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THE DEVHLOPITEND 07 CALCTIU.. CAABONATE « TR0 OXIDE
PROTECTIVE COATINGS ON IRON

ABSTRACT

The development of uvseful protective coatings for pre-
vention of corrosion in water systems has been under inves-
tization using both static and dynamic tests. All work has
been with water containing calcium hydroxide, carbon dioxide,
oXygen, and nitrogen.

Review of the literature Indicated that a good under-
standinz of the effects of pH, temperature, salinity, and
other factors on the equilibrium of calclum carhonate in
water has been reached. However the nature of the scale
and the factors influencing its formation have not been com-
nlecely estadblished.

It has been the obiect of this research »roject to de=-
velop wniform coatings 3in a dense impermeable form that will
provide high anti-corrosion protection, and to investizate
and evaluate the effect of certain phyvsical and chemical en-
vironmental conditions on the formation of these coatings.

Petrographic methods were used to identify the minerals
developed on the specimens. Coating materials developed on
cast iron specimens were larcely limonite. -ive to fTorty

percent calcite was commonly presznt. Siderite and



magnetite were usually observed covered by limonite. Jith
stainless steel specimens, only calcite was found.

Polarization stndies indicated that CaCO3 acted pri-
marily as a cathodic inhibitor. The action of calcium car-
bonate in developing good protective films seemed to lie in
forming a physical mixture with corrosion products. Under
favorable conditions the mixture bonded well to the cast
iron specimens and was hard and relatively tough.

B
f

Setter protection and better Tonded, harder, and
tougher coatings resulted from solutions containing colloi-
dal CaCOjy than from identical zolutions of the same pY and
hardness with no colloids present. Colloidal CaCOB was
feund to nave a positive char-e in the pH ranze 6 - 11 and
may he revresented as (CaC03) Catt§or=, Calcium carbonate
ecrvstals In suspension did not have a favorable effect on
fermation of coatin;s {rom s :isersaturated solutlons,

Relatively hizh flow velocities of about 2 feet per
second were desirable in the formation of hard dura®le
coatings. Static tests generally produced scft coatings.
A saturated level of oxyzen was found to be optimu for de-
velooinzs gocd ceatings under the conditions conducted in
this study.

A hizh nmomentary excess of CaCCy led to the fornation
of chalky soft coatinjs. Low ormentarr excezses ant hih

~

saturaticn excesses of Ca303 led to the farwmation of



tough, protective coating

by

S

Thus, it has been established that when a water 1s sa-
turaved with dissolved oxyzen, 1s of »dY 8.2 to £.7, contains
a momentary excess of 2.5 to 5.5 npm CaCO3 in the presence
of colloldal CaCO3, and flows at a velocity of about two
feet per second, a uniform, hard and well honded coatin?g
can be developed on cast iron s»ecimens in one day's time

at roon temperature.
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INTRODUCT ION

All water systems underzo corrosion, generally at slow
but continuous rates. In some systems waters are so "aggres-
sive" as to seriously damage pipes and appurtenances within
a few years. In other instances, tuberculation continues
over long periods, gradually decreasing the carrying capa-
city of the system and resulting in various degrees of "red
water." Losses from corrosion are of major importance in
both municipal and industrial water works. In addition to
direct economic losses, the water works industry suffers
from over-design of structures in anticipation of corrosion,
reduced capacities of pipelines, increased hazard of struc-
tural failure during peak or fire demands, and impairment
of water quality by corrosion products entering solution.

For these reasons the development of means for reducing
corrosion in water systems is of prime importance. Natural
protective coatings, usually of calcium carbonate or mix-
tures of calcium car»nonate and corrcsion products, are now
widely used in water works practice for prevention of exces-
sive corrosion and for overcoming "red water" problems. No
satisfactory procedure so far exists, however, for developing
satisfactory protective coatings under all normal operating

conditions. Coatings are in some instances dense, hard, and



uniform; while in other instances they are soft, rough, and
permeable,

It has been the object of this thesis to learn how the
coatings can be uniformly laid down in a dense Ilmpermeable
form that provides high anti-corrosion protection without
damage to hot and cold distribution systems. To accomplish
the objectives of this thesis problem, the mechanism of lay-
ing down these desirable protective coatings has been studied
and an investigation of the effect of certain physical and
chemical environmental conditions on their formation has been
made. Petrographic methods have been used to identify the

materials which formed the scales under various conditions.



LITERATURE REVIEW

Anhydrous calcium carbonate occurs 1in nature in at
least three known forms under various conditions of preci-
pitation (1). Of these three forms, rhombohedral or cal-
cite is the most stable at ordinary temperatures. Orthorhom-
bic aragonite is only slightly stable and, in water, tends
to transform into calcite at an extremely low rate at ordi-
nary temperatures and pressures. The third form, vaterite,
1s unstable and changes into either aragonite or calcilte,

The early use of calcium carovonate scale for inhibiting
corrosion was necessarily on an empirical basis. In time,
practical and useful tests (such as the marble test by Till-
mans and collaborators (2)) were developed to determine the
degree of supersaturation or undersaturation of a water,
These methods helped to predict the tendency toward deposi-
tion or removal of scale,

The develcopment of the "saturation index" by Lange-
lier (3) was based upon principles of physical chemistry
which will be dealt with later under theoretical considera-
tions. The "saturation index" is the measure of the driving
force tending to bring a water to stability. A positive in-
dex indicates that scale will be laid down, a negative index

that scale will oe dissolved. A water may be adjusted tc a



positive scale forming index by adding lime and/or sodium
carbonate. Such adjustment is easily accomplished by me-
thods suggested by Moore (l) and others. Enslow (5) has
devised a "continuous stability indicator™ to measure the
degree of supersaturation or undersaturation of a water.

Refinements in computation of the "saturation index"
have resulted from further studies by Langelier (6) and
others., McKinney (7) has discussed the calculation of equi-
libria in dilute water solutions and has pointed out the ef-
fect of alkalinity on changes in pH that might be expected
due to temperature increases. Larson and Buswell (8) have
discussed the effect of salinity on ionization constants,
thus increasing accuracy in determining "saturation indexes"
at different temperatures.

Ryznar (9) has proposed an empirical "stability index,"
which will also be discussed later under theoretical consi-
derations, with a view to providing an indication of the de-
gree of scaling that can be anticipated. It has also been
suggested by Dye (10) and others that the deficit or excess
of carbon dioxide in a given alkalinity-calcium-pH system
might be used as an index of scaling.

From the preceding information it can be seen that a
good understanding of the effect of pF, temperature, salinity,
and other factors upon the egquilibrium of calcium carbonate

in water has been reached. HJowever, the nature of the scale
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and the manner in which it is formed are far from being
completely understood at the present time.

It has been shown by Larson and King (11), Raistrick
(12), and Evan (13) that calcium carbonate can be deposited
from calcium bicarbonate solution In an electrochemical
process at the cathode. T'he precipitated calcium carbonate
is directly proportional to the current density.

According to Evan (1l) and Haase {15), a heterogeneous
layer of rust and calclum carbonate gives a better protec-
tion from corrosive attack than does a layer of rust alone
or a layer of calcium carbonate alone,

Evan (1lhL) has expressed the opinion that rusting iron
yields ferrous oxide or hydroxide which 1s then oxidized to
the less soluble ferric oxide. Additional ferrous oxide
then diffuses outward through the ferric oxide and iron
continues to move into solution in spite of the coating of
ferric oxide. Calcium carbonate in the presence of oxyzen
interacts with iron salts to Torm a clinging ferric oxlde
rust. If oxygen is present in large amounts, the rust is
formed very close to the metal and ferrous salts and cal-
cium carbonate interact to yield ferrous carbonate which
is then oxidized. In the absence of oxygen, magnetite ap-~
pears; this is loose and not protective.

The data of Strum (16) on cast iron specimens exposed

to oxygen-saturated water of varying hardness and pH



indicates that a high proportion of calcium carbonate in
the film is more desirable in retarding corrosion than an
increase in film thickness. Coatings developed were found
to contain a much higher percentage of calcium carbonate

in the layers closest to the iron surface than the exterior
layers which were predominately iron oxide.

Baylis (17) has shown that ferrous carbonate is pro=-
duced 1in varying guantities as a product of corrosion if
the carbonic acid is present either as free or half-bound
carbon dioxide (COp and HCO3). Reaction takes place either
directly with metallic iron or with iron oxides or hydrox-
ides. Baylis!' tests also showed that ferrous carbonate in
the absence of oxygen 1is practically insoluble at a pH and
alkalinity close to the calcium carbonate saturation curve,
but that the solubility increases very rapidly if the pH is
decreased below the level necessary for calcium carbonate
equilibrium. Baylis has stated that ferrous carbonate aids
in protecting iron surfaces where the pH and alkalinity are
above calcium carbonate equilibrium, especially if the fer-
rous carbonate is overlaid by some kind of a coating that
protects it from dissolved oxyzen.

The relationship hetween the formation of coatings and
the dissolved oxygen level in water has not been completely
established. American water woris practice is generallvy to

reduce dissolved oxygen to the mirirmtm possivle level since



oxygen 1s the primary factor controlling the corrosion rate.
On the other hand, Furopean workers, as reviewed by Evan
(14), intentionally aerate the water before it enters the
pipe line so that the dissolved oxygen concentration will
be increased. Their argument is that corrosion resulting
from the oxygen content of the water 1ls desirable for pro-
moting and accelerating deposition of a calcium carbonate
protective coating on the metal. According to Schikorr
(18), Haupt (19), and others, an oxygen concentration of at
least 6 mg per liter is necessary to produce a protective
coating.

Camp (20) in his thermodynamic treatment of an elec-
trochemical corrosion has shown that ferrous hydroxide,
Fe(OH)g, will not form on iron unless the pH value of the
solution exceeds 9.

Evan (1l.) has reviewed the work of a number of authors
who have reported on different species of rust developed in
electrochemical corrosion. Quoting Schikorr (21), Evan has
stated that the oxidation of ferrous hydroxide to hydrated
ferric oxide FeO(0H) results in goethite if the oxidation
is rapid and produces the mineral lepidocrocite if slow
oxidation takes place. In the formation of lepidocrocite,
a ferrous-ferrite material is first developed which in turn
yields the hydrated ferric oxide.

Girard (22) has suggested that ferrous hydroxide is



first formed on the metal face of corroding iron and that
exposure to oxygen changes the deposit to the ferric con-
dition. The ferric material in turn reacts with ferrous
hydroxide to form green hydrated magnetite, Fe30l+H20 which
acts as an intermediate body. The diffusion of oxygen to
the green body yields either goethite or lepidocrocite, If
oxygen is deficient, the green intermediate undergoes dehy-
dration to black inert magnetite. Thus, stratified layers
of different iron oxides are often formed in the elecitro-

chemical corrosion of iron.



THEORET ICAL CONSIDERATIONS

A. Electrochemical Theory of Corrosion of Iron

The electrochemical theory of corrosion proposed in
1903 by W. R. Whitney (23) has been widely accepted by stu-
dents of this phenomena. The theory has been discussed by
many prominent authors in the field of corrosion, includilng
TUhlis (2L), 3Speller (25), Evan (1)), Eliassen and co-wor-
kers (26), and others. The fundamental mechanisms involved
in this theory can be described in the following manner:

1. The process of electrochemical corrosion reguires
the presence of anodic and cathodic areas. The
anodic area (electronegative) is the area over
which the metal is attacked (oxidized), and the
cathodic area (electropositive) is that at which
some substance from the environment 1is reduced.

If the process is to continue, an electric current
mist flow between these areas through the environ-
ment (usually an agusous solution) and between
these areas in the mstal. This electric current is
carried oy the electrons throush the metzl and is
carried jointly by cations and anions, which ni-

crate In opposite directions throuzh the solutien.
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The combination of anode area, cathode area, and
agqueous solutlon constitutes a small salvanic cell.
Cells of this type may be set up on a single metal-
lic surface or between dissimilar metals.

2. A flow of electricity results from the loss of two
electrons from each iron atom leaving the crystal
lattice of the metal as ferrous ion and entering
the solution at the anode.,

Fe® = mett 4+ 2¢ (1)

3. Water partly dissociates into hydrogen ions and hy-
droxyl ions (one molecule in every 555,000,000 dis-
sociates into its constituent H* and OH~ ions)

HpO = H* + OO~ (2)
Ferrous ions react with hydroxyl lons to form fer-
rous hydroxide, Fe(O0H)p, which is soluble in water
to the extent of 7.0 ppm at 200 C.

Fe™ + 2(0H)~ = Fe(0H)2 (3)
In the presence of oxvygen, ferrous hydroxide 1is
oxidized to ferric hydroxide, Fe(OH)3, or hydrous
ferric oxide, commonly recognized as rust.

LFe(OH)p + 2Hp0 + 02 = hFe(0H)3 (1)

i« At the cathodic area the electrons are accepted by
the hydrozen ions to form elementary hydrogen

atoms.

2HT + 2e¢ = 210 (5)
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This removal of hydrogen ions causes an increase in
the concentration of hydroxyl ions in the area, and
results in the production of alkaline conditions in
the vieinity of the cathode.
If the hydrogen thus formed remains on the surface
the area becomes polarized by the counter potential
produced. ‘This retards the flow of electrons and
consequently the solution of iron.
In the majority of cases, however, the areas are
depolarizad, allowing the action to continue., Had-
ley (27) has enumerated filve depolarization proces-
ses which may govern the rate of hydrogen removal
from the cathode.
a. Reaction of dissolved oxygen with nascent hydro-
gen to form water.
2H® + £0o = HpO (6)
b. Agitation causing the removal or sweeping off of
hydrogen as gas bubbles.
2HO = Hp (7)
ce Direct chemical combination with electrolyte or
salt. For instance, ferric ions may be reduced
to ferrous lons by the hydrogen or by the elec-
trons.
2Fet+t+ + 21O = 2Fett + 2H* (8)

2Fettt 4+ 25 = 2Fett (9)
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d. Reaction in the metabolic processes of certain
anaerobic bacteria.
e. Combination with the products of microbilological
metaboliec processes.
The first two of the above processes are well known
and may be observed in varyling degrees in water
corrosion processes. In acid solutions, usually of
PH below 5, cathodic film is removed mainly as bub-
bles of gas. The hydrogen ion pressure is suffi-
clent to overcome the hydrogen overvoltage at the
metal surface, causing marked evolution of hydrogen
gas. This accounts directly for the fact that cor-
rosion 1s generally more rapid in acid solutions
and less rapid in alkaline solutions. In neutral
or alkaline solutions, the amount of gaseous hydro-
gen is very small compared with the amount of hy-
drogen destroyed by oxidation. Thus, in the pH
range commonly encountered in natural waters, de-
struction of the hydrogen film is mainly governed
by depolarization with dissolved oxygen. Since the
cathodic reaction controls the rate of corrosion
process, as will be explained later in this section,
the depolarization reaction and, therefore, the
rate of oxygen supply to the cathodic regions of

the 1ron surface is the factor governing the rate
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of corrosion in natural waters.

