
in a comprehensive exposure program.13 It should be noted, however,
that not all alloy/environment combinations would follow this law.

According to the linear bilogarithmic law expressed in Eq. (2.8),

p 	 AtB or log10 p 	 A′ � B log10 t (2.8)

where p is the corrosion penetration and t is the exposure time. It follows
that the mean corrosion rate can be expressed by Eq. (2.9),

p/t 	 AtB � 1 or log10 (p/t) 	 A′ � (B � 1) log10 t (2.9)

and the instantaneous corrosion rate by Eq. (2.10),

dp/dt 	 ABtB � 1 or log10 (dp/dt) 	 A′ � B′ � (B � 1) log10 t
(2.10)

According to the linear bilogarithmic law, the atmospheric behavior
of a specific material at a specific location can be defined by the two
parameters A and B. The initial corrosion rate, observed during the
first year of exposure, is described by A, while B is a measure of 
the long-term decrease in corrosion rate. When B equals 0.5, the law
of corrosion penetration increase is parabolic, with diffusion through
the corrosion product layers as the rate-controlling step. At B values
appreciably smaller than 0.5, the corrosion products show protective,
passivating characteristics. Higher B values, greater than 0.5, are
indicative of nonprotective corrosion products. Loosely adherent, flaky
rust layers are an example of this case.

An important aspect of the linear bilogarithmic law is that it facili-
tates the prediction of long-term corrosion damage from short exposure
tests. According to Pourbaix,17 this extrapolation is valid for up to 20 to
30 years. A caveat of long-term tests is that changes in the environment
may affect the corrosion rates more significantly than a fundamental
deviation from the linear bilogarithmic law.

2.2 Natural Waters

Abundant supplies of fresh water are essential to industrial develop-
ment. Enormous quantities are required for cooling of products and
equipment, for process needs, for boiler feed, and for sanitary and
potable water. It was estimated in 1980 that the water requirements
for industry in the United States approximated 525 billion liters per
day. A substantial quantity of this water was reused. The intake of
“new” water was estimated to be about 140 billion liters daily.18 If this
water were pure and contained no contaminants, there would be little
need for water conditioning or water treatment.
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Water possesses several unique properties, one being its ability to
dissolve to some degree every substance occurring on the earth’s crust
and in the atmosphere. Because of this solvent property, water typi-
cally contains a variety of impurities. These impurities are a source of
potential trouble through deposition of the impurities in water lines,
in boiler tubes, and on products which are contacted by the water.
Dissolved oxygen, the principal gas present in water, is responsible for
the need for costly replacement of piping and equipment as a result of
its corrosive attack on metals with which it comes in contact.

The origin of all water supply is moisture that has evaporated from
land masses and oceans and has subsequently been precipitated from
the atmosphere. Depending on weather conditions, this may fall in
the form of rain, snow, sleet, or hail. As it falls, this precipitation con-
tacts the gases that make up the atmosphere and suspended particu-
lates in the form of dust, industrial smoke and fumes, and volcanic
dust and gases. It, therefore, contains the dissolved gases of the
atmosphere and mineral matter that has been dissolved from the sus-
pended atmospheric impurities.

The two most important sources of fresh water are surface water
and groundwater. A portion of the rain or melting snow and ice at the
earth’s surface soaks into the ground, and part of it collects in ponds
and lakes or runs off into creeks and rivers. This latter portion is
termed surface water. As the water flows across the land surface, min-
erals are solubilized and the force of the flowing water carries along
finely divided particles and organic matter in suspension. The charac-
ter of the terrain and the nature of the geological composition of the
area will influence the kind and quantity of the impurities found in the
surface waters of a given geographic area.

That portion of water which percolates into the earth’s crust and col-
lects in subterranean pools and underground rivers is groundwater.
This is the source of well and spring water. Underground supplies of
fresh water differ from surface supplies in three important respects,
two of which are advantageous for industrial use. These are a relative-
ly constant temperature and the general absence of suspended matter.
Groundwater, like surface water, is subject to variations in the nature
of dissolved impurities; that is, the geological structure of the aquifer
from which the supply is drawn will greatly influence the predominant
mineral constituents. Groundwater is often higher in mineral content
than surface supplies in the same geographic area because of the added
solubilizing influence of dissolved carbon dioxide. The higher carbon
dioxide content of groundwater as compared with surface water stems
from the decay of organic matter in the surface soil.

In many areas, the availability of new intake water is limited. Thus,
in those industries that require large amounts of cooling water, it is
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necessary to conserve available supplies by recirculating the water
over cooling towers. The primary metals, petrochemical, and paper-
making industries are good examples of industries requiring large vol-
umes of water in the manufacturing process that condition a portion of
the wastewater for reuse. Use of purified effluent streams from sewage
treatment plants is another example of water reuse and conservation.

When purification and water-conditioning techniques are practiced
in order to produce water that is acceptable for industrial use, certain
analytical tests must be performed to ensure that the objectives of
treatment are being achieved. Table 2.8 is a listing of the analytical
determinations made in the examination of most natural waters.
Described in the list are the general categories of substances, the dif-
ficulties commonly encountered as a result of the presence of each sub-
stance, and the usual means of treatment to alleviate the difficulties.
In Table 2.9 the methods of water treatment are presented, which can
be divided into two major groups:

1. Chemical procedures, which are based on material modifications as
a result of chemical reactions. These can be monitored by analyzing
the water before and after the treatment (softening, respective
demineralization).

2. Physical treatments that can alter the crystal structure of the
deposits.

The criteria for a successful water treatment are

■ Capability of meeting the target process
■ Protection of the construction materials against corrosion
■ Preservation of the specific water characteristics (quality)

There is no generally valid solution with regard to water treatments.
The specific conditions of water supplies can be vastly different, even
when the supplies are separated by only a few meters. The basis for all
evaluation of water quality must be a specific chemical water analysis.

2.2.1 Water constituents and pollutants

The concentrations of various substances in water in dissolved, col-
loidal, or suspended form are typically low but vary considerably. A
hardness value of up to 400 ppm of CaCO3, for example, is sometimes
tolerated in public supplies, whereas 1 ppm of dissolved iron would be
unacceptable. In treated water for high-pressure boilers or where radi-
ation effects are important, as in some nuclear reactors, impurities are
measured in very small units, such as parts per billion (ppb). Water
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TABLE 2.8 Difficulties and Means of Treatment for Common Impurities Found in Fresh Water

Constituent Chemical formula Difficulties caused Means of treatment

Turbidity None–expressed in Imparts unsightly appearance to water. Coagulation, settling, and filtration
analysis as units Deposits in water lines, process 

equipment, etc. Interferes with most 
process uses 

Hardness Calcium and Chief source of scale in heat-exchange Softening; demineralization; internal 
magnesium salts equipment, boilers, pipelines, etc. boiler water treatment; surface active 
expressed as CaCO3 Forms curds with soap, interferes  agents

with dyeing, etc.

Alkalinity Bicarbonate (HCO3
�), Foaming and carryover of solids Lime and lime soda softening;

carbonate (CO3
2�), with steam. Embrittlement of boiler steel. acid treatment; hydrogen zeolite 

expressed as CaCO3 Bicarbonate and carbonate produce CO2 softening; demineralization; 
in steam, a source of corrosion in dealkalization by anion exchange
condensate lines

Free mineral H2SO4, HCl. Corrosion Neutralization with alkalies
acid expressed as CaCO3

Carbon dioxide CO2 Corrosion in water lines and particularly Aeration; deaeration; neutralization 
steam and condensate lines with alkalies

pH (H�) pH varies according to acidic or alkaline 
solids in water. Most natural waters have pH can be increased by alkalies and 
a pH of 6.0–8.0 decreased by acids

Sulfate (SO4
2�) Adds to solids content of water, but in Demineralization

itself is not usually significant. Combines 
with calcium to form calcium sulfate scale 

Chloride Cl� Adds to solids content and increases Demineralization
corrosive character of water
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Nitrate (NO3)� Adds to solids content, but is not usually Demineralization
significant industrially. High concentrations 
cause methemoglobinemia in infants. 
Useful for control of boiler metal 
embrittlement 

Fluoride F� Cause of mottled enamel in teeth. Also Adsorption with magnesium hydroxide, calcium 
used for control of dental decay. Not usually phosphate, or bone black; alum coagulation
significant industrially

Sodium Na� Adds to solid content of water. When Demineralization
combined with OH�, causes corrosion 
in boilers under certain conditions

Silica SiO2 Scale in boilers and cooling-water systems. Hot process removal with magnesium salts; 
Insoluble turbine blade deposits due to adsorption by highly basic anion exchange 
silica vaporization resins, in conjunction with demineralization

Iron Fe2� Discolors water on precipitation. Source Aeration; coagulation and filtration; lime
(ferrous) of deposits in water lines, boilers, etc. softening; cation exchange; contact filtration;
and Fe3�(ferric) Interferes with dyeing, tanning, surface-active agents for iron retention

papermaking, etc.

Manganese Mn2� Same as iron Same as iron

Aluminum Al3� Usually present as a result of floc carryover Improved clarifier and filter operation
from clarifier. Can cause deposits in cooling 
systems and contribute to complex boiler scales 

Oxygen O2 Corrosion of water lines, heat-exchange Deaeration; sodium sulfite; corrosion inhibitors
equipment, boilers, return lines, etc.
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TABLE 2.8 Difficulties and Means of Treatment for Common Impurities Found in Fresh Water (Continued)

Constituent Chemical formula Difficulties caused Means of treatment

Hydrogen H2S Cause of “rotten egg” odor. Corrosion Aeration; chlorination; highly 
sulfide basic anion exchange

Ammonia NH3 Corrosion of copper and zinc alloys by Cation exchange with hydrogen zeolite; 
formation of complex soluble ion chlorination, deaeration

Dissolved None A measure of total amount of dissolved matter, Various softening processes, such as lime
solids determined by evaporation. High concentrations softening and cation exchange by hydrogen

of dissolved solids are objectionable because zeolite, will reduce dissolved solids; demineralization
of process interference and as a cause of 
foaming in boilers   

Suspended None A measure of undissolved matter, determined Subsidence; filtration, usually preceded by
solids gravimetrically. Suspended solids cause coagulation and settling

deposits in heat-exchange equipment, boilers, 
water lines, etc. 

