
WATER TREATMENT

1. Introduction

Water treatment can be defined as the manipulation of water from various
sources to achieve water quality that meets specific standards or goals.

A variety of methods have been developed to treat water in many situations
from producing potable water to producing abundant supplies of water for indus-
try. Water treatments discussed in sections 2–5 are common to both municipal
and industrial water treatment.

2. Sedimentation and Filtration

Most surface waters contain varying amounts of suspended solids, including silt,
clay, bacteria, and viruses; and it is necessary to remove these before to distribu-
tion to the domestic or industrial consumer. Suspended solids not only affect the
acceptability of the water but also interfere with disinfection. The principal
treatment processes are sedimentation (qv) and filtration (qv). Sedimentation
alone is rarely adequate for the clarification of turbid waters and is of little or
no value for the removal of such very fine particles as clay, bacteria, etc. Table
1 shows the effect of particle size on the sedimentation rate of a solid having a
specific gravity of 2.65 in water at 208C.

In many plants that treat surface waters, there is a presedimentation reser-
voir ahead of the treatment units. The reservoir allows the larger particles to set-
tle as well as to provide a volume buffer against changes in water quality. Table 1
shows that the only particles that settle within a reasonable period of time are
silt, sand, and possibly some larger bacteria. The listed values are for an undis-
turbed system and the times would be much longer for actual cases where cur-
rents tend to upset the settling. Further treatment, which is necessary to
produce potable water, may involve only filtration through sand or multiple-
medium filters or may require considerable pretreatment, eg, coagulation and
flocculation (qv) before filtration.

The use of sand filtration as a method of clarifying water dates to the small
sand beds designed for Paisley, Scotland, in 1804 and, later, to the larger sand
filters used by the Chelsea Water Company of London in 1828 to filter Thames
River water. The first use of sand filters in the United States was in Poughkeep-
sie, New York, in 1872 (2). These were slow sand filters, ie, the filter rates were
low compared to the filter rates of the 1990s. Table 2 compares the properties of
slow, rapid, and high rate filters. Slow sand filters have large surface areas
because of the low rates that must be used. Higher rate filters were developed
because of the very large surface areas that would be required for the filtration
of water for larger cities. There are, however, slow sand filters still in use both in
the United States and in Europe (4).

The first patent relating to rapid sand filters was issued in 1884 for the use
of ferric chloride as a coagulant ahead of the filters (5). The coagulant duplicates
the slimy, gelatinous layer of bacteria, algae, and fungi that built up on the sur-
face of slow sand filters and played an important part in the filtering action. This
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layer is called the schmutzdecke (German, ‘‘dirty layer’’). The first large, munici-
pal, rapid sand filter was built at Little Falls, New Jersey, in 1909 (2).

Dual-medium filters for municipal and industrial application have been
described (6,7). One of the first designs involved an inverted-medium loading,
in which very fine, dense garnet sand was used at the bottom of the filter; this
was covered by less dense but coarser silica sand, and then by granulated carbon
of even lower density and larger particle size. This type of construction provides
larger pore sizes for the initial contact with the water to be filtered and, thereby,
allows deeper penetration of smaller particles into the bed and the consequent
use of more of the filter medium for filtration. Backwashing returns the filter
to the original particle-size distribution because of the density differences of
the filter media.

The size of particles removed by such filters is less than the size of the pas-
sages. The mechanism of removal includes adsorption (qv) of the impurities at
the interface between the media and the water either by specific chemical or
van der Waals attractions or by electrostatic interaction when the medium par-
ticles have surface charges opposite to those on the impurities to be removed.

Neither rapid sand nor mixed-media filters remove appreciable quantities
of colloidal particles without adequate pretreatment. Although it is widely
believed that filters are an effective barrier against unsafe water, the effluent
may be as colored, as turbid, or as bacteriologically unsafe as the water applied.
In contrast, slow sand filters require no pretreatment, as the slow passage
through the bed allows the particles to contact and attach to the schmutzdecke.

The two steps in the removal of a particle from the liquid phase by the filter
medium are the transport of the suspended particle to the surface of the medium
and interaction with the surface to form a bond strong enough to withstand the
hydraulic stresses imposed on it by the passage of water over the surface. The
transport step is influenced by such physical factors as concentration of the sus-
pension, medium particle size, medium particle-size distribution, temperature,
flow rate, and flow time. These parameters have been considered in various
empirical relationships that help predict filter performance based on physical
factors only (8,9). Attention has also been placed on the interaction between
the particles and the filter surface. The mechanisms postulated are based on
adsorption (qv) or specific chemical interactions (10).