B. Typical Corrosion Cell on the Surface of Submerged Iron

Figure I shows schematically a typical corrosion cell
on the surface of a submerged piece of iron. The anode and
cathode of this cell are short circuited by the body of the
metal. The surface of a large section of metal might be
covered by many such corrosion cells., Formation of anodes
and cathodes on a submerged metal are due mainly to (20, 26):

a. Difference in metal composition,

b. Difference in electrolyte concentrations (forming
concentration cells),

c. Difference in aeration (the portion of the metal
that has freer access to oxygen acts as the cathode,
while the portion shielded from oxygen becomes the
anode of the differential aeration cell), and

d. Difference in temperatures or stresses,

In the corrosion cell shown in Figure I, iron passes
into solution at the anode area leaving electrons on the
metal. These electrons pass throush the metal to the cath-
ode area, wnere tney may be removed from the iron through
reaction with hydrogen ions in solution producing atonic
hydrogen (Equation 5), or by one of many other half-cell

reactlions which depend on the substances present in the
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202 = Hp0

28° +
02
+ Fe++
gt H
\\\;?\\\\ WATER

2t 1 pe= = 21O

//////////"\\\i:ij;;é%i;;%%%?;é;;&i:;’Area

Figure 1 = Corrosion Cell on Surface of
Submerged Iron
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vieinity of the cathode and the relative energies governing
half-cell reactions (25). Under certain conditions the hy-
drogen atoms tend to plate out on the metal‘and unless re-
moved will interfere with transfer of other electrons to
solution. Within the pH rance normally encountered in wa-
ter works practice, it is generally considered, that remo-
val of hydrogen film from the cathode is by oxygen depolari-
zation (Equation 6).

Wilson (28) has pointed out that anode reaction rate
(Equation 1) is much faster than the depolarization reac-
tion rate at the cathode (Equation 5 or 7). It is obvious
that if a process comprises two or more separate reactions,
the rate of the process as a whole is determined by the
rate of the slowest of these reactions under the particular
conditions. This 1s illustrated by the fact that though in
the case of iron an increase in the metal-ion concentration
should lessen the rate of anode reaction (Equation 1), it is
without appreciable effect on the over-all rate of corrosion.

Thus, cathodic reactions, govern the rate of corrosilon pro-

CESS.

C. The Action of Inhibitors

Speller (25) has defined an inhibitor as a chemical

substance or mixture which, when added to an envircnment,



usually in small concentration, effectively decreases cor-
rosion. The protective action of inhibitors 1s due mainly
to the formation of films on the metal surface. These
films in turn retard the corrosion reactions. Film forma-
tion may occur preferentially at either anodes or cathodes
of corrosion cells, or it may be adsorbed generally over
the entire surface of the metal. Evan (1ll) has classified
inhibitors into three classes:

(1) Anodic inhibitors

(2) Cathodic inhibitors

(3) Adsorption inhibitors
It should be noted that these classes are not clearly de-
fined since some Inhibitors may act in more than one way
(26) .

Anode films may be formed through electrodeposition of
negatively charged ions or colloidal particles on thils
electrode, through adsorption of chemicals on the metal
surface, or through the production of an insoluble preci-
pitate by reaction between the iron entering solution and
chemicals in solution. Anodic inhibitors reduce the rate
of corrosion by restraining anodic reaction. The addition
of a sufficient quantity of anodic inhibitor to a water
could result in the formation of a continuous film over
the anode areas which would be effectively separated from

the water, thus stifling the anode reaction.
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Although anodic inhibitors are very effective in redu-
cing the over-all rate of corrosion, they are somewhat un-
desirable and even dangerous. As Evan (1ll.) has pointed out,
these inhibitors may intensify corrosion if used unwisely.
Addition of insufficient anodic inhibitor to the corrosive
medium would result in the formation of only partially pro-
tective I1lm over tne anode areas. It has been pointed out
previously that the rate of corrosion of iron In water is
generally governed by the rate at which cathodic reactions
take place. Therefore, partial covering of the anodes has
little effect on the over-all rate at which metal passes
into solution, and may result in Intensification of attack
on the smaller remaining anodic areas with rapid failure of
the structure by pitting. The use of anodic inhibitors in
minicipal water systems, therefore, would require the clo-
sest possible expert control.

Cathodic films may result from the electrodeposition
of positively charged ions or colloidal particles on the
cathode, from adsorption of chemicals on the metal surface,
or from the insoluble precipitates formed on the metal b»y a
reaction vetwsen chemicals in solution and the alkalinity
produced at this slectrode., Zatrodic inhibltors reduce the
rate of corrosion by interfering with cathodic reactions.
These inhibitors, when used in proper concentrations (2),

are less effective in reducin: the over-all corros'on rate
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than anodic inhibitors, due in part to the fact that a pro-
tective film is formed on the cathode. The film sets up a
differential aeration cell, with the shielded cathode ten-
ding to become anodic to the exposed anode. This results
in continual changes in the locations of anodes and cath-
odes while corrosion continues at a reduced rate (25).

The protective film formed by a cathode inhibitor in-
terferes with the access of dissolved oxygen to the metal
surface, and reduces the effective area of the cathode.

Any reduction in the effective cathodic area must result in
a corresponding reduction in the over-all corrosion rate.
Cathodic inhibitors always render the corrosion less in-
tense, even if they do not completely arrest the loss of
metal. If a cathodic inhibitor is added in an amount suf-
ficient to stop corrosion, the decrease in cathodic reac-
tion permits an extension of the anodic areas, and helps to
make corrosion less intense (1/1). Thus, the intensity of
corrosion is diminished, undsr cathodic control, by redu-
cing the total corrosion and »y increasing the area over
which the attack 1is spread. vontrary to the use of an ano-
dic inhibitor, miscalculation in the amount of chemicals
required will not lead to intense attack at some point with
a resulting failure of the structure. Ior this reason Evan
(1!1) has classified cathodlc inhibitors as safe,

Some orsanic substances appear to be adsorbed over the
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entire metallic surface (1ll)). These compounds may be
classed as adsorption inhibitors, and may interfere with

either or both electrode reactions.

D., Polarization and the Rate of Corrosion

The action of corrosion inhiblitors may be illustrated
through polarization studles of either or both electrodes
(g, 2L, 25, 26). It has been stated previously that, for
the process of corrosion to continue, an electric current
mist flow between different areas of the metal surface. In
general, when current flows between two electrodes, a spe-
cial opposition to current flow develops at the surface of
the electrodes. This special opposition to current flow is
termed polarization. Polarization of the electrode from
which positive electricity leaves to enter the electrolyte
(the anode) 1s termed anodic polarization, and that of the
electrode to wnlch positive eclectricity from the solution
flows (the cathode) is termed cathodic polarization. The
effect of both types of polarization is to reduce the ef-
fective difference in potential between the local anodes
and local cathodes. Thus, polarization reduces current
flow and conscquently retards corrosion.

Ficure 2 shows a typlcal palir of polarization curves,

indicating the potentials of the anode and cathode of a
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corrosion cell at various values of current flow between
the electrodes. The points at which the curves intercept
the ordinate axis represent the open circuit potentials of
the electrodes (no current flowing in the corrosion cell).
As the current flow through a corrosion cell increases, the
potentlials of the anode and cathode tend to approach a com-
mon value. Polarization of hoth electrodes would result in
a shift in the anode potential in the cathodic direction
and a shift in the cathode potential in the anodic direc-
tion. Therefore, the potential difference between the
electrodes in a corrosion cell through which current is
flowing is usually less than the difference in the open
circuilt potentials (or potentials of electrodes with no
current flowine). The intersection of the curves at point
1 zives the corrosion votential and the corrosion current
with the electrode short circuited, which is usually the
situation in practice with both electrodes located on sin-
gle piece of metal. It is to be noted that corrosion po-
tential represented by point 1 of Figure 2 has been deter-
mined for most of the dynamic tests of this study in order
to follow the action of the inhibitor with time under vari-
ous conditions which will be discussed later.

The rate of corrosion can 2e controlled by the rate of
the cathode reaction, the anode resaction, or both. Alto-

gether, four types of control are possible in corrosion
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cells. These are illustrated by Figure 3.

The addition of anodic inhibitor to a corrosion system
results in increased polarization of the anode, as illus-
trated in Figure 3a. The increase in the degree of polari-
zation is shown by an increase in slove of the anode line,
indicating a greater change in anode potential for a given
change in electrical current flow of the cell. In this
case the corrosion is said to be under anodic control. The
addition of the inhibitor results in a decrease in corroc-
sion rate and a more noble corrosion potential.

The addition of cathodic inhibitor to a corrosion sys-
tem causes an increased polarization of the cathode. ¥Fi-
gure 3b represents the condition under cathodic control,
resulting in corresponding reduction in current flow and
corrosion rate, and a less noole corrosion potential.

Figure 3¢ shows polarization curves when the rate of
corrosion is controlled by both electrodes (mix=d control).
Figure 3d represents the limitin. case of resistance con-
trol, in which current flow between the electrodes has no
effect on the potential of either of them. This situation
would never occur in water works practice.

The addition of an inhibitor to a corrosion system may
have an added effect on polarization curves by causing a

change in the open=-circult potential of either or both

electrodes.
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In most municipal and industrial water systems, corro-
sion is primarily under cathodic control, as illustrated by
Figure 3b. The rate of corrosion is governed by the degree

of polarization of the cathode,

E. Different Indexes Used for Calcium Carbonate Equilibrium

1., Langelier Saturation Index

The basic reaction involved in the reversible pipe
scaling process can be written:

CaCO3 (solid) + H' = Ca®™ + HCO3 (10)
At equilibrium, therefore, the product of the molal concen-
trations of calcium and bicarbonate divided by the molal
concentrations of hydrogen ion will remain constant, or

<Ca+‘zl){£§100§) - K (11)

Hxpressing each term as negative logarithms we can write
for the pH at equilibrium

pHeq. = pCa™™ + PHCO3 - K (13)

By formulating pHCO§ in term of pH and total alkalini-
ty at all pH levels and by showing that the -pX term of
equation (12) is actually the difference between pKp (the
jonization constant of the acid XC03) and pKg (the solubi-
lity product constant for calcium carbonate), Langelier (3,

6) has developed the following expression for pHeq.:



2K
PHg = (pKp - pKg) + pCatt + pAlk. + log 1 + "ﬁg' (13)

Where pKpz and pKg respectively, are the negative logarithms
of the second ionization constant of carbonic acid and the
solubility product constant of calcium carbonate, corrected
for ion activity; pCa*?t is the negative logarithm of the con-
centration of calciuvm ion in moles per liter; pAlk., is the
negative logarithm of the titrable alkalinity in equivalents
per liter; kp is the second ionization constant of carbonic
acid; Hg 1is the hydrogen lon concentration at a hypotheti-
cal saturation with calcium carbonate; and pHg 1is the pH
value corresponding to the above hydrogen ion concentra=-
tion, that 1is the pH at which a water of glven calcium con=-
tent and alkalinity is in equilibrium.

Langelier also introduced the "saturation index" which
is the algebraic difference between the actual pH of a sam-
ple of water and calculated pig
Saturation index = pI actual - pH saturation

lo L 1 L =1 (Hg)
& TaFy - los TEEY og TEFY (1)

Actually this index, as seen from equation (15), is the lo-

lf

Saturation index

garithm of the ratio of the hydrogen ion concentration
which the sample must have if saturated (without change in
composition) to its actual hydrogen ion concentration. If
the index is zero the sample is in egquilibrium.

A plus value for the saturation index indicates



oversaturation and a tendency to deposit CaC03; a minus va-
lue indicates undersaturation and a tendency to dissolve
CaC03.

Saturation index varies with hot and cold water sys=-
tems due to the difference 1in the rate of change of pH and
the Langelier constant with temperature. A method for pre-
dicting this variation has been suggested by Powell, Bacon,
and Lill (29). Dye (30) has also described a practical
means for predicting pH values of a water at different tem-
peratures.

Saturation index, accoriiny to Langelier, is an indi-
cation of directional tendency and of driving force, but it
is not a measure of capacity. <‘ne amount of calcium car-
bonate deposited cannot be predicted from egquilibrium data
alone. Such deposition 1ls dependent upon the relative rate
of precipitation from solutions which are supersaturated
with CaC03. CaCO03 has a strong tendency to remain in su=-
persaturated solution and in the absence of c¢crystallization
nuclei oversaturated calcium carbonate solutions can be
preserved for years.

In general, more scale will be laid down at a low pH
of saturation than a high pH of saturation. "Saturation
index" is often of benefit to water chemists in determining
Wwrether waters are scale-fornin. or corrosive. Even in

this resvect 'saturation index' i¢ not always reliable,
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because some waters with a posltive index actually may be
quite corrosive. Thils point has been observed and reported

by Hoover (31) and others.

2. fAyznar stability Index

Ryznar (9) has introduced an empirical expression,
2pHsaturation - pHactual, which he has designated "stabili-
ty index", to differentiate it from Langelier's "saturation
index." It has been clalmed by Ryznar that "stability in-
dex" is not only an index of CaC03 saturation, but is also
of quantitative significance. Unlike the "saturation in=-
dex," the "stability index" is positive for all waters.
Experimenting with the formation of calcium carbhonate scale
on glass coil at 120-200° F., Ryznar has found incrustation
to take place within a two-hour test period at a stabhility
index of 5 and below. No deposits have been obtained at an
index value of above 7.5. Rvznar's Mstability index" has

been widely used in waterworks practice.

3. Saturation Txcess

"Saturation excess" is the amount of calcium carbonate
precipitation (in ppm) which must take place to bring a
calcium-carbonate-~bicarbonate-carbon dioxide system to
equilibrium. It can be determined experimentally by the

"marble" test, in which the water is placed in contact with
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powdered CaC03. The decrease or increase in alkalinity is
then a measure of "saturation excess" or "saturation defi-
ciency". M"Saturation excess" can also be determined graphi-~

cally using methods developed by Langeller (6) and Dye (32).

li. Momentary Excess

Dye (32) has defined "momentary excess" as that frac-
tion of calcium and carbonate ions present (in ppm CaC03) of
an aqueous solution which is in excess of the solubility
product constant of calcium carbonate. Dye also developed
a graphical method for determining "momentary excess" based
on the following equation:

(ca*™ - X) (c0% - X)

x5 1010 (16)
Where Ca*t and C0%¥ are the initial concentrations of cal=
cium and carbonate ions respectively, in terms of ppm of
calcium carbonate; Kg is the solubility product constant
for calcium carbonate corrected for temperature and dis-
solved solids; and X 1s the momentary excess in ppm of cal-~
cium carbonate. 'Momentary excess" has been extensively
used in the work reported in this thesis because it is a
gquantitative measure of the driving force tending toward

calcium carbonate deposition.
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EXPERIMENTAL APPARATUS AND MATERIAL

Work done on this project can be divided into two ca-

tegories: (A) static tests and (B) dynamic tests.