Total solids None The sum of dissolved and suspended solids, See “dissolved solids” and “suspended solids”
determined gravimetrically
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analysis for drinking-water supplies is concerned mainly with pollu-
tion and bacteriological tests. For industrial supplies, a mineral analy-
sis is of more interest. Table 2.10 includes a typical selection and gives
some indication of the wide concentration range that can be found. The
important constituents can be classified as follows:

1. Dissolved gases (oxygen, nitrogen, carbon dioxide, ammonia, sul-
furous gases)

2. Mineral constituents, including hardness salts, sodium salts (chloride,
sulfate, nitrate, bicarbonate, etc.), salts of heavy metals, and silica

3. Organic matter, including that of both animal and vegetable origin,
oil, trade waste (including agricultural) constituents, and synthetic
detergents

4. Microbiological forms, including various types of algae and slime-
forming bacteria. This topic is covered in Sec. 2.6.
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TABLE 2.9 Methods of Water Treatment

Chemical Procedures

Pretreatment Methods for clarifying:
■ Coagulation
■ Flocculation
■ Sedimentation to clear floating and grey particles

In operation Softening methods:
■ Lime milk/soda principle
■ Cation exchange (full softening)
■ Acid dosage (partly softening)

Demineralization method:
■ Cation and anion exchanges (presently the most effective and

economical method)
Hardness stabilization:

■ Inhibitor dosage, also as dispersion and corrosion protection
agents

Posttreatment Acid and caustic solution for cleaning of polluted thermal systems,
including the neutralization of applied chemical detergents

Physical Procedures

Pretreatment Filtration of the subsoil water, predominantly using sand as filtering
medium, in pressure and gravity filters

In operation Reverse osmosis for demineralization by use of diaphragms
Transformation of the crystal structures of the hardening-causing
substances:

■ Magnetic field method by means of electrical alternating or
permanent magnet

■ Electrostatic method by applied active anodes

Posttreatment Automatic cleaning of heat-exchanger tubes by sponge rubber balls or
brushes without interruption of plant operation
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Of the dissolved gases occurring in water, oxygen occupies a special
position, as it stimulates corrosion reactions. In surface waters, the
oxygen concentration approximates saturation, but in the presence of
green algae, supersaturation may occur. Please refer to Tables 1.4 and
1.5 in Chap. 1, Aqueous Corrosion, for data on the solubility of oxygen
in water. Underground waters are more variable in oxygen content,
and some waters containing ferrous bicarbonate are oxygen-free. The
solubility is slightly less in the presence of dissolved solids, but this
effect is not very significant in natural waters containing less than
1000 ppm dissolved solids. Hydrogen sulfide and sulfur dioxide are
also usually the result of pollution or of bacterial activity. Both gases
may initiate or significantly accelerate corrosion of most metals.

For some applications, notably feedwater treatment for high-pressure
boilers, removal of oxygen is essential. For most industrial purposes,
however, deaeration is not applicable, since the water used is in contin-
uous contact with air, from which it would rapidly take up more oxygen.
Attention must therefore be given to creating conditions under which
oxygen will stifle rather than stimulate corrosion. It has been shown
that pure distilled water is least corrosive when fully aerated and that
some inhibitors function better in the presence of oxygen. In these cases,
oxygen acts as a passivator of the anodic areas of the corrosion cells.

Carbon dioxide and calcium carbonate. The effect of carbon dioxide is
closely linked with the bicarbonate content. Normal carbonates are
rarely found in natural waters, but sodium bicarbonate is found in
some underground supplies. Calcium bicarbonate is the most impor-
tant of the bicarbonates, but magnesium bicarbonate may be present
in smaller quantities. In general, it may be regarded as having prop-

92 Chapter Two

TABLE 2.10 Typical Water Analyses (Results in ppm)

A B C D E F G

pH 6.3 6.8 7.4 7.5 7.1 8.3 7.1
Alkalinity 2 38 90 180 250 278 470
Total hardness 10 53 120 230 340 70 559
Calcium hardness 5 36 85 210 298 40 451
Sulfate 6 20 39 50 17 109 463
Chloride 5 11 24 21 4 94 149
Silica Trace 0.3 3 4 7 12 6
Dissolved solids 33 88 185 332 400 620 1670

A 	 very soft lake water
B 	 moderately soft surface water
C 	 slightly hard river water
D 	 moderately hard river water
E 	 hard borehole water
F 	 slightly hard borehole water containing bicarbonate ions
G 	 very hard groundwater
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erties similar to those of the calcium compound, except that upon
decomposition by heat it deposits magnesium hydroxide, whereas cal-
cium bicarbonate precipitates as carbonate. The concentrations of car-
bon dioxide in water can be classified as follows:

1. The amount required to produce carbonate

2. The amount required to convert carbonate to bicarbonate

3. The amount required to keep the calcium bicarbonate in solution

4. Any excess over that accounted for in types 1, 2, and 3

With less carbon dioxide than required for type 3 (let alone type 4),
the water will be supersaturated with calcium carbonate, and a slight
increase in pH (at the local cathodes) will tend to cause its precipita-
tion or scaling. If the deposit is continuous and adherent, the metal
surface may become isolated from the water and hence protected from
corrosion. If type 4 carbon dioxide is present, there can be no deposi-
tion of calcium carbonate and existing deposits will be dissolved; there
cannot therefore be any protection by calcium carbonate scale. Please
refer to Sec. 2.2.3 for detailed coverage of the indices and equilibria-
associated precipitation and scaling associated with common chemi-
cals found in natural waters.

Dissolved mineral salts. The principal ions found in water are calcium,
magnesium, sodium, bicarbonate, sulfate, chloride, and nitrate. A few
parts per million of iron or manganese may sometimes be present, and
there may be traces of potassium salts, whose behavior is very similar
to that of sodium salts. From the corrosion point of view, the small
quantities of other acid radicals present, e.g., nitrite, phosphate,
iodide, bromide, and fluoride, generally have little significance. Larger
concentrations of some of these ions, notably nitrite and phosphate,
may act as corrosion inhibitors, but the small quantities present in
natural waters will usually have little effect.

Chlorides have probably received the most study in relation to their
effect on corrosion. Like other ions, they increase the electrical conduc-
tivity of the water, so that the flow of corrosion currents will be facili-
tated. They also reduce the effectiveness of natural protective films,
which may be permeable to small ions. Nitrate is very similar to chlo-
ride in its effects but is usually present in much smaller concentrations.
Sulfate in general appears to behave very similarly, at least on carbon
steel materials. In practice, high-sulfate waters may attack concrete,
and the performance of some inhibitors appears to be adversely affect-
ed by the presence of sulfate. Sulfates have also a special role in bacte-
rial corrosion under anaerobic conditions.
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Another mineral constituent of water is silica, present both as a col-
loidal suspension and dissolved in the form of silicates. The concen-
tration varies very widely, and, as silicates are sometimes applied as
corrosion inhibitors, it might be thought that the silica content would
affect the corrosive properties of a water. In general, the effect appears
to be trivial; the fact that silicate inhibitors are used in waters with a
high initial silica content suggests that the form in which silica is
present is important.

Hardness. The hardness of a water supply is determined by the con-
tent of calcium and magnesium salts. Calcium and magnesium can
combine with bicarbonates, sulfates, chlorides, and nitrates to precip-
itate as solids. Mineral salts make water more basic and lead to more
aggressive corrosion on many materials. The presence of salts in lime
scale deposits is one of the most common causes of corrosion; these
deposits cause damage in water pipelines and boilers. Table 2.11 pre-
sents a comparison of the various hardness units used in Europe and
North America. Any descriptive or numerical classification of hardness
of water is rather arbitrary. A water that is termed hard in some areas
may be considered soft in other areas. The U.S. Geological Survey uses
the following classification:19

Soft. Less than 60 ppm (as CaCO3)

Moderately hard. 60 to 120 ppm

Hard. 120 to 180 ppm

Very hard. Above 180 ppm

There are basically two types of hardness:

1. Temporary hardness caused by Ca and Mg bicarbonates (precipi-
tate minerals upon heating)

2. Permanent hardness due to Ca and Mg sulfates or chlorides (dis-
solve with sodium)

Temporary hardness salts

1. Calcium carbonate (CaCO3). Also called calcite or limestone, rare
in water supplies. Causes alkalinity in water.

2. Calcium bicarbonate [Ca(HCO3)2]. Forms when water containing
CO2 comes in contact with calcite. Also causes alkalinity in water.
When it is heated, CO2 is released and the calcium bicarbonate
reverts back to calcium carbonate, thus forming scale.

3. Magnesium carbonate (MgCO3). Also called magnesite, it has
properties similar to those of calcium carbonate.

94 Chapter Two
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TABLE 2.11 Comparison of Hardness Units

Hardness units mval/L °dH (German) °fH (French) °eH (British) ppm (American) mmol/L (international)† 
per liter water 50 mg CaCO3 10 mg CaO 10 mg CaCO3 14.3 mg CaCO3* 1 mg CaCO3 100 mg CaCO3

1 mval/L 1 2.8 5 3.51 50 0.5
1 °dH 0.357 1 1.786 1.25 17.86 0.1786
1 °fH 0.2 0.5599 1 0.7 10 0.1
1 °eH 0.285 0.7999 1.429 1 14.29 0.1429
1 ppm 0.02 0.056 0.1 0.07 1 0.01
1 mmol/L 2 5.6 10 7 100 1

*One grain CaCO3 per gallon.
†The international hardness scale (mmol/L) is to be preferred to the national hardness scales.
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4. Magnesium bicarbonate [Mg(HCO3)2]. Similar to calcium bicar-
bonate in its properties.

Permanent hardness salts

1. Calcium sulfate (CaSO4). Also known as gypsum, used to make
plaster of paris. Gypsum will precipitate and form scale in boilers
when concentrated.

2. Calcium chloride (CaCl2). This salt hydrolyzes in boiler water to
produce a low pH as follows: CaCl2 � 2H2O → Ca(OH)2 � 2HCl.

3. Magnesium sulfate (MgSO4). Commonly known as epsom salts;
may have laxative effect if it is concentrated enough.

4. Magnesium chloride (MgCl2). This salt has properties similar to
those of calcium chloride.

5. Sodium salts. Also found in household water supplies, but consid-
ered harmless as long as they do not exist in large quantities.

pH of water. The pH of natural waters is, in fact, rarely outside the
fairly narrow range of 4.5 to 8.5. High values, at which corrosion of
steel may be suppressed, and low values, at which gaseous hydrogen
evolution occurs, are not often found in natural waters. Copper is
affected to a marked extent by pH value. In acidic waters, slight cor-
rosion occurs, and the small amount of copper in solution causes green
staining of fabrics and sanitary ware. In addition, redeposition of cop-
per on aluminum or galvanized surfaces sets up corrosion cells, result-
ing in severe pitting of the metals. The use of these different materials
in a water system should thus be avoided. In most waters the critical
pH value is about 7.0, but in soft water containing organic acids it may
be higher. Chapter 1, Aqueous Corrosion, contains detailed coverage of
the effects of pH and temperature on the corrosion of metals.

Organic matter. The types of organic matter in water supplies are very
diverse, and organic matter may be present in suspension or in col-
loidal or true solution. It is largely decaying vegetable matter, but
there are many other possible sources, including runoff from fields and
domestic and industrial wastes.

