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J. F. Welch, Vice President
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ACTION REQUIRED: Review for information

Enclosed is an article, "The Behavior of Asbestos Cement Pipe Under Various
Water Quality Conditions: Part 2, Theoretical Considerations" by Schock and Buelow.
This report summarizes the most recent results of EPA's research on the ecorrosion of
A/C pipe. Beyond the theoretical considerations of complexation and solubility
equilibria, the most important finding is that the Aggressiveness Index (Al) as well as
other indices of water corrosivity are

.. Dot theoretically sound from a chemieal standpoint to prediect

fiber release and degradation of the interior surface in systems

that are undersaturated with respect to caleite. Fortunately, it

(A1) has generally proved to predict falsely pipe deterioration

more often than to predict falsely pipe stability in field

situations, )

The report goes on to state that "natural inhibitory factors" such as the presence

of iron, manganese, silica and organic matter may bind asbestos fibers even though the
pipe surface is softened from corrosive water attack.

The finding with the most potential negative impact follows:

The results of DWRD experiments conducted thus far and field
observations indicate that addition of the ecorrosion-control
compounds tested thus far cannot be relied upon to provide
correction of A/C pipe deterioration.

Advocates of the regulation of A/C pipe now may say that its use should be
restricted because once deterzoratxon (vsurficial softening from aggressive water")
begins, it is irreversible and consumer exposure to asbestos in drinking water will be
continuous.

In many respects, however, this research supports the conservatism of the
Aggressive Index or Langelier Saturation Index as suitable criteria for predicting the long
term structural integrity of A/C water pipe. Moreover, it bolsters the industry's long
held opinion that theanly accurate means to determine whether an A/C water system is
releasmg asbestos fibers is to ensure that manufacturing cor construction asbestos
residues are thoroughly flushed and accurate asbestos in water analyses taken. Corrosion
indices along will not suffice.

If you have any questions, please do not hesitate to call.
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The behavior of asbestos_—éement pipe
under various water quality conditions:
Part 2, theoretical considerations

Michael R. Schock and Ralph W. Buelow

A water chemical model involving the complexation and solubility equilibria of calcium,
magnesium, zinc, Iron, manganese, silica, chloride, orthophosphate, and carbonate has
been developed and applied to laboratory pipe-loop-coupon and field data on
asbestos-cement pipe, Calculation of the saturation states of the relevant solids enables
graphic guides to be prepared for the prediction of dosage levels for in-situ pipe coating

by zinc compounds as well as protection afforded by coatings formed by natural

Inhibitory constituents of the water.

Because of concern about the possible
problem of asbestos fibers being released
from the walls of asbestos-cement {A-C)
pipe, the AWWA Research Foundation
reviewed the problem and in September
19741 suggested several research needsin
this area. As a response td.this call for
research, several projects were designed
by the US Environmental Protection
Agency, Drinking Waler Research Divi-
sion (DWRD), to determine whether A-C
pipe would be. attacked and asbestos
fibers would be released from the pipe
under various conditions of water quality.
In general, this research has been divided

mental results of the first three of these
four phases. Additional research by

DWRD into various methods of analy- -

tical determination, primarily by micros-
copy, has been reported.?

. This paper relates to the A-C pipe cou-
pon tests reported in part 1, particularly
the studies of the protection of the A-C
pipe sgainst attack from aggressive
waters. Table 1 shows the water quality
of most of the DWRD recirculation
experiments (as of July 1980) concerned
with A-C pipe protection. Table 2 sum-
marizes the qualitative results of the 16
DWRD laboratory experiments referred

into four phases: first, a field evaluation .ete later in this paper.

of 10 public water supply systems that
used A-C pipe; second, an A-C pipe-loop

system operated under controlled condi- *

tions; third, several tests of A-C “pipe
coupons”; and fourth, two field research
projects that are attempting to rehabili-
tate deteriorated pipe in place. Part 1 of

_theé project report? conlained the experi-

636 RESEARCH AND TECHNOLOGY

This paper examines the solution
interactions that were seen to govern the
effectiveness of the zinc compounds as
corrosion inhibitors. The model devel-
oped is then extended to show how sim-
ilar considerations of the aqueous
equilibria of other metals and nonmetals
may be used to predict more gffectively.
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the true aggressiveness of a water loward
A-C pipe in actual distribution systems.

Critigue of the “Aggressiveness
Index”

Classically, the tendency of a water to
deteriorate the structure of asbestos-ce-
ment pipe has been described by the
“Aggressiveness Index” (Al).%3 given as

Al = pH + log (AH} .

where pH = —log aH" (—log of the .
hydrogen ion activity); A = total alka- :
linity in mg/L as CaCO;; and H=calcium *
concentration in mg/L as CaCO;. :

Waters possessing an Al equal to or -
exceeding 12.0 are considerer! to be “non-
aggressive™; those with an Al <10.0 are
said to be “highly aggressive™; and those
with an Al between 10 and 12 are
“moderalely aggressive.” The Al is
deriveds from a simplified form of the
Langelier Index of calcite saturations?
with factors introduced to compensate
for the temperature dependency of the
solubility preduct constant (Ky) of cal-
cite and for the jonic strengths.s of the
solution.

-The factors for temperature and jonic
strength compensation utilized in the
derivation of the 12.0 value of* the Al -
correspond to a temperature of approxi-

a¥eoL s a0

.mately 14°C and an jonic strength of
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TABLE 1
Water qualities of DWHD recirculution experiments
Total '
Alkalinity :
Experlmgﬁl myrL Cs 2a POy Na Mg | SiOz o] FOCRY TNnsS SrC “Treatment
Number | pit ]| s CaCOy mg!l, mytl gl | oot ] ool §omprl bl | el | mgtloos CLT mgdle § pSem Al} Chemicat
b} 3.2 20-27 .. 5-13 0.1-0.4 30-60 10.2-30.% | none
2 82 20-28 4-8 0.3-0.5 0.4-3 0,1-0.4 32-61 10.1-30.8 | zinc orthuphosphate$
3 7.0 21-25 10-22 - 0.3-0.4 45-71 9.3-9.7 | none
4 7.0 20-29 9-17 0.3-0.G 0.4-1 0.3-0.4 49-72 . 9.3-0.7 | zinc orthophosphate§
5 8.2 19-22 5-8 .| 03-0.7 0.1-2 0.3-0.4 36-41 10.2-10.4 { zinc chioside
R ) 751 16-130 133-155 0.03 60°* 1-4 $4°* 0-0.6 {340-260 11.7-11.8 | none
? 7.9 ] 120-131 129-160 0.04 60*" 3-4 [ 1344 0-0.7 |330-350 32.3-12.2 | CaClz/Nu¥COy
] 9.0 38-42 21-30 <0.02 0.1-2| 0-04 80-101 |, 11.9-12.1 { CaCly/NaHCDy
® 82 42-50 9-16 0.02 0.2 15-18 0 0.1-0.5 pLt ) 231 30.8-11.1 | sodium tnetasilicate
2018 7.0 25-27 13-16 03 15 | 14-17 0-0.5 108 $.5-9.6 | sodium metasilicate
1 8.2 18-19 0.6-4 0.3-0.4 0.03 10 <0,1 0.1 3 <10 0.2-0.6 24 9.2-310.1 | zinc chloride
12 75 18-21 o-14 0.3-0.4 0.03 8-9 02 0.6 23 | <10 0.2-0.8 L} 78 9.7-10.0 { 2inc chinride
kL] 8.2 9-21 10-15 0.1-0.2 0.03 8-10 0.2 (X1 02 §<10 0.2-0.5 44 33 10.5-10.7 | 2inc chlozide
14 8.2 2-4 32-43 0.3-0.4 0.06 13 1-8 27 0.2-0.6 a3 103 10.0-10 4 { 2inc chioride
18 8.2] 16-19 7-10 0.3-0.5 1 <02 13 08 | <04 [<w0 0.4-0.7 47-83 100 | 10.2-0.5 | zinc sulfate
19 2.2 18-21 9-25 01 0.1 w 0.3 1.0 § <0.2 13 0.1-0.3 43 7B 94-9.9 rinc chinside and
iron (H1) chioride

*Analyses represent concentralions ot or niesr the end of each expreiment untess i range is given. All sulfute values were fess than the 15-mg‘L detection limit, Based on the water
blending conditinns, the probabile range was 5-30 mgrL. kron was less than the 0.1 mg?L calibration limit, except fur experiment 19 in which approvimately 0.1 mg/L of iron was

#dded,

tFree chlorine residual measured one week nlter vach dose

$Al = Aggressiveness Index range; see text for definition

§Virchein 931, a product of Virginia Chemical Corp . Portsmouth, Va.

**Sodium and chioride cancentrations are estimated frotn reagant additivns. These was & large analytical scotter on the calcinm and total alkalinity results.

caleium fevel.

\

33 The same coupon was previously run for almnst une munth al Si0z contentration of 10-30 mgrL and zinc spproximately equal to 0.2 my/L ut « similar pH. total alkalinity, and

j

-aroximately 0.01. The solubility pro-

:t constant for calcite was apparently
..xen from the work of Larson and Bus-
well? The intent of the Al, when origi-
nally conceived, was to indicate environ-
menls that would tend to damage the
structural integrity of the pipe.

There are several major avenues by
which the Al is open to criticism as an
indicator of corrosivily and fiber release,
the manner in which it has most fre-
quently been used. The foremos{,problem
is that the derivation of the Alisbasedon
the Langelier Index of calcium-carbonate
saturation with some approximate ad-
justments for temperature and ionic
sirength.s Insofar as the A-C pipe would
indeed be protected by acoating of CaCOj4
if active CaCOj; precipitation were occur-
ring, the Al would then giveafairly accu-
rate prediction of nonaggressiveness.
However, in the case of calcium-car-
bonate undersaturation, the aggressive-
ness of the water toward the pipe will be
diclated by other chemical equilibria.
Calcium carbonate is, at maximum, a
trivial component of the matrix of A-C
pipe;®® therefare, there is no a priori rea-
son 1o expect the Al as traditionally con-
ceived to give an accurale prediction of
the pipe's interior surface condition in
waters undersaturated with respect to
calcite. : :

DECEMBER 1981

A second criticism relates to the solu-
bility product constant of calcite used in
the derivation of the index. Work by
Langmuir,? Jacobson and Langmuir,!
and Christ et al®™ not only corrects for
ion-pairing effects no! considered pre-
viously? during solubilily experiments
but also indicates that the quantitative
temperature dependency of K,o found by
Larson and Buswell? is erroneous,
particularly in the range of 0 0 15°C, a
common range for natural and drinking
waters. The higher value of K,q given by
Larson and Buswell’ probably results
primarily from ignoring the ion pairs; to
the extent that few environmental
workers have applied such corrections to
field and laboratory data, the errorin Ko
has not been obvious. Also, a metastable
CaCO; phase of considerably higher solu-
bility than calciteis probably theinitially
preetpitated form of CaCOjs in soil root
zones* and in water treatment.’s Precipi-
tation of aragonite. which is more soluble
than calcite, in lake marls and marine
environments has been commonly ob-
served.¥ The occurrence of mixed pre-
cipilates of calcite and aragonite, as well
as the stabilization of aragonite relative
to calcite by such jons as Mg, Sr*, trace
levels of Zn*, and some organic mate-
rials, has heen documented.’s- A similar
phenomenon probably takes place in

drinking water. Therefore, those study- -

ing calcium-carbonate precipitation may
tend to regard the Larson and Buswell
conslant,? which predicts higher solubil-
ity for calcite, as being closer to observa-
tion and therefore more correct, rather
than noting its thermodynamic question-
ability and seek further explanation.
The simple expedient of making
temperature and ionic-strength adjust-
ments by averaging a range of values of
temperature and total dissolved solids
may result in more correct approxima-
tions in some cases, but it is an inherent
source of error and uncertainty in other
cases. When attempts are made to predict
the amount of pipe softening or calcium
Jeaching from the pipe interior by using
the Al of the waler, additional error is
introduced by implying a correlation be-
tween the magnitude of calcite under-
saturation and the rate of dissolution of
the predominantly calcium-silicate pipe.
A correlation between faster calcium
leaching and greater caleite undersatura-
tion is, more probably., a coincidence
resulling from some kinelic effect of cal»
cium concentrations in the waters (and
probably the pH} with regard to calcium-
silicate or calcium-hydroxide saturation.
Later in this paper the Al will be shown
fo0 be further deficient in reliably predict-
ing the A-C pipe condition, because it
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Aqueous species considered in saturation
index and solubility diogrem preparation

TABLE 2
Summory of qualitutive rusults of DWHD A/C pipe treutment experiments
Eaperiment Treatment Inner Wall of
Number pH Process . Coupon Seltened?
1 8.2 none yes
2 8.2 zinc [orthophusphate) 0.3-0.5 gL no
3 70 none yes
4 7.0 ginc (orthophusphate] 0.3-0.5 mg/l, slightly
P 8.2 zinc {chlaride} 0.3-0.7 mgrL. . . no
[ 7.5 none yes
7 79 CxCOj3 saturation very slightly
8 90 Cal:0;3 saturation . shghly
9 82 sodium metasilicate no
10 7.0 sodium metasilicate no
1 8.2 zinc [chloride) 0.9 mg’L: low calcium no
12 7.8 - zint (chlvride) 0.4 mp:L slightly
n 82 zine (Lhloride} 0.3-0.2 mg/L yes
34 8.2 zine {chioride) 0.3 mg‘L; low alkalinity very slightly
16 8.2 zinc {sutlate) 0.5 mg/L . no
19 7.2 {ron {111} {chloride} 0.1 mgsL: zinc [chioride) 0.1 mg'L slightly
TABLE 3

