Appendix A

Corrosion Indices for the
Precipitation of Protective
Coatings

Many corrosion control programs for
water utilities have targeted the pro-
tection of metal pipes through precipi-
tation of calcium carbonate (CaCO,).
This process depends on the equilibrium
reactions involving the calcium ion
(Ca?), hydrogen ion (H*), hydroxide-ion
(OH), carbonic acid (H,CO,*), carbon
dioxide (CO,), bicarbonate ion (HCO,),
and carbonate ion (CO,*). The objective
of the process is to produce a finished
water which will evenly precipitate
calcium carbonate on the pipe walls
within the distribution system. This
means that the finished water should be
supersaturated with respect to calcium
carbonate to the extent that precip-
itation occurs.

A multitude of corrosion indices have
been developed over the years to
describe the precipitation of calcium
rarbonaie. The recommended index is
the Calcium Carbonate Precipitation
Potential (CCPP) for use in evaluating
the water quality goals necessary to
successfully provide corrosion control
protection through the formation of
calcium carbonate films. The Langelier
Saturation Index (LI) may also be used
by PWSs due to its long history of
application and the ability of some
systems to develop reliable relationships
between LI and corrosion control
protection. Other corrosion indices are
not recommended for determining
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water quality goals generating calcium
carbonate precipitation in distribution
and home plumbing systems.

Calcium Carbonate
Precipitation Potential.

The term calcium carbonate precipi-
tation potential (CCPP) refers to the
theoretical quantity of calcium carbonate
that can be precipitated from waters
that are super-saturated. A treated
water CCPP of 4-10 mg/1 (as CaCOy) is
typically required to promote formation
of protective calcium carbonate deposits.
For large systems, higher CCPPs may be
required to ensure maintenance of
calcium carbonate deposits t.hroughout
the distribution system.

CCPP has also been shown to relate
directly to reaction kinetics as found by
Nancollas and Reddy (1976) and pre-
sented by Rossum and Merrill (1983):

d[Ca®*Vdt = -10° KS(CCPP)’

where K is the rate constant for crys-
talilne growth ana S is the surface area
available for precipitation of a given
particle size. When applying corrosion
indices as a surrogate measure of cor-
rosion control performance, it is impor-
tant that the application be supported
by additional information, such as
distribution system monitoring, in-situ
coupon testing, bench-scale corrosion
testing, and inspection of pipe materials
removed from the distribution system
during maintenance and repair.



Determining the Calcium
Carbonate Precipitation
Potential -

CCPP can be determined graphically
through use of Caldwell-Lawrence
diagrams, analytically through equilib-
rium equations, or by computer analysis.

CCPP = 50,000 * ([Alk); - [Alk])
Theoretical basis for determining the
amount of CaCO, precipitated or
dissolved by waters depending on their
saturation condition as presented by
Merrill and Sanks (1977a, 1977b, 1978).

CCPP = 0: CaCO, saturated solution.

CCPP > 0: CaCOj, supersaturaed solu-
tion, and the CCPP value denotes the
milligrams per liter of CaCO, which
will be precipitated.

CCPP < 0: CaCO, undersaturated
solution, and the CCPP value denotes
the milligrams per. liter of CaCO,
needed to be dissolved into solution
to bring to saturation.

Rule of Thumb Goal: 4-10 mg/L CaCO,

CCPP Calculation Procedures:

A. Definition of Terms and Values
of Constants

[Alk], Measured value of alkalinity in
the finished water,
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representing the alkalinity of
solution prior to precipitation of
calcium carbonate.

Equilibrium alkalinity resulting
after precipitation of the
calcium carbonate content
beyond saturation. Calculation
of this term requires an itera-
tive solution for the hydrogen
ion concentration at equilibri-
um. Once this is done, [Alk],,
can be calculated as follows:

[ALk],, = to/Peq * (Acy,; - 8,9) - 8,
where t,, = (2K, + [H']NMH'],
P = R[H'], + K|VK,
3.. = [H‘]cq . K'r/[qu

and,
Ky = Henry’s law constant for CO,
K, = dissociation constant for water
K, = first dissociation constant of

carbonic acid.

K, = second dissociation constant of
carbonic acid
[Acy]; = Acidity of the finished water.
= C,*(a, + 2*a) + [H']-- [OH]
a s ([H"VK{ +1+ W’])d‘

[Alk],

a8y =1+ KHT+ K*KAHD?

The equilibrium constants used in
the above equations are given in Table
A-1 for various temperature conditions.



Table A-1. Equilibrium Constants for Carbonate-Water System

14. 93 1.11 6.579 10 625
S 8.09 14.73 1.19 6.517 10.557
10 8.15 14.53 1.27 6.464 10.490
15 8.21 14.35 1.32 6.419 10.430
20 8.27 14.17 1.41 6.381 10.377
25 8.33 14.00 1.47 6.352 10.329
30 8.38 13.83 1.53 6.327 10.290

Derived from equation, pKsp = 0.01183*(Temp) + 8.03, Larson and Boswell,
1942. -

B. Algorithm for Iterative Solution

The CCPP represents in mg/L as
CaCO, the saturation state of calcium
carbonate with respect to existing
conditions (Alk) and the equilibrium
conditions which would exist after the
water’s potential to precipitate or dissolve
calcium carbonate had occurred ( .
During this process, the equivalents of
calcium precipitated (or dissolved) must be
equal to the equivalents of alkalinity
precipitated (or dissolved). However, the
acidity of the water remains constant and
therefore can be used to determine the
equilibrium alkalinity conditions as
described below.