Biochemical oxygen demand. Biochemical oxygen demand (BOD or BOD5)
is an indirect measure of biodegradable organic compounds in water,
and is determined by measuring the decrease in dissolved oxygen in a
controlled water sample over a 5-day period. During this 5-day period,
aerobic (oxygen-consuming) bacteria decompose organic matter in the
sample and consume dissolved oxygen in proportion to the amount of
organic material that is present. In general, a high BOD reflects high
concentrations of substances that can be biologically degraded, thereby
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consuming oxygen and potentially resulting in low dissolved oxygen in
the receiving water. The BOD test was developed for samples dominat-
ed by oxygen-demanding pollutants like sewage. While its merit as a
pollution parameter continues to be debated, BOD has the advantage
of a long period of record and a large database of results.20

Nutrients. Nutrients are chemical elements or compounds essential for
plant and animal growth. Nutrient parameters include ammonia,
organic nitrogen, Kjeldahl nitrogen, nitrate nitrogen (for water only),
and total phosphorus. High amounts of nutrients have been associat-
ed with eutrophication, or overfertilization of a water body, while low
levels of nutrients can reduce plant growth and (for example) starve
higher-level organisms that consume phytoplankton.

Organic carbon. Most organic carbon in water occurs as partly degrad-
ed plant and animal materials, some of which are resistant to micro-
bial degradation. Organic carbon is important in the estuarine food
web and is incorporated into the ecosystem by photosynthesis of green
plants, which are then consumed as carbohydrates and other organic
compounds by higher animals. In another process, formerly living tis-
sue containing carbon is decomposed as detritus by bacteria and other
microbes. Total organic carbon (TOC) bears a direct relationship to bio-
logical and chemical oxygen demand; high levels of TOC can result
from human sources, the high oxygen demand being the main concern.

Oil and grease. Oil and grease is one of the most common parameters for
quantifying organics from human sources and, to a lesser extent, bio-
genic sources (e.g., algae and fish). Some examples of oil and grease
loadings are leaks from automobile crankcases, illegal dumping into
storm sewers, motorboats, oil spills, and discharge from oil production
platforms in the bay. Oil and grease is a generic term for material
which actually contains numerous and variable chemical compounds,
some of which are typically toxic.

Priority pollutants. Priority pollutants refers to a list of 126 specific
pollutants, which include heavy metals and specific organic chemicals.
The priority pollutants are a subset of “toxic pollutants” as defined in
the Clean Water Act (United States). These 126 pollutants were
assigned a high priority for development of water quality criteria and
effluent limitation guidelines because they are frequently found in
wastewater. Many of the heavy metals, pesticides, and other chemicals
listed below are on the priority pollutant list.20

Heavy metals (total and dissolved). In the water treatment field, “heavy
metal” refers to heavy, dense, metallic elements that occur only at

Environments 97

0765162_Ch02_Roberge  9/1/99 4:01  Page 97



trace levels in water, but are very toxic and tend to accumulate. Some
key metals of concern and their primary sources are listed below.21

■ Arsenic from fossil fuel combustion and industrial discharge
■ Cadmium from corrosion of alloys and plated surfaces, electroplat-

ing wastes, and industrial discharges
■ Chromium from corrosion of alloys and plated surfaces, electroplat-

ing wastes, exterior paints and stains, and industrial discharges
■ Copper from corrosion of copper plumbing, antifouling paints, and

electroplating wastes
■ Lead from leaded gasoline, batteries, and exterior paints and stains
■ Mercury from natural erosion and industrial discharges
■ Zinc from tires, galvanized metal, and exterior paints and stains

High levels of mercury, copper, and cadmium have been proven to
cause serious environmental and human health problems. Some of the
sources listed above, such as lead in gasoline and heavy metals in some
paints, are now being phased out as a result of environmental regula-
tions issued in the past 10 years. Most heavy metals are too rarely found
in water to justify government regulation at all, but a few have been
given maximum contaminant limits (MCLs) and MCL goals by the
Environmental Protection Agency (EPA). These include the following:22

■ Cadmium occurs mostly in association with zinc and gets into water
from corrosion of zinc-coated (“galvanized”) pipes and fittings.

■ Antimony occurs mostly in association with lead, where it is used as
a hardening agent. It gets into water from corrosion of lead pipes
and fittings, but even then it is rarely detectable. More antimony is
found in food than in water.

■ Barium is chemically similar to calcium and magnesium and is usu-
ally found in conjunction with them. It is not very toxic and is only
rarely found at toxic levels. However, it is common at low levels in
hard-water areas.

■ Mercury is notorious as an environmental toxin, but it is generally not
a big problem in water supplies, as it is found only at very low levels
in water. Certain bacteria are able to transform it into methyl mercury,
which is concentrated in the food chain and can cause malformations.

■ Thallium is as toxic as lead or mercury, but is extremely rare and is
not often a problem in water.

■ Lead is the most significant of the heavy metals because it is both
very toxic and very common. It gets into water from corrosion of
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plumbing materials, where lead has been used freely since Roman
times. In addition, lead can be found in the solder used to join copper
pipes and in fittings and faucets made from brass.

■ Copper and lead are regulated together because both are common-
ly used in plumbing materials and because they are corrodible,
even though copper is not very toxic. A few tenths of a ppm of cop-
per is common and not a problem, but if as much as 1.3 ppm cop-
per or 15 ppb lead are detected in tap water, the waterworks is
required to modify the water chemistry to make it less corrosive
toward lead.

Pesticides. Pesticides are a large class of compounds of concern. Typical
pesticides and herbicides include DDT, aldrin, chlordane, endosulfan,
endrin, heptachlor, and Diazinon. Surprisingly, concentrations of pes-
ticides in urban runoff may be equal to or greater than the concentra-
tions in agricultural runoff. Besides toxicity, persistence in the
environment is a key concern. Some of the more persistent compounds,
including DDT and dioxin (not a pesticide), are subject to stringent
regulation, including outright bans.

Polycyclic aromatic hydrocarbons (PAHs). Polycyclic aromatic hydrocarbons
are a family of semivolatile organic pollutants such as naphthalene,
anthracene, pyrene, and benzo(a)pyrene. There are typically two main
sources of PAHs: spilled or released petroleum products (from oil spills
or discharge of oil production brines) and combustion products that are
found in urban runoff. Specifically, phenanthrene, pyrene, and fluo-
ranthene are products of the incomplete combustion of fossil fuels.
Naphthalene is found in asphalt and creosote. PAHs from combustion
products have been identified as carcinogenic.

Polychlorinated biphenyls (PCBs). Polychlorinated biphenyls are organic
chemicals that formerly had widespread use in electrical transformers
and hydraulic equipment. This class of chemicals is extremely persistent
in the environment and has been proven to bioconcentrate in the food
chain, thereby leading to environmental and human health concerns in
areas such as the Great Lakes. Because of their potential to accumulate
in the food chain, PCBs were intensely regulated and subsequently pro-
hibited from manufacture by the Toxic Substances Control Act (TSCA) of
1976. Disposal of PCBs is tightly restricted by the TSCA.20

2.2.2 Essentials of ion exchange

Ion-exchange resins are particularly well suited for the removal of ion-
ic impurities for several reasons:23
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■ The resins have high capacities for ions that are found in low con-
centrations.

■ The resins are stable and readily regenerated.
■ Temperature effects are for the most part negligible.
■ The process is excellent for both large and small installations, from

home water softeners to huge utility installations.

Synthesis. Most ion-exchange bead materials are manufactured by a
suspension polymerization process using styrene and divinylbenzene
(DVB). The styrene and DVB, both liquids at the start, are put into a
chemical reactor with roughly the same amount of water. A surfactant
is also present to keep everything dispersed. The chemical reactor has
an agitator which begins to mix the water–organic chemical solution.
The styrene and DVB begin to form large globules of material, and as
the speed of agitation increases, the globules break up into smaller
droplets until they reach the size of about a millimeter. At this point,
the polymerization reaction is initiated by the addition of benzoyl per-
oxide, which causes the styrene and DVB molecules to form small
plastic beads. The DVB is a cross-linking agent that gives the beads
their physical strength, and without which the styrene would be
water-soluble.

The polystyrene-DVB beads need to be chemically activated in order
to perform as an ion-exchange material. Active groups are attached to
provide chemical functionality to the beads. Each active group has a
fixed electric charge which is balanced by an equivalent number of
oppositely charged ions which are free to exchange with other ions of
the same charge.23

Strong acid cation resins are formed by treating the beads with con-
centrated sulfuric acid (a process called sulfonation) to form perma-
nent, negatively charged sulfonic acid groups throughout the beads.
Important here is the fact that the exchange sites thus formed are
located throughout the bead. The ion-exchange process is not a surface
phenomenon; more than 99 percent of the capacity of an ion-exchange
material is found in the interior of the bead.

Strong-base anion resins are activated in a two-step process that
consists of chloromethylation followed by amination. The two-step
process begins with the same styrene-DVB material as is used for
cation resins. The only difference is that the amount of DVB used is
less, to allow for a more porous bead. The first reaction step is the
attachment of a chloromethyl group to each of the benzene rings in the
bead structure. This intermediate chloromethylated plastic material
needs to be reacted with an amine in a process called amination. The
type of amine used determines the functionality of the resin. A com-
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mon amine used is trimethylamine (TMA), which creates a type 1
strongly basic anion exchanger. Using dimethylthanolamine (DMEA)
will make a type 2 anion resin. Table 2.12 resumes the main advan-
tages and disadvantages of the common resin types used for purifying
and softening water.