“Species
H* ZnCl2*
OH” ZnCly”
HaCOu ZnClg*-
HCO3™ ZaCIOH®
CO3: ZnHPOy*
HaPOy® ZnH2P04"
H2P0Oy” ZnOH"
HPO#~¢ Zn{OH)2*
POy Zn{OH)3"
Caz Zn{OH}3*
CsHCO3" Zn20H"
Cat0y® Ferr
CaHPO4* FeOH:=*
CaP0y” Fe{OH)2"
CatlaPO3" Fe[OH)a*
CaON* Fe{OH}3*
g Fez{OH}2*
MgHCOy” Fea[OH)®
MgOH FeSO;"
MgCO3* FeCl:*
MgHPOy* FeCl2*
Na* FeCiz®
NaCO3” FeHPD,*
ZnCOy*
ZaCl’

Cas|PO4)OH by dronyapatite

* MgCOs3 magnesite
Mg[OH): brucite
Mg3{PO3)2 magnesivm orthophosphute
ZnCO;3 smithsonite
Zn3|OH}s(CO3)2 hydrozincite
Zn{OH)2 rinc hydroaide
Zn3{903)2 < 4H,0 a-hopeite
Fe[OH)s amnrphous iron (51}

hydroxide

FePO; - H20 strengite

TABLE4
- Solid species considered in Saturation
Index and solubility diagrem preporation

Solid [Chemical

Formula) Common Name
CsCO3 calcite
Ca(OH)2 porilandite
CatlPO,4 - 2H0 brushite

CagH2(P04) - 5H20 octacalcivm phosphate

/

-

fails to take into account protective chem-
ical reactions in drinking water aside
from calcite deposition.

‘Mechanism of A-C pipe dissolution
Attack on A-C pipe by drinking water

manifests itself as deterioration of the

interfacial fraction of the interior pipe

matrix of A-C pipe is a very complicated
combination of compounds and phases,
some of which are poorly identified orare
of indefinite composition. More than 100
compounds and phases important to the
chemistry of portland and related ce-
ments have been described and identi-
fied?* and because of solid solution

surface, which can lead'to the release of _.possibilities, probably many more exist.

asbestos fibers, about which there is
considerable concern for possible human
health effects.1® Field and laboratory
observations by DWRD have shown that
sometimes adherent coalings form on the
pipe that will prevent fiber release, but
which may or may not totally prevent
some surficial softening.The cement

638 RESEARCH AND TECHNOLOGY

‘The state of knowledge of the thermody-
namic solubilities in water of the individ-
ual predominant compounds of the
cement lags far behind that of minerals
and related man-made compounds impor-
tant to drinking water chemistry. Until
more research is done, only some qualita-
tive generalizations can be made.

CAPCO

The corrosion of A-C pipe is governed
almost completely by solubility consider-

S

ations. Thus, the dissolution and coating -

processes of the pipe may be described
and predicted by bulk-solution chemicul
purameters and straightforward solid
solubility reactions.

The effects of pipe dissolution on the
distribution system water quality, in
addition to [iber release, are several.

The “free-lime” component of the pipe
{essentially equivalent to the solid port-
landite) can dissolve as represented by
the reaction

Ca(OH)s(s) =Ca>+20H" (1)

for which K,, is 1020, This would
increase the pH, titration alkalinity, and
the calcium content of the water {and,
therefore, the Al} during its passage
through the pipe. The pH increase would
enhance the ability of the waterto absorb
and hydrate any CO. gas present. Subse-
quently, the reaction of any absorbed CO;
with the hydroxyl ions present would
lead to the formation of bicarbonate ions,
a step that would favor increased disso-
lution of. Ca(OH),(s} by the mass-action
effect. In the present commercial auto-
claved type I A-C pipe, the free-lime
phase is <1.0 percent by weight.?

Three of the predominant crystalline'

phases of the matrix of A-C pipe are tri-
calcium silicate (nominally Ca;Si0O;),
dicalcium silicate {nominally Ca,SiO;).
and tricalcium aluminate (Ca;Al,Og)-10.2
Possible dissolution reactions may be
represented by

Ca;3Si0;ss) + SH0 =

.2
3Ca* + H,;Si0;° + 6OH
Ca;SiO.-(s) + 4Hzo =
{3)
2Ca?- + H,Si0;° + 40H"
Ca;Al;D;,(s] + 5H20 =
(4)

3Ca* + 2AP- + 120H"

Estimates of the solubility constants
for reactions (2) and {3) were obtained by
using an internally consistent set of
Gibbs {ree energy of formation data at
25°C and, at 101 kPa (1 atm) pressure, are
105 and 10+, respectively. Free-energy
data have thus far not been located for
Ca;Al.0. Since thereis still considerable
uncertainty as to the exact crystal struc-
ture of this solid,» lack of thermody-
namic characterization would not be
surprising. . .

Because solids are often highly substi-
tuted in portland cement®, their true ther-
modynamic activities may be somewhat
different from unity.??% Therfore, either
the free energies tabulated may not
exaclly correspond to conditions in
cement, or the activity of the solid may
need to be included in the solubility con-
stant expression if it is used to determine

-

febetmBmits e o

o i GF NI B agton b b

PRI

R R i)

o

e,

soamHb WL

JOURNAL AWWA .

o T g *

JEN 0004808




._l

—
&5

s e sUNUS tricalcium silicate
‘nd dicalcium silicate are highly soluble
.der general drinking water conditions.
{vactions of other solid phases can also
* asily mobilize sodium and potassium.

Dissolution by reactions of the type of
). (3}, and (4), even if the estimated solu-
sility constants are not very accurate,
vould produce three major effects. First,
he levels of calcium, aluminum, and sil-
«on species (as well as any substitu-
ional elements} will increase with time
ipon. standing, or with distance of pas-
41ge through a pipeline, unless threshold
vnditions are met for saturation and pre-
ipitation of another less soluble phase,
1 until the available supply of leachable
pecies is depleted for a given depth of
enetration.

Second, the pH ‘of the system would
«and to increase because of several disso-
ution reactions and the two dissocia-
ions of silicic acid.» The overall solution
H may also be increased slightly by dis-
olution of the asbestos fibers them-
¢lves. For example, the averall process
f chrysotile-fiber dissolution as given
y the equation

Mgzsizo_s(OH’;(S) + SHzO =
3Mgt + 2Si(OH),° + 60H"

wld tend toincrease the pH by virtue of
+input of hydroxyl ion and soluble sil-
into the waler, because chrysotile has
Y0 of —51.8,% but the total mass of

. involved is quite small.
-me hydrolysis of A1**ionintroduced
‘ng dissolution of tricalcium alumi-
- may take place, but field observa-
5 in distribution systems indicate
the pH-increasing reactions are dom-
12 Also, large pH gradients between
sipe surface and the bulk solution
d not normally be expected. The
r in a distribution main would have
nal periods of suspended flow, such
a household system during over-
standing, except at the dead ends.
the buffer capacities of most, even
isive, water should be sufficient to
wntially moderate a pH rise, espe-
when such capacities are combined”
mstant water flow. Additionally, a
iwge local rise in pH would often
3aCO; deposition and subsequent
ion, a situation that tends to con-
‘th the observation of continual
shing in field and Jaboratory tests
:d in part 12 and later in this

the alkalinity of the system may
w an increase. Considering that
v Is a charge-neutralizing capac-
only newly-formed directly-
ting entities would be OH-,
s~ and SiO«{OH}.?-, However, a
ase favors the production of

d CO;*-, normally the dominant
R 1981

wessensy a1y pure drink-
sug water having 2 pH less than approxi-
mately 9 to 10. Importantly, the alkalinity
increases observed in field studies®do not
necessarily indicate input of dissolved
carbonate from pipe materials. Carefully
obtained, analyzed, and preserved sam-
ples for potentiometric total alkalinity,
pH, temperature, and major constituents
can be used to calculate changesin carbo-
nate concentration.®.2e.3?

Protection bi( CaCOj3 saturation

Three experiments reported in part
12 [experiments 6, 7, and 8) evaluated
the effectiveness: of maintaining solu-
tion composition near to slightly above
CaCO. (calcite) saturation by adjustment
of calcium, total carbonate concentration
{C.), total alkalinity {Alk,), and pH simul-
taneously. As would be expected, the
pipe integrity was maintained with only
a little softening when it was at the cal-
cite saturation level®® and with virtually
no deterioration when it was slightly
above,

The small amount of pipe sofleninu
observed in experiment 8 is not particu-
larly surprising and may be explained by
several factors. At least two of the major
phases of portland cement, the primary
matrix material of the pipe, are thermo-
dynamically highly unstable in most
drinking walers, as was shown earlier,
Another factor is the role that pH playsin
the attainment of CaCO, saturation.

A series of calculations, or the use of a
graphic method such as a Caldwell-Law-
rence diagram,?”# will show that a
greater mass of CaCO; can be deposited
at a low pH with high calcium and carbo-
nate concentrations than at a high pH
with Jow calcium and carbonate concen-
trations.

As was mentioned previously, the
first-formed CaCO; precipitate (even if it
is metastable) most probably is described

by a more soluble K, than calcite. It is.

desirable to take this phenomenan into
account, as well as complexation and jon
pairing, when a conditioning scheme

based on calcium-carbonate saturationis .

devised.

A more rigorous computation of the
‘saturation conditions previously report-
ed? for experiments 6, 7, and 8, was per-

formed by means of the aqueous equili- |

brium calculation computer program
WATSPEC2# an enhanced version of
WATSPEC» All systems were calcu-
lated to be undersaturated with the esti-
mated freshly precipitated phase® but
were at or abowetaturation with calcite.

The calculated SI values suggest that
experiment G should not have provided
protection by calcium-carhonate deposi-
tion, and the coupon was seen to be con-
siderably softened? Experiments 7 and 8
were near the thermodynarmic precipita-
tion threshold for aragonite and a fresh

precipitate. The amlyhml data are

inconclusive as to whether or not active
yrecipitation was actually taking pluce
{evidenced by no clear decrease or level-
ing off of calcium or total carbonate con-
centrations). Increased stabilization of
certain calcium-silicate phases of the
pipe by the lower pH and higher calcium
present in experxmenl 7 {as opposed to
experiment 8) is an alternative possibil-
ity. The_candition of the pipe coupons

does suppurt addition of calcmm and car-
Fitnale o alfain calciom-carhonate satu-

ralion_al relatively JTow pH.values as a
vn:aE!EEr:o—e‘-J_E.y:[f!.&"M‘ﬁsm

Though protection by ealeiym-carbon-
ate saturalion is & well-gstablishe
corrosion-inhibition_technique, the ex-
water supplies of low hardness andalka- -
Jinity, @ well 85 the_vndesirability t
many consumers of the harder water then
obtained, makes finding other alternative

{freatment metﬁoas an altraclive en-
deaver.
—

Protection by metal precipitation

just as calcium carbonate may precipi-
tate and adhere to a pipe surface toforma
protective coating, so too could any other
reasonably dense solid. Unfortunately
{from this standpoml) few combinations
of cations and anions. are present in
drinking water in sufficient quantity to
provnde enough mass for precipitation
and effective pipe coating, Four elements
that can form useful coalings &re iron,
Zinc, anganese, ond silicon, .
““The Tirst purpose of 1his section is {0
use computer calculations of chemical
equilibria in hypothetical model systems
to develop a predictive mode! of aggres-
sive and nonaggressive water conilitions.
A second purpose is to show by correla-
tion of the computer model with field
data and laboratory experiments that the
true aggressiveness of drinking waters
with respect to A-C pipe can be predicted
more accurately than by using the Al
alone. Situations that are in conflict with
the Al most proBaB}y are not anomalous
phenomena butresulr rom shoricomings.
{5 the chemical Dagis of the 04k That
‘EMUW der 1t an inetfective_predic

inally, this section will show how the
model may be used tadevise protectiveor
corrective treatment conditions.

Calculation methodology. The mode! sys-
tems considered were chosen mainly to
approximate laboratory experiments
(completed or planned) or to illustrate
some possible field situations. Obvious-
ly, not all combinations of important var-
iables could be covered: however, the
general solution charcteristics covered
by the example systems should enable
them to be '\pphed directly to mo';l cases
not specifically shown.