A. Static Test Unit

Fach static test was conducted in a glass cylinder
ei ht inches 1In dlameter and eighteen inches high as shown
in Tipure 5. To each cylinder fourteen liters of de-ionized
water was added, filling the cylinder to within one inch of
the top. Two specimens of cast iron or stainless steel
were totally immersed in each cvlinder by attaching each
specimen to a glass rod by means of a nichrome wire and
rubber band. The immersed portion of the nichrome wvire was
insulated by a waterproof rubber tape. The two glass rods
with the specimens attached were fixed vertically in each
cylinder so that the speclimens were parallel, facing each
other with a spacing of four inches. The water in the cy-
linders was stirred throughout each test by brbbling air
continuously. The air supply was first passed through a
cotton bed to remove particulate matter and then through a

scaa=-1i1e nel to remove COz.
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Figure
Equipment for Dynamic Tests

Figure 5%
Equipment for Static Tests
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B. Dynamic Test Unit with Recirculated Water

—

Apparatus for dynamic tests with recirculated water is
shown in Figures I and 6. 4 fifty-five zallon polyethylene
barrel was used as reservoir for the water, which was cir-
culated through the test cell by an all-rubber Universal
Electric Company centrifugal pump. All parts of the pump
in contact with the liquid were Hycar (synthetic rubber).

Construction of the test cell is shown in Figure 7.
The cell was built of Lucite plastic to act as a housing
for two metal specimens and to allow measurement of their
potentials. A 3/li-inch hole was bored through the central
axls and two parallel slots were machined, each at a dis-
tance of 1/l inch from the center. The two specimens were
mounted parallel In the cell throush the slots, separated
by a distance of 1/2 inch, in order to permit water flow
parallel to their surfaces. Tloles were drilled and tapped
on either side of the cell to comnect each specimen with a
platinum wire for potential measurements. Tapered Lucite
inserts were used to reduce turbulence in the vicinity of
the specimens, the width and thickness of the inserts bLeing
the same as that of the specimens.

In some tests, where only one specimen was used, the

test cell was of similar construction with only one slot

located at the center of the 3/li-inch hole. One side only



I9je M POIBINOIIISY YIIm S359] orwreudq jo weaderq moid *g 2andrg

dumd Hooog3ed

wnIp
suayiyyafjod
uotied-gg

—— — —— — o —— — —
— i —— — —— — - —-——

Suryemoad

dweyo #
ol /JI_

_J o

8umnyy 993

R - -  —— ——

-

—~—————— 1190 3893

2p0I3o91° Surg 99y
20uUd1939x

d

—

. =




33

L o TIPS

44 £X v /
SHNIw/2 745 Tou w§|7

|

@AL) SIFISNI ONIPDTe

7772 A STL

~-N \QNNWN“NNMW

FWT AT NOL

\\\\\\\%&

/*r -I;—_k

‘\\———:*

N

\\\\\\\\\r\\ 7.
|

///ﬂr’l't’lil/il&gg;
7" T

T I NINILE T




the cell was drilled and tapped for potential measurements.
The cast iron or stainless steel specimens corprised
the only metal in the system. All piping was Tygon tubing
of 5/8-inch inside diameter and Van-Cor (unplasticized
polyvinyl chloride) plastic fittings. The rate of flow was
regulated by a clamp on the discharge side of the pump. As
shown in the flow diagram of Figure 6, a saturated calomel
electrode was Inserted in the line through a tee fitting,
to act as a reference electrode during potential measure-
ments of the specimens. Saturated lime solution was added
through the inlet tee fitting and carbon dioxide through the
outlet fitting of the drum to adjust the water of the reser-
voir to the desired level of pH and hardness. Samples of

the water were taken through a petcock fitting.

C. De-ionizing Units

A1l waters used for either static or dynamic tests
were first passed through two de-ionizing units. The first
unit was a large two-bed Lu~ilb Illco-~iay delonlzer shown in
Tizure 8, ™Tnis unit was a stronc=-base ion=exchanger which
conld remove all lonizable solids includinz silica and COp,
The water was then passed tarough a small mixed bed of
Tllco-Way research model de-ionizer. Tnis small unit was

also a strong-base lon=-sxchanger and could produce wat:ar
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comparable to that produced by triple distillation.

D. Electrical Measurement Unit

l. Potentiometer

A Type K Leeds and Northrup Co. potentiometer was used
during dynamic tests to measure the potential of the speci-
mens with reference to a standard saturated calomel elec-
trode. Figure 9 shows the potentiometer circuit and the
electrical connections. The instrument consists of 15
five-ohm coils AD (adjusted to a high degree of accuracy)
connected in series with an extended wire DB, the resistance
of which is also five-ohms. A point M is arranzed so that
it can make contact between any two of the five-ohm coils
and point M!' is also arranged to make contact at any posi-
tion on the extended wire DB. Current from batteries flows
through these resistances and by means of regulating rheo-
stat R is adjusted to one-fiftieth of an ampere. The po=-
tential drop across any one H>f te coils AD 1s consequent=-
1y one-tenth »f a volt and acrocs vhe extended wire D3 iz
0.11 volt. =y placing the cocntact point M' at zero and mo-

-

vinz the contaect M, the fall o7 =motential between If and Ii
may pe varisd by steps of ons-tent™ volt, from 0 to 1.5
velts. The wire DB is divids. to 1100 egual parts. Ty

mevin- the contact point ™' ilsn- the wire, the fall of
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potential between M and M' may be varied in infinitesimal
steps.,

To use this variable fall of potential in making mea-
surements, convenient electromotive force is introduced in
Serles with the galvanometer between the points M and M!' and
in opposition to the fall of potential along AB. The con-
tact polnts M and M!' are then adjusted until the galvanome-
ter shows that no cﬁrrent is flowing, and the value of the
electromotive force can then e read from the position M

and M?',

2. Batteries

Two ignition drvy cells, no. 6 IGN. 1 1/2 volts, Rayco
type batteries were used in series to furnish a current
which would produce a measurable fall of potentlal in the

main circuit of the potentiometer.

3. Standard Cell

An Eppley standard cell of Eppley Laboratory, Inc.,
was used to rezulate the current flowing throusgh the wire
AE of the potentiometer (Figure 9) and to make 1t exactly
one-Tiftieth of an ampere. The electromotive force of this
cell is 1.0192L volts at 23° C. and has a temperature cosf-
ficient which is negligible within the ordinary rance of

room temperatures.



L. Galvanometer

The galvanometer used was a No. 24,20 Leeds and North-
rup Portable Lamp and Scale instrument. The galvanometer's
function was to indicate the absence of current flow when
connected in series with the unknown electromotive force
between the regulated contact points M and M' of Figure 9.
This galvanometer has a resistance of 1000 ohms; a period
of 3 seconds; a sensitivity of 50 megohms; and is critical-

ly damped on open circuit.

5. DC Power Supply

A Model 500 B Sorensen and Company, Inc., DC variable
voltage power supply was used to impress direct current
through the specimens in some of the statlic and dynamic
tests. The supply was also used to apply EMF across two
platinum electrodes of the electrophoresis U-tube apparatus
to determine the sign of electrical charge of colloidal
particles. This instrument can be adjusted easily to any
output voltage from 0 to 500 volts and is of negligible

ripple.
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EXPERIMENTAL PROCEDURE

A. 3Static Yests

De-ionized water used in all tests was first passed
through the two-bed ion=-exchanzer in which the conductivity .
indicator indicated total solid content of the treated wa-
ter to be less than one ppm equivalent of NaOH, and then
through the small mixed-bed ion-exchanger. Saturated lime
solution of certified Fisher reagent Ca(OH)Z, and carbon
dioxide were added to the de-ionized water to produce water
of the desired levels of pH and hardness.

Specimens were elther cast iron or stainless steel.
Cast 1ron specimens were 3.0 X 1.0 x 0.090 inch wafers
sliced from cast iron bars and finished by surface grinding
with a }0-grit diamond dressed wheel. Stainless steel spe-
cimens were 3.0 x 1.0 x 0.019 inch., The specimens were
cleaned for five minutes in 0.1N FCl, washed with hoiled
de-ionized water, rinsed with acetone, dried and weizhed
before each test.

Specimens were totally immersed in make-up water of
the desired pH and hardness, as described in the section on

apparatus for static tests. The water was Kept saturated
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with oxygen and stirred throughout each run by bubbling air
continuously and by keeping the cylinders open to the at-
mospnere.

In some tests a direct current was impressed through
the specimens from the dc power supply by connecting the
negative pole of the power supply to one specimen, which
acted as a cathode, and the positive pole to other speci-
men, which acted as an anode. A 100,000-ohm variable decade
resistance and model 37l Simpson ammeter were hooked in se-
ries with the specimens.

The duration of each run was exactly one week. Hard-
ness and pH were adjusted to the desired level periodically
throughout each run. All tests were conducted at room teme

perature.

B. Dynamic Tests with Recirculated Water

The circulating water wWas produced in the same manner
as for the static tests, by adding saturated lime solution
and carbon dioxide to demineralized water. Water was cir-
culated throuzh the test cell in whicn the specimens were
mounted as has veen described under the apvaratus for dyna-
mic tests.

In most runs, oxygen content of the water was kant

within one ppm of saturation at room temperature by using
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30 gallons of water in a 55-gzallon reservoir with air fil-
ling the space alove the water. The reservoir was also
opened to the atmosphere several times during each run.

Some runs were conducted with water of different le-
vels of dissolved oxygen. Some of these runs were made at
a dissolved oxygen content below that of saturation while
others were at levels higher than saturation. In low oxy-
gen level studies forty gallons of water was held in the 55
gallons reservoir., Nitrogen was bubbled through this water
at the beginning of the test for a period long enough to
reduce the oxygen to the desired level. Different parts of
the system were then connected so that the system was air
tight., Care was taken to prevent any leakage of gases into
or out of the system during the addition of lime solution
and carbon dioxide. In this way it was possible to keep
the oxyzen content of the maxe-up water within one ppm of
the desired level below saturatilon,

By following the same procedure as above and substitu-
ting oxygen for nitrogen, the dissolved oxygen content of
the make-up water was maintained within one ppm of a de-
sired level hizher than that of saturation.

The pH and hardness of the water were adjusted peri-
odically during each test. »Speclimens were cleaned and
weighed before each test in the same manner as for the sta-

tic tests. All runs were conducted at room temperature,
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and at a linear velocity of 2 feet per second.

As in the static tests, in some runs a dc potential
was 1lmpressed on the specimens, which acted as electrodes.
The 100,000-0mm variable decade resistance and model 37
Simpson ammeter were connected with the specimen as shown
in Figure 10. Polarization characteristics of the elec-
trodes were measured at given intervals durinz a run by ob-
serving the potentials of each electrode against that of
saturated calomel electrode at different applied current
densities. The applied current density was kept constant
throughout each run except when polarization measurements
were made. During polarizing measurements different values
of current densities were apolied for few moments only.

Iin the majority of dynamic tests no outside current
was impressed through the specimens. Corrosion potential
of each specimen was measured at several intervals during
a test by comparing the potential of the specimen with that
of the reference saturated calemel electrode. Change of
potential values of the svecimen with time was a function
of the action of the iInhibitor on the corrosion tendency of
the specimen. The potential oI thes specimen at the begin-

ning of the test or at zero time was determined by immer-

1-)6

sing a similar specimen, cleaned in the same manner, in a
beaker containing the same water as that of the test, The

potential of the specimen was then quickly measured., Jith
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this method, the potential of the specimen at zero time
could be determined more accurately than when the specimen
was inside the test cell. It required only a few minutes
for the recirculated water to fill all lines of the system
at the beginning of each test. The change of potential of

the specimen during this time was very sharp.

C. Specific Investigations

1. Potential Measurements

Potential measurements were made using a potentiometer
and standard cell technique. The wiring diagram for these
studies is shown in Figures l, 9, and 10. The standard
cell, galvanometer, and two batteries in series were con-
nected to the main circult ol the vpotentiometer as shown in
Fisures 9 and 10, The current flowing in the wire AR was
adjusted to one-fiftlieth of an ampere by setting point T to
correspond with the elecctromotive force of the standard cell
(1.0192l). The resistance R was regulated until the galva-
nometer showed no deflection.

The electromotive force of the electrochemical cell,
in which the two electrodes were the specimen in the test
cell and the saturated calomel electrode in the line, then
replaced the electromotive force of the standard cell in

the potentiometer circuit. “he contact pocints M and IM!
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were manipulated until the zalvanometer showed no deflec-
tion. The current was checked again by switching back to
the electromotive force of the standard cell. If the gal-
vanometer showed no deflection no further readjustment was
needed. If a slight deflection occurred, a small readjust-
ment of R and corresponding readjustment of M', after re-
placement of the applied electromotive force by that of the
standard cell again, was required.

The reading of contact points M and M! then gave the
potential value of the electrochemical cell composed of
the specimen and the calomel electrode. Since the refe-
rence saturated electrode was assigned an arbitrary value
of zero the cell potential then was that of the specimen

serving as the second electrode in the electrochemical cell.

2. Preparation of Colloidal Caleium Carbonate

Two procedures were followed for preparation of col=-

loidal calcium carbonate:

a. A supersaturated solution of CaCO3 was prepared by
addition of saturated lime solution and carbon di-
oxide to de-ionized water. Ixcess lime solution
was then added to raise the pH to a value higher
than 10. At this high pH colloids were formed and
were prevented from growing into crystalline size

by quickly adding CO2 to bring the pHY to a lower



value, This proccdure resulted in the formation of
a CaCO3 suspension with a mixture of colloldal ma-
terial which stayed in suspension and of larger
crystals which precipitated.

b. Saturated lime solution and carbon dioxide were
added to the demineralized water until colloids
were observed at the desired pH level. It was found
that by using this method, much finer colloids were
produced than with the previous method. In most of
the tests conducted in which the water contained

colloidal CaGO3 this latter method was utilized.,

3. Determination of Electrical Charge of Colloids

mlectropioresis methods were used to determine the
electrical charge of colloidal CaC03. The solution con-
taining colloidal CaC03 was placed in a U-tube under the
influence of an EMF applied through two platinum electrodes,
one in each leg of the tube. Migration of the colloilds
then indicated the charge on the colloids. This migration
was observed by noting the turbidity in the two legs of the
U-tube after a few minutes of applied EMF. In cases where
the solution contained a very small amount of colloidal
CaC03, tne migration could be seen by observing the scat-

tering effect of a lizht vteam at each electrode.
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Lo Analysis of Specimen Coatings After the Tests

Mineral examination was performed by the Mlchigan
State University Geology Department vy petrographic methods.
Index oils of 1.58 and 1.82 were used. The mineral below
1.58 was calcite (calcium carbonate), the material above
1.80 was limonite (hydrous ferric oxide, chiefly goethite),
and the intermediate mineral was siderite (ferrous carbo-
nate). The percentage of each mineral was estimated by the
above methods and identification and percentage values were
checked by use of dilute hydrochloric acid for effervescent
comparison. The minerals were also studies under crossed
polarizing prisms, and the properties observed corresponded
to those described for these minerals in textbooks on pet-

rograpnic mineraloZy.