Acy; = Acy, = [(Alk; + s)/t)*p; + s,
where s;, t;, and t; are defined as follows:

s = [H*] - KJ/[H']

t = 2°K," + [H*]/[H"]

= 2*[H"] + K,'VK/’

Since acidity remains conservative
through the precipitation/dissolution of
calcium carbonate, the actual acidity of the
water (Acy,) may be used to define the

equilibrium alkalinity (Alk,) as shown
below:

Alk,, = t/Pey*(ACY: - Soy) - 3
“The equilibrium alkalinity condition may
also be related to the inital calcium and
alkalinity through the following equation:

2*[Ca’"}; - ALk, =
27Ky T (Alkyy + ,) - Al
with Tg = ([H*]q + 2‘K2'),K1'

Substituting Alk,, = f(Acy) into the
above equation yields the relanonslup
below:

2*[Ca**], - Ak, =
[2°K,, T4 *Pey)/ (L *(Acy; - 8] -
[t *(Acy, - s)/p) + s

If we let TERMO equal the left side of
the above equation, and TERM1 and
TERM2 equal the first two terms on the
right side of the above equation, then this
reduces to:

TERMO = TERM! - TERM2 + s,

To solve for the equilibrium terms, H,,
is assigned a value initially. The above
equation is tested to determine whether the



assigned value satisfies the conditions (i.e.,
does TERMO = TERMI - TERM2 + s.7).
If not, then iterate the process by assigning
a new value for H,, until an adequate degree
of accuracy is reached. In the following
examples, this method of solving for CCPP
was used with a tolerance of 0.001 for the
above equation.

Spreadsheet formats are provided to
assist in the design and development of a
CCPP calculation tool.

C. Finding the CCPP Value for a Specific

Water Quality Condition )

A PWS performing lime softening has a
finished water with the following
characteristics: pH = 8.6; alkalinity = 90
mg/L as CaCO,; and calcium hardness =
100 mg/L as CaCO,. The worksheet
presented on the following page (Exhibit A-
1) calculates the CCPP (6.6 mg/L as
CaCO,) for this supply using the iterative
solution discussed above.

D. Finding the Water Quality Conditions
for a Desired CCPP.

To achieve a desired CCPP, any one
or more of the three key water quality
paranicwrs may be modified. Exhibits A
2 and A-3 demonstrate this by modifying
pH and alkalinity, respectively, to
achieve a desired CCPP of 8.0 mg/L as
CaCO, for the same water described
above (Part B). When pH and calcium
held consiani, the required alkalinity is
101.8 mg/L as CaCO, for the targeted
CCPP; with alkalinity and calcium
contents are held constant, the resultant
PH of 8.8 is required to achieve the
desired CCPP.

Langelier Saturation Index. A
commonly used measure of a water’s
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ability to deposit calcium carbonate is
Langelier’s Saturation Index (LI). This
value is determined by subtracting the
pH of saturation (known as pH,, and
dependent upon the calcium ion
concentration, alkalinity, temperature,
and dissolved solids concentration of the
water) from the actual pH (pHa).

A negative LI value indicates under-
saturation and a tendency for the water
to dissolve calcium carbonate. A positive
value indicates supersaturation and a
tendency for the water to deposit calcium
carbonate. A value of zero indicates that
the water is in chemical balance with
respect to calcium carbonate.

While the LI is widely used, it has
several notable shortcomings. Due to its
qualitative nature, it indicates only the
tendency or direction of calcium
carbonate precipitation. It cannot predict
the actual precipitation potential, or the
amount of excess calcium carbonate
available for precipitation.

For example, it has often been found
that although a positive LI was
maintained, severe corrosion had
occurred in the distribution system, -and
inspections of pipe and fittings revealed
no evidence of a coating of calcium
carbonate. In other situations, however,
PWSs have had limited corrosion
problems with slightly necative Lls. In
these instances, the amount of alkalinity
may have been sufficient for carbonate
passivation to reduce corrosion activity.’
In practice, the appropriate LI for a
given system is highly site-specific, and
is dependent upon treated water
composition and distribution system size
and complexity.



Langelier Index (LI) = pH - pH,

Developed by W.F. Langelier
(19386)

LI = 0: CaCO, saturation
LI > 0: CaCO, supersaturation
LI < 0: CaCO, undersaturation

Rule of Thumb Goal: +0.8 - +1.0

Calculation Procedure
A. Definition of Terms

pH, Saturation pH for calcium
carbonate calculated as follows:
PH, = -log,, [H'] - logy, f,,
[H] = (-B +/- B - 4AC)2A
where:
A 1-([Ca® K’
Ky@2 - [Ca ’][AlkllK.')
Cd K.'Kg’lCaz.llK.’

K.’ = Dissociation constant for water

K.’ = Solubility product constant for
calcium carbonate.

K, = Second dissociation constant
for carbonic acid.

f, = activity coefficient for the
monovalent ions. This term is
normally neglecteu i
calculating LI.

Conversion Between Total

Alkalinity and Dissolved Inorganic
Carbonate. To more easily utilize the
solubility contour diagrams presenied
in Chapter 2.0 of this volume, Table A-
2 provides a conversion chart for total
alkalinity (Talk) and dissolved
inorganic carbonate (DIC) by water

temperature and pH. To use Table A-2,

a PWS with a known Talk (expressed
as mg CaCOy/L), pH, and water

temperature, find the factors A and B
corresponding to their conditions. The
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equivalent DIC level for that water
supply can be calculated as follows:

DIC (mg CaCOy/L) = [(Talk/50,000) + A] * B

The resulting DIC can be used in
finding the lead or copper solubility for
the defined condition per Figures 2-2,
2-3, and 2-5 in this volume.
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Exhibit A-1. CCCP Calculation Procedures