The models were calculated by utiliz-
ing the aqueous equilibrium mnduling
program REDEQL.EPAK3.: swritten in
the I-OR TRAN I\’ language andrunonan
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» ZnCO W ZrCO)
- . 4 © CaCO; Colc-u. 4 b ©OCiCO)Cakcte ‘
. &2n 0K - ,
2 Ocaon 1 - 4
2 o : p—
TABLE 5 K §
Agucous reactions considered in the 5 2r E )
construction of the Saturation Index ond  § | 3 i
precipitation diegrams & i :
- :
Reactivn . lg Kt Source ) : ]
-5 4
m drogen { D/D/c: i
“FOH =H0 - - 100 | 1 -0 1 ; " n ]
2H + CO3 = HCOs® 167 2 s
H® + COs* = HCO» 10 10.3 3 pH
2H" + €Oy = COz{g) + Hz | 2 . )
- S = 1PO f5) 124 4 Figure 1. Saturation Index diagram for model  Figure 2. Saturation Index diagram for model
H™ + POy 3 . 3
2H" 4+ POy~ = HaPOS” 19.6 4 system M1 system M8
3H" + POy = H3P0s® 27 |« .
- 0 CaOH H 2.6 5
Car + H20 = * + -1
Ca?* 4+ CO3** = CaCO3® 3.2 s TABLE 6
Cat* 4 CO3+ + H" = CaHCO3” 13 s " Solid reactions considered in Saturation Index diagrom prepumnon
Ca» + H® + POy = CoHPOs® 15.1 s 1
Cat* + 2H" + POy = CaHaPOy" 203 5 Reacti o oy .
Ca*- + PO;¥ = CaPOy’ 6.5 B eaction . og uree :
Magnesium " :
Mge + H20 = MgOH + H° Sue s CET Coge = cacosts ’ Bs 1 |
M O R o | e | s G + 220 = Ca(OH)als) + 2" o —228 : :
Bt Pou- = MoHPO® 153 s Car + H' + POy + 2H20 = CaHPO; » 2H20(s) . 18,9 3 {
st + ¥ sHPO - Ca- + GPOP" + 21" + 3H20 = CagH(PO4}s - 3H20 469 3 :
g - %! = T - .
Na' + €Oy = NaCO3" 1.2 s M:gC:m:::po‘ + H20 = Cus{PO)30H(s) + H 40.6 .4 i
Zinc . :
s = ZnOH . - Mgte + CO3'- = MgCOsls} 7.5 I3
Heoposmonaw o |y METEE N ;o
Znt + Zl:lzo = Zn{OH]2® + ZH" -16.9 1 za?.i’”.. + 2P0y ~ 8H' = Mya{PO;)z - 8H20(s) 25.2 2 .
Zo 4 M0 = ZnlOlly + 3, s | 3 Znt + CO3=* = ZaCOuls) | 108 s :
Zntr + 34120 = Z0l0HN ot Tha 1} s2nv + 260y = 6H20 = Zns{OHIE(COalais) + GH' -8 s :
RIS il Zbzpoy | 2 | 4 Zn* + 2H:0 = Zn{OH)2ts) + 211 Szs 7 :
Zo- + 2l 4+ PO = ZnHzPOy 2, 3Zpt + 2P0 + 4HO = Ln(POa): - 4H20(s) 353 s :
Znt* + (O3t = ZaCOy 4.8% 6 tron 111 ;
nrmomar Zcone + YR B Fetr + 3120 = Fe[OH}a(s) + 3H° -4 5 i
Nt = ZaCl* .. X ) 2 pat, N y
Znt + 2C1° "= ZnClz' 0.6 4 Fer* + PO + 2H20 = FePOy » 2H20(s) 264 2 .
Znt- + 3C1" = ZnCly” 0.5 4 *All data are for 25°C. = i
Zmt- + 4C1" = ZaClg- 02 | 4 Sources: i
Tron . 1. JACOHSON, R.L. & LANGMUIR, D. Grochim. Cosmochim. Acte. 38:301 [1974). :
Fer + H20 = FeOH» + H™ —22 1 2. SMITH. RM. & MARTELL. A.E. Critical Stability Constants: V'ol. 4. Inorconic Complexes. Plenum Press (1976). 3
Fer + 2H20 = Fe{OH)2" + 2H" =57 1 3. LINDSAY, W.L. & MORENO, E C. Soil Sci. Soc. Amer. Proc., 24:177 (1960}, :
Fer» + 3H:0 = Fe[OH}3? + 3H"  1-136 1 4. MORENO. E C. ET AL, Jour. Res, NS, 72A:6:773 {Nov.-Dec. 1968} E
Fe' + 4H20 = Fe[OH)3" + 4H"  |-216 1 5. PLUMMER, L. X. ET AL USGS WK1 76-13. {Dee. 1978). '
2Fe + 2Hz0 = FealOH)zt + 2H" |- 30 1 6. SCHINDLER, P, EY AL, lelv. Chim. Acto, 52:2327 (1469). :
IFE + 4H20 = Fey(OHJa> + 4H |- 63 1 7. BAES, C.F. JR. & MESMER, R.E. The Hydrolysis ol Cotions Wiley-lnteescience. New Yord (1976}, .
Feo 4 H' » POy = FelPOs 7.8 s 8. NRIAGL. J.O. Geochim, Cosmochim. Aclo, 37:2357 (1973). : R
FevCi = "!C‘ . 14 H .
Fev 4 2C) = FeCl2” 2.1 s
Fe'* + 3Cl" = FeCla® 1 s ‘TABLE 7
1All dato are fur 23°C. Model systems for zine, iron {111}, and calcium cooting of A-C pipe at 23°C*
$The published data of Bilinshi et a1 have been 5 ! iy g of pip
reinterpreted by Schoch et ald in terms of both Za003° and
Zn{COs)ze withlopK =5.2{or ZnCO3® and withlog K =7.5 Calclum | Total Carbonate
for the reaction: Zns> v 2C03° = Zn{CO3):%. These ’
constants were incorporated into the model af(er the mgl mygil myrl mg/l Mp Na Zn Fe POy
calculations seported in this paper were pesfurmed. System | os Co | 0s CaCO3 | 0s €Oy § 03 CaCO3 | mpel. | mpil meel | mpl | rpel | Figurels)
Sources:
1. BAES, CF. [R. & MESMER, R.E._The Hydrolysis of M1 04 1.0 0.6 1.0 0.1 5 03 0 0 1
Cutivns, Wiley-Interscience, New York {1976). M2t 04 1.0 0.6 1.0 0.1 s 0.1 [ [
2. HARNED, HS. & DAVIES, R. JR Jour, ACS, 65:2030 m: g: :g :.'; ;: g.l :g :.s 21 g
{1943). . X R X X
3. HARNED, H.S. & SCHOLES, S.R. JR. Juitr. ACS, 63:1706 ::Zt :.: :-g 1:.0 ;g-g ';\o :g ::; g g
(1941). . X X X :
4. SMITH, R.M. & MARTELL, A.E. Critical Stabilty M7t 04 10 60 100.0 0 6o [3] [ 0 ;
Constonts: Vol. 4, Inorgenic Complexrs, Plenum Press, :::P :: :: :: :gg g;’: ;g g: g 85 23 :
New Yarlk (1976). + . - . . B
S. PLUMMER, LN, ET Al. WATEQF~A FORTRAN IV M9 4.0 10.0 23 40.0 1.0 20 0.15 ] o 4.5 :
Version of WATEQ, A Computer Program for Calrulat- M1 10 100 12 200 1.0 13 05 [ o 6.7 :
ing Chemicat Equilibrium of Natural Water, USGS WR! ::::“' ‘:g :g: :; ;g: :8 :: 8: : . :‘5 .
76-13 {Dec. 1978). . 2 . |
6. BILINSKI, HL ET AL. Anal. Chim. Acla. $3:357 (1970}, waP¥12 4.0 10,0 24 400 10 20 05 0 0 10,12
7. WAGMAN, D.D.ETAL.NBS Tech. Note 270-3 ([4n. 1968). ::::Z‘P . ::g :gg :; 1333 :g :g 2: : :‘ ::.:3;
Mi3p | 40 | 100 co 100.0 w | 3 o5 ] e os | 107
Mg 8o 20.0 24 3.0 2.0 20 .05 ° 0 L)
Mis 30 10.0 24 10 10 20 0.5 0 [ 19,20
*The pHl range of 5 tv 10 was cunsidered. t
tNo saturation of any solid in the pH range of 5 ta 10 :
L !
f. . . —
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IBM 3707168 compuler. Tables 3 and 4
summarize the agueous and solid species
considered, and the equilibrium con-
stants employed in the calculations are
given in Tables § and 6. The lemperature
was assumed to be 25°C, and the compu-
ter program calculated the solution jonic
strength based on the equilibrium can-
centration of charged species. Activity
coefficients of uncharged molecules and
the activities of water and all solids were
assumed to be unity. :

The Saturation Index (SI) diagrams
were constructed by constraining
REDEQL.EPAK to the condition that no
solids be permitted to precipitate, even
though a state of saturation or supersatu-
ration might exisl. The thermodynamic
state of saturation was quantified Dy (he
S 8d a5 _1he o i loga-
rithm of the ratio of the ion acfivity pro-
Fuct TTAPL 1o the thermadynamie solo-
mﬁwmﬁmmm.
Yor ~hydroxyapaiite (Cas(PO4);0H) the
mass aclion equation for which the solu-
bility product constant is defined is

Cas(PO4);0H(s) =
{6)
5Ca® + 3POP- + OH"

The SI expression is, therelore,
P e e e e P e e e

sCa-gtPO2- -
Sl = log(n Cao ’0.; DOH) 7)
I\;o -

When the solid and the solution are
exacthyirequilibrium, =Kp and SI

; L
=0, When The soution 1s supersatuiaied

with Yespect 10 the salid, JAP > K.q. and
therelore, O1 o 0. Conversely, when a
state of undersaturation exists, 51 < 0.

The utilitv of the SI'diagrams, consist-
ing of a_plot of Sl versus pH. is thai the
egion of positive Sl delines arangeo

T
in which acfivédeposition of a coating
thermodynmmically faxared. Laboratory

and field data can then be used to corrob-
orate the theoretical predictions. Once
corroboration is accomplished, the S1 dja-
grams may be applied to new localities
and situations to develop treatment pro-
grams without extensive [and costly}
experimentation. In common with obser--
vations made previously concerning the
difference between the numerical satura- .
tion state of calcium carbonate and the
effectiveness of the coating produced, the
same limitation can apply to any other
precipitated solid with any component(s)
indirectjp-affected by pH.

Another type of diagram was prepared
by having the computer program “allow"
precipitation of whatever solids hecame
supersaturated at a given pH and then
calculate the predicted chemical specia-
tion. By examining the final total concen-
trations of dissolved forms of various
elements and the mass of precipitated
solid, minimum treatment dosages mayy |
be estimated by selecting concentrations
that exceed the equilibrium solubility

CAPCO JEN ooo4a811

level, providing that the thermodynamic
cquilibrium constants are not in error,
and that the system can be characterized
by equilibrium thermodynamics. Figures
1-20 present S and associated precipita-
tion diagrams for cleven of the model sys-
tems summarized in Table 7.* The model
systems are corrclated with the DWRD
experimental studies {Tuble 8).
Obviously, a degree of uncertainty
must be altached to each calculation ol SI
or equilibrium-soluble concentration of
zinc, calcium, or orthophosphate shown
in the diagrams. Since the computer mod-
els depend on the results from a combina-
tion of many equilibrium constants
interacting as a group, only semiquanti-
tative conclusions should be drawn
unless correlation with detailed field or
laboratory data suggests that more confi-
dence can be placed in the predictions. An
analysis by Langmuir" of the sizes of
errors generated in the caleulation of sat-
uration indexes of calcite and dolomite
{CaMg[CO3),) from carefully collected
and analyzed geochemical field data indi-

tates a Bprol;vable uncerlainty of 0.1 SI
unit. The eXpérichce of the authgrs has
heen {Ri The guality of the data from
most environmental svslems is argatly
mierior, and an wacertaintly of £0.5 SI
unit is conservative., The uncertainty is

even grealer when redox reactions are

involved or when the solubility constants
are poorly known. Major sources of poor
data include pH measurements, lack of
differentiation of dissolved versus sus-
pended forms for metals {particularly for
such elements as iron, manganese, and
lead), poor means of estimation of the
redox polential (Eh, pE, and so on) of the
water, the frequent absence of equili-
brium in the case of redox-sensitive spe-
cies, and poor conversion of alkalinity
titration data to total carbonate concen-
tration {or differentiation among the var-
ious carbonate species).

Protection by zinc preciphtation. Aspects of
the geochemistry of zinc have been
widely investigated for fresh natural
waters and sea water,®.3-% Nriagu® has
studied the solubility of a-hopeite
(Zn3(PO;)2 - 4H20) and sume of the equili-
bria of zinc-orthophosphate complexa-
tion. Solubility constants and other
thermodynamic data for relevant zinc
solids and complexes have been deter-
mined or critically reviewed by many
investigators3.2s.30-2

From the context of metal-removal pre-
cipitation, Patterson et al¥#* have pres-
ented some experimental data interpret-
ed inthe framework of the solids Zn[{OH);
and ZnCO;, plus four zine-hydroxide
complexes. Under several of the experi-
mental conditions, however, the solid
basic zinc carbonate (also known as zinc
hydroxycarbonate, hydrozincite, and

. ‘Diamaz'n.:—;\\r mudel systents histed in Table 7 but ot

ustrated in this paper can bie obldined trom the sezice
wuthor.
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Zns{OH)s{COs).) and zine-carbonate
complexation were probably significant
controlling factors also.2.39.%0

Larson® has suggested that hydrozin-
cite may be an effective corrosion inhibi-
tor for galvanized steel piping in the pH
range of 7.5 1o 8,5 at alkalinities of 50 to
100 mg/L as CaCO;. Mah and Boatman®

642 RESEARCH AND TECHNOLOGY

did™4 limited corrosion-inhibitor study
with A-C pipe using a combination of
lime and zinc orthophosphate. The zinc
level given was 0.3 mg/L, the “lime +
orthophosphate™ concentration was “5.0
mg/L” (form unspecified), and no other
solution parameters (pH or carbonate

concentration) were dofini(ively repor{-

ed. They observed some deposition of
zinc and iron, and less apparent leaching
of calcium and silicon, but no deposition
of phosphorous. The fiber count data
were inconclusive.