5. Routine Analytical Determinations

The prd was determined usin, a Beckman Model Hp Glass
Electrode pi Meter. Analyses Tor total hardness and
calcium hardness were by the Versenate method described in
HachVer Catalog (33) of Hach Chemical Company. UniVer-l
indicator powder was used for total hardness and CalVer-11
indicator powder for calclum hardness.

Alxalinity, total iron content, and dissolved oxygen
were determined by »procedures described in the 10th edition

of Standard Methods for the ©xamination of ‘later, Sewage,
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and Industrial wastes (3L). Total iron was determined
using the Phenanthroline method. The Alsterberg Modifica-
tion of the Winkler method for dissolved oxygen was fol-
lowed with the exception that a round-bottom 250-ml flask
with rubber stopper was used to collect the sample instead
of the regular B.,0.D. bottle, The rubber stopper con-
tained two holes through which small glass tubes were in-
serted. It was possible, by thilis arrangement, to £ill the
flask with nitrogen gas before it was used to collect in

the sample for dissolved oxygen determination.
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CONDITIONS OF THE TESTS AND
ANALYSTIS OF THE COATINGS DEVELOPED

Table 1 shows varilous conditions of static tests and
provides data concerning examinations and petrographic
analyses of the coatings developed. Dynamic tests are
shown in the same manner in Table 2.

All tests (static and dynamic) were conducted at room
temperature, Duratlon of all static tests was one week,
Recirculation of the make-up water of all dynamlc tests was
at a linear velocity of 2 feet per second past the speci-
mens. In both types of tests water containing colloidal
CaC03, the hardness reported included that of CaC03 col-
loids.

In both tables, where the test numbers carry a star,
CaC03 colloids were prepared following the second procedure
discussed under experimental procedure for preparing cole
loidsal CaCO3. That is, lime solution and C02 were added to
the demineralilzed water until colloids were observed at the
desired pH level.

In Table 1, an analysis of the coating of only one
specimen is shown for some tests although twe specimens
were used in all statvlic studies. 'The coatin-s of the other

corresponding specimens were removed for weizht loss
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determinations. 'The test cell which was designed for only
one specimen was used in some dynamic tests where the ana-
lysis of the coatings of only one specimen is reported.
Langelier's chart (6) was used to determine "satura-
tion indices" graphically. '"3tavility indices" were cal-
culated on the basis of pHg values obtained from Lange-
lier's chart. Values of "saturation excess" were deter-
mined experimentally using the "marble" test. The eguation
developed by Dye (32) was used to calculate "momentary ex-
cess" levels.
Terms used to describe coatings are as follows:
Blotchy: Irregular spots of large concentrations.
Powdery: F'ine, loose particle appearance.

Tarnished: Discolored dull appearance.

Sugarys Granular appearance resembling sugar.
Spotty: Irregular spots of small concentrations.
Sparse: A coating of negligible amount.

Platy: Tendency to break off into sheets,



Table 1
Static Tests
o Conditions of tre Testa . - : —— S e Anal ysis of the Coatings
3
Other
specifi- - » . o N 1
- cations nof Satue Stebie |oatu- Mo S Cal= o Bid= v Li- Grain }
ivpressed  make-up ration lity @ ratlon tury cite erite monite size ) i ] - N
o1 Cal0y  ma /7wl water index incex &BRCESS &gl CaC03 FeC03 Ted(0H) (mm) Mﬂcr0~@§3€?£EVE§l«~—ﬁﬁ ~Micro deseription
. ! 9,3 12 S.008 0 2 oms of ground i 5 10 85 1/90 to 1/1L  Fine grains, heavy }Fin? grains, heavy coating easily ruis off, coating 1/8 mm. in
L5 e CaC03 powder coating of »rust, % thickness, :
only was added ) very soft. oo . . . .
it ipa o Porm the 10 88 1/1@0 to 1/90 Fine grains, heav hFlng g?alns, agoregates distribution, uniform ccating, 0.25 mm. in
“nnde malke-up water. coating of rust, ¥ thickness,
very soft,
4
i L . A T . . | . po3 o g e - :
8.5 92 1.03  In addition, 1 W65 7.3 1heb 27 10 20 70 1/180 to 1./90 Blo?cﬁyi 1}ne”xpains,k>50ra9es off in plates, fine grained azgregates, uneven coating.
gm of zround slightly har er than
CaC03 powder . ancde coatins, i
net iron was added. 15 Blotchy, fine ~srains. §Fine grained aggregates, uneven coating, coating heavier in center
e of plate,
J S
92 1,030 + W65 7.3 ; 1.5 Ze7 15 20 A5 1/90 + or - Fine grains, owdsory. §Azgregates up to 1 mm. in size, fine coating between aggregates,
3 5 20 75 1/90 + or = Blotchy, fine srains, tFine grained aggregate, uneven blotchy coating.
Jast irvon 8,4 92 1.03 GContained col- + .65 7.3 1he5 2.7 10 15 75 1/90 + or = Blotchy, fine srains. fAgsregates dark in center, light argund pe?iphery, calcite found
catnde loidal CaC03. ¥ predominately between blotches, thin coating. )
Tast iron 5 10 85 1/180 to 1/90 Blotchy, fine srains. fAgoregates dark in center, li:ht around periphery, calcite found
anode § predominately between blotches.
Cast iron 5 52 + .65 7.3 1.5 2.7 10 15 75 1/180 to 1/90 Fine grains, wnsven pAggregates separated by fine coating. &
3iaeiman ) 7 i coating. 1 L
Tast iron 5.6 92 Contained col- + .55 7.3 o5 27 10 15 75 1/180 + or - Powdery. taooregates of fine grains. |
3pecimen 1 loidal CaCOB. ‘
, : * .
Cast iron 5.5 g2 Powdered Cal0 + A 7.3 . LiL.5 2.7 10 10 80 1/90 + or = Blotchy, fine grains, :Ca101te predominates betgeen blotches, thin film of calcite over
specimen 1 cround in a ball ; blotches, rubs off readily. i
nill for 6 days , _ e
Cast iron was used to form A 10 15 75 1/90 + or - Blotchy, fine grains. gCalcite formed throughout plate, coating soft, easily scraped QTF‘b
gpecimen 2 the make-up water. ’ i
Cast iron 8.6 50 + J15 8.3 Ot 5 20 75 1/180 to 1/90 Fine grains, uneven Fine grains, uneven coating, ridge type, few distinct crystals;
specimen 1 : i coating, soft., mostly azgregates. : b
? &
i
‘;
i




Conditions of the Tests |
T Total
] e ‘
ness
eqiiiv,  Current Satu= Staidie
Test of impresaed ration lit,
0. Voo s »IT Cally  ma/da index indrx
|
9 Heh 50 0 Contained col- + .15 8.°
leidal CaClx,
10 9.0 0z +1.05 H.f1
soecimen 2
11 Cast iron 2.0 92 Contained col=  +1,05 5,¢
spacimen 1 loidal CaCOn.
12 Cast iron 9.0 50 + W55 T
soscinen 1
13% Cast iron 10,25 Contained col-  +2.20 5,75
specimen 1 loidal CaC03,
Cast iron
specinmen 2
1 Platinua H g2 1.030 + A5 Ta3
catnocde
Platinun
anode
15 Stainless 9.3 13 2.068 2 zms of ground
steel CaC03 powder
cathode only was added
otainless te form the
steel make-up water,.
anode
15 Stainless b 92 1.03L In addition, 1 + 65 7.3

steel
cathede

gm of ground
CaCO3 powder
was added.

e S = e By A ARG o

Satu~

ration

eXCess
et o i

1.5

Table 1
Static Tests

(11)

vasis of the Coatings

cite

% Cal-

b Sid-
erite
CaCl03 FelOnx

/é T.: i =
monite
Fe0(07) (mm)

0.l 5

11.1 20
15
11.1
2.9 10
b5e5 1-5

1-5

2¢7 100
100
27 100

20

N
\Jt

no
Ui

AVRY

7

AV
1

fes)
U

srain
aize

Macro descriptlon

i Micre descriptilon

1/90 + or -

1/90 to 1/25

1/90 to 1/25

4

]

M
8

1/90

1/90 + or -
1/90 + or -
1/90 + or -

1/90 to 1/45
1/90 + or =

1/25 + or =

Blotchy, oraing .

Blotchy, fine

Blotchy, fine grainses

Blotchy, dariker
staining in center

of blotches.,

Blotchy, fine grains,

Very unsven distribu=-
tion, rubs off easi-

1y,

Very wneven distribu-
tion, soft.

Fine grains, even
coating.

Fine grains, uneven
distribution located
at end, '

Tarnished.
Fine grains, even
distribution.

{Fine grained azgrezate,

[l

uneven blotchy ccating.

a3

[Coating readily scrapes off, uneven coatling, well formed calcite
§ crystals scattered throw:hout.

Rust aggregates throuzh soecimen, well formed calcite crystals
found close to plate between heavy concentrations of limonite.

fcalcite crystals formed between blotches of siderite and limonite.
3

3
;%ine srained blotehesz of
formed calcite crystals

siderite, limonite, and calcite, well
hetween blotches.

Larce unsven blotce»as of limonite, very soft, readily crumbles
olf.
4

Massive uneven concentrations of limonite, calcite found through-
out next to plate.

;ﬁven distribution, voids 1 to l. times sizs of crystals,

Crystals present at one end of plate, voilds 1 to 7 times size of
crystals,

Very fine film,

Tine crystals, concentration poor, volds 1 to 10 times size of

5
¥ crystals,
;
F
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: - Table 1 (III) A
obatlic lests '
Conditions of the Tesths , , Analjysis of the Coatings
o Total
harde
ness Otler
P spenilfi= ) N y o o . 3
eailv.e Current cations of Satu~ Satu- lomen= % Cal= o 3id- % Li= Grain
Lo of impressed  male-up raticn ration tary cite  erite monite size
ve  oonnicens  pi 0al0,  ma/dm2 watar index excess  excess CaC03 FeC0O3 FeO(OH) (mm) Macro description Micro descriptlion
. ‘ Trga 100 —— ——— Less than Very fine film. Very fine grains, presence of calcite indicated by violent reac-
« 1/180 tion with acid.
N 1,030 A5 7.3 1.5 2.7 100 - - 1/90 to 1/L5 TFine zrains, even jFine grains, even coatinz, voids few, those present 1 to 2 times
A | coating. size of crystals.
ﬁ g 100 - ——— T.ess than Very fine grains., Very fine grains, uneven distribution.
1/180
9 Hrainlesa A o2 5.043 A R 1.5 2.7 100 - - 1/90 to 1/115 Fine crains, wneven [Very few crystals or ajssresates, coatling present only at the cen-
T coating. ter and at ends of plate,
_——— - - - e e Tarnished. Very fine film, no reaction with HC1,
a3 8.5 92 2,068 Contasined cole + 65 7.3 1.5 2.7 100 - - 1/90 to 1/@5 Fine grains, even jSpotty crystal distribution, voilds 1 to 5 times size of crystals,
loldal CaC0n. . coating. }
_—— ——— - —————— Tarnished. Very fine film, no reaction with HCIL,
20 Stainless Hoh 92 0.517 + 65 7.3 1.5 2.7 100 —— ——— 1/90 ——————— Few crystals scattered widely on plate.
steel ;
cathods ' L.
Stainlesa 100 ——— ——— 1/90 + or =- Tarnished. ne or two crystals per # inch square ares.
steel
anods:
21 3tainless D45 02 0.517 Contained col- + .65 7.3 1.5 2.7 100 - --=  1/90 to 1/30 Fine sugary ¢oating. ffew calcite crystals and aggregates, concentration poor.
steel loidal CaCoO3. ]
cathode ' . .
Stainless - - -——— R —— Tarnished. No reaction with HC1,
steel
anode ]
1
E
i

._.._‘
—



Torditions of tro Tests
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Stainlass
stsel
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Stainless
steel
cathode

Ne)
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10.25

150

100

83

Satile

Stabi-

ration lity
index 1Index
1.03) Ceontained col- +1.25 h.h
loidal CalOu.
1.02 Contained col~ +1.70 Bk
loidal Calln,
1.03% +1e35 5.0
1.03l, Contained col=-  +1.60 5.9
loidal CaGOB.
1.03l. Contained col~  +1.55 6.2
loidal CaCOB. i
A
1.07" Contained col~- +2.20 5.85

loidalt CaCOB.

Satu= Momen=

ration tary

ex.cess excess
10.2
1.8

66.5

17.1

22.1

L]_6¢5

Table 1 (IV)
Static Tests

Anal:

of the Coatings

Macro descrintion

b

Micro description

5 Cal- % Sid- % Li- Grain

cite erlte monite size

CaC03_ FeC03 FeO(OH) (mm)

100 === === 1/90 to 1/L5
100 - -==  1/90 + or -
100 ——— --=  1/90 + or -
1000 -— --= 1/90 to 1/L5
100 -— --=  1/90 to 1/25
100 _—— .- 1/90 + or -
100 - -~~~ 1/90 + or =~
100 ——— -~ 1/90

100 -— --=-  1/90 and

1/180

100 ——— -=-  1/90 + or -
100 _—— --=  1/90 + or -

Spotty coating.

Spotty coating,

Granular coating.

Sparse distribution,.

Sparse coating

.

Uneven coating,

Fine grains, uneven
distribution.,

Fine grains, uneven
distribution.
L

Uneven digtribution.

Uneven distributione. ]

Even coating, |

iVoids 1 to 5

{Voids 1 to 5

iCrystalline and amorphous

{iven size grains throughout, voids 1 to 10

4Even distribution, veids

times crystal size,

crystal size.

crystalline granular

Amorvhous calcite, 1/30 appearance, volds 1
3

to . times crystal
calcite present.
Coating uneven.

Coating uneven.

One side of plate was even grain size, the other side showed vari

ation in size 1/90 to 1/180.

times crystal size.

0O to 10 times crystal size.

Uneven distribution, size even, voids 0 to 20 times crystal sizes

Voids 1 to 5 times size of crysvcals.