Example 1 — Spreadsheet for Calculating CCPP

Determine CCPP Given: pH=8.6
Alk=90 mg/l as CaCO3
Cal=100 mg/l as CaCO3
Temp=20C
NO Variable Definition ' .Comments  Input Output
1 Ca = Caicium, moles/l (1) given 1.0E-03
2 Alki = Alkalinity, equiv/l (1) given 1.8E-03
3 Hi = Hydrogen lon, moles/l ~ (1) given 25E-09
4 K'sp = Solubility Constant, CaCO3 Table 2 5.4E-09
5 K'w = Dissociation Constant for Water Table 2 6.8E-15
6 K't = 1st Carbonic Dissociation Constant Table 2 4.2E-07
7 K'2 = 2nd Carbonic Dissociation Constant Table 2 4.2E-11
8 Req = (Heq - 2°K'2)/K'2 calculated 3.0E+02
9 Peq = (2°Heq + K'1)/K'1 caiculated 1.1E+00
10 Teq = (2*K'2 + Heq)/Heq caiculated 1.0E+00
11 Seq = Heq — K'w/Heq calculated -5.26-07
12 Pi= (2*Hi + K'1)/K'1 calculated 1.0E+00
13 Si = Hi - Kw/Hi calculated -27E-08
14 Ti= (2*K'2 + Hi)/Hi caiculated 1.0E+00
15 Acyi = ((Alki + Si)/Ti)*Pi + Si calculated 1.8E-03
16 Akeq = Teq/Peq*(Acyi—Seq) — Seq, mg/X3) calculated 83.4
17 Term1 = 2*K'sp*Req*Peq/T/(Acyi - Seq) calculated 1.9E-03
18 Term2 = (Acyi ~ Seq)*Teq/Peq caiculated 1.7E-03
19 Heq = EquiRiniurn H, moles/t (4] iterate 1-.3E-08 :
20 Term0 = 2*C s - Alla caicutated \ 2.0E-04
21 Right = Term1 — Term2 + Seq calculated 20E-04
2 CCPP = Alki — Alkeq, mg/l as CaCO3 (3) calculated .6

(1) Convert given information into proper units of moles/l and equiv/l.

(2) Iteration can be accomplished by several procedures. Manual iteration

requires the user (o INPUL various vaiues of Heq untl rows 20 and 21

converge. Another option in spreadsheets such as Lotus 123 and Micrsoft
Excel, allow cells to be "dependant* on one ancther. In this case rows

20 and 21 could be equated and the recalculate key used to iterate.
Macros could also be written that would iterate using a loop command.

(3) Covert to mg/l by multiplying by 50,000.
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Exhibit A-2. CCCP Calculation Procedures

Example 2 — Spreadsheet for Calculating Alkalinity for Given CCPP

Determine Alkalinity Given: CCPP=8mg/l
(Based on information from Example 1) pH=8.6
Cal=100 mg/l as CaCO3
Temp=20C

NO Variable Definition Comments Input Qutput

1 Alki = Alkalinity, equiv/l Mm@ vary 2.0E-03

2 Ca = Caicium, moles/! (1) given 1.0E-03

3 Hi = Hydrogen lon, moles/! (1) " given 25E-09

4 K'sp = Solubility Constant, CaCO3 Tabie 2 5.4E-09

S K'w = Dissociation Constant fer Water Table 2 6.8E-15

6 K'1 = 1st Carbonic Dissociation Constant Table 2 42E-07

7 K'2 = 2nd Cartonic Dissociation Constant Table 2 42€-11
8 Req = (Heq — 2°K'2)/K'2 caiculated 3.3E=-02
9 Peq = (2*Heq + K'1)/K1 calculated 1.1E+00
10 Teq = (2*°K'2 + Heq)/Heq calculated 1.0E+00
1 Seq = Heq — K'w/Heq calculated —4.7E-07
12 Pi= (2*Hi + K'1)/K'1 caiculated 1.0E+00
13 Si = Hi - Kw/Hi calculated -27E-06
14 Ti = (2*K'2 + Hi)/Hi caiculated 1.0E+00
15 Acyi = ((Alki + Si)/T7)*Pi + Si calculated 20E-03
16 Term1 = 2*K'sp*Req*Peq/T/(Acyi — Seq) calculated 1.8E-03
17 Term2 = (Acyi ~ Seq)*Teq/Peq ' calculated 1.9E-03
18 Alkeq = Teqg/Peq*(Acyi—Seq) — Seq, mg/(4) calculated 93.7

19 Heq = Equilibrium H, moles/! (3) iterate 1.4E-08
20 Term0 = 2*Ca - Alki calcuiated -3.5E-05
21 Right = Term1 — Term2 + Seq . calculated -3.5e—-05
2 CCPF = Alk - Alk:, mg/l ) caiculated 8.0
2 Alki = Alkalinity, mg/l as CaCO3  (4) calculated 101.8

(1) Convert given information into proper units of moles/l and equiv/l.

(2) Enter in values for alkalinity (moles/l) and then iterate Heq as in
Example 1. Continue this process until CCPP converges to the targeted

gcal vaiue (8 mg/l for Examgie 2).
(3)

requires the user to input various values of Heq until rows 20 and 21
converge. Another option in spreadsheets such as Lotus 123 and Micrsoft
Excel, allow cells to be "dependant® on one ancther. In this case rows

20 and 21 could be equated and the recalculate key used to iterate.
Macros could also be written that would iterate using a loop command.

(4) Covert to mg/l by muitiplying by 50,000.
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Iteration can be accomplished by several procedures. Manual iteration



Exhibit A-3. CCCP Calculation Procedures

Example 3 — Spreadsheet for Calculating pH for Given CCPP

Determine pH Given: CCPP=8mg/l
(Based on information from Example 1) Alk=90 mg/l as CaCO3
Cal=100 mg/t as CaCO3
Temp=20C