Rapid filtration has largely replaced slow sand filtration and it has several
features that allow it to operate at rates up to 100 times greater than the slow
method. These features are: filter bed of granular material that has been pro-
cessed to a more uniform size than typically found in nature; the use of a coagu-
lant to precondition the water; and mechanical and hydraulic systems to
efficiently remove collected solids from the bed. Nearly all plants in the United
States use rapid filtration (11).

The goal of filtration in the modern municipal treatment plant is a maxi-
mum of 0.1 ntu (nephelometric turbidity unit), which ensures a sparkling,
clear water (8). Freedom from disease organisms is associated with freedom
from turbidity, and complete freedom from taste and odor requires no less
than such clarity. The National Interim Primary Drinking Water Regulations
(NIPDWR) require that the maximum contaminant level for turbidity at the
point of entry into the distribution system be 1.0 ntu unless it can be shown
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that levels up to 5ntu do not interfere with disinfection, interfere with the main-
tenance of a chlorine residual in the distribution system, nor interfere with bac-
teriological analyses.

In early 2003, the current National Primary Drinking Water Regulations
(NPDWTR), which specify six categories of microbial constituents, including tur-
bidity, four disinfection byproducts, three disinfectants, 16 inorganic constitu-
ents; 53 organic constituents, and four types of radionuclides were listed on
the United States FDA website. Secondary MCLs for 15 water quality para-
meters to control odor and taste, color foaming, skin and tooth discoloration, cor-
rosivity and staining, and scaling and sedimentation, are currently specified in
NDSDWR (11).

3. Coagulation and Flocculation

The removal of colloidal particles, eg, turbidity, color, and bacteria, requires
agglomeration of these particles prior to filtration. Agglomeration can be carried
out chemically, that is by interaction of the colloidal particles with materials
added as coagulants, or physicochemically by neutralizing the charge on the par-
ticles or by interparticle bridging. The term coagulation is applied to the addition
of any material that causes agglomeration of the colloids; flocculation refers to
the process of gentle agitation which builds floc particles large enough to settle
rapidly. A physicochemical mechanism has been proposed for coagulation and is
based on charge neutralization by double-layer compression, which allows the
particles to approach closely enough for short-range van der Waals forces to
cause agglomeration (12). Flocculation is the growth of a three-dimensional
structure by interparticle bridging.

The repulsive forces that act to stabilize the suspension are the charge on
the particles (like particles have like charges and therefore repel one another)
and hydration. The attractive or destabilizing forces are Brownian movement,
van der Waals forces, and gravity. As shown in Table 1, the effect of gravity is
insignificant in the sedimentation of colloidal particles. Thus, it is possible to
destabilize colloids by increasing the attractive forces or by decreasing the repul-
sive forces.

Among the various factors that result in charges on colloidal particles are
ionization of surface groups, eg, acid groups on organic color particles and salt-
like bonds on the surface of clay particles that result in ion-exchange reactions
with the solution. In general, the colloidal particles in natural waters are nega-
tively charged. Clay, for example, has a net negative charge on the large surface
with positive charges on the edges. Color particles and bacteria are also nega-
tively charged. This charge cannot be measured directly, as the particles are sur-
rounded by a sheath of counterions in a relatively fixed layer (Fig. 1). From this
fixed layer, the charge is gradually neutralized by the higher concentration of
counterions in the diffuse double layer. The measurements that can be made
of this charge are limited by the impossibility of obtaining the particle indepen-
dent on the counterions. The rate at which the particle and some of its counter-
ions move under an impressed potential difference can be measured by various
techniques, eg, microelectrophoresis. However, this gives only the charge at the
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slipping plane or shear plane where the net force between the particle and the
bulk solution is small enough so that the particle moves independently. The
charge at this plane is referred to as the zeta potential and is shown in
Figure 1 as cz. The charge on the particle is c0.

The other important stabilizing force is hydration, because hydrophilic col-
loids are involved. The waters of hydration modify the exterior of the particle, so
that it approaches the properties of the bulk water. Owing to this, the particles
show no tendency to approach or to coalesce. The destabilizing effect of the Brow-
nian movement brings the particles into contact simply because of their random
wanderings through the solution. If two particles happen to collide or penetrate
each other’s repulsive sphere, they may be held together by van der Waals forces.
These forces are proportional to the reciprocal of the distance between the parti-
cle to the fifth power. This means that attractive forces generally act over a much
shorter distance than do repulsive forces.