Conditlicns of tha Tests [
T Total T W
hard- |
ness h |
ool ecifl-
zgquiv, tions of Satu- Stabi-l
of al ration lisy
specinend P CaCox ia _index  index E
stainless
steel
anode J
)
stalnless 56 220 Contained col- +31 .60 G,H0
loidal CaClsy, J
‘j[
!
}
l
i
i
|
nless ‘ S0 Contained col=- +1.,55 6,30 }

e )

lolidal CaCly
and iron oxide,

Table 1 (V)
otatic Tests

13.4 100

100

98-99

1/90

1/90

1/90

1/90 +

or

or

or

or

Fine grains, unsvan
distributiorn.,

Fine grains, uneven
distribution.,

Fine grains, hard
coating,

Fine grains, hard
coating.,

'1

i

Crystals and a gregates t©
pitted, crystals located

1Coating zood, Tew voids,
jCalcite

Same as Speclimen .

end
el

g b
ond 1t,
stals closely packed.

discoloration due tc FeC(QH) present 1 - 2

1
Anallysis of the Coatings
Satu-  Momen- 4 Cal- 6 Sid=- /% Li- Grain ;
ration tary cite erite monlite size
i excess  excess CaC0y FeC03 FeO(0H) (mnm) Macro description lero description
100 _—— -——— 1/180 to 1/90 Sparse distrhution, (Coating easily rubs off, volds 1 to 10 times crystal size,

A
/O *
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Table 2 i
» Dynamic Tests y
H . .
B e o onttitions ol vhe Tests L _analysigiof the Coatings
Total a j
~ L
hard-
ness 3
ppm , , :
equiv. 4 - Satiu- Satu-  Momen- % $id- % Li- Grain )
of ! E ration ration  tary erite monite size ! . L. . L.
CaCla  ma /- Cindex 27TCe38 excess FeC02 FeQ(0H)  {(mm) ‘@k@Po description Micro description
= Y o & ; - . I = - o ; iIna ine T3 8 i -
G2 b 7 Satiie + .65 7.3 105 2.7 15 15 70 1/50 + o - ine grains, linear Linear arrange@ent, calc%te was predomi
raticn coating., nate on top ol the coating.
! 10 10 80 1/90 + ov - ine grains, linear Irrecular linear coating,
L ’ L coating,
IS
{ . R -
Jeh 92 052 SERAPES I+ .65 73 15 2.7 35 25 e 1/90 + ov - fine grains, linear Linear arrangement.
ration i ' - couating.
20 15 45 1/90 + n» - f'ite grains, linear Ridges of limonite and siderite, calcite
- coating. in valleys, amorphous calcite prominent
; over coating.
4
3 Q2 3,0k Satle ¥+ 55 7.3 1.5 2.7 1.0 20 1O 1/90 + o - {Platy coating. Peels off in plates or sheets,
- : LA k - R e I b s g
ratlon 3 | ! i Li
i 30 20 50 1/90 to /30 f'ine grains, linear Linear arrangement, calcite predominant
¢ f coating., on top of coating.
{
' i : .
Dot 9e Satiie 4 565 7o e 2.7 20 15 65 1/90 + Av - inear spotty coating., Aidzes of siderite and limonite, calclte
il ration . ‘ present overall. Calcite readily
% ! gcrapes off.
Cast iron : 1 10 75 1/90 + or - inear spotty coating, Similar to Specimen 1, scrapes off more
svecimen 2 ¢ easilye.
ig ’ 3 2 o ™ > K
Cast iron & e 92 Satiie Contained b A 743 1.5 2.7 10 10 80 1/150 o 1/2 lard linear coating. Particles vary in size from microscopic
Sf@(}i nen 1 ration colloidal j ’ ' to a;,fgregates » limonite in linﬁar aPr-
CaCo3y, } rancement to calcite,
Cast iron i 20 10 70 1/90 + av = Coarse nard coating, Linear arran:enent, hard coating, glassy
specimen 2 i ¥ 1inear arrancement. texture on e mineral,
1
3 [ : - { P . — - O b — . . TS ~y T~ .
Cast iron Oad 92 Satu- Sontatnad b+ .55 7.3 1.3 2.7 20 10 70 1/150 + or = ‘ueavy coa.ty_ngge calclite uinerowdgéy oaloltg aggregates overlying
specimen 1 ration colloidal ¢ ’ rubs off easily. plate, ridzes of limonlte and siderite..
CaC03 ground * (
in ball mill §
for 6 days.
¥ Cast 0.25 ' 3 5,45 5.5 &h'near arrangement Calcite concentration in linear arrange-
7 Cast iron  10.25 83 Satu-  Contained F+2.20 5.85 .5 1b.5 30 30 1/90 + or - L LA G ’ SRt . f
specimen 1 ration colloidal soft and loose, ment, also siderite and limonite linear
CaCOém' h 1 concentration.
-
| i
| |
)
t




vonditionsg of the Tests

LAST lromn

soecimen o2

Taszt lron
apecimen 1

it iron
avacimen 1
Taat lron
apecimen 2
sat iron
mecimen 1

oAl .
2% Cast iron

Speclmen 1
Stainless
ateel
3ozcimen 2
zand blast

stainless
steel

specimen 2

Table 2
Dynamic Tests

(I1)

nalysis

8]

/~
~J

Other
Dis=- specifi-
solved catinns
oXygen make-np
(ppr) water
Satu=- Contained
ration collnidal
CaCQ)u
Satu- Contained
ration colloidal
CaCCg@
Satie Contained
ration c¢ollcidal
CS.CO% ¢
Satue- Contained
ration colloidal
CaGng
Satue~ Contained
ration collcidal
Satu- Contained
ration colloidal
CaCOB,

Ih..0

TN

Satu- Satu- Momen-=-
ration ration tary
index excess excess
+2.05 L8.5 a7
+lc«lo 3030 59)_I_
+1.0 2200 5.1
t+1,15 L0 5.0

k.0

SUFN NPT

of the Coatingzs

{Macro descrivtion

Miero d«scrint

j=H

on

% Cal- % Sid- % Li- Grain

cite erite monite size

CaC02 FeC0a  FeO(0H) (mm)

15 25 30 1/90 + o

1- 95 1/180 tc 1/25
20 15 55 1/90 + ¢» -
35 20 L5 1/90 + ¢ - 1
10 10 80 1/180 + v -
30 10 60 1/80 + ¢ -
30 10 60 1/180 + or -
25 10 A5 1/1580 + or =
30 10 60 1/180 + or -

jLinear, calclte loose.

Irregular coating,

jMedium hard, linear

coating.
Medium hard, linear
coating.

{Medium hard, fine li-

near coating,
Medium hard, fine
coating.

Medium hard, fine
coating.

'Tine, hard coating,

{0 coating visible.

Fine, hard, sugary
coating.,

Vo significant deposit.

Fine g¢rained agrregates, linear arrange=-
ment, as in Specimen 1,

Linear arrangement, light calcite film
between limonite concentrations.

Arrangement similsr to specimens of Test
L,

Linear coating, bonding not as good as
Specimen 1.

Fine linear coating, granular calcite v
overlying plate, ridges of limonite and
siderite, -

Calcite overlies limonite and siderite,
limonite found next to plate, fine gran=-
ular coating. :

Coatinz similar to Specimen 1.

'
]
i

Even coating, grained calcite coating
overlying limonite and siderite,

Even coating tending for linear arrange-: ..
ment, calcite overlies siderite and 1i-
monite., ;
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Aitions of the

Table 2 (
Dynamic Tests

Y e de
LS L

[t
UL

iron

.
sogcim

Cast iron
srecimen

Callsy _ma/dn

Total
narde
ness
jayesil
equiv,
of
07T
2.3 200
8,4 200
4
Ged 200
1
L( ' e 2 ‘)_5
1
A3 200
1
N2 200
1
2
Se 180
1

Durs = Other
ion Dis- specifl- ) . . )
EELL solved égtigns sf o Toatu= Stabi- Satu- HMomen=~
%;n+ 5Y§FGW make=up ration 1lity ration tary
7éé;g\ f;?ﬁ)h water b index index excess excess
aaysy AP _wacer g
1 Sati- Contained | +1.05 be2 Lh.o L.0
ration colloidal
' - V,
Satu-  Contained col<4 #1.05 5.2 Ll 1.0
ration loildal Ca 034:
Satu- Jontained zola+1.05 5.2 L L0
ration loidal Ca 01
. 5 " XS 3
1.5 = Contzined col4+2.05 5.15 x¢ 3.7
2.5 loidal Ca’013.
1e7 = Contained col<+1le05 5.2 Il .0
2.7 loidal Ca 031
I
|
‘ 5 {
27 - Contained col<+1la05 6.2 I IO
28 loidal Ca’03.
b
!
3
i
!
0.88 - Contained col«4t 95 6oy 3.2
21 loidal Ce303. .

TTI)

Analysis

]
of the Coatings

3

i

% Cal- 5 S8id- % Li- Grain E
giggg, ;gégif gzg%g:) ?;é? 1Macro description Micro description
11O 10 50 1/150 + v - i Soft coating.

15

10

20

10

10

20

15

15

10

80

20

U
o

63

63

80

1/90 to /180

1/90 to 1/1H0

1/190 + »v =

1/180 te 1/90

1/90

1/90

1/180

‘Hard coating, linear
arrangement.,

soft coating, linear
arrangement.

Uneven, medium hard
coating,

Soft coating, linear
arrangement,

Even, soft coating.

Even, soft coating.

Fine grains, soft
coating

%)
5.

Contained 56 masnetite, limonite ranges
in hardness from 2 to 5, blotches of
hard limonite, calcite overlies soft
limonite, masnetite and siderite dis-
persed throughout.

nidges of limonite flat and tend to break
off into plates, calcite malnly in the
valleys.

Contained 550 masnetite, linear arrange-
ment, calcite found in between ridges of
marnetite and siderite.

2iderite and limonite predominate close
to plate, amorphous calcite overlies
coating and predoninates in valleys.,

Contained 2. magnetite, limonite harder,
siderite and magnetite coating to plate
overlies by amorprhous calcite.

Contained 2,5 magnetite, similar to Speci-
men 1, however calcite more intermixed
instead of predominating over coating.

Contalned 15 magnetite, coating flaky
tends to break off in sheets, very lit-
tle calcite next to plate, limonite, sid=
erite and marsnetite predominate next
to plate.
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Table 2 (IV) .
Dynamic Tests %
i
* inalvsis |
Conditions of the Tests ! Analysz.sj
Total | %
hard- 4
ness Dura=- Other ' |
Ppm tion Dig= specifi- P ) N g e o . _
éaUng Current of solved cations of Batu=- Stabl«- Satu- Homen= % Cal- % §1d~ % L}- G?aln 4
of Imnressed test onygen malte=up ration 1ibvy ration tary cite erite menite size
o GaC0a ma/Ame (days) (ppm) water index  index XCESS ©XCess CaC03 FeCO2 FeO(0H) (mm)
hd DL vt N IO A o ;...f""" R, i ; ! 3
Tpon 8, 150 0 3 I = 5 Contained col«+ .95 6.l 3.2 25 15 60 1/180
men 1 loidal CalO3.
B |
I
i o
8.3 130 Satu-  Contained col«+ 95 6.l 3.2 25 20 55 1/180
1 ration Lloidal Cel03. |
R -
8.3 140 Satu-  Contained col«+ ,95 5oy 3.2 25 20 55 1/180
: ﬂ ration loidal Cel09.
) i 25 20 55 1/180 _
G.1 110 10 - Containel col«+ .95 6ol 3.2 10 10 78 1/90
1 11 loidal Cel0ags ! %
t iron 10 10 79 1/90 to 1/180
2 ‘ |
nless e 200 satu- Containec col44+1,05 6.2 Il 98 1=2 1/1
ol ' ration loidal Cel0y |
cimen 1 and iron
oxide.

of the Coatings

j Macro description

ificro description

Fine grains, soft
coating.

Linear arranzement,

medium hard codating.

Linear arrancement,
medium hard coating.
Linear arrangement,
medium hard coating.

Uneven, medium hard
coating.

Uneven, medium hard
coating.

Uneven, medium hard
coating.

Contained 1% magnetite, linear arrange-
ment, calcite overlies ridges of limo-
nite and siderite, calcite also found in
valleys, intermixture of all present
nesar plate,

Contained 1% macnetite, blotches in li=
near arrangement, amorphous calclte in-
termixzxed throucshout.

Limonite predominates near plate, cal-
cite overlies coating.
Same ag Specimen 1.

Contained 2% marnetite, irregular blotchy
coating, blotches in linear arrangement,
calcite overlies plate, limonite, sid-
erite and magnetite next to plate,

Similar to Specimen 1.

Amorphous calcite coating more prominent -

where limonite present, coating tends tdf
be at one end of plate and opposite on -
the other side, voids 1 to 10 times size
of particles,



DISCUSSTION OF RESULTS

Mineral Content of Developed Coatings

Examination of minerals developed upon the cast iron
specimens showed that coatings consisted of mixtures of li-
monite (hydrous ferric oxide, chiefly goethite), calcite
(calcium carbonate) and siderite (ferrous carbonate). IMag-
netite was also present in some tests, usually covered by
limonite. With stainless steel specimens only calcite was
found.

Microscopic examination revealed a linear arrangement
of ridges and valleys on cast iron specimens from the majo-
rity of tests. This linear arrangement was particularly
noticeable for specimens from dynamic tests. Most of the
calcite observed was found in tne valleys, while ridzes
were commonly limonite on the surface with siderite near
the metal.

Calcite showed typical rhombonhedrals on the stainless
steel specimens. In the valleys of cast iron specimens
some calcium carbonate crystals were noted but the calcite
was commonly amorphous. Ridies were predominantly hydroas
ferric oxide in the form of limonite witlr some calcite ofl-~-

ten present on the top. Siderite was commenly Zound in



very fine c¢rystals. Limonite was not crystalline, beings
observed in the amorphous form only.

Percentages of the siderite constituent of coatings
very closely followed that of calcite. iMaghetite was found

in amorphous form only.

Polarization Studies

The significance of polarization studies in investiga-
ting the action of a corrosion inhibitor has been discussed
previously under theoretical considerations. These studies
were undertaken for the purpose of determininzs the function
of calcium carbonate as a corrosion inhibitor,

In the first three dynamic runs, studies were made
using a galvanic couple of cast iron spscimens mounted in
the test cell of the flow system. These runs were conduc-
ted at a pH level of 8.6, a hardness of 86 ppm equivalent
of CaCO3, water saturated with dissolved oxygen, and no
colloidal CaCO3 present. The applied current density was
the only variable in the testing conditions of the runs.

Direct current was applied throuch the specimens,
which acted as electrodes, from the dc power supply. Cur-
rent densities of 0.825, 1.652, and 3.30!f ma/dm2 were re-
spectively anplied in these three runs. Polarization

characteristics of the electrodes were determined accordin~



to the method discussed under experimental procedure.