The results of D\WRD experiments 1-5,
11-16, and 19 (Tables 1 and 2} may be
compared with the SI and precjpitation
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Figure 20. Precipitation diagram for zinc in
model system M15

J

diagrams calculated for the model sys-
tems (see Tables 7 and 8).

Monitoring the rate of calcium leaching
often gives a good prediction of surficial
pipe condition,? particularly when used
in conjunction with a complete water
analysis.

A higher rate of calcium leaching was

DECEMBER 1981
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observed at pH 7.0 than at pH 8.2 in con-
trol experiments 1 and 3, Figure 21 shows
the effect of 0.3 to 0.6 mg/L zinc added as
zinc orthophosphate compared with the
untreated equivalent. both at pH 8.2. The
solution rate of the calcium-containing
cement materials was greatly restricied.
Figure 22 indicates, however. that at pH

-

7.0, after an inductiun period of sbout'80
days. the leaching rate of the coupon in
the zinc-containing system (experiment
4) was essentially the same as that of the
coupon in the control system (experiment
3). Upon inspection, the coupon from
experiment 3 was noticeably softened.
Experiment 5 (Figure 23} consisted of the
substitution of zinc chloride for zinc
orthophosphate at pH 8.2; following a
very briel induction period, the calcium
solution rate was seen to be extremely
low. A very hard surficial coating on the
coupon was observed when it was
removed and inspected.

Experiment 12 consisted of the same
quality of water as in experiment S at a
pH of 7.5 and resulted in a coupon that
was noticeably softened. Experiment 16
used zinc sulfate as the' zinc source in
water similar to that of experiments 2
and 5. The coupon was protected by a
hard bluish-grey-colored coating like
that from experiments 2 and 5.

The sulfate salt of zinc is interchangea-

ble with the chloside and orthophosphate ’

salts because the formation constants of
the sulfate complexes of calcium and
most other cations present in a drinking
water are small enough that zinc solubil-
ity is only significantly affected at unrea-
listically high sulfate levels.

The experimental observations corre-
late extremely well with Figures 10-13,
which predict an onset of hydrozincite
precipitation at a pH of approximately

7.8. Reduction in the zinc levels in the -

dosed tanks also showed a correlative
slowing in rate around 0.3 mg/Lin experi-
ments 2 and 5. Virtually no reduction in
zinc was noted in experiment 4. .~
Mudel system M8 was developed to
anticipate the effect of lowering the cal-
cium level in the water, while maintain-
ing the same pH, carbonateleve), and zinc
dosage. Zinc chloride was chosen for all
but one of the remaining experiments
because it gave performance equivalent
to the orthophosphate salt, and it did not
generate the discoloration (microbiologi-
cal growth) evident at the surface of the
O-ring seal around the tank lid (see part 1
for experimental apparatus?). The pipe
coupon from experiment 11 was covered
by a hard grey coating similar to that of
coupons {rom experiments 2 and 5. Fig-
ures 2 and 3 predict deposition of a hydro-
zincite coating, an indication of good
protection. The main difference in protec-
tion afforded by model systems M8 and
M8P versus M12 and M12P is that less
protection is theoretically available at
extremely high pH in the absence of
orthophosphate, as a result of the low
calcium-carbonate precipitation poten-
tial. The zinc equilibria are clearly domi-
nant (Fiaures 2, 3, 6-13). The absence of
calcium does not detract from the zinc
coating precess, but ils presence is prob-
ably desirable to help stabilize the calcium-
silicate phases of the portland cement.
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Figure 22. Calcium concentration increases at
pH 7.0 during experiment 3 (control} and
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,n-a-;bt""’". ®
e
0

R i e

& Expenment s FirstRun
& Expement $, Second Rua

Crtewm a3 C3C0y —mgn, ’
- 3
: 1
. bh
. o
L
L ]

o ] 1 }
50 0w 130
Tune Etapsed—cays

Figure 23, Calcium release inhibition provided
by zinc chloride treatment at pH 8.2

Data are successive runs using the same
coupon (experiment 5)
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Experiment 14 involved a reduction in
the carbonate level in the water to
approximately 2 mg/L as CaCOs, but an
increase in the calcium conlent to an
initial value of 32 mg/L as CaCOj;. Sub-
stantial calcium leaching was observed
for approximately the first 50 days, with
o lesser rate following (Figure 24). The
decrease in rate is interpreted as the
result of the onset of hydrozincite forma-
tion after a period of initial leaching of
easily available calcium and the increase
in carbonate content. The carbonate
increase is attributed to CO; absorption
from the air. There is a strong correlation
among the time of the zinc decrease, the
increase of carbonate, and the slowing of
the calcium leaching (curves for zinc and
total carbonate are not shown). Of the
coupons from tests using zinc addition at
pH 8.2, this coupon appears less pro-
tected than all others, except possibly
that from experiment 13. The Jow level of
carbonate puts the system depicted by
model M14 and demonstrated by experi-
ment 14 on the threshold of hydrozincite
precipitiation (pH ~ 8.3), thereby making
the protection by zinc minimal. The
protection by calcium-carbonate deposi-
tion would also be impossible, even up to
pH 10.

The last laboratory zinc-protection
experiment tobe discussed here is experi-
ment 13, where the zinc concentration
was reduced to 0.1 to 0.2 mg/L with cal-
cium and alkalinity levels of 10 to 15
mg/L as CaCO; and 19 to 21 mg/L as
CaCO;, respectively. The coupon was
noticeably softened as would be pre-
dicted by model system M9 (Figures 4
and 5). The low level of zinc employed
was insufficient to provide hydrozincite
precipitation protection below a pH of
approximately 8.5.

Figure 5 shows clearly that even at a
higher pH, very little zinc would be de-
posited compared with many of the other
systems.

The relationship of zinc solubility to
total dissolved carbonate concentration
and pH is displayed in a slightly different
manner by Figure 25. This solubility dia-
gram was constructed considering the
aqueous zinc species and zinc solids
given in Tables 5 and 6 and the jonic
strength. The calculation procedure was
essentially the same as that utilizedin a
previous lead solubility studys¢ One of
the significant predictions obvious in this
diagram is that little advantage is derived
from carbonate concentrations above
JBpproximately 50 mg/L as CaCOjyin the
pH range of 8 to 9. A pH of 8.5 affords
considerably more protection than pH
8.0, but pH 9.0 shows only a smal
improvement over pH 8.5. :

Experiments of long duration at zinc
concentrations greater than 0.5 mg/L
have not been performed, primarily for
three reasons. The first is that the most
desirable treatment procedure \:ould be

one involving a minimal dosage of added -

chemicals. Second, there is the possibil-
ity of zinc toxicity in fish, which could
result if wastewater treatment provided
inadequate zinc removal. This pussibility
is briefly discussed in a later section of

" this paper. There is no evidence of any

danger to humans, however. Third, even
if a high dusage is employed by a utility
as a conditioning step, the equilibria may

be reversible {such as with calcium car- -

bonate) to some extent, and continued
dosing at the threshold of hydrozincite
saturation would probably be necessary.
A test of a one-week dose of zincat 1 mg/L
followed by a lowering of the zinc concen-
tration to 0.3 mg/L {conditions otherwise
similar to experiment 2} is presently
under way to test the effectiveness of
such a procedure. Perhaps only intermit:
tent supplementation of zinc would be
plossible if the reaction reversibility were
slow.

The role of orthophosphate. The role of the .

orthophosphate in the coating process of
the DWRD experiments is apparently
minor or nearly irrelevant. The published
solubjlity constants and phase diagrams
for zinc orthophosphate®s” indicate that
these compounds are oo soluble to reach
a state of supersaturation under any of
the conditions of the DWRD laboratory
experiments. Additionally, supersatura-
tion is not indicated at any of the combi-
nations of pH, zinc, and orthophosphate
concentrations of the computer-modeled
systems. Evidence is provided by the
energy-dispersive x-ray spectrometry
data of Mah and Boatman* and this
laboratory* which show that phosphor-
ous is not present on the surface of the
pipe samples, but that zinc is. Also, no
phosphate decrease in solution was
observed within the precision of the ana-
Iytical method used.

Considerable uncertainty exists in the
selection of the proper value for the solu-
bility constant for hydroxyapatite. The
precipitation process involved and the
exact crystal chemical nature of the solid
formed are both highly variable and very
sensitive to the experimental conditions
employed.#-$» Lundager Madsen3* has
suggested that although hydroxyapatite
possesses only one true thermodynamic
solubility constant, it is useful operation-
ally to employ two different solubility
constants. One would be used when pre-
cipitation is being considered and the
other when dissolution processes are
contemplated. The value selected in
‘Table 6 reflects a relatively high estimate
of hydroxyapatite solubility.

The difficulty in quantitatively de.
scribing the calcium-orthophosphate
equilibria arises in large part from the
tendency for octacalcium phosphate or
brushite 1o be the initially precipitated
phase.*$3.355% with the onset of precipita-
tion occurring when their solubility pro-
ducts are exceeded. Subsequently, these
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patite, though possibly after a very long
fime.20.3 A more torrect approach may be
the use of one of the alternative salts to
predict the onset of precipitation. There
is also significant evidence of the inhibi-
tion of precipitation by low concentra-
tions of carbonate, magnesium, and
strontium jons.

. In conclusion. concerping the role of
erthophosphate, it is ungxke! thal zjnc-
Nt s e
or ca%cmm-ortho phosphate solids co
provide proteclion_of A-T pipe, except
possibly at very high pH Tevels or at
extremely high levels of calcium, zine, or
orihophosphale. . There was essentally

no Eh?ference in_the Earane§ses of the ’
b

€oalings provide the zinc-chloride

,zinc, and carbonale concen-
trations_necessary for A-C pipe profece
tion would be the same Ior 1§e three zinc

salts, because the aqueoys orthophos-

phate complexes are of minor imporiance
in_water systems at {he dosage levels
suggested.

Substitution of other phosphate com-
pounds for the chloride, sulfate, or
orthophosphate-zinc salts is not justified
on.the basis of the experiments reported
here. The molecular structure and aque-
ous chemical behavior of “condensed,”
“glassy,” or “poly" phosphates are quite
different from that of the orthophos-
phates.#2 The ability of many of the
condensed, glassy, or polyphosphates to
f:rm strong aqueous chelates or com-

<es with Ca?* and A1, which are

-jor pipe components, as well as with
ther potentially protective ions (such as
Zn?*, Fe?*, ar Mn?**) may enhance the solu-
bility of the pipe under many conditions.
Further theoretical and laboratory eva-
luation of the behavior of the alternate
phosphate compounds Is necessary
sefore substitution is carried out.

#Aechanism o} A-C plpe prolection by zinc.
dpsitive identification of the exact mech-
mism involved in the zinc coating pro-

ess has not been made. However, a
wo-step mechanism consistent with the
iboratory and field data gathered thus
ir can be postulated. The first step is the
ttainment of a state of saturation with
sspect 10 zinc hydroxycarbonate hydro-
ncite:

5Zn** + 60H" + 2COzt~ == @)
. Zns{OH)s(COs)a{s)

The zinc levels in the experiments
iere a coating is formed tend to
srease to values in close agreement
th equilibrium total-aqueous-zinc con-
strations predicted hy the computer-
d model. An experiment was set up
‘h no zinc addition, but a section of
1sed galvanized pipe as a zinc source,
h water quality otherwise the sameas
wxperiment 12. After 40 days the zinc
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jeve} had risen to 0.3 mg/L, where it
remained throughout the final threeand a
half months of the test. Duplicate sam-
ples were filtered by using an all-plastic
support unit, and 0.45-um polycarbonate
membranes showed virtually identical
zinc concentrations, indicating that the
zinc was entirely in dissolved form. The
similar concentrations of zinc a;tameg by
‘Mgmem pifation and dissolulion experimen-
tal approaches suippor! the confention
that the solugi]ily of zing is contralled b
Zing hydroxycarbonate, and 15 both
W

eversible and quantitalive.

The major dillicully With using this
mechanism by itself is the hardnesss.3 of
the surfaces developed on the zinc-
protected coupons. In mineral form
hydrozincite is considered to have a hard-
ness of 2 to 2.5 on the Moh's hardness
scale,’® which roughly corresponds to a
Knoop value ranges”.* of 32 to 80, The
observed hardness, which is somewhat
difficult to assess because of the thinness
of the coating and because of occasional
unevenness and porosity of the substrate,
is more on the order of 4 on a dried
coupon.