It can be seen from these two factors, ie, particle charge and van der Waals
forces, that the charge must be reduced or the double layer must be compressed
to allow the particles to approach each other closely enough so that the van der
Waals forces can hold them together. There are two approaches to the accom-
plishment of this goal: reaction of the charged surface sites with an opposite
charge on an insoluble material and neutralization of the charge by opposite
charges concentrated in the fixed layer or the immediate environment. It is dif-
ficult to distinguish between these two as they result in the same effect on the
particle, insofar as this effect can be measured. Because the particles are nega-
tively charged, they can be coagulated by organic or inorganic cationic polyelec-
trolytes. A particle that consists of an organic chain that is negatively charged or
uncharged may still be adsorbed, but this does not result in reduction of the par-
ticle charge.

Many metal ions react with water to produce hydrolysis products that are
multiply charged inorganic polymers. These may react specifically with negative
sites on the colloidal particles to form relatively strong chemical bonds, or they
may be adsorbed at the interface. In either case, the charge on the particle is
reduced.

There are two classes of coagulants used in water treatment: inorganic
metal salts, containing iron and aluminum, and organic polymers (see
Table 3). The metal salts have been used since the early days of water treatment
as the primary coagulants, although they were first utilized as pretreatment for
filtration. The metal salts hydrolyze when added to water, according to the typi-
cal series of reactions shown in Table 4. The predominant equilibrium species for
the hydrolysis of aluminum and iron(III) ions over the pH range of interest in
water treatment, ie, pH 5–9, are Al(OH)3 and Fe(OH)3, as shown in Figures 2
and 3, which express the concentration of the various species as a function of
pH. These equilibrium conditions may occur during the coagulation, flocculation,
and sedimentation processes in treatment plants. It has been shown that the
reactive species may not be those that predominate under equilibrium conditions
but rather the less-hydrolyzed species that form in the first few seconds or min-
utes of the reaction with water (15,16). These species are positively charged and
effectively interact with the negative colloidal impurities.
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The metal salts reduce the alkalinity in the water; therefore, it may be
necessary to add base in the form of lime or soda ash. One part of technical alu-
minum sulfate (Al2(SO4)3�14H2O) reduces the alkalinity as CaCO3 by 0.55 parts
and one part of technical ferric sulfate, Fe2(SO4)3�H2O, by 0.68 parts. The reac-
tion is

Fe3þ þ 3HCO�
3 ÐFeðOHÞ3 þ 3CO2 ð1Þ

The selection of a particular metal salt is based on such factors as local
availability, convenience, economics, and effectiveness for the specific treatment
problem.

Aluminum sulfate (commercial product Al2(SO4)3�14H2O) is available as
either a granular solid containing 17wt% Al2O3 or a solution containing
8.3wt% Al2O3. This is commonly referred to as alum or filter alum. The higher
cost of transporting the solution may be more than compensated by the ease in
handling and savings in labor and equipment required for feeding and dissolving
the solid (17).

Ferric sulfate [commercial product Fe2(SO4)3�H2O] contains a minimum of
20wt% iron(III). It is available only as a solid, which must be dissolved immedi-
ately before use. The solution must be kept concentrated to avoid premature
hydrolysis and precipitation of Fe(OH)3. Such concentrated solutions have low
pH values and, thus, prevent hydrolysis but are very corrosive. Containers
must therefore be coated with or be constructed of corrosion-proof materials.

Ferrous sulfate (commercial product FeSO4�7H2O), referred to as copperas,
may be the least expensive iron salt, particularly in localities where it may be
available as a by-product of the manufacture of titanium dioxide or the pickling
of steel. Its high solubility as the hydroxide (ca 4mg/L as iron) precludes its use
as a coagulant; therefore, it must be oxidized to the þ3 state. This can be accom-
plished readily above pH 6 by oxygen or chlorine. Each part of FeSO4�7H2O
requires 0.03 parts of oxygen or 0.126 parts of chlorine for oxidation to the ferric
state.

Sodium aluminate (NaAlO2) normally contains an excess of sodium hydro-
xide or soda ash to maintain a sufficiently high pH to prevent Al(OH)3 precipita-
tion prior to its addition to the water as a coagulant.

