rules (i.e., Revised
Total Coliform Rule, Interim Enhanced Surface Water
Treatment Rule, Long Term I Enhanced Surface Water
Treatment Rule/Long Term 2 Enhanced Surface Water
Treatment Rule, and Stage 1 and 2 DIDBP Rule) is most
frequently at risk from implementing potential NDMA
control strategies. Several NDMA control strategies can
affect distribution system water quality, with potential
impacts to Revised Total Coliform Rule andlor Lead and
Copper Rule compliance.

The cost implications of making changes to address
NDMA were also discussed with the participating water
systems during conference calls and a breakout session at
the workshop. Costs associated with implementing

NDMA control strategies were brought up as a concern
primarily during discussion of major capital improve-
ments such as riverbank filtration, ozone addition, GAG
contactors or filter adsorbers, or ultraviolet photolysis.

- -
The following key points were discussed:

( .
For small systems, such as utility I, a very small num

‘%- her of customers would bear the burden of a rate
impact. Such systems will be particularly constrained
to finance a capital improvement project for nitrosa
mine control.

. Until regulated, funding for capital improvement proj
ects to reduce NDMA concentrations may be difficult
to justify to utility boards or councils and to ratepayers.

•
Budgeting should include the costs to conduct source-

to-tap
“S

(see Table 2), and to conduct bench and/or pilot tests
to assess the effectiveness of the proposed control
strategy, evaluate consequences and any mitigation
factors, and develop design criteria.

Costs to implement nitrosamine control strategies will
depend on the target NDMA concentrationlcompliance

level. For example, utility L has been able to reduce
NDMA LRAA concentrations from 22 to 7 ng/L by add-
ing a small amount (0.4—1 mg/L) of chlorine, in conjunc
tion with chlorine dioxide, before the clearwells. Costs
associated with this treatment change are minimal. If
utility L needed to reduce NDMA concentrations further
PAC addition could be implemented on a year-round
basis (currently only added seasonally, approximately
three months per year) to achieve an additional 20%

I reduction in NDMA to an —5 ng/L LRAA (based on full-

scale data and associated analysis for WRY 4444; Uzun
et al. 2016). Capital costs for the FAG feed system were

previously incurred by the water system; however, annual
chemical costs to increase PAC addition at the utility’s
150 mgd WTP to year-round frequency are $230,000 in
2016 dollars (based on PAC cost of $0.63/lb [PAC costs
in other regions of the United States may be higher]).
Further reduction in NDMA could require implementa
tion of a more costly improvement project.

For many systems using chloramines as the primary or
secondary disinfectant, minor, low-cost modifications may
only be capable of reducing NDMA to concentrations in
the mid-range of where USEPA could consider regulating
(e.g., 20 ng/L, twice the California notification level).
Major capital changes may be needed to meet more strin
gent MCLs (e.g., 10 ng/L) with significant system-specific
cost implications, particularly when factoring in costs to
mitigate unintended consequences (Russell et al. 2017).

FRAMEWORK FOR IMPLEMENTING NITROSAMINE
CONTROL STRATEGIES ACCOUNTING FOR
CONSEQUENCES

In the process of compiling data for each system to
assess potential NDMA sources and corresponding con-
trol strategies, it quickly became clear that absent nitro
samine and NDMA precursor profiling data, any assess-
ment of consequences (not to mention sources and control
strategies) was qualitative at best. As was expected, the
more data that were available, the easier it was to identify
potential next steps for nitrosamine control. Even when
data were available, historical knowledge of operational
events, such as seasonal water quality issues or timing of
change in polymer used, was critical to help with the
appropriate interpretation of the data. Participating util
ities recommended the development of tools and pro-
cesses to help step through decision-making and provide
guidance on how to perform in-house assessments.