NO Variable  Definition Comments  Input  Output

1 Hi = Hydrogen lon, moles/| (1) (@ vary 1.8E-09

2 Ca = Calcium, moles/ 1) given 1.0E-03

3 Alki = Alkalinity, equiv/l (1) . given 1.8E-03

4 K'sp = Solubility Constant. CaCO3 Table 2 5.4E-09

S K'w = Dissociation Constant for Water Table 2 6.8E-15

6 K'1 = 1st Carbonic Dissociation Constant Table 2 42E-07

7 K'2 = 2nd Carbonic Dissociation Constant Table 2 42E-11
8 Req = (Heq - 2*K'2)/K'2 caiculated 29E+02
9 Peq.= (2*Heq + K'1)/K'1 caiculated 1.1E+00
10 Teq = (2*K'2 + Heg)/Heq calculated 1.0E+00
11 Seq = Heq - K'w/Heq calculated -5.3E-07
12 Pi= (2*Hi + K'1)/K"1 calculated 1.0E+00
13 Si = Hi — K'w/Hi calculated -3.8E-06
14 Ti= (2*K'2 + Hi)/MHi calculated 1.0E+00
15 Acyi = ((Alli + Si)/Ti)*Pi + Si calculated 1.7E-03
16 Alkeq = Teq/Peq*(Acyi—Seq) —~ Seq, mg/(4) calculated 82.0
17 Term1 = 2*K'sp*Req*Peq/T/(Acyi — Seq) caiculated 1.8E-03
18 Term2 = (Acyi — Seq)*Teq/Peq calculated 1.6E-03

19 Heq = Equilbrium H, moles/! (3) iterate 1.2E-08
20 Term0 = 2*Ca — Alkki calculated ' 20E-04
21 Right = Term1 — Term2 + Seq calculated 20E-04
2 CCPF =~ Alki — Alkeo. m=11 4) - calulatsc! 2.0
23 pH = pHi; — log rii ' - - calcilgted 8.8

(1) Convert given information into proper units of moles/l and equiv/l.

(2) Enter in values for Hi (moles/l) and then iterate Heq as in

Example 1. Continue this process until CCPP converges to the targeted

goal value (8 mg/! for Example 3).
&)

Iteration can be accomplished by several procedures. Manual iteration
requires the user to input various values of Heq until rows 20 and 21

converge. Another option in spreadsheets such as Lotus 123 and Micrsoft
Excel, allow cells to be "dependant” on one ancther. In this case rows

20 and 21 could be equated and the recaiculate key used to iterate.

Macros could also be written that would iterate using a loop command.

(4) Covert to mg/l by muiltiplying by 50,000.
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Total Alkalinity (TALK) to Dissolved inorganic Carbonate (DIC) Conversion Variables

Table A-2

Determine A & B via the below table. Then compute DIC as follows:
DIC as ppm CaCO3 = [{TAL}( in ppm CaC03/50,000) + A] * B