- Several zinc-silicate minerals have tab-
ulated hardness values comparable to the
observed hardness and color of the cou-
pon coatings. Table 8 lists hardness
values for several zinc solids. The viabil-
ity of a conversion of hydrozincite to a
zinc silicate coating may be qualitatively

tested with some of the existing thermo- ~

dynamic data??2 that is available for wil-
Jemite {Zn,Si0,) and ZnSi0;. Hemimor-
phite (Zn,Si.0;{OH]}; - H,0), for which
thermodynamic data are scarce, is a very
reasonable possibility, based on its
occurrence as an alteration product in
oxidized zones of zinc ore bodies*” and in
galvanized pipe corrosion.® Leggettst has
described experiments where zinc-silica
solids of undetermined form were created
by titrating dilute, acidic solutions of
monomeric silicic acid and zinc to various
pH values. The results are somewhat dif-
ficult to quantitativelyinterpret with cer-
tainty, because no effort was made to
exclude CO; gas from the systems, but
the formation of hydrozincite, or smith-
sonite, or both, is very probable under the
experimental conditions reported. The
given solubility curves are also quite
comparable to the DWRD1aboratory data
and model systems for the silica-free sys-
tems. The concentrations of dissolved sil-
ica employed by Leggelt (0.001 M in
Si(OH},) were much higher than the con-
centrations in the DWRD bulk solutions,
but they may be comparable to levels
attained fterstitially upon pipe dissolu-
tion.

Gilmour and Kittrick® have discussed
several zinc-solubility experiments con-
cerning behavior in soil systems, and
they concluded tha! in several cases
ZnzSi04(s) could be a viable control on
zinc activity when hydrogen sulfide lev-
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TABLE 8
Correspondence of mode! and experimente]
systems
DWRD Precipitation
Experiment] Applicable [ SI Diagram Diagram
Number Mode) System ]  [Figure) (Figure}
3 M1z 10
2 Mi12P 12 k14
3 M2 10
4 Mi2P 12 13
s M2 16 .on
11 Ms 2 3
12 Ms 2 3
13 M9 4 5
" Mis 1
1% M2 10 1
10 Mz 10 n

*innore fields of 2ine-containing solidsin the duxnm; the
other fielids will be changed little,

TABLE 9
Moh's hordness volues for several zine
minerolsss
Common Name Formula Hardness
Hydrozincite Zns{OH)(COa)2 223
Smithsonite 2nCO; 5
Willemite Zn2Si0; 5-5.8
Hemimorphite Zn31Si207) IOH)z H20 4.5-8
Zincite . 4-4.5

- TABLE 10
Gibbs free energy of formation volues at
25°C employed in the construction of the
E-pH diograms in figures 26 and 27

Species AC*—col'mol Suurce
H:0 ~56690. b)
OH” —-37503. ?
HaCOy* —148950, 2
HCOs™ =340 280. 2
€O ~126 190, 2
Fer ~18850. 4
Fe|DH)2* =103 200. 4
Fe{OH]3" ~146630. 3
Fe» ~1060. 4
FeOH:* ~54770. 4
Fe{OH]2* ~—106 700, 4"
Fe(OH]3* 152600, 4
FelOH)s" - ~195 400, 4
Fe{OH)31s). fresh ppr. =163 500. 4
Mnz =54 490. 4
M -=19700, 4
MaDH* ~96800. 4
MniORJ3™ —~177 900. 4
MnHCO3" ~197 100, 4"
MnO;" —= 106900, 4
MnDy** ~119700. 4
Mn0a{s}, pyrolousite ~111400. 3
Mn203{s}, bixbyite ~21030D. 4
Ma304{s}. havsmanite =306 800. 3
Mn{OH])2{s}, pyrochrosite ~347 300. 4
Mn{OH}as) ~181100. 3
MnDOH {s). manganite ~133400. 1
MnCOsls). rhodochrosite -~105 100. 4
Ciz{oq) 41650, 3
HCIO* ~-19100. 3
ocr ~2800. 3
Sources:

1. PARKER, V.B. ET AL. Selected Thesmochemical Data
Compatible with the CODATA Recominendations. NBS
NBSIR 75-968 {1976).

. Colculated {rom equilibrium constants given by Herned
and Davis in Jour. ACS, 65:2000 {1943} and by Hazned
and Seholes in Jour. ACS, 63:1705 {1941] {or 257(. with
the value for AG® H20 from this talile.

L WAGMAN, DD, ET AL. Selected Values of Chemiral
Thermodynamic Propesties. NAS Trch Note 2703
(1968].

. Calculated from equilibrium const: mu and eguatinns
tabulated by Plumuier ot ul in WATEQF—A FORTRAN
IV Version of WATEQ. A Computer Peogram for
Caleulating Chemical Equidibrivm of Natural Waters,
USCS WRI76-13 [1978). with other valies given in this
table,

~
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. . TABLE 11
Saturation Index calculations for several potentially protective solids®
Water Saturation lndeat
" Supply Total . . Detentuble
System pH  JAlkabinity | Ca Mg Fe Mn Si0; | AR Caleite CaCOappte | FelOt)y MnOxd Quartz Fibarst
Multiple samplings .
n 7.8 220 fioo IS T NA NA |25 0.6 . 33 . nune
E- o4 S0 176 | NA | nas NA NA 127 08 0.3 1 none .
ch 8.0 18 33 0.7 0.06 (4 6 103 -1.5 =20 26 occasional
Hhd 6.5 4 2.3 05 0.5 0.03 87} 79 -39 —44 20 -2.1 0.2 few
12 6.6 7 20 0.6 on 0.05 74 { 81 -36 -4.1 14 -15 03 -
13 6.6 ] 0.2 23 0.19 002 | M 93 -25 -30 1.6 -19 0.5
4 64 10 7.2 1.7 0.11 0.01 12 8.7 -3 -36 1.2 =30 0.5
15 [ X 16 29 2.2 0.03 o 12 a9 -2.7 -3.2 0.4 0.5
kh 7.2 76 3 [ A} 0.08 0.4 04 112 -09 -14 1.5 -0.6 —-0.9 NAl
Single i . .
P?anl.!. 73 155 4 23 0,22 0.03 51 1.0 -08 -13 25 24 0.9 BDL
System-L 74 163 14 25 0.26 0.03 49 1.1 -0.7 -1.2 2.7 28 0.9 NSS
Plani-M 76 180 40 1.6 0.12 0.06 35 109 -0.9 -14 .25 4.0 [ %] * 1.0
System-M a1 185 6.5 08 |<0.10 0,03 3 11.6 -0.2 ~-0.8 8.8 o8 23
Plant-N 72 17.2 53 24 14 0.05 16 9.6 -2.1 -26 33 22" BDL
System-N 8.3 268 9.8 20 0.05 0.02 n 1.1 ~0.6 -1.1 23 63"+ 03 NSS
Plant-O 8.5 210 23 0.5 <01 <0.n3 15 116 -0.2 -0.7 0.4 84
Systen-O 8.4 216 28 | 05 |[<oa |<0.03 1 {nse -02 | ~-0.7 . 0.2 26.8
Plant-p 71 130 23 84 n.24 042 60 110 —08 -13 24 27 1.0 1.5
Systemn-P 7.0 14 25 2.0 38 0.46 €0 1049 -0.8 -13 33 24 1.0 NSS
*Temperature is assumed 10 he 15°C for systems D-K; 25°C for 1-P. E was estimated at +0.62 V., Analysis valurs are mg't and mg’L os CaCOj for atkahnity.
Notes: NA—nnt analyzed; a—Aguressivenrss Index = pH + log {Al1] {se text]): b—Saturation Index = Log {JAP/K,p) [see text): c-fresh phase described by Suarez {1977); d—
solubility constant used for py rolusite: e—millions of fihers per Titre fur single samphings (NSS—not staticticelly signilicant: BOL—Yzlow deteclion limil): f—raw water contained
1.5 mgel. Fe and unspecified Mn; No Ma value givenalter tion, filirativn. und chlorination: g i ion and [iltration reportediy incomplete nfter ferric nagulation:
h—water analysesavere provided by the utility: i—x witter blended from the five systems shuwn s the actual systeminput. fullowing thlotination; j=insp of the pipeshowed
smooth kaing un inside. .

-

els are Jow enough to preclude the forma-
tion of ZnS(s). Additionally,ina paperon
corrosion inhibition on metal pipes, Leh-
rman and Shuldener® reported the proba-
ble formation of a zinc-silicate phase on
galvanized iron pipe carrying hot water
following a dosage of 8 to 12 mg/L SiO,.
To calculate the tendency of hydrozin-
cite to convert to willemite or ZnSiO,
equilibrium constants for the following
proposed reactions were calculated
directly from Gibbs free energy of forma-
tion tables by standard procedures2-*
using a value of —755 kcal/mol for zinc
- hydroxycarbonate derived from the
equilibrium constant and equation tabu-
lated in Table 6.

2Zn;{OH)4(COs)e(s) + 5SH{OH),° =
5Zn,SiO4(s) + 4HCOs" + 4H"# 12H,0

' Zns(OH}e(CO3):(s) + 55i(OH),° ™ 50)
5ZnSiOy(s) + 2HCO;” + 2H' + 11H,0

The equilibrium constants correspond-
ing toreactions 8 and 10 at 25°C are 10-164
and 1015, respectively. In DWRD experi-
ments 2 and 4 the bicarbonate con-
centration was approximately 1024 M.
‘Therefore, for reaction 9 the equilibrium
silica concentration would be approxi-
mately 0.2 mg/l, SiO; at pH 7.5 and 0.05
mg/L. Si0; at pH 8.2. For reaction 10 the
concentrations would be 0.002 mg/L Si0),
at pH 7.5 and 0.001 mg/L 8iO, at pH 8.2,

These levels of dissolved silica are
exceeded by any of the test waters

646 RESEARCH AND TECHNOLOGY

employed. and they should be exceeded
to a grealer extent by silica concentra-
tions in the interstices and at the coupon
surfaces caused by cenient dissolution.
While the bulk-solution zinc concentra-
tions are obviously not controlled in the
experimental time frame by these zinc

silicates, conversion of a hydrozingite
. . g A A 3 I 1
surficial coaling to a m
clearly indicated as a distinct possiBilily.
~Traddition to the colar and Eardness of
the pipe-coupon coatings, further evi-
dence that some surface reaction does
take place is seen by the presence of some
grey 2inc-compound coating, even on the
pH 7.5 coupons, and on those coupons
from systems with insufficient zinc for

hydrozincite precipitation at pH 8.2, The
presence of a large amount of zinc at the

&

“—Future tesearch will include the use of
some surface analysis techniques, such
as polarized light microscopy or Raman
spectroscopy, 10 attempt to define more
exactly the nature of the coating.

pipe surlace appears_to bhe a necessary
prerequisite for elicctive development of
ard coating.

Protection by sodium-metasilicate
""‘:o!uﬁon

Two experiments {9 and 10) were per-

- formed to determine the efficacy of
sodium-metasilicate {Na,SiO; - 9H.0)
addition as a protective procedure for
A-G pipe. The pipe coupons, representing
a silica concentration of 14 to 18 mg/Lata
pH of 7.0 and 8.0 under similar calcium
and carbonate chemical conditions [see

1.

Table 1}, were found upon inspection to

be clean and not deteriorated. This result |

is somewhat in contrast to that reported
in a Seattle study,* but the silica dosages
used in the DWRD tests were somewhat
higher than those used in the Seattle
experiments {approximately 10 mg/L as
Si0,).

The prolection of the coupons in the-

DWRD tests showed a good correlation

with the relatively small increase in cal--

cium observed for both experiments.
Scanning-electron-microscope photo-
graphs of both coupons in several loca-
tions on their surfaces showed similar
appearance, with few fibers obvious on
the surface. The coupon from the pH 8.2
experiment had a slightly more uniform
appearance, but the difference was small.

The protective mechanism E)rovided by
the dissolved silica is not 'm)e
concentration is not high enough to favor
spontaneous precipitation of amorphous
silica, but it is high enough for quartz
formation.

There is a possibility that quartz for-
mation may be enhanced by the struc-
tures of many of the silicate solids in the
portland cement itself2t Some cement
phases may tend to induce epitaxial
growth, providing a mechanism for rela-
tively rapid coating, because the unsup-
ported crystallization of quartz is very
slow.® X-ray diffraction analyses®® of
surface samples from two different dis-

tribution systems having dissolved silica .

levels between 6 and 14 mg/L SiO; indi-
cate the presence of quartz to possibly a
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greater degree than would be expected
from the cement matrix itself.

'_Ii'_\\go of the attractive asrzec}l}s of the
sadium-silicale treatment are the possi-
bility of also proleciing several (vpes ol
niclal pipes®&-® _without the aiiversg
side effects of orthophosphate_ apd_the
possibility of treatment at_a lower pH.
ume dilliculty is encountered, however,

Sume
in t . X3 B
by certain indusiyial praocesses«.te “Fen

-appreciable dissolved silica is lQresegt in
‘the water, particularly w hen the water is
héated.
Ny

Treatment of deleriorated pipe

Several additional experiments involv-
ing coupuns taken from distribution sys-
tems suffering some surficial softening
from aggressive water have also been
performed or are in progress.