The organic coagulants in use may be either natural or synthetic. Among
the useful natural polymers are starches, gums, and gelatin. There are four
classes of organic polymeric coagulants: cationic, anionic, ampholytic (frequently
referred to as polyelectrolytes, see Table 5), and nonionic. The cationic class com-
prises quaternary ammonium compounds, eg, poly(dimethyldiallylammonium
chloride). Poly(sodium methacrylate) is an example of an anionic polyelectrolyte.
Poly(lysine–glutamic acid), having both �NHþ

3 and �COO� groups, is an exam-
ple of an ampholytic polyelectrolyte.

Color can be removed effectively and economically with either alum or ferric
sulfate at pH values of 5–6 and 3–4, respectively. The reaction is stoichiometric
and is a specific reaction of the coagulant with the color to form an insoluble com-
pound (18). The dosage required may be as high as 100–150mg/L (380–570mg/
gal). Raw-water colors may be as high as 450–500 units on the APHA color scale.
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The secondary MCL (maximum contaminant level) for color in the finished water
is 15 units, although most municipal treatment plants produce water that sel-
dom exceeds 5 units.

The treatment units used for color removal are the same as those used for
turbidity removal. However, the pH must be increased prior to filtration so that
the metal hydroxides are removed by the filters. At low pH values, metal ions or
their soluble complexes readily pass through the filters and form insoluble spe-
cies in storage tanks and in the distribution system. For iron salts, it is important
that the pH be greater than 6 as the oxidation of iron(II) to iron(III) occurs
rapidly above this pH in the presence of dissolved oxygen or other strong oxi-
dants (19).

4. Membrane Processes

In recent years, membrane processes have been used increasingly for the produc-
tion of ‘‘pure’’ waters from fresh water and seawater. Membrane processes are
also being applied in process and wastewater systems. Although often thought
to be expensive and relatively experimental, membrane technology is advancing
quickly, becoming less expensive, improving performance, and extending life
expectancy.

Four types of pressure-driven membranes are currently used in water
treatment: microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and
reverse osmosis (RO). The membranes are loosely identified by the types of mate-
rials rejected, operating pressures, and nominal pore dimensions.

In water treatment, these membranes are classified into two distinct pro-
cesses; membrane filtration and reverse osmosis. The difference between the
two is substantial. See Table 6 (20).

4.1. Membrane Filtration. Membrane filtration occurs when water is
forced through a thin wall of porous materials. The filter medium is not woven
cloth, but a continuous mass with interconnecting voids. Most membranes are
configured as hollow fibers, but membrane filtration is a rapidly evolving field
and other configurations exist. Water passes through the membrane and solids
accumulate against the filter medium. Here the head across the membrane
required to maintain constant flux increases. The pressure is between 0.2–1
bar. To avoid fouling, this pressure should be kept below 1 bar. Membrane filters
operate over a repeating filtration cycle. After filtration, the solids are removed
in the backwash cycle, and a new cycle begins. Operating characteristics of mem-
brane filtration and granular filtration are compared in Table 7 (21). A gradual
lose of performance (fouling) is observed over a period of days or weeks due to the
slow adsorption of materials that cannot be removed during the backwash. Bio-
logical materials can also clog membranes (biofouling). The loss of performance
due to fouling is one of the significant issues affecting cost effectiveness of mem-
brane filtration.

At the end of 2000, the total capacity of membrane filtration plants in the
United States was about 760,000 m3/d (22). This value represents less than 1% of
the surface water treated by public utilities (23). Granular filtration remains the
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most common filtration technology, but the growth of membrane filtration is
expected to continue.

4.2. Reverse Osmosis. Osmosis is the flow of solvent through a semi-
permeable membrane, from a dilute solution to a concentrated solution. This flow
results from the driving force created by the difference in pressure between the
two solutions. Osmotic pressure is the pressure that must be added to the con-
centrated solution side to stop the solvent flow through the membrane. Reverse
osmosis is the process of reversing the flow, forcing water through a membrane
from a concentrated solution to a dilute solution to produce pure water. Figure 4
illustrates the processes of osmosis and reverse osmosis.

Reverse osmosis is created when sufficient pressure is applied to the con-
centrated solution to overcome the osmotic pressure. This pressure is provided
by feed-water pumps. Concentrated contaminants (brine) are removed from
the high pressure side of the RO membrane, and pure water (permeate) is
removed from the low pressure side. Membrane modules may be staged in var-
ious design configurations, producing the highest quality permeate with the least
amount of waste.

Typically, 95% of dissolved salts are removed from the brine. All particu-
lates are removed. However, due to their molecular porosity, RO membranes
do not remove dissolved gases, such as Cl2, CO2, and O2.