Figure 6 provides an overarching framework and tools
for water utilities to assess nitrosamine sources and control
strategies, accounting for simultaneous compliance, opera-
tional, and cost impacts. A checklist (Table 2) can be used
to identify source watel; treatment, and distribution system
characteristics to facilitate an initial assessment of nitrosa
mine sources and potential control strategies that are based
on site-specific conditions. In the absence of comprehen
sive, seasonal nitrosamine data, the Guideline for
Source-to-Tap NDMAlNitrosamine Profiling (Russell et
aL 2017) can be followed to identify sample locations and
procedures to assess the site-specific source(s) of NDMA.
A minimmvi of quarterly samples is recommended, includ
ing seasonal events that are anticipated to affect formation
of NDMA (e.g., when polymer doses are high, percent
wastewater impact is expected to be high).

A decision tree (Itrasner et al. 2015) that is based on
the water system data and source-to-tap profiling can be
used to identify potential compliance options and any
interim studies that may help inform the decision-making
process. Bench tests may be needed to inform decisions
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on the optimal control strategy to achieve target nitrosa
mine concentrations while maintaining compliance with

(____
other regulations and minimizing detrimental impacts to

‘* plant operations and costs.
Actions to reduce concentrations of a contaminant are

sometimes challenging in the absence of a final regula
tion. One approach water systems can take is to inte
grate planning for a potential NDMA regulation, with
ongoing operational or capital improvement program
activities and/or long-range facility planning, to better
position the utility for future compliance, using the
framework (Figure 6) as a guideline.

(

CONCLUSION
A qualitative assessment of unintended consequences

of implementing nitrosamine control strategies was devel
oped on the basis of a literature review, desktop exercise,
and expert workshop evaluating potential control strate
gies for 14 participating water systems. The assessment
provided tabulated information on consequences, includ
ing simultaneous compliance and operational impacts
that are well documented in the literature, along with
site-specific considerations elucidated from discussions

E240 RUSSELL ET AL. f JUNE 2017 • 109:6 f JOURNAL AWWA

with the participating water systems. The qualitative
information can help inform the regulatory development
process by highlighting factors that should be considered
in a cost and technology assessment for rule development.

Seasonal profiling data are needed to understand nitro
samme and NDMA precursor sources as one of the first
steps to assess control strategies and corresponding con-
sequences. UCMR 2 data alone are not sufficient. Most
water utilities do not have NDMA profiling data unless
they have conducted special studies either within their
own utility or via participation in WRF projects.

On the basis of a review of 14 participating utilities, the
sources of nitrosamines and NDMA precursors (and rela
tive contribution of those sources) vary between plants. The
optimal treatment approach will depend on the primary
sources of NDMA, the NDMA treatment goal, and other
site-specific characteristics, such as source water quality
(e.g., bromide, turbidity, ammonia, TTHM and HAAS
precursor concentrations), existing treatment processes

(e.g., polymer use, current oxidation steps), and distribution
system characteristics (e.g., water age, materials).

In the absence of robust NOMA data, water quality, plant
design, and operational data can be compiled to initiate an
assessment of potential nitrosamine sources and to inform
development of a source-to-tap profiling plan to quantify
sources under different seasonal conditions. Testing is needed
to assess the optimal control strategy on the basis of NDMA
removal and factoring in unintended consquences. Some
utthties with lower NDMA concentrations may be able to
make minor adjustments to existing processes to meet a
target NDMA goal, whereas others will need to explore a
range of options to get NDMA below a target compliance
level. The lower the NIJMA treatment goal, the more likely
it is that high-cost capital projects are needed.

Absent a regulatory determination, most water systems
are unlikely to characterize their NDMA sources and plan
steps to reduce concentrations unless those steps are taken

as part of a broader facility planning exercise in which
potential NDMA compliance is factored into planned
upgrades to the plant to ensure that the existing plant can
accommodate improvements needed to address a nitro

samme regulation if promulgated. A framework was
developed to help utilities respond to an NDMA regula
tion or take the first steps to integrate NDMA control
into ongoing near-term capital improvement project
activities, and/or long-range facility planning. This pro-

cess should be initiated early because a minimum of 18
months would be needed to conduct quarterly sampling

and test control strategies, followed by an additional two
years or more to design and implement NDMA strategies

requiring a capital improvement project.
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profilinga I

t
( Step4

I Conductbenchteststo I
I assess performance of I
I candidate technologies

and consequencesa

Step 3
Identify potential
control strategies

(Krasner et at. 2015) I
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