Coupons softened in previous experi-
ments and from use in a distribution sys-
tem were placed in a test system similar
in chemical composition to experiment 2.
The coupons did not show appreciable
calcium leaching, but the coating formed
was not as hard or smooth as on the new
pipe coupons. Presently, a test is in pro-
gress in which softened samples are
placed in a water slightly over-saturated
with calcite at pH 8.65. ’

The results of DWRD experiments con-
ducte’a thus _far_and _fiell Gbservations
indicale that addition of the corrosion-
control compounds tested thusTar cannot
be_relied ugoﬁ ) Eroi"ide correction o}
A-C pipe deterioration, If possible, all
aftened material should be removed to
- vide a hard, clean surface; this surface

t then be maintained by proper water

. -litioning. The feasibility of cement
lining of deteriorated A-C pipe is cur-
rently being studied. The success of
application of corrosion-control chemi-
rals in water distribution systems will
Jepend on the quality of the pipe surface
at the time corrosion-control treatment is
initiated. The control of microbiological
growths through proper disinfection
practice is extremely immportant, and
corrosion-control treatment must be
operational before pipes are cleaned.
Results of DWRD in-situ pipe rehabilita-

tion studies will be reported at a later
time. . ’

Natural inhibitory factors

This section discusses several constit-
uents commonly present in drinking
water that may serve to inhibit deteriora-
tion of the A-C pipe without any special
water-treatment procedure. Several
metals {such as lead, cadmium, and
copper) not discussed in this section
could also form protective coalings, but
they are comparatively rare and are gen-
vrally present at very low levels. There-
fure, only the most common metals are
covered in detail.

tron and manganese. Two metals fre-
quently present in drinking waters that

DECEMBER 1981

could provide protection to A-C pipe by
virtue of their low solubilities are iron
and manganese. In part 1. samples from
ivaler systems 1'and (G Were feported to
ave obvious brown coatings large
‘composed ol iron, and the urveyeﬁ
walefs were shown to have minimal or
Jnopguantifiable Jiber_counts, Pipe sec:
tions from the large-scale DWRD experi-
mental pipe Juop were alsoseen toreceive
a prolective iron coating, even at pH 6.5
and total alkalinity of 1 to 3 mg/L CaCO,.
Systems D and E discussed in part 1 have
water conditions that could favor the for-
mation of iron coatings. Pipe inspections
and detailed chemical analyses were not
performed, presumably because virtually
no fibers were detected in the drinking
water samples, and the Al'value was
above 12 in each case. .

At the completion of experiment 19 {see
Tables 1 and 2), duplicate 1-L water sam-
ples were taken for fiber counts.” After
months of operation resulting in a
calcium-level increase from 9 to 25 mg/L
as CaCO;, one of the samples was deter-
mined to have 0.45 million fibers perliter,
and the fiber level of the other sample
was not statistically significant. The
observed to impart a lightU Coating to the
m'-""**gecw pon, which served fo help bind
fibers even though the pipe surface was

?&ELW-—'J d from water attack [as evidenged,
also by the calcium leaching).

Several water supplies tested by
USEPA, but not discussed in detail in
part 1, have also shown low or nondetec-
table fiber levels in spite of having Al
values below 10. In at least one case, a
manganese-containing solid was found,
in addition to that pound in system L

The general subject of the chemistry of
ifron in water has been reviewed by
Stumm and Morgan.? and Hem.24? Many
possible reactions of iron in groundwa-
ters have been discussed in some detail
by Hem,*” Hem and Cropper,® Lang-
muir® and Langmuir and Whittimore.?
The influence of particle size, surface
area, and oxidizing conditions on the
solid phases formed and the solubility
constants involved have also been inten-
sively studied for bath ground and sur-
face waters.n All of these studies can
be used to provide a general descriptive
model of conditions that would promote
the formation of potentially protective
coatings on A-C pipe. .

Figure 26 is a potential-pH diagram for
0.1- and 1.0-mg/L iron activities in water
contttfiing 40 mg/L as CaCO; dissolved
carbonate species activities, constructed
using a WATFIV compuler program writ-
ten by Froning et al?? The data used to
construct this and subsequent E-pH dia-
grams are given in Table 10. The forma-
tion of a ferric-oxyhydroxide precipitate
(written as Fe(OH),) is profoundly influ-
enced by the redox potential of the whier
involved, as well as hydrogen ion, mnetal-

-

lic species, and carbonate species activi-
ties. The oxygenation and precipitation
processes are also affected to sume extent
by sulfate jons™™ and the carbonate
buffer capacity,* but these influences
will not be included in this qualitative
discussion because of their complexity
and relatively small impact.

Few studies have been done on the
exact redox potentials developed in
drinking water, but typical treatment
practices such as aeration and disinfec-
tion are likely to generate potentials that
could near the theoretical stability limit
for water# depending on the partic-
ular oxidant. Ozone has been observed to
generate potentials in the range of
approximately 850 to 1000 mV at concen-
trations of 0.5 to 2.8 mg/L.» This would
be well into the ferric-oxyhydroxide field
at pH values anywhere from 5 to 10.8.

Experiments successfully oxidizing iron .

(11) to iron_{111) by ozonation have been
conducted.® Similar results are provided
by chlorination, because the species Cl,
(aq), HOCI® and OCI™ are all strong
enough to oxidize iron easily. Such a
mechanism has been suggested by
Stumm and Morgan.® The iron oxidation
has also been linked to dechlorination in
the distribution system, giving further
corroboration.™ . :
* The combinations of iron concentra-
tioh, pH, carbonaie concentralion, and,
POSABTy. organic MAEr (hAT provide the

mos! effective A-C pipe coalings have

not been studied. Laboralory f{esis per-
ormed by DWRD, energy-dispersive

spectrometric and electron microscopic
examinations of pipe samples, and a few
field observations show clearly that the
iron coatings often serve to cover and
bind fibers to the pipe surface. However,
calcium leaching and pipe softening is not
prevented in many cases, indicating con-
tinuing deterioration of the cement
matrix. Increased hardening with time,
resulting from the recrystallization of the
iron precipiate$® may be found and
would be a logical consequence, provided
that the corrosiveness of the water to the
portland cement is not too great or the
leaching too rapid.

The Jo ility of several manga-
nese solids under oxidizing conditions is

o Q
another theorelically prediciable protec- .

tive mechansism for A-C pipe. 1 he aque-
ous chemistry of manganese and its

oxides is extremely complicated. In addi-
tion to the numerous complexation and
hydrolysis reactions it can undergo, man-
ganese also has five valence states attain-
able in natural and drinking waters®
Manganese solids may also participatein
redox reactions with other metals;7.»
like iron hydroxides, they can addition-
ally function as strong adsorbers of other
trace metals™ that may also ultimately
interact with the pipe surface. The var-
jous aspects of the solubility and redox
chemistry of manganese have been stu-
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pursued in detail here.

A potential-pH diagram for dissolved
marfganese species activities of 0.05 mg/L
‘and dissolved carbonale species activities
of 40 mg?L as CaCOy is shown in Figure
27. Selecting the proper solids to use in
«diagram construction is complicated be-
cause of the several polymurphs of a
given stoichiometry,®= and the possible
dominance of metastable solid species.

Oxidation of manganese to form MnO,”
is reportedly possible by chlorination,®
as would be predicted by Figure 27, and
by ozonation. The formation of MnO; by
air oxidation is also common.”

.Feldspathic sand (approximately 45
percent quarlz, 21 percent orthoclase
feldspar, and 34 percent plagioclase
feldspar) has been reported to be capable
of oxidizing Mn3*to form solid MnOznear
pH 87 Whether-or not the various sil:
icates present in portland cement could
serve in a similar capacity has not heen
studlied. -

Because of the general objectionability
OW
DWRD experiments have been con-

ducted, or are planned with this mefal.

T Jeast Lwo Jocalities tested bv USEPA

o have identifiable manganese coatings
on their A-C pipe, and it remains a viaﬁle
possIbiliy or other Jocalions as vel not
closely examined.

Silica. "The role silica can play in A-C
pipe protection is quite varied. As was
discussed in a previous section on the
DWRD laboratory experiments, quartz
overgrowths or another form of cement
solubility stabilization may take place,
an occurrence progressively favored as
the dissolved silica concentration rises
above 6 mg/L. Silica may also combine
with other metals directly to some extent
to form a coating. A study done by Kato®
shows significant coprecipitation of 9.3
mg/L silica with hydrated oxides of man-
ganese and iron in the pH range of 5.0 to
8.0. The coprecipitation was observed to
increase with pH, temperature, and oxy-
gen content, with iron being the much
more effeclive precipitator. Though the
concentrations of iron and mpanganese
were much higher in Kato's stady® than
would be found in drinking water, the
. mechanisin remains plausible for the

- development of a thin surficial coating on
the A-C pipe. Presumably, similar behav-
jor might be cbserved in the presence of
aluminum hydroxide precipitates.

The relationship between dissolved sil-
ica and irun is somewhat complicated by
the ability of the silica to act both as a
sequestering agent and as a precipitator,
depending on_concentrations and solu-
tion conditions. Several studies have
attempted to determine the sloichiometry
and formation constants of ferric-silicate
complexes with mixed success,?-* large-
ly because of difficulties with polymeri-
zation in the solutivns, Dart and Foley™
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as an iron and manganese deposition
preventor in communities with either
iron problems or iron pipe, or both. In
their study, where most of the waters had
high silica levels (10 to 25 mg/L) to begin
with, the silicate showed signs of acting
sometlimes as a coprecipitator, sometimes
as a former-of a thin corrosion-reducing
film on the pipe surface, and sometiines
as a sequestering agent for ferric iron in
solution. °

Though agl nature of the silica
reactions_involving A-C pipe_has not
been extensively elucidated, the field and

lpEoratorv evidence gnihered thus_far
clearly indicates that silica can play an
M fant role in A-C pipe protection.
“Analysis of fleld dala. The reliance that
has historically been placed onthe Alhas
unfortunately served to focus analytical
attention almost solely on pH, alkalinity,
and calcium. Thus, very little additional
water chemical data are available when
correlations among minor constituent
equilibria, pipe conditions, and fiber lev-
els in the water are attempted. Some
examples of how such additional data
can be utilized to predict more accurately
the true aguressiveness of a water toward
A-C pipe follow, utilizing the SI concept.
‘Table 11 summarizes analylical data
from eleven systems, the first six of
which were described in part 1.2 Systems
L.MN,O, and P are located in the south-
ern and southwestern United States and
represent only one sampling event at
each plant before chlorination and one
location in the distribution system. The
SI for five potentially protective solids
was calculated using the computer pro-
grams WATSPEC22 and \WATEQF,z
which derive the total inorganic carbo-
nate concentrations from titration alka-
linity analyses correcting for other
reactive species. Corrections are also
made for complex and ion-pair forma-
tion, temperature, ionic strength, and
redox potential. In order to calculate the
speciation of the electrochemically active
elements, it was necessary either to know
from measurement or to estimate the
redox potential. Because of the absence of
such potential measurements, an esti-
mate of +0.62 V was used, in view of the
fact that all waters in the distribution
systems were chlorinated. Some bias is

-introduced, therefore, for samples ob-

tained prior to such treatment. In refer-
ence to the previous discussion concern-
ing disinfectants, the estimate of +0.62V
is probably low and will therefore pro-
vi¥é a conservative estimate of the pre-
cipitation tendency of iron and mnanga-
nese.

The two systems that are nonaggres-
sive on the basis of their Al value [>12)
do indeed show an absence of fibers in the
waler samples. The oversaturation with
calcium carbonateis also shown by the S1
for various calcium-carbonate poly-
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Figure 24. Comparison of calcium leaching at

H 8.2 between a system with high calcium but
ow carbonate (experiment 14) and a system
with low calcium and carbonate at the same
level of zinc-chloride addition (experiment 11)
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total inorganic carbonate concentration a
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morphs. However, System D was also
very oversaturated with respect to ferric
oxyhydroxide, and there is indication
that a similar stateexistsin system E2No
data were available for silica or manga-
nese. Because the pipe was not inspected
in either case, one cannot be certain to
what extent the various factors are indi-
vidually responsible for the pipe protec-
tion. ' )

The actual nonaggressiveness of the
other water supplies shown correlates
well with both ferric-oxyhydroxide and
quartz oversaturation and very little
with the Al Pipe samples from systems
G and I have been examined by energy-
dispersive x-ray spectrometrys*.*s and
show the presence of manganese as well
as iron. Manganese may be presentas the
result of adsurption, oras asolid, because
it would take only a smallincrease in the
estimated redox potential of the waterto
reach, for example, pyrolousite {MnO.)
saturation {see Figure 22} in system L A
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Figure 26. Potential-pH diagram of iron in
carbonate-containing water at 25°C

Stability fields are shown for dissolved iron

specles activities of 0.1 mg/L. (—) and 1.0

mg/L (). Dissolved carbonate species

“activitigs are 40 mgITL gls %a CO;. Data are from
able 9.
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Tigure 27. Potential-pH diagram of manganese
in carbonate-containing water at 25°C

«bility lields are shown for dissolved

iganese species activities of 0.05 mg/L and

s dissolved carbonate species aclivities of 40
mg/L as CaCOj Data are from Table 9.
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similar situation of near-MnO; satura-
tion exists for system K, which addition-
ally may derive benefit from the slight
ferric-oxyhydroxide oversaturation and
the comparatively high level of calcium
that may tend to slow calcium-silicate
dissolution.
Severalinteresting trends are apparent
in systems L through P. In system O, in
" spite of the highest Al of the group, some
pipe deterioration may have taken place, -
indicated by the fiber, calcium, and pH
increases. The higher true aggressivity of
this water is suggested by the low iron
and manganese values, the marginal Si of
quartz, and the low calcium level. In sys-
tem P, fibers are actually reduced, possi-
bly resulting from iron precipitation or
from a combination of iron and silica.
Systems L and P show & large amount of
iron and a lesser amount of quartz super-
saturation through the system, as well as
two of the higher calcium levels of those
systems tabulated. Both are significantly
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undersaturated with respect o’ calciu
carbonate. .