! T=0 (deg. C) T=5 (deg. C) Tw=10 (deg. C) T=16 (deg. C) T=20 (deg. C) Tu=26 (deg. C)
A ) A B A B A B A B A B
.0 || 9.99E-07 2.40E+05 | 0.98E-07 2.14E+06 | 9.97E-07 1.96E+05 | 9.96E-07 1.81E+05 | 9.93E-07 1.70E+05 | 9.90E-07 1.62E+05
6.1 || 7.93E-07 2.01E+05 | 7.92E-07 1.81E+05 | 7.916-07 1.66E+05 | 7.89E-07 1.54E+05 | 7.86E-07 1.45E+05 | 7.82E-07 ,1.39E+05
6.2 | 6.29E-07 1.70E+05 | 6.28E-07 1.54E+05 | 6.26E-07 1.42E+05 | 6.24E-07 1.33E+05 | 6.20E-07 1.26E+05 | 6.15E-07 1.21E+05
6.3 || 4.99E-07 1.45E+05 | 4.97E-07 1.32E+05 | 4.95E-07 1.23E+05 | 4.92E-07 1.16E+05 | 4.88E-07 1.10E+05 | 4.81E-07 1.06E+05
6.4 || 3.95E-07 1.25E+05 | 3.93E-07 1.15E+06 | 3.91E-07 1.08E+05 | 3.87E-07 1.02E+05 | 3.81E-07 9.78E+04 | 3.73E-07 9.48E+04
6.5 || 3.13E-07 1.10E+05 | 3.10E-07 1.02E+06 3.07E-07 9.60E+04 | 3.02E-07 9.15E+04 | 2.95E-07 B8.80E+04 | 2.85E-07 B8.55E+04
| 8.6 || 2.47E-07 9.76E+04 | 2.44E-07 9.13E+04 | 2.39E-07 B8.65E+04 | 2.33E-07 B8.20E+04 | 2.24E-07 B8.02E+04 | 2.11E-07 7.82E+04
6.7 || 1.94E-07 B8.78E+04 | 1.90E-07 8.28E+04 | 1.85E-07 7.90E+04 | 1.77E-07 7.62E+04 | 1.86E-07 7.40E+04 | 1.49E-07 7.24E+04
| 68| 1.51E-07 8.00E+04 | 147E-07 7.60E404 | 1.40E-07 7.30E+04 | 1.30E-07 7.08E404 | 1.16E-07 6.90E+04 | 9.S4E-08 6.78E404
6.9 || 1.17E-07 7.39E+04 | 1.11E-07 7.07E+04  1.02E-07 6.83E+04 | 9.04E-08 6.65E+04 | 7.22E-08 6.51E+04 | 4.65E-08 6.41E+04
- 7.0 || 8.83E-08 6.89E+04 | 8.14E-08 6.64E+04 | 7.05E-08 6.45E+04 | 5.53E-08 6.31E+04 | 3.24E-08 6.20E+04 | 1.53E-21 6.12E+04
l 7.1 || 6.48E-08 6.50E+04 | 5.60E-08 6.30E+04 | 4.23E-08 6.16E+04 | 2.32E-08 6.04E+04 |-5.88E-09 5.96E+04 |-4.65E-08 5.89E+04
7.2 || 4.45E-08 6.19E+04 | 3.36E-08 6.03E+04 | 1.83E-08 5.91E+04 |-7.70E-09 6.82E+04 |-4.41E-08 5.75E+04 |-9.54E-08 5.70E+04
7.3 | 2.67E-08 5.95E+04 | 1.30E-08 5.82E+04 |-8.77E-09 5.73E+04 |-3.90E-08 5.65E+04 |-8.48E-08 5.60E+04 |-1.49E-07 5.56E+04
7.4 || 1.03E-08 5.75E+04 |-6.96E-09 5.65E+04 |-3.43E-08 5.57E+04 |-7.24E-08 5.52E+04 |-1.30E-07 5.47E+04 |-2.11E-07 5.44E+04
7.5 |[-5.53E-09 5.60E+04 |-2.73E-08 5.51E+04 |-8.17E-08 5.45E+04 |-1.10E-07 5.41E+04 |-1.82E-07 5.37E+04 |-2.85E-07 5.35E+04
7.6 ||~2.17E-08 5.47E+04 |-4.90E-08 5.41E+04 |-9.24E-08 5.36E+04 |-1.53E-07 5.32E+04 |-2.44E-07 5.20E+04 |-3.73E-07 5.27E+04
l 7.7 || -3.89E-08 5.37E+04 |-7.34E-08 5.32E404 |-1.28E-07 5.28E+04 |-2.04E-07 5.25E+04 |-3.19E-07 5.23E+04 |-4.81E-07 5.21E+04
| 7.8 ||-5.83E-08 5.29E+04 |-1.02E-07 5.25E+04 |-1.70E~07 5.22E+04 |-2.66E-07 6.20E+04 |-4.11E-07 5.18E+04 |-6.15E-07 5.16E+04
7.9 || -8.07E-08 5.23E+04 | -1.35E-07 5.20E+04 |-2.22E-07 5.17E+04 |-3.42E-07 5.15E+04 |-5.24E-07 5.13E+04 |-7.82E-07 5.12E+04
8.0 [[~1.07E~07 5.18E+04 |-1.76E-07 5.16E+04 |-2.86E-07 5.13E+04 |—4.37E-07 6.11E+04 |-6.66E-07 5.10E+04 | ~9.90E-07 5.09E+04
8.1 [[~1.40E-07 5.13E404 |-2.26E-07 5.11E+04 |-3.64E-07 5.09E+04 |-5.54E-07 5.08E+04 |-8.43E-07 5.07E+04 |-1.25E-06 5.06E+04
8.2 || -1.80E-07 5.10E+04 |-2.89E-07 5.08E+04 |-4.81E-07 5.07E+04 |-7.02E-07 5.05E+04 |-1.07E-06 5.04E+04 |-1.58E-06 5.03E+04
8.3 {[-2.28E-07 5.07E+04 |-3.67E-07 5.05E+04 |-5.84E-07 5.04E+04 |-8.86E~07 5.03E+04 |-1.34E-06 5.02E+04 |-1.99E-08 5.01E+04
8.4 || -2.91E-07 5.05E+04 |-4.64E-07 5.03E+04 |~7.37E-07 65.02E+04 |-1.12E-06 5.01E+04 |-1.69E-06 5.00E+04 [-2.51E-06 4.99E+04
8.5 |[-3.68E-07 5.02E+04 |-5.86E-07 5.01E+04 |-0.30E-07 4.99E+04 |-1.41E-06 4.98E+04 |-2.13E-08 4.97E+04 |-3.16E-08 4.96E+04
8.6 || -4.65E-07 5.00E+04 |-7.39E-07 4.99E+04 |-1.17E-08 4.97E+04 |-1.78E-06 4.96E+04 |-2.69E-06 4.95E+04 |-3.98E-08 4.94E+04
8.7 || -5.87E-07 4.98E+04 |-9.31E-07 4.96E+04 |-1.48E-06 4.95E+04 |-2.24E-08 4.94E+04 |-3.39E-06 4.92E+04 |-5.01E-08 4.91E+04
8.8 || -7.40E-07 4.96E+04 |-1.17E-08 4.94E+04 |-1.86E-08 4.92E+04 |-2.82E-08 4.91E+04 (-4.26E-06 4.89E+04 |-6.31E-06 4.88E+04
|_8.9 |[-9.32E-07 4.93E+04 |-1.48E-06 4.91E+04 |-2.34E-08 4.90E+04 | -3.55E~06 4.88E+04 | -5.37E-06 4.86E+04 | -7.94E-08 4.84E+04




Total Alkalinity (TALK) to Dissolve:i inorganic Carbonate (DIC) Conversion Variables

Table A-2

Determine A & B via th:a below table. Then compute DIC as follows:
DIC as ppm CaCO3 = [(TALK In ppm CaCQ3/50,000) + A] * B

T=0 (deg. C) _T=5 (deg. C) T=10 (deg. C) T=15 (deg. C) T=20 (deg. C) T=25 (deg. C)
A B A 8 A B_| A B A B A B

-1.17E-06 4.90E+04 |-1.86E-0t 4.88E+04 |-2.95E-06 4.86E+04 | -4.47E-06 4.84E+04 |-8.76E-08 4.82E+04 |-1.00E-05 4.B0E+04
~1.48E-06 4.87E+04 |-2.34E-0¢ 4.85E+04 |-3.71E-06 4.82E+04 |-562E-06 4.80E+04 |-8.51E-06 4.77E+04 |-1.26E-05"' 4.74E+04
-1.86E-06 4.84E+04 |-2.95E-06 4.81E+04 -4.68E-06 4.78E+04 |-7.08E-06 4.74E+04 |-1.07E-05 4.71E+04 |-1.58E-05 4.68E+04
-2.34E-06 4.79E+04 (-3.71E-06 4.76E+04 -5.89E-06 4.72E+04 |-8.91E-08 4.6BE+04 |-1.35E-05 4.65E+04 -2.00E-05 4.61E+04