Physical and chemical structure of resins. The basic material require-
ments for ion-exchange beads are insolubility, bead size, and resis-
tance to fracture. The resin must be insoluble under normal operating
conditions. The beads must be in the form of spheres of uniform
dimension; normal size range is between 16 and 50 U.S. Mesh. The
swelling and contraction of the resin bead during exhaustion and
regeneration must not cause the beads to burst. Also, an important
property of ion-exchange resins is that the active site is permanently
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TABLE 2.12 Advantages and Disadvantages of the Main Ion-Exchange Resins

Resin Advantages Disadvantages

Strong-acid cation Useful on all waters Operating efficiency
Complete cation removal
Variable capacity, quality
Good physical stabilities
Good oxidation stabilities
Low initial cost

Weak-acid cation Very high capacity Only partial cation removal
Very high operating efficiency Useful only on specific waters

Fixed operating capacity
Poor physical stability
High initial cost
Poor kinetics

Strong-base anion Complete anion removal Less organic fouling resistance
(including silica and CO2) Limited life

Lower initial cost Thermodynamically unstable
Variable efficiency and quality Efficiency vs. quality
Excellent kinetics
Shorter rinses

Weak-base anion High operating capacity Only partial anion removal
removal Does not remove silica or CO2

High regeneration efficiency High initial cost
Excellent organic Long rinses

fouling resistance Poor kinetics
Good thermal stability
Good oxidation stability
Can be regenerated with 

leftover caustic from strong-
base resin, alkaline by-products, 
ammonia, soda ash, and other 
weak bases and waste streams
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attached to the bead. Ion-exchange resins can be manufactured into
one of two physical structures, gel or macroporous.23

■ Gel resins are homogeneous cross-linked polymers and are the most
common resins available. They have exchange sites distributed
evenly throughout the bead. The amount of DVB cross-linking used
in the synthesis of a bead determines the relative strength of the
bead. Standard strong-acid cation resin used for softening, which is
the most common ion-exchange medium, is almost always an 8 per-
cent DVB gelular material. The amount of DVB that this resin con-
tains has proved to be the most economical in terms of resin price
and expected operating life. Resins are available today with a DVB
content from 2 to 20 percent and higher. Higher DVB content gives
the bead additional strength, but the additional cross-linking can
hinder kinetics by making the bead too resistant to the shrinking
and swelling necessary during normal operation.

■ Macroporous resins were introduced commercially in 1959 and are
made with large pores that permit access to interior exchange sites.
They are also referred to as macroreticular or fixed-pore resins.
Macroporous resins are manufactured by a process that leaves a net-
work of pathways throughout the bead. This spongelike structure
allows the active portion of the bead to contain a high level of DVB
cross-linking without affecting the exchange kinetics. Unfortunately,
it also means that the resin has a lower capacity because the beads
contain fewer exchange sites. The “pores” can take up to 10 to 30
percent of the polymer. This reduces the ion-exchange capacity pro-
portionately.

Gel resins usually have higher operating efficiencies and cost less. A
macropore gives better physical stability, primarily because of its
spongelike structure, which gives more stress relief. It also eliminates
some of the breakage that may occur from osmotic stress. The higher
surface area in a macroporous anion resin gives better organic fouling
resistance. In a cation resin, the higher cross-linking level gives better
oxidation resistance.

There are two basic types of chemical structures, styrene and acrylic.
The styrene-based materials described above are aromatic hydrocar-
bons. Acrylic resins are straight-chained hydrocarbons based on poly-
acrylate and polymethacrylate. DVB is still used as a cross-linker in
these resins, but the acrylics differ from the styrenics in that the active
exchange site is part of the physical structure. This means that their
physical and chemical stabilities are intertwined. When an acrylic
resin chemically degrades, it is usually at the exchange site, which is
the weak link. This destroys the physical structure. As an acrylic resin
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oxidizes, it will swell and become mushy. Another disadvantage of the
acrylic materials is that they are not fully FDA approved. Therefore,
they are usually limited to industrial applications. The acrylics are
advantageous in applications where organics are present because they
do not foul nearly as much as a styrene-based product.23

Selectivity of resins. The selectivity or affinity of ion-exchange resins
is influenced by the properties of the bead, the ions being exchanged,
and the solution in which the ions are present. Water is an essential
component of ion-exchange resins. For example, strong-acid cation
resins contain about 50 percent moisture. The amount of cross-linking
of the bead has an impact on the moisture content of the bead, and the
moisture content, in turn, has an impact on the selectivity. A bead with
a high moisture content has a high porosity, and the active groups are
spaced further from one another. Ion-exchange resins generally have
greater selectivities for ions with increasing valence or charge. Among
ions with the same charge, higher affinities are seen for ions with a
higher atomic number.

These affinity relationships are reversed in concentrated solutions.
This is what makes regeneration of exhausted resins possible. An
exhausted cation resin used for softening is predominantly in the calci-
um and magnesium form, both divalent ions. The resin is restored to its
regenerated condition, the sodium form, by the introduction of 10 per-
cent sodium chloride. This sodium chloride solution is concentrated
enough (10,000 ppm) to reverse the selectivity. The driving force of the
monovalent sodium ion then converts the resin back to the sodium form.

Kinetics. The rate of exchange, or kinetics, of ion-exchange reactions
is governed by several factors. The solution being treated has an effect;
higher solution concentrations can speed up the rate of reaction. The
amount of DVB cross-linking of the bead determines the porosity of
the bead and, in turn, the ionic mobility within the bead. The size of
the ions being exchanged also influences the kinetic rate and is some-
what dependent on the size of the pores in the resin structure. The size
of the bead also has an effect; smaller beads present a shorter diffusion
path to active sites in the interior of the beads.

Resin has a greater affinity for ions with higher valences, so a pre-
dominance of high-valence ions can cause a relatively higher rate of
reaction. Other influences include temperature, the ionic form of the
exchange sites, and the strength of the exchange sites. Increasing tem-
perature can speed up chemical reactions. The exchange reaction is a
diffusion process, so the diffusion rate of the ion on the exchange site
has some effect. Also, the strength of the exchange site—whether it is
strongly or weakly acidic or basic—affects the reaction rate.
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Types of ion-exchange resins
Strong-acid cation resins. Strongly acidic cation resins derive their func-
tionality from the sulfonic acid groups. These strong-acid exchangers
operate at any pH, split all salts, and require substantial amounts of
regenerant. This is the resin of choice for almost all softening applica-
tions and as the first unit in a two-bed demineralizer or the cation
component of a mixed bed.

Weak-acid cation resins. The weakly acidic cation resins have carboxylic
groups as the exchange site. These resins are highly efficient, for they
are regenerated with a nearly 100 percent stoichiometric amount of
acid, as compared to the 200 to 300 percent required for strong-acid
cations. The weak-acid resins are subject to reduced capacity from
increasing flow rate, low temperatures, and a hardness-to-alkalinity
ratio below 1.0. They are used very effectively in conjunction with a
strong-acid cation resin operating in the hydrogen form, in either a
separate-bed or a stratified-bed configuration. In both cases, the influ-
ent water first contacts the weak-acid resin, where the cations associ-
ated with alkalinity are removed. The remaining cations are removed
by the strong-acid cation resin. The weak-acid cation resin is regener-
ated with the waste acid from the strong-acid unit, making for a very
economical arrangement.23

Strong-base anion resins. Strongly basic anion resins derive their func-
tionality from quaternary ammonium exchange sites. The two main
groups of strong-base anion resins are type 1 and type 2, depending
on the type of amine used during the chemical activation process.
Chemically, the two types differ in the species of quaternary ammoni-
um exchange sites they exhibit: Type 1 sites have three methyl
groups, whereas in type 2, an ethanol group replaces one of the
methyl groups.

Type 1 resins are suitable for total anion removal on all waters. They
are more difficult to regenerate, and they swell more from the chloride
form to the hydroxide form than type 2. They are more resistant to high
temperatures and should be used on high-alkalinity and high-silica
waters.

Type 2 resins also feature removal of all anions, but they can be
less effective in removing silica and carbon dioxide from waters
where these weak acids constitute more than 30 percent of the total
anions. Type 2 anions give best results on waters that predominant-
ly contain free mineral acids, such as chlorides and sulfates, as in
the effluent from a cation unit followed by a decarbonator. Type 2
anion resins operating in the chloride form are typically used in
dealkalizers.
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Weak-base anion resins. Weakly basic anion resins contain the polyamine
functional group, which acts as an acid adsorbed, removing strong acids
(free mineral acidity) from the cation effluent stream. This weakly ion-
ized resin is regenerated efficiently by nearly stoichiometric amounts of
base, such as sodium hydroxide, which restore the exchange sites to the
free base form. The regeneration step is essentially a neutralization of
the strong acids that are collected on the resin, and it can use waste
caustic from a strong-base anion unit to enhance economics. Weak-base
anion resins should be used on waters with high levels of sulfates or
chlorides, or where removal of alkalinity and silica is not required.

2.2.3 Saturation and scaling indices

The saturation of water refers to the solubility product Ksp of a com-
pound. By definition, the ion-activity product (IAP) of reactants—i.e.,
aCa2� and aCO32� when CaCO3 is the scalant—is, at equilibrium, equal
to Ksp:

Ksp 	 IAP 	 aCa2� aCO3
2�

The saturation level (SL) of water is defined as the ratio of the ion-
activity product to Ksp, as in the following:

SL 	 	

In this example, water is said to be saturated with calcium carbonate
when it will neither dissolve nor precipitate calcium carbonate scale.
This equilibrium condition is based upon an undisturbed water at con-
stant temperature which is allowed to remain undisturbed for an infi-
nite period of time. Water is said to be undersaturated if it can still
dissolve calcium carbonate. Supersaturated water will precipitate calci-
um carbonate if allowed to rest. If water is undersaturated with respect
to calcium carbonate, the SL value will be less than 1.0. When water is
at equilibrium, SL will be 1.0 by definition. Water which is supersatu-
rated with calcium carbonate will have a saturation level greater than
1.0. As the saturation level increases beyond 1.0, the driving force for
calcium carbonate crystal formation or crystal growth increases.

The SL definition can be simplified if the activity coefficients are
incorporated into the solubility product in order to use a more practi-
cal concentration unit. The conditional solubility product Kspc incorpo-
rates the activity coefficients into the solubility product.

Kspc 	 	 [ ]Ca2� [ ]CO32�

Ksp



�Ca2 ��CO32�

IAP


Ksp

aCa2� aCO3
2�




Ksp
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at equilibrium since aion 	 [ ]ion�ion, with [ ]ion being the readily mea-
surable molar concentration.

A distinction must be made between a thick layer of deposit,
whether calcium carbonate or any other material, and a protective lay-
er. The ideal protection in fact consists of layers of negligible thickness
which do not impede water or heat flow and which are self-healing.
This is difficult to achieve with natural waters. A water which is exact-
ly in equilibrium with respect to calcium carbonate is normally corro-
sive to steel because it has no power to form a calcium carbonate
deposit. Supersaturated waters, on the other hand, unless suitably
treated, will form a substantial scale, but whether this inhibits corro-
sion or not depends on its adherence to the metal and its porosity.

Saturation levels, no matter how refined, are an equilibrium-based
index. They provide a measure of the thermodynamic driving force
that leads a scalant to form, but they do not incorporate the capacity
of the water for continued scaling. A water can have a high saturation
level with no visible scale formation. The driving force might be present,
but there is insufficient mass for gross precipitation. Saturation levels
should be viewed as another tool for developing an overall picture of a
water’s scale potential. They can point out what scales will not form
under the conditions evaluated, but they cannot predict whether
deposits of any significant quantity will form.