The ability of ferric oxyhydroxide to
become more insoluble with ages®.? could
be an important factor in the reduction of
calcium Jeaching after many years of ser-
vice. The existence of a role for orpanics
in the protection observed in these sys-
tems has not been studied.

Obviously, more detailed field data
must be gathered to test further the accu-
racy of the predictions of the more com-
prehensive chemical model of pipe
protection presented in this paper. Partic-
ular attention should be paid ta changes
in the various indices during travel in
systems as an indicator of active deposi-
tion or cement leaching. Correlation with
fiber counts and pipe inspections (cer-
tainly as important for protected systems
as for deteriorated ones) is necessary to
define more closely the individual or
combinations of chemical factors in-
volved in giving the best prediction of the
physical condition of the pipe. The
detailed field data and correlations with
fiber counts will also serve to define bet-
ter the water chemical conditions favor-
ing fiber retention over release. The rates
and patterns of flow in a distribution
sytem may also be of some importance in
this regard. The vital need for properly
representative samples, carefully pre-
served and accurately analyzed, cannot
be overstressed. The data available are of
limited usefulness in rigorous chemical
studies, largely because they were not
obtained with the aforementioned type of

chemical data analysis in mind.

Environmental impact of zinc
treatment ’

The use of zinc orthophosphate for cor-
rosion control ina water distribution sys-
tem? (system G) resulted in the fouling of
an industrial filter when zinc concentra-
tions greater than 0.5 mg/L were used.
Subsequently, the dosage was reduced to
0.3 mg/L. Because it is necessary to pro-
vide a sufficiently high zinc level to cause

zinc-hydroxycarbonate supersaturation

in order to obtain an effective pipe coat-
ing, special provisions may have to be
made for or by some water users. In the
cited case, some zinc was found to adhere
to sections of the pipe at the lower dosage,
but the coating was not as well developed
as in laboratory studies at the higher zinc
level. Recent investigation has shown
that zinc levels were substantially
reduced during passage through the sys-
tem aRd that the precipitation potential of
zinc was minimized or even lost entirely.
Zinc levels throughout a distribution sys-
tem must be monitored to assure that
zinc-hydroxycarbonate saturation is
maintained to the furthest extremities.
Concern must be generated regarding
the ultimate fate of the zinc, in view of its
potential toxicity to fish and other aqda:
tic organisms. Numerous investigations

have been tabulated in this areat+» byt
research has only occasionally focused
on the effect of the zinc speciation. The
aqueous forms present have often been
shown to be of critical importance in
numerous copper toxicity studies

Conclusions

The experimental field and theoretical
data presented combine lo suguest sev-
eral important conclusions with regard to
A-C pipe stability and treatment method-
ologies, in addition to those previously
stated.2

_ 1. The Aggressiveness Index as tradi-
tionally conceived is nof { eorehcallx

sound from a chemical stapdpoint to pre- -
dict Tiber release and degradation of 'ihe

Interior pipe surface in systems fhat are
undersaturated with respect to _calcite.
Fortunately, it has generally proved 1

PrEdiEl TAlKeTy pipe deTerioraton-ginre
often than to predict falsely pipe stabilily”
17 field sifuations. However, an accurate

index of A-T pipe condition must take
into account the presence of protective
constituents such as silica, iron, manga-
nese, and zinc as well as pH, carbonate,
calcium, disinfectant concentration, and
temperature. The role of organic mate-
rials in the protective process still needs

" investigation, and future field studies

need to gather full chemical data to more
precisely define the conditions of optimal

A-C pipe protection. Obseryations of
A-C pipe sections from many localities
conclusivelv

emonstrate that natural -

inhibitory factors, such as_those men-
tioned, are commonly the pipe protection
SHeChTHST a5t caloife S Jhiot calcile Saluration.

. Some coating mechanisms serve to
bind the asbestos fibers against release
but not to seal the cement pipe matrix

from dissolution. Thus, calcium and pH .
increases during flow through a bislrigu-

{_ 1on svstermn must §e m§erﬁrele¥ witg c§u-
tion, as they do not necessarilv indicat
the water may also affect the pH.
3. The chloride, sulfate, and arthophos-
hafe salts af zing have been tested and
Mﬁm&ﬁiﬁe tion
SRk When Thes i€ SAed 10 Abs
’ he pro dpH

tions are maintained throughout the dis-
ribution system. Zinc is the active agent.
1t acts o coat the pipe and prm
pipe against fiber release and water
attack initially by forming a zinc-
hydroxy-carbonate precipitate at most
carbonate concentrations. Evidence has
been presented that the zinc solid then
veacts with the pipe surface.itself, possi-
bly converting some or all of the coating
to a harder zinc-silicate solid phuse. The
chemical dosages required for a given
general waler quality are closely estima-
ble by diagrams constructed from com-
puter-assisted calculation of simultan-
eous aqueous equilibria.
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4. When systems involve both metal
and. A-C.pipe, the zinc:chlaride and sul-
fate $alts provide little or no protectionto
the metal pipe. However, DWRD tests at
pH 8.2 with lead and A-C pipe in the
same recirculation system show that the
eethophosphate salt provides corrosion
inhibition for both types of piping mate-
rial because of the action of the ortho-
phosphate ion. Thelead solubility in such
systems appears to be governed by the
formation of Jead-orthophosphate {rather
than zinc-orthophosphate} compounds,
while the A-C pipe is protected, as has
been discussed in this paper. Cement lin-
ings should behave essentially the same
or be even more amenable to zinc coating
than the A-C pipe matrix. .

5. Substantially softened A-C Iiae
*m—"*a—s"’u‘)&‘“i“&‘?’ owing Toos Tbirs, & rough surface
caused by considerable calcium and sil-
ica leaching, or, bath, may not be able to

¢ rehabilitated by only in-situzinc treat-
Thent, unless a clean and hard surlace Itee

Wboseﬂ Bers can be restgred:
B. Several DWRD tests have indicated

corrosion of new galvanized piping can
probably be inhibited by the formation of
a passivating coating of zinc hydroxycar-
bonate, which is generally more insoluble
than zinc orthophosphate. Therefore, the
result of the zinc solubility modeling
presented in this paper is applicable to
that situation as well.

" The levels of orthophosphate neces-
sary to protect other types of piping
material, such as ductile iron, have not
been studied by DWRD. Detailed studies
of Jead and galvanized pipe solubility
wil] be reported elsewhere.

. In final summary, the results of field,
pilot-plant, and theoretical studies show
{hat ashestos~cement pipe can be durable
and ensure sale service. provided that
Water_qualities o be trapsported. These
constraints are a combination of compli-
cated chemical factors that can be pre-
dicted by considering the total water
chemistry of the system. The term
“aggressive water,” when it is applie
A-Cpipe, needs (o be redelined in light of
wmre jeld stydies encom-
passing pipe inspections-and complete
water analyses are needed to improvethe
definition of truly aggressive waters.

Acknowledgments

The authors wish to thank William
Mueller, Carl Shadix, Lou Trombly, Jim
Caldwell, Vern Maxon, and William
Cushingberry for their analytical chemis-

try support, plus Robert Canter and Ken- we~

neth Thomas for assistance with the A-C
coupon studies. They also wish to thank
Gary Logsdon and james Symons of
USEPA DWRD, Carol H. Tate of JMM
Consulting Engineers, and Sara E. Ingle,
formerly of theDepartment of Chemistry,
University of Minnesota at Duluth, for
thoughtful review of this manuscript.

. 650 RESEARCH AND TECHNOLOGY

They are also appreciative of the patience
of Pat Pierson with an extremely difficult
manuscript and are indebted to Joseph C.
Jackson, A-C Pipe Producers Assn., for
comments on the history and intent of the
Aggressiveness Index and to Bryant
Mather, US Army Corps of Engineers
Walerways' Experimental Station, for
comments on the behavior of cement and
concrete in water. o

References

1. A Study of the Problem of Asbestos in
Water, Part 2. Jour. AWIVA, 66:9:1 (Sep.
1974). :

2. Buetow, R.W. T AL. The Behavior of
Asbestos-Cement Pipe Under Various
Water Quality Conditions: A Progress
Report, Part 1—Experimental Results,
Jour. AWWA, 72:2:82 {Feb. 1880).

3. Schock, M.R. eTAL. Evaluation and Con-
trol of Asbestos-Ccment Pipe Corro-
sion. EPA 600/D-81-067. NACE Cor-
rosion/81, Toronto, Can. {Apr. 6-10
1980} .

4. AWWA Standard for Asbestos-Cement
Pressure Pipe, 4 in. Through 24 in., for
Water and Other Liquids. AWVWA C400-
77, Rev. of C400-75, AWWA, Denver,
Colo. (1977). ’

5. Definition: of Aggressive Waters. Cer-
tain-Teed Products Corp., Valley Forge,
Pa. (ca. 1978). .

6. LanGEUER, W.F. The Analytical Control
of Anti-Corrasion Water Treatment.
Jour. AWWA, 28:10:1500 (Oct. 1936).

7. Larsox, T.E. & Buswgut, A.M. Calcium
Carbonate Saturation Index and Alka-

linity Interpretation. Jour. AWWA,

34:11:1667 {Nov. 1942).

8. FAR, G.M. ET AL. Water and Wastewater
Engineering, Vol. 2. John Wiley & Sons,
Inc., New York (1968).

" 9, HeM, ].D. Study and Interpretation of the

Chemical Characteristics of Natural
Water. USGS Water-Supply, 1473 (2nd
ed.. 1970). :

30. Troxett, G.E. ET AL. Composition and
Properties of Concrete. McGraw-Hill
Book Co., New York {2nd ed., 1968}).

13. LANGMUIR, D. The Geochemistry of Some
Carbonate Ground Waters in Central
Pennsylvania. Geochim. Cosmochim.
Acty, 35:1023 (1871). - -

12. jacossoy, R.L. & Laxcauig, D. Dissocia-
tions Constants of Calcite and CaHCO,®
from 0 to 50°C. Geochim. Cosmochim.
Acta, 38:301 (1874). T

13. CurisT, C.L. ET AL, Stabilities of Calcite
and Aragonite. Jour. Res. USGS, 2:2:175
{Mar.-Apr. 1974).

14. Suakez, D.L. lon Activity Products of

. Calcium Carbonate in Waters Below the
Root Zone. Soil Sci. Soc. Am. Jour.,
41:310 (1977).

15. WiECHERS, H.NLS. EY AL. Lime Treatment

of Wastewater: Development and Appli-

cation of a Simple Graphical Technique
for Predicling the Chemical Composi-
tion of lime-Treated Secondary Efflu-

ent. Prog. Water Technol., 12:347 (1980).

16. DeeR, W.A. ET AL. An Introduction to the
Rock Forming Minerals. Longman
Group Limited, London {1966).

17. Krauskorr, K.B. Intraduction to Geo-
chemistry. McGraw-1il] Bouec Co., New

.

CAPCO

e EE————— RS

York {1967).

18. KiTAx0, Y. £T AL. Adsorption of Zincand
Copper lons on Calcite and Aragonite ,
#nd Its Influence on the Transformation

of Aragonite to Calcite. Geochem. Jour., *

10:175 (1976). '

19, McCase, L.J. & Murerre, LR, Health
Effects und Prevalence of Asbestos Fib-
ers in Drinking Water. Proc. Ann. Conf.
AWWA, San Francisco, Calif. {Jun.
1979).

20. Conver, R.C. & CoopPer, C.W. Public
Health Aspects of Asbestos Fibers in
Drinking Water. Jour. AWWA, 70:6:338
(Jun. 1978].

21. Guide to Compounds of Interest in
Cement and Coacrete Research, Special
Rept. 127. Highway Res. Bd., NRC,
NAS, NAE (1972).

- 22, Waemax, D.D. £1 AL Selected Values of

Chemical Thermodynamic Properties.
NBS Techn. Note 270-3. (Jan. 1968).

23, StuMM, W. & MoRGaN, I.J. Aquatic

Chemistry. Wiley-Interscience, New
York {1970). i

23. GARRELS, RM. & Curist, CL. Solutions,
Minerals, and Equilibria. Freeman,
Cooper & Co., San Francisco (1985}.

25. BAES, C.F. JR. & MESMER, R.E. The Hydrol-
ysis of Cations. Wiley-Interscience,
New York [1976).

26, PLUMMER, L.N. £T AL, WATEQF: A FOR-
TRAN 1V Version of WATEQ, A Com-
puter Program for Calculating Chemical
Equilibrium of Natural Waters. USGS
Water-Resources Investigations 76-13
{Dec. 1978}.

27. LOEWENTHAL, R.E. & Marais, G.R. Carbo-
nate Chemistry of Aguatic Systems:
Theory and Application. Ann Arbor
Science, Ann Arbor, Mich. (1976).

28. MerriLL, D.T. & Sanks, R.L. Corrosion
Control by Deposition of CaCO, Films,
AWVWA, Denver, Colo. (1978). -t

29. Sciock, M.R. Unpublished WATSPEC
program modifications. DWRD,

* USEPA Cincinnati, Ghio (1979).