4 || -2.95E-06 4.74E+04 | -4.68E-06 4.70E+04 -7.41E-06 4.66E+04 |~1.12E-05 4.81E+04 |-1.70E-05 4.57E+04 |-2.51E-05 4.S3E+04
9.5 [[-3.72E-06 4.68E+04 |-5.89E-06 4.63E+04 |-0.33E-06 4.58E+04 |-1.41E~05 4.53E+04 |-2.14E-05 4.48E+04 |-3.16E-05 4.43E+04
9.6 [[—4.68E-08 4.61E+04 |-7.41E-06 4.55E+04 |-1.17E-05 4.49E+04 |-1.78E-05 4.43E+04 |-2.69E-05 4.38E+04 |-3.98E-05 4.32E+04
9.7 |[-5.89E-08 4.52E+04 |-9.33E-06 4.46E+04 |-1.48E-05 4.39E+04 |-2.24E-05 4.32E+04 |-3.390E-05 4.26E+04 |-5.01E-05 4.20E+04
| 9.8 [|-7.41E-06 4.43E+04 |-1.17E-05 4.35E+04 |-1.86E-05 4.28E+04 |-2.82E-05 4.20E+04 |-4.27E-05 4.14E+04 | -8.31E-05 4.07E+04
+ 9.9 ||-9.33E-06 4.32E+04 |-1.48E-05 4.24E+04 |-2.1E-05 4.15E404 |-3.55E-05 4.07E+04 | -5.37E-05 4.00E+04 |-7.94E-05 3.93E+04
10.0 [[-1.17E-05 4.20E+04 |-1.86E-05 4.11E+04 |-2.95E-05 4.02E+04 |-4.47E-05 3.94E+04 |-6.76E-05 3.86E+04 |-1.00E-04 3.79E+04
10.1 || -1.48E-05 4.07E+04 |-2.34E-05 3.97E+04 |-3.72E-05 3.88E+04 |-5.62E-05 3.79E+04 |-8.51E-05 3.72E+04 |-1.26E-04 3.65E+04
10.2 || -1.86E-05 3.93E+04 |-2.95E-05 3.83E+04 |-4.64E-05 3.73E+04 |-7.08E-05 3.65E+04 |-1.07E-04 3.57E+04 |-1.58E-04 3.51E+04
110.3 || -2.34E-05 3.78E404 |-3.72E-05 3.69E+04 -5.89E-05 3.59E+04 |-8.91E-05 3.51E+04 |-1.35E-04 3.43E+04 |-2.00E-04 3.37E+04
110.4 || ~2.95E-05 3.64E+04 |-4.68E-05 3.54E+04 -7.41E-05 3.45E+04 |-1.12E-04 3.37E+04 |-1.70E-04 3.30E+04 |-2.51E-04 3.25E+04
"10.5 || -8.72E-05 3.50E+04 |-5.89E-05 3.41E+04 | -9.37E-05 3.32E+04 |-1.41E-04 3.25E+04 |-2.14E-04 3.18E+04 [-3.16E-04 3.13E+04
110.6 || -4.68E-05 3.37E+04 |-7.41E-05 3.28E+04 -1.17E-04 3.20E+04 [-1.78E-04 3.13E+04 |-2.69E-04 3.08E+04 |-3.98E-04 3.03E+04
110.7 || ~5.89E-05 3.24E+04 |-9.33E-05 3.16E+04 -1.48E-04 3.09E+04 |-2.24E-04 3.03E+04 |-3.39E-04 2.98E+04 |-5.01E-04 2.94E+04
10.8 || -7.41E-05 3.13E+04 |-1.17E-04 3.06E+04 -1.8uE-04 2.99E+04 |-2.82E-04 2.94E+04 |-4.27E-04 2.90E+04 |-6.31E-04 2.88E+04
10.9 || -9.33E-05 3.02E+04 |-1.48E-04 2.96E+04 |-2.34E-04 2.91E+04 |-3.55E-04 2.86E+04 |-5.37E-04 2.83E+04 |-7.94E-04 2.80E+04
11.0 [[-1.17E-04 2.94E+04 |-1.86E-04 2.88E+04 |-2.95E-04 2.83E+04 | -4.47E-04 2.80E+04 |-6.76E-04 2.77E+04 |-1.00E-03 2.74E+04
11.1 || -1.48E-04 2.86E+04 |-2.34E-04 2.81E+04 |-3.72E-04 2.77E+04 |-5.62E-04 2.74E+04 |-8.51E-04 2.72E+04 |-1.26E-03 2.70E+04
11.2 [[-1.86E-04 2.79E+04 [-2.95E-04 2.76E+04 |-4.68E-04 2.72E+04 |-7.08E-04 2.70E+04 |-1.07E-03 2.67E+04 |-1.58E-03 2.86E+04
11.3 || -2.34E-04 2.74E+04 |-3.72E-04 2.71E+04 |-5.89E-04 2.68E+04 |-8.91E-04 2.66E+04 |-1.35E-03 2.64E+04 |-2.00E-03 2.63E+04
11.4 || -2.95E-04 2.69E+04 |-4.68E-04 2.67E+04 |-7.41E-04 2.64E+04 [-1.12E-03 2.63E+04 |-1.70E-03 2.61E+04 [-2.51E-03 2.60E+04
"11.5 |[-3.72E-04 2.66E+04 '-5.89E-04 2.63E+04 -9.33E-04 2.62E+04 '-1.41E-03 2.60E+04 |-2.14E-03 2.59E+04 [-3.16E-03 2.56E+04
11.6 [|-4.68E-04 2.63E+04 -7.41E-04 2.81E+04 |-1.17E-03 2.59E+04 -1.78E-03 25PE+04 |-2.69E-03 2.57E+04 |-3.98E-03 2.57E+04
11.7 || -5.89E-04 2.60E+04 |-9.33E-04 2.59E+04 |-1.45E-03 2.57E+04 |-2.24E-03 2.57E+04 |-3.39E-03 2.56E+04 |-5.01E-03 2.55E+04
11.8 || -7.41E-04 2.58E+04 |-1.17E-03 2.57E+04 |-1.86E-03 2.56E+04 |-2.82E-03 2.55E+04 |-4.27E-03 2.55E+04 |-6.31E-03 2.54E+04
11.9 || -9.33E-04 2.56E+04 |-1.48E-03 2.56E+04 |-2.34E-03 2.55E+04 |-3.55E-03 2.54E+04 |-6.37E-03 2.54E+04 |-7.94E-03 2.53E+04
[12.0 || 77E-03 2.55E+04 | -1.86E-03 2.54E+04 | -2.95E-03 2.54EF | -4.47E-03 2.53E+04 | -6.76E-03 2.53E+04 |-1.00E-02  '3E+04
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PWS Characterization:
PWS Name & Location:

Low pH, Alkalinity, & Calcium
Bennington, Vermont

PWS Description
a. Raw Water Supply | Surface water -
b. Water Quality

1. Raw Low pH, alkalinity and calcium content.

2. Treated Coaguiated water pH 4.5 - 5.0, alkalinity < 5 mg CaCO3L.
c. Treatment Fittration, chiorination.
Corrosion Control Study Elements -

. i in 1977.

PRI [ e T e

served by lead service lines.
*  Tap samples were collected, finding lead leveis as high as 0.86 mg/L.
* Theoretical performance of carbonate passivation.

b. Demonstration

* Evaluate scale on lead service line pipes using X-ray diffraction: 1977.

Testing
1. Fow-Through NA
2. Static NA
3. Full-Scale implemented pH and alkalinity adjustment treatment.
c. Full-Scale
Confirmation
1. Tap sampling Monthly first-draw and running tap samples from 10 targeted sites.
2. WQP-DIS oH, =ikalinity, and scale er ahls ‘ng X7 diffracton.
3. WQP-POE pH and alkalinity
Testing Program Desription
a. Constraints mnummmmmummwmnul
easily and quickly installed and operable.
b. Priorities |
1. Pimary Reduce lead leveis in consumers’ tap water. |
2. Secondary |
c. Treatment pH and alkalinity adjustment: Increase pH to 8.0-8.5 and increase alkalinity to above I
Alternatives 25 mg CaCO3L.
" g - pH and akaliy monforig > deibton sysiem and at the POE: 19771991, |

See Reference
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PWS Characterization: Low pH, Alkalinity, & Calcium
PWS Name & Location:  Bennington, Vermont

a. Corrosion Control

*  Average monthly lead levels in first-draw tap samples were reduced from a high
of 250 ug/L 1o approximately 20 ug/L lead within six-months of operations.

*  Ongoing monitoring has showed a continual deciine in lead levels in first-draw tap
samples with early 1991 data indicating lead leveis less than 10 ug/L.

* X-ray diffraction analysis confirmed scale formation consisting of cerrusite

b.. Secondary Impacts

(PbCO3) and hydrocerrusite (Pb3(CO3)2(0H)2).

¢. Treatment Issues

M ~ o

initial operation of the sodium bicarbonate and sodium hydroxide feed systems was i
manual, and targeted values for pH and alkalinity were not aiways achieved. To
improve treatment consistency, automated operational controls were installed in 1990.

|

NA

Vil | Reference(s)

Vinci, A. 1962. Bennington, Vermont Corrosion Control Studies with the
Bicarbonate/pH System. Technical comments submitted to USEPA in response 1o the
proposed Lead and Copper Rule from Church & Dwight, Company, 469 N. Harrison
St, Princeton, NJ, 08543-5297.

k.




PWS Characterization:
PWS Name & Location:

Low pH, Alkalinity, & Calcium
MWRA, Boston, Massachussetts

- Description
2
a. Raw Water Supply | Unfiltered surface water.
b. Water Quality '
1. Raw Low turbidity, low pH-Alkalinity-Calcium.
2. Treated Finished water quality: pH 6.5-6.7; Total hardness 12 mg CaCO3/L; Alkalinity 12 mg
CaCO3A.; Total dissolved solids 37 mg/L.
c. Treatment Chiorination, ammoniation, fluoridation.
il | Cormrosion Control Study Elements
a Desk-op NA |
Evaluation
b. Demonstration
Testing
1. Row-Through NA
2. Swic NA _ l
3. Full-Scale Alternative treatments were implemented system-wide.
¢. Full-Scale
Confirmation
1. Tap sampling Diagnostic and verification tap sampling was performed.
2. WQP-DIS pH, alkalinity, and inhibitor residual
3. WQP-POE pH, alkalinity, and inhibitor residual

v

Tesdng Program Desription

a. Constraints Treatment altemnative had to be compatible with the facilities of an unfiltered supply.
b. Priorities
1. Primary Reduce lead leveis at consumers' taps.
2. Secondary Reduce copper ievels at consumers’ taps. I
¢. Treatment Orthophosphate inhibitor and pH adjustment.
Alternatives
d. Monitoring First-draw tap sampling for lead and copper; WQP-POE; and WQP-DIS.
programs B
e. QA/QC Elements NA
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PWS Characterization:
PWS Name & Location:

Low pH, Alkalinity, & Calcium
MWRA, Boston, Massachussetts

a. Corrosion Control

* Six-month trial full-scale treatment using zinc orthophosphate:
1. Initial passivation dose of 13 mg/L. used for several weeks, then reduced the
dosage to between 3.2 and 4.5 mg/L.
2. Initial increase in tap lead levels observed, then siow decline in lead noted
toward the end of the six month period.
3. Algal growth appeared to be stimulated in the open, finished water storage
reservoirs due to the additional phosphate content.
*  pH Adjustment using sodium hydroxide was subsequently installed.
1. Lead and copper leveis in first-draw sampies were reduced by increased pH.
2. Researchers noted that when the pH dropped from pH 9 to below pH 8, the
lead leveis increased.

* Algal growth was stimulated in the open, treated water reservoirs when zinc ¥

orthophosphate was used. .
* Dirty water complaints arose with the introduction of the phosphate inhibitor.