Filgures 11, 12, and 13 show polarization characteris-
tics of the anodes and cathodes for the three tests. In
each case the upper curves renresent the potential values
of the cathode at the indicated rate of applied current
density between the electrodes. Thne lower curves show the
potential-current density characteristics of the anode.
Percent compositions of the coatings developed after 7 days
period are shown in Table 3.

Figure 11 shows polarization curves which were ob~-
tained at the applied current density of 0.826 ma/dme.
These curves show that the corrosion was essentially under
mixed control for the entire test.

At applied current densities of 1.652 and 3.30L ma/dm2
Table 3 indicates that more calcium carbonate was deposited
on both cathodes and anodes. Polarization curves obtained
at taese higher current densities are shown In Figures 12
and 13. Comparison of the cuirves in Figures 12 and 13 with
those in Tigure 11 reveals that the only noticeable chan-e
which took place as result ov deposition of more CaCOB wa.s
increased polarization of the natrodes as the tests »Hro-
gressed. This increased cathode polarization, as measured
by the slopes of the cathode curves, was more pronounced in

Figure 13 where more CaCO03 was deposited on the electrodec.

o)

2

£ Fimures 1

i

Open=~circuit ootentials of the cavrode curves o
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Polarization Curves for Dynamic Test 3
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and 13 also show a significant shift in the cathodic or
more noble direction as the tests progressed.

Anocde polarization curves of Figures 12 and 13 show no
significant change in polarization or open circult potentials
as compared with those of Figure 11 although more CaC03 has
been deposited on the anodes. This indicated that calcium
carbonate had no inhibitory actlon on the anodes of the
galvanic couples.

From the above discussion, it may be stated that cal-
cium carbonate acted primarily as a cathodic inhibitor on
cast iron specimens.

Table 3 indicates more CaCO3 deposited on cathode than
on anode specimens. The neutralization of hydrogen ions in
the solution at the cathode resulted in the production of
alkaline condition in the vicinity of this electrode, as
has been discussed under theoretical considerations, An
increase in the pH value of the solution near the cathode
would then be produced which shifted the CaC03 equilibrium

in such a way to favor more depositlon in that region.

Formation of Colloidal CaCO3

It 3is to be recalled that two procedures were followed

for preparation of colloidal CaCO03 by the addition of lime

solution and carvon dloxide to demineralized water. In the
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first method, the pid was allowed to rise to a value hicher
than 10 by adding excess lime water to a supersaturated
solution of CaC03. Colloids formed were prevented from
growing into crystalline size by quickly adding CO2 to
bring the pH to a lower desired level. In the second and
most used method, the pH was held at a predetermined level
while lime solution and carbon dioxide were added to de-
ionized water until colloidal CaCO3 appeared.

An investigation was made of the dezree of supersatu-
ration of CaCO3 solution at which colloidal particles wWere
formed at different levels of p: . Carbon dioxide and satu-
rated lime solution were added simultaneously to two liters
of de-ionized water in a lLi-liter flask. The addition of
these two chemicals, after saturation conditions had been
reached, was carefully rezulated so that the pH level of
the solution was maintained at a desired level., Ten mi-
nutes after each 2-ml addition of saturated lime water and
corresponding addition of CO2, the solution was examined
for colloidal particles of CaCO3. The scattering effect of
a lizht beam was used as an indicatlon of the odresence of
co0lloids. A slizht drop in pH value was another indication
of colloid formatione.

Table l shows pH and hardness values corresponding to
the supersaturation levels at which colloidal CaCO3 ap=

{

peared. Values of "momentary excesz' and "saturation
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excess" corresponding to these levels of supersaturation
are also shown.

Values of pH were plottsd azainst values of "momentary
excess" and "saturation excess" as shown in Figure 1lli. This
figure indicates the "momentary excess™ and "saturation ex-
cess" values for supersaturated solutions at which CaCo0y
colloids formed at different pH levels. Values of "momen-
tary excess" required to precipitate colloidal particles
out of solution were higher as the pH levels increased.
Values of "saturation excess," however, decreased as pH le-
vels acquired higher values.

Condensation of molecules and ions into colloidal par-
ticles has bezan examined comcrehensively by von Welmarn
(35). Tle concluded that relative supersaturation, not ab-
solute supersaturation, governed the rate of nucleus forma-
tion of these particles. The ratio of "momentary excess"
of supersaturated solution to the solubility of CaC03 in
solution can be defined, in this case, as the relative su-
persaturation. The solubility of CaCO3 in water is con-
stant at all pH levels. TFormation of colloidal CaC03, thus,
shoulid not be influenced by the pi level of the solution
and should be a function of 'omentary excess" values of
solution only.

Variation of "“momentary excess" values with p¥ levels

may be due to the temporary »roduction of local areas of
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very high supersaturation. ''Wwo supersaturated solutions of
the same "momentary excess" values but at different pH le-
vels contain different concentrations of calcium, carbonate,
bicarbonate, and hydroxide ions. The solution of the lower
PH level contains relatively hicher concentrations of cal-
cium and blearbonate ions and relatively lower concentra-
tions of carbonate and hydroxide ions. By adding 2 ml of
lime water to low pH solutions, a higher temporary "momen-
tary excess" value is created locally in the areas where
lime water is only partly mixed with the main body of the
solutions, and bicarbonate ions are converted into carhonate
iongs, In addition, a heavy zoncentration of calclum ions
also exists in local areas of this solution. Colloids may
thus be formed locally in these overconcentrated areas. Z3c=-
dissolving of colloidal particles once formed is a very slow
process. The colloids formed ia; alsc act as nucleil to fur-
ther aid CaCO3 preclpitation.

There is less chance of forming these temporary local
areas of very high supersaturation by additlon of 2 ml of
lime wazer to ~ign pf solution. There are relatively few
bicarbona+te ‘ons to be converte? into carhonate ions and
tre concentrasion of calcium ions is relatively low too.

Calcium carbonate colloils were also prepared hy ~rin-

ding CaC03 powder In a hall »111 for A dar7s. Some 2aCl3

colloids were formed when ©thlsz nouder was added to de-ionined



water. Colloids prepared in this manner were used in Dyna-
mic Test 7 and Static Test 20. It was found that these
colloids were very unstable, precipitated heavily, and did

not produce favorabvle coatings.

Electrical Charge of Colloidal CaCO03

It was found that colloidal calcium carbonate parti-
cles, in the pH range of 6 - 11, always migrated to the
cathode when placed in an electric field of an electropho-
resis apparatus. This observation indicated that these
colloidal particles carried positive charges. Such finding
was not in agreement with that of Larson and Zuswell (35)
who have stated tnat calcium carbonate had a negative
charze in the presence of calclum bicarbonate as well as in
the presence of calcium hydroxide.

In order to check further, the following tests were
made:

1., De-ionized water was distilled twicz and used to
dissolve Fisher certified reagent Ca(0H)p2 to form
colloidal CaC03. ''he resulting colloids showed a
positive charge iIn the p¥ range of 6 - 1l.

2. Colloidal CaC0O3 was prepared frem lime water, and

excess NapC03 and CO2 added. *“he colloid formed

showed a dositive charie.
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3. Moderate concentrations of CaCly and NapC03 were
mixed to prevare colloidal CaC03, which showed a
positive charge.

Lo CaCO3 powder was ground in a ball mill for 6 days.
Some CaC03 colloids were formed when this ground
powder was added to de-ionized water. The colloids
once again showed a positive charge.

5. A current was impressed through two stainless steel
specimens, one actinz as the cathode and the other
as the anocde. The soluticon contalined colloidal
CaC03. liore CaC03 was deposited upon the cathode
than the anode.

Upon the basis of these experiments, 1t was concluded
that colloidal CaC03 has a positive charge in the pH range
6 - 11.

The electrical charze carried by colloidal particles is
of fundamental importance, because without this charge col-
loidal systems are unstable. The source of the charse 1s
explained by the so-called electrical double layer theory.
This theory assumes that a layer ccnslsting of two parts
surrounds the colloidal particle. The first layer approxi=-
mately a single ion in thiclkness, remains firmly attached
to the wall or surface of the solid phase and determine= the
crar:e. The secocnd part of ti= double layer extends some

distance into the liguid phass and is consldered movable.
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Since a colloidal CaC03 particle travels to the cathode
when placed in an electric field it may be assumed that such
a particle has preferentially adsorbed calcium ions from the
solution, thus localizing a number of positive charges in
the immediate neighborhood of the particle's surface. The
hydroxyl ions may be assumed as the second vart of the
double layer which is assoclated with adsorbed calcium ions
and 1is dispersed around the particle at a certain average
distance from it as shown in Fizure 15. The concentration
of hydroxyl ilons is only slishtly greater around the partl-
cle than in the main body of solution, Colloidal calcium
carbonate particle may thus be represented by
(CaC03)Ca* §0H™ where (CaC03) implies a particle of calcium
carbonate and the dotted lime indicates approximately the

1imit of the fixed part of the double layer.

Effect of Colloidal CaCO3 on Coatings Developed

Most static and dynamic tests were conducted with cal-
eium carbonate present in colloidal form. Hard, dense,
protective coatings, with good bonding to the metal surface,
were _enerally obtained in the presence of the colloids.
This was especially true for coatinzs on specimens obtained
with dynamic tests. Coatines from tests made under identi-

cal conditions without colloidal material present were
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softer and formed a poorer bond to the metal.

Microscopic examination and petrocraphic analysis of
the coatings revealed that the action of colloidal CaCO3
was to improve the bonding and hardness of corrosion pro-
ducts, especially limonite. Linonite »resent in coatincs
obtained in presence of colloidal CaCOB was harder in Moh's
hardness scale and darker in color as compared with that
formed under similar conditions without colloids. Calcite
and limonite were found in physical but not chemical mix-
ture.

Coatings obtained from some specimens under dynamic
tests iIn the presence of CaC03 colloids consisted of a uni-
form clinging protective mixture of limonite, siderite, and
calcite. Thils material formed the entire coating including
the innermost layer next to the surface of metal, This
mixture bonded well to the cast 1lron specimens and was hard
and relatively toush. Coatings obtained from tests where
colloidal material was absent were quite different. In
this case the laver at the metal surface was found to he
formed o~ loose crains of li-oniuta over which layers of
mixed, unpacksd grains of calclite, siderlte and limonite we
were bulilt up.

In dynamic tests a great~vr tendency to form linear ar-
rangements characterized coa™in @ cbtained In the »resanco

of colloids a3 compared to thosce chtained under similar



conditions without colloids. In static tests, when col-
loids were present the coatings consisted of calcite dis-
tributed between blotches of limonite and siderite. In the
absence of colloids, under identical static test conditions,
coatings were composed of loose grained mixtures of calcite,
limonite and siderite. Generally, the size of grains for-
ming the coatings was slightly greater where colloids were
present.

Table 5 shows the effect of colloidal CaCO3 in static
tests. The weignt —ain in this table is the weight of
CaCO3 coating deposited on stainless steel specimens. The
weilght loss is the metal lost after cleaning the corrosion
products from cast iron specimens with an electric eraser,
Less weight loss for cast iron specimens and more coating
of stainless steel specimens resulted in tests where the
water contained CaC03 in colloidal form than when colloids
were absent, 2ll other factors being the same.

It would seem that the development of good anti-
corrosion orotection requires an Initial deposit of dense
material which is well bonded to the metal. This layer need
be but a few molecules thick., Tpon such a foundation a hard
and tenacious coating can then be developed. It has appeared
that such initial layer should be of an adhering mixture of
corrosion oroducts and calclium carbonate. Tleither rust

alone nor calcium carbonate alons vossesses the desirable
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qualities of the mixture. Rust not containing CaC03 has
been too porous and not sufficiently dense. Pure calcium
carbonate layers, on the other hand, were soft.

In the presence of CaC03 colloids the test waters were
observed to move rapidly toward equilibrium. It is well
recognized that calcium carbonate remains in supersaturated
solution for long periods of time unless the reaction rate
of calcium and carbonate lons in forming calcium carbonate
is inecreased by the presence of crystal nuclei or by energy
in the form of turbulence, hizh velocity or heat. The ac-
tion of the colloidal calcium carbonate has been to accele-
rate the movement of the supersaturated solution toward
equilibrium. Rapid deposition of calcium carbonate has re-
sulted in the formation of an Initial dense layer of the
mixture, described above, before corrosion products had time
to bulld up on the surface of the metal.

The positive charges of colloidal particles also aided
the formation of the dense, hard coatings. These parti-

cles, due to thelr charzes, were selectlively laid down on

ot

catnodic areas of the —etal suriace throuch electrodeposi-

tion. As shown in nolarization stndiess, 1t has been esta-
blished that calciwmn carbonate acted as a cathodic inhibi-
tor. The rate of corrosion thus was decreased because this
cathodic film formation increased the polarization ol cath-

odes in the corrosion cells on the surface of tThe motal.



It can be concluded from the above discussion that,
due to selectivity in deposition, the over-all rate of cor-
rosion was less in the presence of colloids than without
such colloids, all other factors being the same. This fin-
dinz was substantiated from weizht loss determinations in
Table 5.

With a decreased corrosion rate, calcium carbonate
could interact with corrosion products In forming protective
layers of the coatings. The formation of protective films
on cathodic areas of the metal probably caused the forma-
tion of differential-aeration cells with the shielded cath-
odes becoming the anodes of the new cells. Thus mixtures
of corrosion products and calcium carbonate would bhe depo-
sited uniformly through the entire surface of the metal,

Figure 16 shows potential-time curves for Dynamic
Tests L and 5. <Colloidal CaCO3 was the only variable, all
other factors beinz the same; Test Water 5 contained CaC0jy
in colloidal form while no such colloids were present in
Test li. Corrosion potentlials were measured against the sa=-
turated reference caloiel elesctrode at the end of desired
intervals of time.

The variation of potential with time during corrosion
provided informaticn of interest. Such potential variation
serves to distinzuish between the tendency to develop corro-

sion and the tendency to stifle corrosion. A continuously
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falling potential shows that the liguid is corrosive, while
a steady or rising potential is noted when the liguid fa-
vors passivity. The absolute level of potential is without
significance; interest attaches only to the question of
whether potential rises or falls. It is to be recalled that
when passivity 1s due to increased polarization of the cath-
ode the resulting corroslion potentials are of less noble
values (higher negative values) as compared to a standard
calomel electrode.

With the absence of colloids in Run L., the corrosion
potential of cast iron specimen changed sharply to a less
noble potentlal in the first hour. This initial chanze was
followed by a rather sharp and gradval shift in the noble
direction over the remainder weriod of 120 hours. The in-
crease in necative value of the potential during the first
hour can be attributed to tac formaticon of corrosion pro-
ducts on the surface of the ¢necimen. The subsequent de-
crease in potential values is wrobably due to removal of
corrosion products from the surface of the specimen as the
run was continued.