The Langelier saturation index. The Langelier saturation index (LSI) is
an equilibrium model derived from the theoretical concept of satura-
tion and provides an indicator of the degree of saturation of water with
respect to calcium carbonate. It can be shown that the Langelier satu-
ration index approximates the base 10 logarithm of the calcite satura-
tion level. The Langelier saturation level approaches the concept of
saturation using pH as a main variable. The LSI can be interpreted as
the pH change required to bring water to equilibrium. Water with a
Langelier saturation index of 1.0 is one pH unit above saturation.
Reducing the pH by 1 unit will bring the water into equilibrium. This
occurs because the portion of total alkalinity present as CO3

2� decreas-
es as the pH decreases, according to the equilibria describing the dis-
sociation of carbonic acid [Eqs. (2.11) and (2.12)].

H2CO3
←→ HCO3

� � H� (2.11)

HCO3
� ←→ CO3

2 � � H� (2.12)

The LSI is probably the most widely used indicator of cooling-water
scale potential. It is purely an equilibrium index and deals only with
the thermodynamic driving force for calcium carbonate scale forma-
tion and growth. It provides no indication of how much scale (CaCO3)
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will actually precipitate to bring water to equilibrium. It simply indi-
cates the driving force for scale formation and growth in terms of pH
as a master variable. LSI is defined as

LSI 	 pH � pHs

where pH 	 measured water pH
pHs 	 pH at saturation in calcite (CaCO3)

In the cooling-water pH range of 6.5 to 9.5, the pHs calculation sim-
plifies to

pHs 	 (pK2 � pKs) � pCa � pAlk

where pK2 	 negative log10 of the second dissociation constant for
carbonic acid [Eq. (2.12)]

pKs 	 negative log10 of the solubility product for calcite
pCa 	 negative log10 of calcium measured in the water

pAlk 	 negative log10 of the total alkalinity measured for the
water being evaluated

A pH decrease of 1 unit will decrease the CO3
2� concentration of the

water about tenfold. This affects the saturation level directly by also
decreasing the IAP tenfold. So a 1 pH unit decrease will decrease the
Langelier saturation index by 1 unit. A 1 pH unit decrease will also
decrease the saturation level (IAP/Ksp) tenfold. A negative Langelier
saturation index indicates that water is undersaturated with respect
to calcium carbonate (calcite). If the LSI is �1.0, raising the pH of the
water 1 unit will increase the calcium carbonate saturation level to
equilibrium. The 1 pH unit increase does this by increasing the CO3

2�

portion of the carbonate alkalinity present tenfold. The calcite satura-
tion level increases accordingly (ten times).

Although saturation-level-based indices are very useful, a second fac-
tor must be considered in interpreting them. Saturation-level-based
indices indicate the potential for scale formation if water is unperturbed
for an infinite period of time. Most cooling-water systems have a sub-
stantially shorter holding time index. The LSI was not intended as an
indicator of corrosivity toward mild steel or other metals of construction.
The LSI describes only the stability of an existing calcium carbonate
scale or other calcium carbonate–bearing structure. The LSI does
describe the tendency of water to dissolve calcite scale. It has been pos-
tulated that supersaturated water will form an eggshell-like film of cal-
cium carbonate scale that will act as an inhibitor for corrosion of mild
steel. This can occur in highly buffered waters. The LSI and other satu-
ration-based indices do not guarantee this inhibitory behavior. Calcium
carbonate film formation is typically observed in highly buffered waters.
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It has been shown that water supersaturated with calcium carbon-
ate often develops tubercular deposits which do not inhibit corrosion
on mild steel. This behavior is typically associated with water of low
buffer capacity. Puckorius also warned against using saturation-level-
derived indices as the basis for predicting corrosion problems in cool-
ing systems.

Ryznar stability index. The Ryznar stability index (RSI) attempts to
correlate an empirical database of scale thickness observed in munici-
pal water systems to the water chemistry. Like the LSI, the RSI has
its basis in the concept of saturation level. Ryznar attempted to quan-
tify the relationship between calcium carbonate saturation state and
scale formation. The Ryznar index takes the form

RSI 	 2 (pHs) � pH

The empirical correlation of the Ryznar stability index can be summa-
rized as follows:

RSI � 6 The scale tendency increases as the index decreases.
RSI � 7 The calcium carbonate formation probably does not lead

to a protective corrosion inhibitor film.
RSI � 8 Mild steel corrosion becomes an increasing problem.

Puckorius scaling index. The previously discussed indices account for
only the driving force for calcium carbonate scale formation. They do
not account for two other critical parameters: the buffering capacity of
the water and the maximum quantity of precipitate that can form in
bringing water to equilibrium. The Puckorius (or Practical) scaling
index (PSI) attempts to further quantify the relationship between sat-
uration state and scale formation by incorporating an estimate of the
buffering capacity of the water into the index.

Water that is high in calcium but low in alkalinity and buffering
capacity can have a high calcite saturation level. The high calcium
level increases the ion-activity product. A plot of ion-activity product
versus precipitate for the water would show a rapid decrease in pH
as calcium precipitated because of the low buffering capacity. Even
minuscule decreases in carbonate concentration in the water would
drastically decrease the ion-activity product because of the small
quantity present prior to the initiation of precipitation. Such water
might have a high tendency to form scale as a result of the driving
force, but the quantity of scale formed might be so small as to be
unobservable. The water has the driving force but no capacity and no
ability to maintain pH as precipitate forms.
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The PSI is calculated in a manner similar to the Ryznar stability
index. Puckorius uses an equilibrium pH rather than the actual system
pH to account for the buffering effects:

PSI 	 2 (pHeq) � pHs

where pHeq 	 1.465 � log10 [Alkalinity] � 4.54
[Alkalinity] 	 [HCO3

�] � 2[CO3
2�] � [OH �]

Larson-Skold index. The Larson-Skold index describes the corrosivity
of water toward mild steel. The index is based upon evaluation of in
situ corrosion of mild steel lines transporting Great Lakes waters. The
index is the ratio of equivalents per million (epm) of sulfate (SO4

2�)
and chloride (Cl�) to the epm of alkalinity in the form bicarbonate plus
carbonate (HCO3

� � CO3
2�).

Larson-Skold index 	

As outlined in the original paper, the Larson-Skold index correlated
closely to observed corrosion rates and to the type of attack in the
Great Lakes water study. It should be noted that the waters studied in
the development of the relationship were not deficient in alkalinity or
buffering capacity and were capable of forming an inhibitory calcium
carbonate film, if no interference was present. Extrapolation to other
waters, such as those of low alkalinity or extreme alkalinity, goes
beyond the range of the original data.

The index has proved to be a useful tool in predicting the aggres-
siveness of once-through cooling waters. It is particularly interesting
because of the preponderance of waters with a composition similar to
that of the Great Lakes waters and because of its usefulness as an
indicator of aggressiveness in reviewing the applicability of corrosion
inhibition treatment programs that rely on the natural alkalinity
and film-forming capabilities of a cooling water. The Larson-Skold
index might be interpreted by the following guidelines:

Index � 0.8        Chlorides and sulfate probably will not inter-
fere with natural film formation.

0.8 � index � 1.2 Chlorides and sulfates may interfere with nat-
ural film formation. Higher than desired corro-
sion rates might be anticipated.

Index � 1.2 The tendency toward high corrosion rates of a
local type should be expected as the index
increases.

epm Cl� � epm SO4
2�






epm HCO3

� � epm CO3
2�
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Stiff-Davis index. The Stiff-Davis index attempts to overcome the
shortcomings of the Langelier index with respect to waters with high
total dissolved solids and the impact of “common ion” effects on the
driving force for scale formation. Like the LSI, the Stiff-Davis index
has its basis in the concept of saturation level. The solubility product
used to predict the pH at saturation (pHs) for a water is empirically
modified in the Stiff-Davis index. The Stiff-Davis index will predict
that a water is less scale forming than the LSI calculated for the same
water chemistry and conditions. The deviation between the indices
increases with ionic strength. Interpretation of the index is by the
same scale as for the Langelier saturation index.

Oddo-Tomson index. The Oddo-Tomson index accounts for the impact of
pressure and partial pressure of CO2 on the pH of water and on the sol-
ubility of calcium carbonate. This empirical model also incorporates cor-
rections for the presence of two or three phases (water, gas, and oil).
Interpretation of the index is by the same scale as for the LSI and Stiff-
Davis indices.

Momentary excess (precipitation to equilibrium). The momentary excess
index describes the quantity of scalant that would have to precipitate
instantaneously to bring water to equilibrium. In the case of calcium
carbonate,

Kspc 	 [Ca2�] [CO3
2�]

If water is supersaturated, then

[Ca2�] [CO3
2�] Kspc

Precipitation to equilibrium assumes that one mole of calcium ions
will precipitate for every mole of carbonate ions that precipitates. On
this basis, the quantity of precipitate required to restore water to equi-
librium can be estimated with the following equation:

[Ca2� � X] [CO3
2� � X] 	 Kspc

where X is the quantity of precipitate required to reach equilibrium.
X will be a small value when either calcium is high and carbonate low,

or carbonate is high and calcium low. It will increase to a maximum
when equal parts of calcium and carbonate are present. As a result,
these calculations will provide vastly different values for waters with
the same saturation level. Although the original momentary excess
index was applied only to calcium carbonate scale, the index can be
extended to other scale-forming species. In the case of sulfate, momen-
tary excess is calculated by solving for X in the relationship
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[Ca2� � X] [SO4
2� � X] 	 Kspc

The solution becomes more complex for tricalcium phosphate:

[Ca2� � 3X]3 [PO4
3� � 2X]2 	 Kspc

While this index provides a quantitative indicator of scale poten-
tial and has been used to correlate scale formation in a kinetic mod-
el, the index does not account for two critical factors: First, the pH
can often change as precipitates form, and second, the index does not
account for changes in driving force as the reactant levels decrease
because of precipitation. The index is simply an indicator of the
capacity of water to scale, and can be compared to the buffer capaci-
ty of a water.

Interpreting the indices. Most of the indices discussed previously
describe the tendency of a water to form or dissolve a particular scale.
These indices are derived from the concept of saturation. For example,
saturation level for any of the scalants discussed is described as the
ratio of a compound’s observed ion-activity product to the ion-activity
product expected if the water were at equilibrium Ksp. The following
general guidelines can be applied to interpreting the degree of super-
saturation:

1. If the saturation level is less than 1.0, a water is undersaturated
with respect to the scalant under study. The water will tend to dis-
solve, rather than form, scale of the type for which the index was
calculated. As the saturation level decreases and approaches 0.0,
the probability of forming this scale in a finite period of time also
approaches 0.

2. A water in contact with a solid form of the scale will tend to dissolve
or precipitate the compound until an IAP/Ksp ratio of 1.0 is
achieved. This will occur if the water is left undisturbed for an infi-
nite period of time under the same conditions. A water with a satu-
ration level of 1.0 is at equilibrium with the solid phase. It will not
tend to dissolve or precipitate the scale.