* Ahigh pH at the POE was necessary to maintain targeted pH values throughout
the distribution system.

Vi | Notes/Qualifications The poor performance of the zinc orthophosphate inhibitor is most likely the resuit of
an excessively low pH for its effectiveness. Had the treated water pH been increased
to above 7, it is likely that the performance results would have been improved.

Reference(s) Karalekas, P.C. et al. 1983. Control of Lead, Copper, and Iron Pipe Corrosion in

Boston. Journal AWWA. 75(2):92-65.

B4



PWS Characterization:

PWS Name & Location:

Low pH, Alkalinity, & Calcium
FCWOD, Fort Collins, Colorado

1. Raw Cold, low turbidity, moderate pH, low alkalinity and low calcium I
2. Treated Coaguiated Water: pH = 5.8 - 7.2, Alkalinity = 5-25 mg CaCO,, and Calcium =
20-30 mg CaCOA
¢. Treatment Alum coagulation, fluoridation, and chiorination
Corrosion Control Study Elements J
a. Desk-top Andoqomm Seattie, WA and Bennington, VA
Evaluation Evaluation of carbonate passivation
Pfoecu‘l‘euhg: Marble Chip Testing
b. Demonstration
Testing
1. Row-Through NA
2. Static NA
3. Full-Scale Implemented pH/alkalinity adjustment full-scale in two stages to optimize treatment.
¢. Full-Scale '
Confirmation v
1. Tap sampling First-draw samples from public taps: 1981 - 1982. 1
2. WQP-DIS WQP-DISbrpH. alkalinity and calcium: 1981 - 1982. {
| RNGDT .y, sliudinity and calcium: 1961 - 1902

IV | Testing Program Desription

a. Constraints *  Brewery which required consistent, moderate pH.
* Land application of sewage siudge limited by copper.
*  Use of phosphate inhibitor questionable due to wastewater treatment requirements
and public acceptance.
b Priortias
1. Primary Reduce copper levels in tap water and sewage siudge.
2. Secondary No adverse effects on other water treatment goals or aesthetic quality of the treated
water.
¢. Treatment pH and alkalinity adjustment using lime and sodium bicarbonate.
Alternatives Stage 1: pH Goal = 7.6-7.8 & Ak Goal > 30 mg CaCO/L.
l] Stage 2: pH Goal = 7.8-8.0 & Ak Goal = 3545 mg CaCO,/L
d. Monitoring * Indine pH monitors located after stabilization chemical feed points.
programs *  Alkalinity measured at POE every 4-hours.

*  8-10 sampling stations monitoring monthly for first-draw copper and WQP-DIS.

e. QA/QC Elements

Process controls.
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PWS Characterization:
PWS Name & Location:

Low pH, Alkalinity, & Calcium
FCWD, Fort Collins, Colorado

*  Tap copper levels were reduced from high leveis ranging between 0.8-1.0 mg/L to

Performance maximum values between 0.2-0.4 mg/L
* Siudge metal content reduced: Copper 20%; Lead 30-50%.
b. Secondary * Post-filtration turbidity spikes with lime addition )
Impacts * Elevating pH caused post-precipitation of manganese during period of reservoir
stratification. This caused brown water complaints. FCWD instalied potassium
permanganate pretreatment to control solyble manganese present after filtraiton.
¢. Treatment Issues * Process control for stable and consistent final pH took between one and two years

o debug.

* FCWOD has been able to achieve the pH and alkalinity goals over 90 percent of the

time. .
*  For more cost-eflective treatment, FCWD is installing carbon dioxide in lieu of
Sam bloant .

. mmmnmwummmmuom

continuous operation.

During the first incident of manganese post-precipitation, FCWD stopped the pH

adjustment portion of their corrosion control program. Within days of this, copper levels

began to increase in first-draw tap samples, and the copper and lead content of the
sewage sludge increased during the period when pH adjustment was not being
practiced. This indicated to FCWD that (1) effective corrosion control could only be

assured if continuously practiced; and (2) while the loss of corrosion protection became

apparent in a matter of days, it took several weeks to months to regain the control

Vil | Reference(s)

Smith, M. et al. 1992. Comrosion Control Studies and Strategies - Fort Collins, Colorado.

AWWA Corrosion Control Seminar (Denver, CO).

Kuchenrither, R.D. et al. 1988. Siudge Quality Benefits Realized from Drinking Water

Elmund, G.K et al. 1986. Stabiilization of a Finished Water: Fort Collins, Colorado.
Proc Joint Regional AWWA-WPCA Conference.
——

—
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PWS Characterization: Low pH, Alkalinity, & Calcium
PWS Name & Location:  Bureau of Water, Portland, Oregon

_Description -
4
Untiltered surface water supply
Low pH, alkalinity, and caicium l
2. Treated Finished water quality: pH 6.9; Total hardness 14 mg CaCO/L; Alkalinity 10 mg
CaCO3A.; Total dissolved solids 24 mg/L.
c. Treatment Chiorination/chioramination.
Hl | Corrosion Coritrol Study Elements
a. Desk-top Theoretical: Carbonate passivation
Evaluation Analogous Systems: Seattle, Washington - -
b. Demonstration
Testing ,
1. Row-Through Coupons and copper tubing - - ' 1
2. Static NA
3. Full-Scale NA
¢. Full-Scale
Confirmation
1. Tap sampling NA
2. WQP-DIS NA
3. WQP-FCE ! R A
v Testing Program Desription
a. Constraints Compatibility with unfiltered surface water treatment facilities.
b. Priorities
1. Primary Assess the corrosion rates of domestic plumbing materials. J
2. Secondasry Determine the most cost eifective approach  Teatinent
c. Treatment Existing treatment at two locations in the distribution system: . '
Alternatives 1. Pipe rig consisted of coupon (6) flow-through units with black iron, galvanized
2. Asingle loop (220 feet) of lead tin soldered copper tubing was aiso included
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