The corrosion potential of T=st 5 where colloids were
present shows a rapid shilt ‘n a l&ss noble direction, fol-

. . e . . s
lowed by a stead - and cradual -0t In the same direction

(%)
ot
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beginning of the test was greater than for Run li, Passi-
vity was maintained and increased for the remaining period
of the test.,

It 1s to be noted that CaC03 crystals of larger than
colloidal size did not have as favorable an effect on for-
mation of coating, as colloidal CaC03. These crystals
showed a typical calcite form under a microscope and car-

ried no electrical charge.

The Effect of Momentary Excess
on Coating Development

In an agueous solution, the calcium and carbonate ions
present wnich are in excess of the sclublility product con-
stant of calcium carhonate have been defined by Dye (32) as
the "momentary excess." Yomenta»y excess is invariably less

4

than "saturation excess," which is the amount of calcium
carbonate preclpitation that must take place to brins a
calcium=-carbonate-bicarbonate-carbon dioxide system to
ecuillibrium.

S3ince the concentration of carbonate ions in a 1lven
solution is a function of the pH level of that solution,
hish momentary excess values reznl~ from ni~h pd levels.
Low »H levels, conversely, <rclice low momentary excaci o=

1 7)Y = Ters B o e PN IR SO IRV
lues. ‘The moaentary eicess tevel venresents the driviae

force tendin-: toward calciwm carhorate deposition. T
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relationship, therefore, should exist between this excess
and the rate of calcite deposition.

Table 6 shows values of momentary excess and satura-
tion excess for waters which were studied in dynamic tests.
In all tests shown the water contained calcium carbonate
colloids. Tests were run for the period of time required
to produce a definite coating, commonly one to five days.

Tests 7 and 8 were made at hich pH levels (high mo-
mentary excesses). lhe coating on Test Specimen 7 was soft
limonite covered by heavy, loose srained, and chalky depo-
sits of calcite. It was apparent that there was no inter-
mixing between limonite and calcits, especially in the layers
closest to the metal. The coatine of Test 8 consisted al=-
most entirely of soft limonite, very little calcite being
present. The rate of deposition of CalO3 was very high in
these two tests. However, only a small part of the material
was deposited on the test spzscimen, the remainder plating
out at the bottom of the barrel reservolr and in the Tyson
tubing of the apparatus.

Momentary excess values for the other tests of Table 5,

were of much lower order than for the first two hizh p7

studies. Hard, dense coatinzs we-e developed on all speci-
mens witn sood to excellent ovond to the metal. CTalcite
zrains foiwnd In e contincs o7 Th.ese tests gere of artout

. 2 I I SN P = 3 T 3 s
half the size of those found =% “i~m p7 levels, Uniform
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intermixing of calcite and corrosion products generally ap-
peared in all the tests with low momentary excess values.

Figure 17 shows the corrosion potentials of the speci-
mens during some of the tests shown in Table 6. Potential
values for Tests 7 and 8 of hizh p¥ levels and high momen-
tary excess do not indicate a hish level of passivity as
compared to those of Tests 11 and 12 of low pH levels.

The relative protective values of coatings developed
on cast iron specimens in static tests in the presence of
CaC03 colloids is shown in Table 7 for different levels of
momentary excess., This evaluation 1s also based upon hard-
ness and bonding to metal.

Coating on the specimen from Test 13, which was con-
ducted at a high momentary excess level of 6.5, was the
poorest. This Test 13 coating was made of soft blotches of
limonite with very little calcite. In Test 9 a low momen-
tary excess value of 0.42 also produced a poor coating con-
sisting largely of soft blotches and aggregates of limonite
and siderite.

At a momentary excess level of 11l.1 in Test 19, the
coating obtained was made of calcite distributed between
blotches of limonite and siderite. The limonite apveared
to be relatively harder than tha* formed on speclimens of
Tests 11 and 13, Similar arrancement of calecite deposition

between blotches of lirwnite and siderlite was also obtained
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on specimen of Test 5, The blotches, however, were smaller
in size than those formed on the specimen of Test 11, and
the coating appeared slizhtly harder than that obtained in
Test 11.

The same evaluation is shown in Table § for stainless
steel specimens in static tesus under different momentary
excess levels., In these tests, the specimens were under a
uniform applied current density of 1.03l ma/dm2, and col-
loidal CaC03 was present in the test waters, The weisght of
CaCoO3 deposited on the cathodes and anodes of stainless
steel specimens after a period of seven days 1s used as an
index of the effect of momentary excess level.

Once again, coatings on specimens obtained from tests
with hizh levels of momentary excess were the poorest,
based upon hardness and bonding to metal. Better coatings
developed in the tests with lower levels of momentary ex-
cess.

No relationship conld »e obtained between the weight
of CaC0O3 deposited on the anodes and cathodes of stainless
steel specimens and momentary excess levels. The data in-
dicate, however, that the weicht devosited on the specimens
was more nearly related to hardness than to momentary ex-
cess, Generally the hicher the level ¢f hardness the wmove

Fal

CaCQy deposited on hoth the cathode and ancde of stalnless

@D

steel specimeans.
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From the ahove analyses of the relationship between
momentary excess levels and the coating developed in both
dynamic and static tests, it was considered that the anti-
corrosion value of these coatinzs was, generally, in in-
verse ratio to momentary excess levels. That is, low mo-
mentary excess levels produced superior type coatings.

Low momentary excess levels with high saturation ex-
cess values, in the presence of CaC03 colloids, led to the
formation of the best coatin; developed, especially in dy-
namic tests. These coatings were tenacious, hard and pro-
tective. This combination of low momentary excess and hich
saturation excess occurs when the test water is in the pH
ranze of 8.2 to 8.7 and has a momentary excess between 2,5
and 5.5. Levels of pH hizher than 9.5 were definitely es-

tabhlished as undesirable.

Effect of the Aze of Colloidal Particles
On the Rate of Devosition of CaCl3
and Coating Development

It was found that the rate of deposition of Ca003 from
supersaturated solutions containinz colloidal materlal was
not only related to the momentary excess levels of the so-
lutions but also to the aze of tiic collocidal material pre-

sent.

Three identical Dynamic Tests 1L, 15, and 16 weve nade
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with the same testing water at pH of 8.3 and momentary ex-
cess value of .0, Test 15 was made four days after Test 1L
while Test 15 was made twenty days after Test 1ll.. The only
difference between the tests lay in the aze of the colloidal
material in suspension. Precipitation in Test 1L was 15 ppm
per day, in Test 15 was 45 ppm per day, and in Test 16 was
60 ppm in six hours.

Both Tests 1l and 15 produced good protective coatings
in one day's time. The coating of the Test 1} specimen was
of smoother texture and did not show the very marked ridges
and valleys of the specimen's coating of Test 15. The
coating of Test 15 seemed slightly harder and better bonded
to the metal surface.

Figure 18 shows corrosion potential-time curves for
Tests 1l and 15. The figure indicates that the passivity
acquired by the specimen of Test 15 was still increasing at
the end of one day's time, while that of Test 1l had reached
an almost steady level by the end of a half-hour veriod.

Coatings from Test 16, where the rate of precipitation
was high (60 ppm in % hours), were checked at the end of
six hours and found to be very poor. The coating could be
removed easily by a finger nail as the limonite was very
soft. Analyses indicated that percenta_e calcite in the
coating was much less than that of lests 1% and 15, althouzh

the rate of depositlon of CaC0g was ~mich himaer.
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The effect of the age of colloids on the rate of depo-
sition of CaCO3 and consequently on the coatings developed
can also be shown in Dynamic Tests 12 and 13. “hese two
tests were also conducted at pX of 8.3 and momentary excess
value of [.0. Test 13 was made 7 days after the beginning
of Test 12, using the same testing water. The average pre-
cipitation in Test 12 was 10.2 ppm per day and that of Test
13 was 52.5 ppm per day.

Coatinzgs developed on the specimens at the end of five
days wita test 12 and four days with Test 13 were both good,
dense, and na=»d, with good »onding to the metal. THowever,
the coatins of Test 12, was oF smoother texture, somewhat
harder and hebter bonded to tihe etal than that of Test 13.

Potentlal-time curves for Tests 12 and 13 are shown in
Figure 19. ®S»ecimen potential of Test 13, where the rate
of deposition of CaC03 was higher, shifted more rapvidly to
large negative values at the beginninz of the tests than
for the specimen of Test 12. As the tests progressed, the
specimen of Test 12 acgquired more protection than that of
Test 13.

It was evident from these and other tests that the
rate of deposition of calcium carbonate had very siznifi-
cant influence on the type of coatings developed. Zood

coatinss were produced cnly uvnder a certain ranse ol depo-
fo]

o’

tion rates. Jelow or above Trhnat range coatints uvere

=

3
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Coating Developed
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poor. This optimum range of deposition rate was achieved
when the test water was within the range of pH and momen-
tary excess levels recommended in the discussion on the in-
fluence of momentary excess levels and when the collcids
were newly formed.

As colloids became older and probably larger in size,

the rate of depositicn of CaCO3 increased althourh the test

]

water was .i1aintained at the same lovels of pH and momentary
excess. In Test 15, the rats of deposition increased beyond

the limited range recommended and resulted in a poor coating,.

Effect ol Dissolved Oxvysen Levels
on Coatincs Developed

Levels of dissolved oxyzen other than for saturation
were studied in Dynamic Tests 17, 18, 19, 20, 21, 22 and 2lL.
Table 9 shows dissolved oxygen levels for these studies.
Analysis o7 the coatings developed 1s also shown in Table 9.

Test waters for Dynanic Tests 20, 21, 22 and 2L were
identical; the p¥ level was 5.3, hardness was 180 oom and
colloidal Ca003 was present. Dissolved oxyien level was the

*

our Ltests.

only variasle in cnese I
e coatin~ devaeloned a~ 107 dissolved oxysen level of
0,83 to 2.1 »om in Test 20 was soft and flay, chizfly (79l

1imconite, The percent calcite was relanively low. ery
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small amounts of limonite, siderite and magnetite were found
next to the metal, which was covered by a smooth soft layer
of calcite., There was no tendency toward the linear arrange-
ment tnat usually characterized dynamic runs at a saturated
level of dissolved oxygen. It was quite apparent that there
was no intermixing of calcite and corrosion nroducts.

Evan (1L) has stated that calcium carbonate in the pre-
sence of suffilcient oxygen will interact with iron salts
formed below to give a clinging form of ferric oxide rust.
This mixed layer will be more protective 1if oxygen is pre-
sent in large amount because the oxidation of ferrous com-
pounds, which form first, is sufficiently rapid to ensure
that hydrated ferric oxide 1s precipitated next to the me=-
tal. At low oxygen concentration the rate of oxidation of
ferrous hydroxide to ferric hydroxide is slow enouszh to per-
mit precipitation of both ferrous and ferric hydroxides with
subsequent formation of magnetite out of physical contact
Wwith the metal.

In Test 20 only one percent of magnetite was found in
the coating. Calcium carbonate was probably laid down be=~
fore sufficient hydrated ferric oxlde nrecipitated next to
metal to permit intermixin: with calcite.

The coating obtained at a higher dissolved oxyzen level
of I = 5 ppm on the specimen of Test 21 revealed guite dif-

ferent characteristics as comvared to trose noted on the
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specimen of Test 20. Linear arrangement of ridges and val-
leys was clearly shown. A larger amount of corrosion pro-
ducts was formed in the coatin~. Althouzh most of the cal-
cite present was on the top of the coating, petrographic
examination showed some intermixing with the »roducts of
corrosion near the metal surfrce. The coatin~ was soft and
could be removed easlily with a finger nail. The rate of
oxidation of ferrous hydroxide and subseguent precipitation
of ferric hydroxide next to the metal was apparently still
not sufficient to allow thorough intermixing with calcium
carbonate.

A harder and better coating was obtained In Test 22
where the test water was saturated with dissolved oxygen
(7 - 8 ppm). The linear arrangement was more bdronounced
than for Test 21. The most »rominent gquality distinguishing
the coatinn from those obtained at lower dissolved oxygen
levels was the thorourh intermixin~z of calclite with corro-
sion products.

Test 2l was conducted at a dissolved oxygen level
higher than satration, in the 10 - 11 ppm range. An irre-
gular, uneven, blotchy coatins resulted in this study. Re-
latively hard blotches of limonite, siderite, and magnetite
overlaid by calciie covered a portion of the surface of the

specimen. The rest of the surface was clean metal with no

coating.
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The mechanism of formation of this coating, apparently,
was different from that in effect at dissolved oxygen levels
below saturation. The rate of precipitation of ferric hy-
droxide next to the metal surface probably was too fast to
permit intermixing with calcite near the metal.

Figure 20 shows potential-time curves for Tests 20, 21,
22 and 2li. The curve of Test 20, which was studied at the
lowest oxygen level of 0.88 - 2.1 »pm, indicates formation
of a teiporary passivity at the bezlnmning of the test.

This passivity was proovably die to the precipitation of a
loose mixture of ferrous hydroxide, ferric hydroxide and
magnetite which was removed as the test prozressed,

As dissolved oxygen levels increased in Tests 21 and
22, potential-time curves indicnte that the passivity formed
at the beginmning of the tests, due to formation of ferric
hydroxide, acquired more permanent Torm. opecimen potential
of Test 2, which was conducted at an oxygzen level of 10 -

11 ppm, shifted very sharply to hi-h nezative values at the

~

beginning of the test. This

5
)
'3
l_lt
o}
w
by
j
5
ct
=

was Tollowed by
rapid falling and then by a slower steady fall. The sharp
rise of potential at the beginning of Test 2L can be attri-
buted to the excess deposition of loose ferric hydroxide,
which was then re-ovel irom the surface of the metal as the
test vro~ressad,

Test 17 was studisd at low oxyier level of 1.5 - 2.5
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ppm and high momentary excess value of 3li.7 with a high
rate of CaC03 deposition. The test water was at a pd of
10.25, and a hardness of A5 ppm, and contained CaC03 col~-
loids. The resulting coating was uneven and irregular, con-
sisting mostly of magnetite, and covering a larze part of
the specimen surface.

Sixty five percent of the specimen coating obtained
from Test 17 was black macgnetite. The iInsufficient supply
of oxygen and high rate of CaCO3 deposition prevented fur-
ther oxidation of ferrous hydroxide which nrecipitated with
ferric hydroxide on the metal surface. Interaction of fer-
ric and ferric hydroxides thus yielded magnetite. The
coating contained a relatively small percentage of calcite
after 5 days. CaCO3 apparently was removed as the test
progressed due to poor bondin: to elither iron oxides or to
the metal surlace.

The potential-time curve of Test 17 1is shown in Figure
21. The curve indicates that the cast iron svecimen began
to acquire some passivity only alfter about hO hours had
elapsed. ''his passivity may be attrlbuted to precipitation
of sufficient ferric hydroxide to allow some intermixing
with calecite at this stase of the test. Formation of larse
amounts of magnetite which appsared to be scuewhat hard may
also have contributed to this oassivity.