3. As the saturation level (IAP/Ksp) increases above 1.0, the tenden-
cy to precipitate the compound increases. Most waters can carry
a moderate level of supersaturation before precipitation occurs,
and most cooling systems can carry a small degree of supersatu-
ration. The degree of supersaturation acceptable for a system
varies with parameters such as residence time, the order of the
scale reaction, and the amount of solid phase (scale) present in
the system.
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2.2.4 Ion association model

The saturation indices discussed previously can be calculated based
upon total analytical values for all possible reactants. Ions in water,
however, do not tend to exist totally as free ions.24 Calcium, for example,
may be paired with sulfate, bicarbonate, carbonate, phosphate, and oth-
er species. Bound ions are not readily available for scale formation. This
binding, or reduced availability of the reactants, decreases the effective
ion-activity product for a saturation-level calculation. Early indices such
as the LSI are based upon total analytical values rather than free
species primarily because of the intense calculation requirements for
determining the distribution of species in a water. Speciation of a water
requires numerous computer iterations for the following:25

■ The verification of electroneutrality via a cation-anion balance, and
balancing with an appropriate ion (e.g., sodium or potassium for
cation-deficient waters; sulfate, chloride, or nitrate for anion-defi-
cient waters).

■ Estimating ionic strength; calculating and correcting activity coef-
ficients and dissociation constants for temperature; correcting
alkalinity for noncarbonate alkalinity.

■ Iteratively calculating the distribution of species in the water from
dissociation constants. A partial listing of these ion pairs is given in
Table 2.13.

■ Verification of mass balance and adjustment of ion concentrations to
agree with analytical values.

■ Repeating the process until corrections are insignificant.
■ Calculating saturation levels based upon the free concentrations of

ions estimated using the ion association model (ion pairing).

The ion association model has been used by major water treatment
companies since the early 1970s. The use of ion pairing to estimate the
concentrations of free species overcomes several of the major shortcom-
ings of traditional indices. While indices such as the LSI can correct
activity coefficients for ionic strength based upon the total dissolved
solids, they typically do not account for common ion effects. Common
ion effects increase the apparent solubility of a compound by reducing
the concentration of available reactants. A common example is sulfate
reducing the available calcium in a water and increasing the apparent
solubility of calcium carbonate. The use of indices which do not account
for ion pairing can be misleading when comparing waters in which the
TDS is composed of ions which pair with the reactants and of ions
which have less interaction with them.

112 Chapter Two

0765162_Ch02_Roberge  9/1/99 4:02  Page 112



The ion association model provides a rigorous calculation of the free
ion concentrations based upon the solution of the simultaneous non-
linear equations generated by the relevant equilibria.26 A simplified
method for estimating the effect of ion interaction and ion pairing is
sometimes used instead of the more rigorous and direct solution of the
equilibria.27 Pitzer coefficients estimate the impact of ion association
upon free ion concentrations using an empirical force fit of laboratory
data.28 This method has the advantage of providing a much less calcu-
lation-intensive direct solution. It has the disadvantages of being
based upon typical water compositions and ion ratios, and of unpre-
dictability when extrapolated beyond the range of the original data.
The use of Pitzer coefficients is not recommended when a full ion asso-
ciation model is available.

When indices are used to establish operating limits such as maxi-
mum concentration ratio or maximum pH, the differences between
indices calculated using ion pairing can have some serious economic
significance. For example, experience on a system with high-TDS water
may be translated to a system operating with a lower-TDS water. The
high indices that were found acceptable in the high-TDS water may be
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TABLE 2.13 Examples of Ion Pairs Used to Estimate Free Ion Concentrations

Aluminum
[Aluminum] 	 [Al3�] � [Al(OH)2�] � [Al(OH)2

�] � [Al(OH)4
�] � [AlF2�] � [AlF2

�] �
[AlF3] � [AlF4

�] � [AlSO4
�] � [Al(SO4)2

�]
Barium
[Barium] 	 [Ba2�] � [BaSO4] � [BaHCO3

�] � [BaCO3] � [Ba(OH)�]

Calcium
[Calcium] 	 [Ca2�] � [CaSO4] � [CaHCO3

�] � [CaCO3] � [Ca(OH)�] � [CaHPO4] �
[CaPO4

�] � [CaH2PO4
�]

Iron
[Iron] 	 [Fe2�] � [Fe3�] � [Fe(OH)�] � [Fe(OH)2�] � [Fe(OH)3

�] � [FeHPO4
�] �

[FeHPO4] � [FeCl2�] � [FeCl2�] � [FeCl3] � [FeSO4] � [FeSO4
�] �

[FeH2PO4
�] � [Fe(OH)2

�] � [Fe(OH)3] � [Fe(OH)4
�] � [Fe(OH)2] �

[FeH2PO4
2�]

Magnesium
[Magnesium] 	 [Mg2�] � [MgSO4] � [MgHCO3

�] � [MgCO3] � [Mg(OH)�] �
[MgHPO4] � [MgPO4

�] � [MgH2PO4
�] � [MgF�]

Potassium
[Potassium] 	 [K�] � [KSO4

�] � [KHPO4
�] � [KCl]

Sodium
[Sodium] 	 [Na�] � [NaSO4

�] � [Na2SO4] � [NaHCO3] � [NaCO3
�] � [Na2CO3] �

[NaCl] � [NaHPO4
�]

Strontium
[Strontium] 	 [Sr2�] 1 [SrSO4] 1 [SrHCO3

�] � [SrCO3] � [Sr(OH)�]
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unrealistic when translated to a water where ion pairing is less signif-
icant in reducing the apparent driving force for scale formation. Table
2.14 summarizes the impact of TDS upon LSI when it is calculated
using total analytical values for calcium and alkalinity, and when it is
calculated using the free calcium and carbonate concentrations deter-
mined with an ion association model.

Indices based upon ion association models provide a common denom-
inator for comparing results between systems. For example, calcite
saturation level calculated using free calcium and carbonate concen-
trations has been used successfully as the basis for developing models
which describe the minimum effective scale inhibitor dosage that will
maintain clean heat-transfer surfaces.29 The following cases illustrate
some practical usage of the ion association model.

Optimizing storage conditions for low-level nuclear waste. Storage costs
for low-level nuclear wastes are based upon volume. Storage is therefore
most cost-effective when the aqueous-based wastes are concentrated to
occupy the minimum volume. Precipitation is not desirable because it
can turn a low-level waste into a high-level waste, which is much more
costly to store. Precipitation can also foul heat-transfer equipment used
in the concentration process. The ion association model approach has
been used at the Oak Ridge National Laboratory to predict the optimum
conditions for long-term storage.30 Optimum conditions involve the
parameters of maximum concentration, pH, and temperature. Figures
2.17 and 2.18, respectively, depict a profile of the degree of supersatura-
tion for silica and for magnesium hydroxide as a function of pH and tem-
perature. It can be seen that amorphous silica deposition may present a
problem when the pH falls below approximately 10, and that magne-
sium hydroxide or brucite deposition is predicted when the pH rises
above approximately 11. Based upon this preliminary run, a pH range
of 10 to 11 was recommended for storage and concentration. Other
potential precipitants can be screened using the ion association model to
provide an overall evaluation of a wastewater prior to concentration.

114 Chapter Two

TABLE 2.14 Impact of Ion Pairing on the Langelier Scaling Index (LSI)

LSI
Water Low TDS High TDS TDS impact on LSI

High chloride
No pairing 2.25 1.89 �0.36
With pairing 1.98 1.58 �0.40

High sulfate
No pairing 2.24 1.81 �0.43
With pairing 1.93 1.07 �0.86

0765162_Ch02_Roberge  9/1/99 4:02  Page 114



Limiting halite deposition in a wet high-temperature gas well. There are
several fields in the Netherlands that produce hydrocarbon gas asso-
ciated with very high TDS connate waters. Classical oilfield scale
problems (e.g., calcium carbonate, barium sulfate, and calcium sul-
fate) are minimal in these fields. Halite (NaCl), however, can be pre-
cipitated to such an extent that production is lost in hours. As a
result, a bottom-hole fluid sample is retrieved from all new wells.
Unstable components are “fixed” immediately after sampling, and pH
is determined under pressure. A full ionic and physical analysis is also
carried out in the laboratory.

The analyses were run through an ion association model computer
program to determine the susceptibility of the brine to halite (and other
scale) precipitation. If a halite precipitation problem was predicted, the
ion association model was run in a “mixing” mode to determine if mixing
the connate water with boiler feedwater would prevent the problem. This
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Figure 2.17 Amorphous silica saturation in low-level nuclear wastewater as a function
of pH and temperature (WaterCycle).
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approach has been used successfully to control salt deposition in the well
with the composition outlined in Table 2.15. The ion association model
evaluation of the bottom-hole chemistry indicated that the water was
slightly supersaturated with sodium chloride under the bottom-hole con-
ditions of pressure and temperature. As the fluids cooled in the well bore,
the production of copious amounts of halite was predicted.

The ion association model predicted that the connate water would
require a minimum dilution with boiler feedwater of 15 percent to pre-
vent halite precipitation (Fig. 2.19). The model also predicted that over-
injection of dilution water would promote barite (barium sulfate)
formation (Fig. 2.20). Although the well produced H2S at a concentra-
tion of 50 mg/L, the program did not predict the formation of iron sul-
fide because of the combination of low pH and high temperature. Boiler
feedwater was injected into the bottom of the well using the downhole
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Figure 2.18 Brucite saturation in low-level nuclear wastewater as a function of pH and
temperature.
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injection valve normally used for corrosion inhibitor injection. Injection
of dilution water at a rate of 25 to 30 percent has allowed the well to
produce successfully since start-up. Barite and iron sulfide precipita-
tion have not been observed, and plugging with salt has not occurred.

Identifying acceptable operating range for ozonated cooling systems. It
has been well established that ozone is an efficient microbiological con-
trol agent in open recirculating cooling-water systems (cooling towers).
It has also been reported that commonly encountered scales have not
been observed in ozonated cooling systems under conditions where
scale would otherwise be expected. The water chemistry of 13 ozonat-
ed cooling systems was evaluated using an ion association model. Each
system was treated solely with ozone on a continuous basis at the rate
of 0.05 to 0.2 mg/L based upon recirculating water flow rates.31

Environments 117

25 42 58 75
92

108
125

100

83

67

50
33

17
0

0

0.5

1

1.5

2

2.5

D
eg

re
e 

o
f 

S
at

u
ra

ti
o

n

Temperature

%
 In

je
ct

io
n

Figure 2.19 Degree of saturation of halite in a hot gas well as a function of temperature
and reinjected boiler water (DownHole SAT).
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The saturation levels for common cooling-water scales were calcu-
lated, including calcium carbonate, calcium sulfate, amorphous silica,
and magnesium hydroxide. Brucite saturation levels were included
because of the potential for magnesium silicate formation as a result
of the adsorption of silica upon precipitating magnesium hydroxide.
Each system was evaluated by31

■ Estimating the concentration ratio of the systems by comparing
recirculating water chemistry to makeup water chemistry.