30. WicLey, T.M. WATSPEC: A Computer
Program for Determining the Equili-
brium Speciation of Aqueous Solutions.
British Geomorphological Res. Group
Techn. Bull. 20. Geo Abstracts Ltd.,
Univ. of East Anglia, Norwich, England
(1977},

31. INGLE, S.E. ET AL. A User’s Guide for
REDEQL.EPA, A Computer Program for
Chemical Equilibria in Aqueous Sys-
tems. EPA-600/3-78-024 (Feb. 1978).

32. INGLE, S.E. ET al. REDEQL.EPAK Agque-
ous Chemical Equilibrium Computer
Program. Marine and Freshwater Ecol-
ogy Branch, Corvallis Euvir. Res. Lab.,
Corvallis, Qre. {1979).

33. WicLey, T.M.L. Jon Pairing and Water
Quality Measurements. Con. Jour. Earth
Sci., 8:168 (1971). .

34. Hewm, J.D. Chemistry and Occurrence of
Cadmium and Zinc inSurface Water and
Groundwater, Water. Res., 8:3:661 (Jun.
1972).

. 35. ZrINO, A. & HeaLy, M.L. Inorganic Zinc

Complexes in Senawater. Limnol. Oceo-
nog., 15:6:956 {Nov. 1970).

36. ZIkiNO, A. & Yamamoro, S, A pH-
Dependent Model for the Chemicul Spe-
ciation of Copper, Zinc, Cadmium, and

. Lead in Seawater. Limnol. Oceanog.,
17:5:661 (Sep. 1972).
37. MANN, AW, & Deutschier, R.L. Solution

JOURNAL AWWA

JEN 0004820

e w0

ore seid, Padus

R R I T T R R P T L L

e mb ney

P T UL S Tt TR

.o

IR



Geochemistry of Lead and Zincin Water
Containing Carbonate, Sulphate and
Chloride lons. Chem. Geol., 29:293
{1980). .

38. Nwiaaty, J.O. Solubility Equilibrium Con-
stant of a-Hopeite. Geochim. Cosmo-
chim. Actu, 37:2357, [Apr. 1973).

39. SuuinpLer, P. £7 AL, Loslichkeitspro-
dukte und Freie Bildungsenthalpien von
Zinkoxid, amurphem Zinkhydroxid, 8-,
B2-e -y 8- und e-Zinkydroxid. Helv,
Chim. Acta, 47:4:982 {1963).

40, ScHINOLER, P, ET AL, Loslichkeitspro-
dukte und Freie Bildungsenthalpien von
ZnCO;. und ZN;(OH)s(COQ)z bei 25°.
Helv. Chim. Acta, 52:8:2327 (1968).

41. Binskl, H. €T AL Determination of the
Stability Constants of Some Hydroxo
and Carbunate Complexes of Pb {11), Cu
(11}, Cd {11), and Zn {I1) in Dilute Solu-
tions by Anodic Stripping Voltammetry
and Differential Pulse Polarography.
Anal. Chim. Acta, 84:157 [1976).

42. SsuitH, R.M. & MArTELL, ALE. Critical
Stability Constants: V. 4, Inorganic
Complexes. Plenum Press, New York
[1976). )

43. PATTERSON, ].R. ETAL.Carbonate Precipi-
tation for Heavy Metals Pollutants.
Jour. \WWPCF, 49:2397 {1971).

34. Larson, T.E. Corrosion by Domestic
Waters. Bull. 59. Illincis State Water
Survey, Urbana, Hl. (1977).

45. MAaH, M. & BoATMAN, E.S. Scanning and
Transmission Electron Microscopy of
New and Used Asbestos-Cement Pipe
Utilized in the Distribution of Water
Supplies. Scanning Electron Micros-
copy, 1:85 (1978).

46. ScHock, M.R. Response of Lead Solubil-
ity to Dissolved Carbonate in Drinking
Water. Jour. AWWA, 72:12:704 (1980).
Erratum, p. 36 (Mar. 1981},

47. GorosHearov, M.V, & FiLatova, T.N,
The P;05-Zn0-H,0 System. Russiun
Jour. of Inorg. Chem., 14:3:424 (1969).

i. CLARK, P. ET AL. Unpublished Data.
DWRD, USEPA, Cincinnati, Ohio {1979).

49. Vax Wazer, L.R. Phosphorus and Its
Compounds. Interscience Publishers,
Inc., New York (1958).

30. Browx, W.E. Solubilities of Phosphates

and Other Sparingly, Soluble Com-

pounds. Environmental Phosphorus

Handbook. Wiley-Interscience, New

York {1971).

McDowetrt, H. ET AL. Solubility of

Cas(P0;);0H in the System GA(OH);

-H,P0;-H,0 at 5, 15, 25, and 37°C.

Jour. Res. NBS, 81:2&3:273, {Mar.-Jun.

1977).

52. Morexo, E.C. kT AL. Preparation and Sol-
ubility of Hydcroxyapatite. Jour. Res.
NBS, 72A:6:773 (Nov.-Dec. 1968).

53. NancoLrras, G.H, T AL, Galcium Phos-
phates-Speciation, Solubility, and
Kinetic Considerations. Ch. 23 inChem-
ical Modeling in Aqueous Systems. ACS

Symposium Series 93. ACS, Washing-
ton, D.C. {1979).

54, Lunpacer MAnsen, H.E. lonic Concen-
trations in Calcium Phosphate Solu-
tions, II: The Solubility of Hydroxyla-
patite in Water or Salt Solutions at
37°C. Acta Chem. Scond., A29:745
(1975).

35. JERVOE, P. & LUNDAGERMADSEN, H.E. Cal-
cium Phosphates with Apatite, Struc-
ture I: Precipitation at Different Temp-

JECEMBER 1881

51.

I

eratures. Aclo Chem. Scand., A28:477
{1974).

56. CorsARrO, G. & SUTHERLAND, S. The For-
mation and Behaviour of Hydroxylapat-
fte. Principles and Applications of
Water Chemistry. John Wiley and Suns,
New York. (1967).

57. SINKANKAS, ). Mineralogy. Van Nostrand
Reinhold Co., New York {1964).

58. Hurwuut, C.S. Jr. Dana's Munual of Min-
eralogy. John Wiley and Sons, New York
{1971). :

59, WeasT, R.C. CRC Handbook of Chemis-
try and Physics. CRC Press, Cleveland,
Ohio (1975).

60. LANE, R.W. ET AL The Effect of pH on the
Silicate Treatment of Hot Water in Gal-
vanized Piping. Jour. AWWA, 69:8:457

* {Aug. 1977).

61. LEGGETT, G.E. Interaction of Silicic Acid
with Copper and Zinc and Chemical
Changes of the Precipitates with Aging.
Soil Sci. Soc. Am. Jour., 42:263 (1978).

62. GiLmouR, |.T. & KiTTRICK, LA, Solubility

and Equilibria of Zinc in a Flooded Soil.
Soil Sci. Soc. Am. Jour., 43:890 {1979).
63. LEHRMAN, L. & ScutLoeNtR, H.L. The Role
of Sodium Silicate in Inhibiting Corro-
sion by Film Formation on Water Piping.
Jour. AWWA, 43:3:175 (Mar. 1951).

64. Seattle Internal Corrosion Study, Phase

1l Rept. Kennedy Engineers, Inc.,
Tacoma, Wash. (1977). T

65. X-ray analyses, performed courtesy of
the Johns-Manville Corp., Denver, Colo.
(1974, 1879). . .

66. COURCHENE, ].E. & KirmevER, G.]. Seattle
Internal Corrosion Contro! Plan—

'  Summary Repl. Proc.. Ann. Conl.
AWWA, Atlantic City, N.J. (1978).

67. HeM, ].D. Equilibrium Chemistry of Iron
in Ground Water. Principles and Appli-
cations of Water Chemistry. John Wiley
and Sons, New York (1976).

68. Hem, ].D. & Cropper, W.H. Survey of
Ferrous-Ferric Chemical Equilibria and
Redox Potentials. USGS Water Supply
Paper 1459-A {1959).

69. LANGMUIR, D. Geochemistry of Iron in a
Coastal-Plain Ground Water of the
Camden, New Jersey, Area. USGS Prof.
Paper 650-C. {1969).

70. LancMutr, D. & WHITTEMORE, D.O. Varia-
tions inthe Stability of Precipitated Fer-
ric Hydroxides. Nonequilibriuin Sys-
tems in Natural Water Chemistry (].D.
Hem, editor). ACS, Washington, D.C.
(1971).

71. WHITTEMORE, D.O. & LANGMtR, D, The
Solubility of Ferric Oxyhydroxides in
Natural Waters. Ground Water, 13:4
(Jul.-Aug. 1975).

72. FRONING, M.H. ET AL. An Improved
Method for Calculation of Potential-pH
Diagrams of Metal-lon-Water Systems
by Computer. Corrosion Sci., 16:371
(1876).

73. _DrQ,USMA. J. eTAL. The Influence of Sulfate

ons on the Formation of lron (1il)
Oxides. Jour. Inorg. Nucl. Chem.,
41:1565 {1979).

74. GuosH, M.M. Oxygenation of Ferrous
Iron (11} in Highly Buffered Waters.
Aqueocus-Environmental Chemistry of
Metals (Alan ]. Rubin, editor). Ann
Arbon Scicnce, Ann Arhor, Mich.
(1974).

75. KaTZEXELSON, E. 1T At Inactivation of
Viruses and Bacteria by Ozone. Chdmis-

. P
~t

try of Water Supply, Treatment a;xti Dis- <

tribution (Alan ]. Rubin, editor). Ann
Arbon Science, Ann Arbor, Mith.
(1973).

76. WitLiams, D.B. Dechlorination Linked to |

Corrosion in Water Distribution Sys-
tems. Water and Sewage Works, (Mar.
1958). ]

77. Moxrcax, ].J. Chemical Equilibria and
Kinetic Properties of Munganese in Nat-
ural Waters. Principles and Applica-
tions of Water Chemistry (S.D. Faust
and J.V. Hunter, editors). John Wiley
and Sons, New York (1967).

78. HEM, .D. Incrensed Oxidation Rate of
Manganese lons in Contact With Felds-
par Grains. USGS Prof. Paper 475-C
(1963). -

" 78. Hew, ].D. Redox Processes at Surfaces of

Manganese Oxide and Their Effects on

Aqueous Metal lons. Chem. Geol.,’

21:199 (1978).

80. Kav0o, K. Behavior of Dissolved Silicain
Connection with Oxidation-Reduction
Cycle in Lake Water. Geochem. Jour.,
3:87 (1969).

PORTER, R.A. & \WEBER, W.]. IR., The Inter-
action of Silicic Acid with Iron (111) and
Urany! lons in Dilute Aqueous Solution.
Jour. Inorg. Nucl. Chem., 33:2443 (1971).

82, Owsox, L.L. The Interaction of Fe (11I)
with Si{OH)s. Jour. lnorg. Nucl. Chem.,
35:1977 {1973).

83. Darrt, ].}. & FoLry, P.D. Silicateas Fe, Mn
Deposition Preventative in Distribution
Systems. Jour. AWWA, 64:4:244 {Apr.
1872).

84. HoovER, T.B. Inorganic Species in Water:
Ecological Significance and Analytical
Needs {A Literature Review). EPA-
600/3-78-064 (Jul. 1678}.

81,

85.
Washington, D.C. (Jul. 1976).

86. \WEATHERLY, A.H. ET AL, Zinc Pollution
and the Ecology of the Freshwater
Environment: Zinc in the Environiment,
Part 1. Ecological Cycling (}.0. Nriagu,
editor). Wiley-Interscience, New York
{1980).

87. BROwN, V.M. ET AL. Aspects of Water
Quality and the Toxicity of Copper to
Rainbow Trout Water. Research, £:797
{1974).

88. Pacexkorr, G.K. Zinc Speciation and
Toxicity to Fishes, Toxicity to Biota of
Metal Forms in Natural Water. Proc.
Workshop, Duluth, Minn. {Oct. 1975).

* 89. SMiITH, M.]. & HEATH, A.G. Acute Toxic-

ity of Copper, Chromate, Zinc, and Cya-
nide to Freshwater Fish: Effect of
Different Temperatures. Bull. Envir.
Contam. Toxicol.. 22:113 {1979).

90. CHarmaN, G.A. Effects of Continuous
Zinc Exposure on Sockeye Salmon Dur-
ing Adult-to-Smolt Freshwater Resi-
dency. Trans. Am. Fish Sci., 107:6:828
{Jun. 1978).

91. Macxusox, V.R. £7 AL, Relationships of
Aclivities of Metal-Ligand Species to
Aquatic Toxicity. Chemical Modeling in
Aqueous Systems (Everett A. Jenne.
editor). ACS Symposium Series 93.
ACS, Washington, D.C. {1979).

.

Michaet R. Schock is a research chemist with
and Ralph \V. Buelow is retired from the Drink-
ing Water Research Division, US Environmen-
tal Protection Agency, Cincinnati, OH 45268.

M.R. SCHOCK & R.W. BUELOW 651

CAPCO JEN 0004821

Quality Criteria for Water. USEPA,

+
4

-

=

sy
S sy SN

e S
SR

FOFR T

T —
Y S W

Ly ]

T e e

" Te s sveloron?

. re—

oae