] =N T S 3 hale hal ~
Test 195 was conducted at a -~ of 0.3, a hardness of
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200 ppm, a dissolved oxygen level of 1.7 - 2.7 ppm, and in
the presence of CaC03 colloids., After four days the coatin:
was soft and similar to that obtained from Test 21. A heavy
calcite layer overlaid the coating, while limonite and sid-
erlte were found next to the metal. Very little intermixing
occurred between calcite and the products of corrosion.
Potential-time curve of the specimen of this test, shown in
Figure 21, indicates similar behavior to that of Test 21.

A very nizh level of dissolved oxygen was used in Test
19. 'als test was at a ph of U.3, a hardness of 200 »pm, a
dissolved oxygen level of 27 - 23 ppm, and in the presence
of colloidal CaC03, A soft coating was obtained. An excess
of corrosion products was ooserved near the metal surface
covered by a calcite laver. Ohviously, the devosition of
ferric hydroxide near the metal surface was too fast to
permit intermixing with calcite.

The distinguishing characteristic of the coating ob-
tained from Test 19 and as conpared with trat ontained from
Test 2l at an oxy:en lesvel of 10 - 11 pont was one of unifor-
mity. The ceoating of Test 19 covered tne entire sarface of
the specimen while that of Jest 2l covered only nart of The
metal surface.

Ti-ure 21 snows the notential-tiie cirve of Test 19,
e ;eneral stave ol Tie ¢ TYE W05 gixilar to that Tor Test

- BN N I * A
2}-,‘ shown in .“.’i—”n”e L_‘\,\'. - and all o!f ;uOte,.tL;.l



values at the beginnins of Test 19 was greater than the
corresponding shift of potential values in Test 2l.. ‘This
was probably due to sreater orecinitation of loose ferric
hydroxide on the metal surface at the early stage of Test
19 and subsequent removal of these vrecipitates.

LIt can be concluded from the abhove discussion that in
order to develop a jocd, hard, and uniform coating, a coor-
dination snonld exist between the rate of deposition of
CaC03 and the rate of formation and precipitation of ferric
hydroxide next to the nmetal sur’ace. At the rates of depo-
sition of CaCOj3 studied, it ar2learea that saturation of
test water with dissolved oxyen was the optimum level,
permitting thorou~h intermixin~z of calcium carbonate and
consequently resulting in the development of a favorable

coatinge.

Effect of opecimen o> rface Conditions
on Coatin;s “evclooed

of the flow systen i Test 11l. Ons ol the s eciiens s
sand olastol while no arriacs condlitloning was apdlled o
t-e secomd sunz3cimen other TN > stendard "roced-re oF

was used Tor all cast Zro: s I othe stodr,
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test was conducted at a pT of 8.!., a hardness of 205 ppn,
saturation with dissolved oxygen, and in the presence of
CaC03 colloids.

No difference in composition, hardness, or bonding to
metal was noticed in the coatings developed on the two spe-
cimens. Potential=time curves revealed a slight difference
in the passivity acqguired by the two specimens, as shown in
Filgure 22. The sand blasted specimen curve shows slightly
higher passivity than for the smooth metal, especially af-
ter about 80 hours had elapsed. Rou~hening the surface of
the cast iron svecimen probasly helped the bonding of the
coating to the metal surfaczs to sSome degree,

Two identical dynamic Tests 12 and 13 were undertaken
with identical test water; pH 0.3, nardnsss 200, saturatved
with dissolved oxyren, and containin~ colloldal Cal03. A
sand blasted stainless steel speclimen was used in Test 12
while Test 13 was conducted with a smooth surface stainless
steel specimen.

o observable deposit formed on the smooth swvecimen afl~

ter a p riod of four days ani no s3lznilicant deposit was no-

ted on sand blasted speciren alier {ive dayz. Thic absence
of the formation of coatinzs on sta’nless steel s»necime s In
flow systern without aprlied I'T =ubstantiated the wor!” of

} b vl m il N OF-00¥:
Strum (15). strun has renorted that practically no Tatia

cf stainless steel sarTace

i

D
0]
s
[
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was preciuitace:
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in a five-day period even though the saturation index of
the testing water was +1.05 p% unit.

Figure 23 shows potential-time curves for Tests 12 and
13. The figure indicates that the sand blasted specimen
possessed relatively better passivity than the smooth sur-
face specimen as the tests progressed. The roughness of
the surface apparently helped to hold a very slight coatinz
of CaCO03 on the surface of the sand blasted specimen and
thus caused the difference in passivity.

A coating of CaC03 on the sand blasted stainless steel
specimen was obtained in Static Test 28 without an electric
current being applied. “his static test was conducted at
pH .8, hardness of 220 pun, and in the presence of CaC03
colloids. An uneven, hard coatincg covered a larse portion
of the surface of the specimen. Crystals and agzrecates of
calcite tended to nuild up on one ancother, esvecially around
the pits of the sand blast2d surface. ~The absence of a con-
tinuous flow of water and of the turbulence around the spe-
cimen in static tests created condition favorabhle to depo-~
sition and bondin of CaC03 to the rou:h: surface of the sand
blasted specimen.

The physical condition of metallic surface on cast iron
specimens had much less influsnce non coatinz developnment
than the environmental condltinng discussed earlier in the

i,

section. ne

[
0]

sposition »7 calelum carmate on cast Irom
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specimens and the lack of thisz devosition of stainless steel
speclmens in dynamic tests indicated the importance of corro-
sion products in the formation of the coatinzs on cast iron

specimens.

Bffect of Iron Oxide on Coatinc
Development on Stainless 3teel Specimens

FPerric oxide was prepared by addine 25 of ferric chlo-
ride solution to a larze volume of hot water. The res:ltinc
solutlon was tren allowed to ©oll 1mtil a positively char~ed

colloid of iron oxide was onhtained.

Stainless steel specimens were used in Static Test 29,
which contained 3.2 ppm (as Fe) of this positively char ed
iron oxide colloid. .2st 29 was conducted at pH .5, harda

ness of 90 ppm and in the presence ol CalOg colln*dr, o

applied electric current was used.

s .3
&l

It was obgserved that wnen colicidal ferric oxide was
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;icles

acdded to the test water at pr’ 9.5 large oar

oxide were formed, nost cof wiicr _—reclipitated guliclily into

tte bottor: of the zlass cylindor. _Jhese particles com-icc

nc electric ciar- e, The lev~l ‘ron ox'de .8 aciiziad
periodicall, in the same way 2% "ov thn standard nroc e
for »- ard Mardaess ol test T

Caleimi o =i



time contained 1 - 2 percent iron oxide. The coating was
harder and touzher than any other coatin~: of CaC03 developed
on stainless steel specimens in this study with or without
applying electric current. This test showed clearly the ef-
fect of intermixing of CaCO03 and iron oxide on the coatin-
developed,

Dynamic Test 25 was conducted at pY¥ 5.3, hardness 200
ppm, and in the vYresence of CaCld3 colloids. One ppmn of iron
oxide colloid (as "e) was added to the test water. A sand
blasted stainless steel specimen was used, Lron oxide col-
loids acted in the same manner as in static Test 29, srowinc
into large particles, most of wrhich precipitated guickly.
The level of iron oxide was adjusted »eriodically, as in the
regular procedure for pd and hardness of test water. o ap=-
rlied electric current was used.

An uneven soft coating of CaC03 with 1 - 2 percent iron
oxide was obtained alter three day's veriod. Only vart of
the surface of the specimen wWas coated., Iron oxide was de-
posited close to CaCO3 deposits.

It is to be recalled that it was not »nossible to obtain
any observable coatin; of $aC03 on stalnless steel spec’mensg

A

(with sand olasted and recular s rfaces) in dynanic Test

0}
—~
)

and 13 whicn wvere conducte? rader identical cond’tions o ~H
3 3 ’ -~ T e e P el Tya g
8.3, hardness 200 pom, and in “he osresencs 0L waw )3 "0%

no iron oxlide present.
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Iron oxide, therefore, aided in the formation of the
coating obtained in Testc 25. _"e rate of denosition of
CaCO3 was relatively larze due to the presence of’ir@n
oxlde particles which aided the growth and precipitation o”
CaCO3 colloids. Probanly high rate of devosition of CaC03
with insufficient amount of iron oxide to interact with

caused the formation of soft coating.
Static Tests V3. Dynamic Tests

Generally, coatin~ts obtained from static tests were
soft and poorly oondea to the metal, Coatings developed on
cast iron specimsns in the ansence of CaCC3 colloids were a
mixture of calciu~ and ferrous carbonate and iron oxide,
bonded to a porous layer of rust. In the presencs of col-
loidal material, the coatinags consisted of calclite distri-
buted between »Hlotches of limonite and siderite,

Better bonded, harder, and more uniform ccatings gene-
rally were obtained in dynamic tests. A linear arrancement
of ridces and valleys was the most vrominent characteristilc
distinguishinzg dynamic tests from static tests. In most
dynanic tests, calcite was found lar~elv in the vallevs
while rid-~es were comonly 1T

tihe vt l ., Tnder favorabls

siderite desosited below nesr the mrtal., nder

‘23 and valless wer e Hrilt uron a mi7or

oY

conditions, the ri
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layer of mixed calcite and corrosion products well »onded

to the metal.

derric nrdroxids reguires oxy-en Tor its precivitation.

In dynamic tests under saturation condition, oxy~en was in

excess and uniformly avallanhle over the entire surface of

19N

the specimen. [erric ayurciide, could then be »recivitare
very close to the metal in a miform thin laver. Subsequent
deposition of calcium carhonate uniformly over the entire
surface would lead to thoroush intermixinz, resultinsg in a
uniform osrotective coating.

In static tests, the source of oxysen was at a dis-
tance from the metal znd the main site of precivnitation of
ferric hydroxide was not close to the netal surface. The
precipitation was then concentrated on certain areas of the
metal and blotcny coatings resulted from many static tests.
T~ addition, the specimens did not show uniform demosition
ol Cally as in wvamnic tests.

A1l dvnanic tests studied were at a linear valocitw of

two Tset ner second. OSince dramic and static tes®ts conduce-
ted under identical condltions rc-hduced two distinctive

types of coatincs 1t Is ohvisrs *Tat valoclty has si-mil

cant nfluence on coatin~s dezlomment,
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COVCLU5T0MNS

The followinz conclusions are drawn from the investi-
gations undertazen in this thegis:

1. Calcium carhonate acted »nrimarily as a cathodic in-
hibitor.

2. The action of calciwm carbonate in developinc ~ood
protectlve ccatings lay in its forming a physical nixture
with corrosion products.

3. Coating materials developed on cast iron specimens
were largely hydrous ferric oxidzs In the form of limonive.
Trom 5 to "0 odercent calecite was commonly present. Liderite

and masnetlte were usually o3evnved, covered LUy lirwonite and

Bk

calcite., it stainless steal ghecimens calcecite alone
fcred the ntire oconatl

', Rettew nrotection and “etter bonded, harde=, and
tou her coztings resultea Tro o soltnticons contalnint col-
leidal CaCOg than ‘rom ildent o1 snlutlions ol the same ol
ard hardness with o colloids rres nt,

5. “olloidal CaC0Oq had 2 »nos® ive charre In =Zhs 0

s
£ 77 2 ~ A f-bog AT
ran—e O ‘Cf\ tO LA al’]d 8. j’j’e wenrod cnten as (ua'\;x)ﬁ CH.+ 2.’ T L]
Doe CE!(:O ‘3 cr-rs tu_:].lu i.J.J. SHT_’,:ﬁf S ._ cn d gl (j: o "‘(I}' e S T -
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atvle eflfcct on foruwatlon of coo s from supersabt ot
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solutions.

. 1 .
7« A high "monentary excess"” level of calciunm carbonate
led to the formation of challky soft coatinzs. Tow "momen-

tary excess" and hi '

hizh “"gaturation excess" levels of CaC03
led to the formation of tenacilous and hard, protective
coatings.,

8. Rate of deposition of CaCOB from supersaturated so-
lutions containing colloidal material was influenced not
only by the "momentary excess" value but also by the aze of
colloids present.

9. A dissolved oxygen level of saturation was optimmm
Tfor developgment of ~ood —=rotective coatings under the con-
ditions carried ont in tiis study.

10. Hih velocity Tlow rates were desirable In the for-
mation of nhard and duaracsle coavings. Static tests nrodaced
soft coatings.

11. Surface condition of cast iron specimens nad Lit-
tle effect on the tywe of ccatings developed.

12. It nhas been estanlishesd from the Investizations 'm-

dertaren *n tnis study that wren th= test water was satura=-

. . o TT emy A s T N o - 7 P A SN

ted with dissolved oxyvi.en, of D% raie Tro: Fe2 To o7, wWith
{ ) o z ~ v e A= o o

"momentary excess levels ol 2.> tc ., llow rate of arovt

two feet per second, and containin: colloluaal 32303, a -
form, dense, hard coating which was Jell onded te s cetal
was developed on cast Inom soecliers In one etz v ive at
o0 T Lereranri



RECOMATIDATIONS

it nas been estahlished thas

ot

ne presence of colloidal
CaC03 in supersaturated solutions and the rate of denosition
of CaCO3 have an important effect on the type of coatin-s
develoved. nforctunately, the rate of dsposition of CaCo03
was [found to o2e not only a Tunction of the "momentarw ex-
cess'" level of sunersaturated sclition but alsc of the ace
of colloidal particles present. 1Lt was avparent that the
older and probably larzer calciwi carbonate colloids in-
creased the vate ol devros’iti~~, =7Tanilizing of these col-=
loids would »He very desirable., The rate of dewosition of
celcivm carsonate could then be controlled by the level of
"momentary excess' alone,

A flow ol twec feet per second veloclty was fowmd de-
sirable in producin- hard orotective cecatin s as compared
to static conditlions which oroduced soft coatin s, Only one
level of flow rate, two feet ‘'er sscond, was 3t:dled throv
all dynamic tests. TInvestizetlions »I the el
‘n rtredacing hard daratlce

flow rataes ol ni osceove benelicial

(=4 et

coatin 5.

K " - N S R e B
~noadate phhat thhe oo o tosts conlinte
S 7= T T Bt - P
tris gtrdr narnallel the cond a1 .
N -, -
.. i »
SR v ) oo

ir uatey dfszsto VARSI R ! -
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normally found in a water distr’ atlcn system, on coatincs
developed shounld bhe investizated under the ~erneral cond’-
tions recommended in this study lor oroducing: good protective
coatin=s.

Juad taent of coatings upon the basls of bond to the cast
iron, "ardness, and tou~hres:s ns heen reasonably satisfac-
tory for these studies but a better method Tor evalunatlon is

desirable.
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