■ Calculating the theoretical concentration of recirculating water
chemistry based upon makeup water analysis and the apparent, cal-
culated concentration ratio from step 1.

■ Comparing the theoretical and observed ion concentrations to deter-
mine precipitation of major species.

■ Calculating the saturation level for major species based upon both
the theoretical and the observed recirculating water chemistry.

■ Comparing differences between the theoretical and actual chem-
istry to the observed cleanliness of the cooling systems and heat
exchangers with respect to heat transfer surface scale buildup,
scale formation in valves and on non–heat-transfer surfaces, and
precipitate buildup in the tower fill and basin.

118 Chapter Two

TABLE 2.15 Hot Gas Well Water Analysis

Bottom hole connate Boiler feedwater

Temperature, °C 121 70
Pressure, bars 350 1
pH, site 4.26 9.10
Density, kg/m3 1.300 1.000
TDS, mg�L�1 369,960 �20
Dissolved CO2, mg�L�1 223 �1
H2S (gas phase), mg�L�1 50 0
H2S (aqueous phase), mg�L�1 �0.5 0
Bicarbonate, mg�L�1 16 5.0
Chloride, mg�L�1 228,485 0
Sulfate, mg�L�1 320 0
Phosphate, mg�L�1 �1 0
Borate, mg�L�1 175 0
Organic acids �C6, mg�L�1 12 �5
Sodium, mg�L�1 104,780 �1
Potassium, mg�L�1 1,600 �1
Calcium, mg�L�1 30,853 �1
Magnesium, mg�L�1 2,910 �1
Barium, mg�L�1 120 �1
Strontium, mg�L�1 1,164 �1
Total iron, mg�L�1 38.0 �0.01
Lead, mg�L�1 5.1 �0.01
Zinc, mg�L�1 3.6 �0.01
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Three categories of systems were encountered:31

■ Category 1. The theoretical chemistry of the concentrated water
was not scale-forming (i.e., undersaturated).

■ Category 2. The concentrated recirculating water would have a
moderate to high calcium carbonate scale–forming tendency. Water
chemistry observed in these systems is similar to that in systems run
successfully using traditional scale inhibitors such as phosphonates.

■ Category 3. These systems demonstrated an extraordinarily high
scale potential for at least calcium carbonate and brucite. These sys-
tems operated with a recirculating water chemistry similar to that
of a softener rather than of a cooling system. The Category 3 water
chemistry was above the maximum saturation level for calcium car-
bonate where traditional inhibitors such as phosphonates are able to
inhibit scale formation.
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Figure 2.20 Degree of saturation of barite in a hot gas well as a function of temperature
and reinjected boiler water.
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TABLE 2.16 Theoretical vs. Actual Recirculating Water Chemistry

System Calcium Magnesium Silica
(Category) T* A† �‡ T* A† �‡ T* A† �‡ System cleanliness

1 (1) 56 43 13 28 36 �8 40 52 �12 No scale observed
2 (2) 80 60 20 88 38 50 24 20 4 Basin buildup
3 (2) 238 288 �50 483 168 315 38 31 7 Heavy scale
4 (2) 288 180 108 216 223 �7 66 48 18 Valve scale
5 (3) 392 245 147 238 320 �82 112 101 11 Condenser tube scale
6 (3) 803 163 640 495 607 �112 162 143 19 No scale observed
7 (3) 1464 200 1264 549 135 414 112 101 11 No scale observed
8 (3) 800 168 632 480 78 402 280 78 202 No scale observed
9 (3) 775 95 680 496 78 418 186 60 126 No scale observed

10 (3) 3904 270 3634 3172 508 2664 3050 95 2995 Slight valve scale
11 (3) 4170 188 3982 308 303 5 126 126 0 No scale observed
12 (3) 3660 800 2860 2623 2972 �349 6100 138 5962 No scale observed
13 (3) 7930 68 7862 610 20 590 1952 85 1867 No scale observed

*T 	 theoretical (ppm).
†A 	 actual (ppm).
‡� 	 difference (ppm).
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TABLE 2.17 Theoretical vs. Actual Recirculating Water Saturation Level

System Calcite Brucite Silica
(Category) T* A† T* A† T* A† Observation

1 (1) 0.03 0.02 �0.001 �0.001 0.20 0.25 No scale observed
2 (2) 49 5.4 0.82 0.02 0.06 0.09 Basin buildup
3 (2) 89 611 2.4 0.12 0.10 0.12 Heavy scale
4 (2) 106 50 1.3 0.55 0.13 0.16 Valve scale
5 (3) 240 72 3.0 0.46 0.21 0.35 Condenser tube scale
6 (3) 540 51 5.3 0.73 0.35 0.49 No scale observed
7 (3) 598 28 10 0.17 0.40 0.52 No scale observed
8 (3) 794 26 53 0.06 0.10 0.33 No scale observed
9 (3) 809 6.5 10 �0.01 0.22 0.27 No scale observed

10 (3) 1198 62 7.4 0.36 0.31 0.35 Slight valve scale
11 (3) 1670 74 4.6 0.36 0.22 0.44 No scale observed
12 (3) 3420 37 254 0.59 1.31 0.55 No scale observed
13 (3) 7634 65 7.6 0.14 1.74 0.10 No scale observed

*T 	 theoretical (ppm).
†A 	 actual (ppm).
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Table 2.16 outlines the theoretical versus actual water chemistry for
the 13 systems evaluated. Saturation levels for the theoretical and
actual recirculating water chemistries are presented in Table 2.17. A
comparison of the predicted chemistries to observed system cleanli-
ness revealed the following:31

■ Category 1 (recirculating water chemistry undersaturated). The sys-
tems did not show any scale formation.

■ Category 2 (conventional alkaline cooling system control range).
Scale formation was observed in eight of the nine Category 2 sys-
tems evaluated.

■ Category 3 (cooling tower as a softener). Deposit formation on heat-
transfer surfaces was not observed in most of these systems.

The study revealed that calcium carbonate (calcite) scale formed
most readily on heat-transfer surfaces in systems operating in a cal-
cite saturation level range of 20 to 150, the typical range for chemical-
ly treated cooling water. At much higher saturation levels, in excess of
1000, calcite precipitated in the bulk water. Because of the over-
whelming high surface area of the precipitating crystals relative to the
metal surface in the system, continuing precipitation leads to growth
on crystals in the bulk water rather than on heat-transfer surfaces.
The presence of ozone in cooling systems does not appear to influence
calcite precipitation and/or scale formation.31

Optimizing calcium phosphate scale inhibitor dosage in a high-TDS cooling
system. A major manufacturer of polymers for calcium phosphate
scale control in cooling systems has developed laboratory data on the
minimum effective scale inhibitor (copolymer) dosage required to pre-
vent calcium phosphate deposition over a broad range of calcium and
phosphate concentrations, and a range of pH and temperatures. The
data were developed using static tests, but have been observed to cor-
relate well with the dosage requirements for the copolymer in operat-
ing cooling systems. The data were developed using test waters with
relatively low levels of dissolved solids. Recommendations from the
data were typically made as a function of calcium concentration, phos-
phate concentration, and pH. This database was used to project the
treatment requirements for a utility cooling system that used geother-
mal brine for makeup water. An extremely high dosage (30 to 35 mg/L)
was recommended based upon the laboratory data.25

It was believed that much lower dosages would be required in the
actual cooling system because of the reduced availability of calcium
anticipated in the high-TDS recirculating water. As a result, it was
believed that a model based upon dosage as a function of the ion asso-
ciation model saturation level for tricalcium phosphate would be more

122 Chapter Two
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appropriate, and accurate, than a simple lookup table of dosage ver-
sus pH and analytical values for calcium and phosphate. Tricalcium
phosphate saturation levels were calculated for each of the laborato-
ry data points. Regression analysis was used to develop a model for
dosage as a function of saturation level and temperature.

The model was used to predict the minimum effective dosage for the
system with the makeup and recirculating water chemistry found in
Table 2.18. A dosage in the range of 10 to 11 mg/L was predicted, rather
than the 30 ppm derived from the lookup tables. A dosage minimization
study was conducted to determine the minimum effective dosage. The
system was initially treated with the copolymer at a dosage of 30 mg/L
in the recirculating water. The dosage was decreased until deposition
was observed. Failure was noted when the recirculating water concen-
tration dropped below 10 mg/L, validating the ion association–based
dosage model.

2.2.5 Software Systems

Some software systems are available for water treatment personnel.
The products combine the calculation sophistication of university-
based mainframe programs with a practical, commonsense engineer-
ing approach to evaluating and solving water treatment problems.
Color-coded graphics in combination with 3-D representation can be
quite useful in visualizing water treatment problems over a user-
defined probable dynamic operating range. Graphics reduce advanced
physical chemistry concepts and profiles to a level where even laypeo-
ple can understand the impact of changing parameters such as pH,
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TABLE 2.18 Calcium Phosphate Inhibitor Dosage Optimization Example

Water analysis at 6.2 cycles Deposition potential indicators

Cations Saturation level
Calcium (as CaCO3) 1339 Calcite 38.8
Magnesium (as CaCO3) 496 Aragonite 32.9
Sodium (as Na) 1240 Silica 0.4

Anions Tricalcium phosphate 1074
Chloride (as Cl) 620 Anhydrite 1.3
Sulfate (as SO4) 3384 Gypsum 1.7
Bicarbonate (as HCO3) 294 Fluorite 0.0
Carbonate (as CO3) 36 Brucite �0.1
Silica (as SiO2) 62 Simple indices

Parameters Langelier 1.99
pH 8.40 Ryznar 4.41
Temperature, °C 36.7 Practical 4.20
Half-life, h 72 Larson-Skold 0.39

Recommended Treatment
100% active copolymer, mg/L 10.53
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temperature, or concentration. These products serve niche water
treatment markets, including the cooling-water and oilfield markets.
An ion association model engine forms the basis for the sophisticated
predictions of scale, corrosion, and inhibitor optimization provided by
these software systems.

Scaling of cooling water. Watercycle is a computer-based system that
allows a water treatment chemist to evaluate the scale potential for
common scalants over the range of water chemistry, temperature, and
pH anticipated in an operational cooling system.32 This computer sys-
tem, which was developed to allow water treaters to readily evaluate the
scale potential for common scalants over the broadest of operating
ranges without the necessity for tedious manual calculations, has been
used to generate the analyses presented in this section.

Even when scaling indices can be calculated, they often offer con-
flicting results that can easily cloud the interpretation of what they
are foretelling. The program can be applied to long- as well as short-
residence-time systems. The computer system uses the mean salt
activities for estimating ion-activity coefficients based upon tempera-
ture and ionic strength.24 The use of ion pairing expands the useful-
ness of calculated saturation levels. The system can assist the cooling
tower operator or water treaters in establishing control limits based on
concentration ratio (cycles of concentration), pH, and temperature
profiles. The program can be used to

■ Develop an overall profile of scale potential for common cooling-
system scalants over the entire range of critical operating parame-
ters anticipated.

■ Evaluate the scale potential of an open recirculating cooling system
versus concentration ratio as an aid in establishing control limits.

■ Evaluate the benefits of pH control with respect to scale potential
and to estimate acid requirements.

■ Review these indicators as water quality changes or environmental
constraints force operation with reduced water quality and
increased scale potential.

■ Learn about the interaction of water chemistry and operating condi-
tions (pH, temperature) by using the program as a system simulator.

Many cooling-water evaluations assume that the cooling system is
static. Indices for scale potential are calculated at the “harshest” con-
ditions for the foulant under study. What-if scenario modeling provides
one of the greatest benefits from using Watercycle. The “what-if scenario”
modules allow one to

124 Chapter Two

0765162_Ch02_Roberge  9/1/99 4:02  Page 124



■ Visualize what will happen to the scale potential and corrosivity of a
cooling water as operating parameters and water chemistry change.

■ Evaluate the current cooling water over the entire range of operat-
ing parameters.

■ Predict water scaling behavior for use in evaluating new cooling sys-
tems, and as an aid in establishing control ranges and operating
parameters.

In the case of calcium carbonate scale, indices are typically calculat-
ed at the highest expected temperature and highest expected pH—the
conditions under which calcium carbonate is least soluble. In the case
of silica, the opposite conditions are used. Amorphous silica has its
lowest solubility at the lowest temperature and lowest pH encoun-
tered. Indices calculated under these conditions would be acceptable in
many cases. Unfortunately, cooling systems are not static. The
foulants silica and tricalcium phosphate are used as examples to
demonstrate the use of operating range profiles in developing an in-
depth evaluation of scale potential and the impact of loss of control.

Silica. Guidelines for the upper silica operating limits have been well
defined in water treatment practice, and have evolved with the treatment
programs. In the days of acid chromate cooling-system treatment, an
upper limit of 150 ppm silica as SiO2 was common. The limit increased to
180 ppm with the advent of alkaline treatments and pH control limits up
to 9.0. Silica control levels approaching or exceeding 200 ppm as SiO2

have been reported for the current high-pH, high-alkalinity all-organic
treatment programs where pH is allowed to equilibrate at 9.0 or higher.26

The evolution of silica control limits can be readily understood by
reviewing the silica solubility profile. As depicted in Fig. 2.21, solubility
of amorphous silica increases with increasing pH. Silica solubility also
increases with increasing temperature. In the pH range of 6.0 to 8.0 and
temperature range of 20 to 30°C, cooling water will be saturated with
amorphous silica when the concentration reaches 100 ppm (20°C) or 135
ppm (30°C) as SiO2. These concentrations correspond to a saturation
level of 1.0. The traditional silica limit for this pH range has been 150
ppm as SiO2. As outlined in Table 2.19, a limit of 150 ppm would corre-
spond roughly to a saturation level of 1.4 at 20°C and 1.1 at 30°C.

At the upper end of the cooling-water pH range (9.0), silica solubili-
ty increases to 115 ppm (20°C) and 140 ppm (30°C). A control limit of
180 ppm would correspond to saturation levels of 1.5 and 1.3, respec-
tively. In systems where concentration ratio is limited by silica solu-
bility, it is recommended that the concentration ratio limit be
reestablished seasonally based on amorphous silica saturation level or
whenever significant temperature changes occur.26
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Calcium phosphate. Neutral phosphate programs can benefit from satu-
ration-level profiles for tricalcium phosphate. Treatment programs
using orthophosphate as a corrosion inhibitor must operate in a nar-
row pH range in order to achieve satisfactory corrosion inhibition
without catastrophic calcium phosphate deposition occurring.
Operating-range profiles for tricalcium phosphate can assist the water
treatment chemist in establishing limits for pH, concentration ratio,
and orthophosphate in the recirculating water. Such profiles are also
useful in showing operators the impact of loss of pH control, chemical
overfeed, or overconcentration.

Scaling of deep well water. DownHole SAT is another specialized com-
puter program that allows a water treatment specialist to evaluate the
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Figure 2.21 Solubility of amorphous silica as a function of temperature and pH.

TABLE 2.19 Silica Limits for Three Treatment Schemes

Low pH (6.0) Moderate pH (7.6) High pH (8.9)

Temperature (°C) 20 30 20 30 20 30
Silica level (ppm) 130 150 150 150 �180 �180
Saturation level limit 1.2 1.1 1.4 1.1 1.5 1.3
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scale potential for common scalants over a broad range of water chem-
istry parameters, such as temperature, pressure, pH, and pCO2.33 As
with the previous computer system, “what-if scenario” modules pro-
vide an easy way to visualize what could happen to the scale potential
and corrosivity of a water as environmental parameters and water
chemistry change. The what-if scenarios also allow evaluating the
impact of bringing a water to the surface, or finding the safe ratios for
mixing waters under varying conditions. The scenarios can provide a
predictor for use in anticipating problems in new or proposed wells.
The following indices and the scaling behavior of the solid species
shown in Table 2.20 are all calculated by DownHole SAT.

■ Stiff-Davis
■ Oddo-Tomson
■ Ryznar
■ Puckorius
■ Larson-Skold

Convenience groups. Three “convenience groups” have been pro-
grammed into the computer system to allow multiple graph selection
for common groups:

■ The common foulants group includes calcite, barite, witherite, and
anhydrite saturation levels.

■ The common indices group includes the Langelier, Stiff-Davis, Oddo-
Tomson, and Ryznar indices.
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TABLE 2.20 Scales Modeled by DownHole SAT

Scale Formula

Calcite CaCO3
Aragonite CaCO3
Witherite BaCO3
Magnesite MgCO3
Siderite FeCO3
Barite BaSO4
Anhydrite CaSO4
Gypsum CaSO4�2H2O
Celestite SrSO4
Fluorite CaF2
Amorphous iron Fe(OH)3
Amorphous silica SiO2
Brucite Mg(OH)2
Strengite FePO4�2H2O
Tricalcium phosphate Ca3(PO4)2
Hydroxyapatite Ca5(PO4)3(OH)
Thenardite Na2SO4
Halite NaCl
Iron sulfide FeS
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■ The calcium carbonate group includes calcite saturation level, the
Langelier saturation index, the Stiff-Davis index, and the Oddo-
Tomson index.

Dosages for scale inhibitors should be applied as a function of a driving
force for scale formation and growth (e.g., calcite saturation level), tem-
perature as it affects reaction rates, pH as it affects the dissociation
state of the inhibitor, and time. A version of the computer program
allows the development of mathematical models for the minimum effec-
tive scale inhibitor dosage as a function of these parameters: driving
force, temperature, pH, and time.

Mathematical models. Mathematical models for an inhibitor are devel-
oped by the program using multiple regression. The goodness of fit for
the data can be presented in table and graphical format. Models are
discussed by parameter. The basic parameter to which scale inhibitor
dosages have been correlated historically is the driving force for crys-
tal formation and crystal growth. Early models attempted to develop
models based upon the Langelier saturation index or the Ryznar sta-
bility index. Most water treaters are in agreement that dosage
requirements increase with the driving force for scale formation.
Calcite saturation level provides an excellent driving force for calcium
carbonate scale inhibitor models, gypsum saturation level for calcium
sulfate in the cooling-water temperature range, and tricalcium phos-
phate saturation level for calcium phosphate scale prevention. The
momentary excess indices can also be used effectively to model dosage
requirements.

A second critical factor in determining an effective dosage or devel-
oping a model for an inhibitor is time. Time is the residence time of
scale-forming species in the system you wish to treat. The time factor
for scale inhibition can be as short as 4 to 10 s in a utility condenser
system, or extend into days for cooling towers. In high-saturation-level
systems, the induction period can be very short. In systems where
water is barely supersaturated, the induction time can approach infin-
ity. Scale inhibitors have been observed to extend the induction time
before scale formation or growth on existing scale substrate occurs.34

Inhibitors extend the time before scale will form in a system by
interfering with the kinetics of crystal formation and growth. Rate
decreases as inhibitor dosages increase. Additional parameters include
temperature, as it affects the rate of crystal formation and/or growth.
Dosage changes with temperature can be modeled with a simple
Arrhenius relationship. pH is an important parameter to include in
these models when an inhibitor can exist in two or more forms within
the pH range of use, and one of the forms is much more active as a

128 Chapter Two

0765162_Ch02_Roberge  9/1/99 4:02  Page 128



scale inhibitor than the other(s). pH can also affect the type of scale
that forms (e.g., tricalcium phosphate versus hydroxylapatite).

2.3 Seawater

2.3.1 Introduction

Seawater systems are used by many industries, such as shipping, off-
shore oil and gas production, power plants, and coastal industrial plants.
The main use of seawater is for cooling purposes, but it is also used for
firefighting, oilfield water injection, and desalination plants. The corro-
sion problems in these systems have been well studied over many years,
but despite published information on materials behavior in seawater,
failures still occur. Most of the elements that can be found on earth are
present in seawater, at least in trace amounts. However, 11 of the con-
stituents account for 99.95 percent of the total solutes, as indicated in
Table 2.21, with chloride ions being by far the largest constituent.

The concentration of dissolved materials in the sea varies greatly
with location and time because rivers dilute seawater, rain, or melting
ice, and seawater can be concentrated by evaporation. The most impor-
tant properties of seawater are35

■ Remarkably constant ratios of the concentrations of the major con-
stituents worldwide

■ High salt concentration, mainly sodium chloride
■ High electrical conductivity
■ Relatively high and constant pH
■ Buffering capacity
■ Solubility for gases, of which oxygen and carbon dioxide in particu-

lar are of importance in the context of corrosion
■ The presence of a myriad of organic compounds
■ The existence of biological life, to be further distinguished as micro-

fouling (e.g., bacteria, slime) and macrofouling (e.g., seaweed, mus-
sels, barnacles, and many kinds of animals or fish)

Some of these factors are interrelated and depend on physical, chem-
ical, and biological variables, such as depth, temperature, intensity of
light, and the availability of nutrients. The main numerical specifica-
tion of seawater is its salinity.

Salinity. Salinity was defined, in 1902, as the total amount of solid mate-
rial (in grams) contained in one kilogram of seawater when all halides
have been replaced by the equivalent of chloride, when all the carbonate
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