4.3. Other. These processes are used for treatment of industrial water.
Electrodialysis. Electrodialysis processes transfer ions of dissolved salts

across membranes, leaving purified water behind. Ion movement is induced by
direct current electrical fields. A negative electrode (cathode) attracts cations,
and a positive electrode (anode) attracts anions. Systems are compartmentalized
in stacks by alternating cation and anion transfer membranes. Alternating com-
partments carry concentrated brine and purified permeate. Typically, 40–60% of
dissolved ions are removed or rejected. Further improvement in water quality is
obtained by staging (operation of stacks in series). ED processes do not remove
particulate contaminants or weakly ionized contaminants, such as silica.

Electrodialysis Reversal. Electrodialysis reversal processes operate on
the same principles as ED; however, EDR operation reverses system polarity
(typically three to four times per hour). This reversal stops the buildup of concen-
trated solutions on the membrane and thereby reduces the accumulation of inor-
ganic and organic deposition on the membrane surface.

5. Softening Processes

A water is classified as hard if it contains more than 120mg of divalent ions per
liter (454mg/L), usually calcium and magnesium, expressed as CaCO3. Hard
water is problematic as cleaning in it requires a greater amount of soap than
is needed in soft water to produce lather. Also, the calcium and magnesium
salts that cause hardness have negative solubility coefficients and precipitate
with an increase in temperature. A deposit of scale forms on heat-transfer sur-
faces, leading to localized overheating or clogging of service lines.

5.1. Municipal Softening Methods. The American Water Works Asso-
ciation (AWWA) Water Quality Goals recommend a maximum total hardness of
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80 ppm for municipal purposes (24). Municipal softening plants, however, distri-
bute waters containing 70–150 ppm; the final quality is established based on
such factors as public demand and economics.

The two principal methods of softening water for municipal purposes are
addition of lime or lime-soda and ion exchange. The choice method depends
upon such factors as the raw-water quality, the local cost of the softening chemi-
cals, and means of disposing of waste streams.

Lime and Lime–Soda Processes. The first softening plant in the early
1900s used the lime softening process with fill and draw units. Later, continuous-
treatment units, which greatly increased the amount of water that could be trea-
ted in a facility of given size, were developed. More than 1000 municipalities
soften water. Most are in the Midwest and in Florida. However, concern for
the adverse effect of soft water on cardiovascular disease (CVD) may limit the
number of plants that introduce softening.

The lime or lime–soda process results in the precipitation of calcium as cal-
cium carbonate and magnesium as magnesium hydroxide. The solubilities of
these compounds are shown in Figure 5 as functions of pH. When lime is used
alone, only the carbonate hardness is reduced. The carbonate hardness is present
as calcium or magnesium bicarbonate. The additional use of soda ash can reduce
the noncarbonate hardness by providing additional carbonate ion. The reactions
involved in the various steps of the process are listed below:

The reactions of any free CO2 with the added lime:

CO2 þ CaðOHÞ2 ! CaCO3 þH2O ð2Þ

This reaction provides no softening but occurs preferentially, since the CO2

is the strongest acid present in the system.
The reaction of calcium carbonate hardness with lime, when the calcium

can be represented as the bicarbonate at the usual pH values:

CaðHCO3Þ2 þ CaðOHÞ2 ! 2CaCO3 þ 2H2O ð3Þ

The reaction of magnesium carbonate hardness with lime:

MgðHCO3Þ2 þ 2CaðOHÞ2 ! 2CaCO3 þ 2H2OþMgðOHÞ2 ð4Þ

The reaction of calcium noncarbonate hardness with soda ash:

CaSO4 þNa2CO3 ÐCaCO3 þNa2SO4 ð5Þ

The soda ash provides CO2�
3 because available CO2�

3 is consumed (eqs. 3–5).
The noncarbonate hardness may be represented as sulfate, although any anion
except carbonate or bicarbonate could be present.

The reaction of magnesium noncarbonate hardness with lime and with soda
ash is a two step reaction since reaction 6 produces a reasonably soluble calcium
salt that must react with CO2�

3 in order to cause calcium precipitation:
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MgSO4 þ CaðOHÞ2 ! MgðOHÞ2 þ CaSO4 ð6Þ

CaSO4 þNa2CO3 ÐCaCO3 þNa2SO4 ð7Þ

In the presence of soda ash this is followed by equation 5.
From reactions 2–6, it can be seen that the addition of lime always serves

three purposes and may serve a fourth. It removes, in order, CO2, calcium carbo-
nate hardness, and magnesium carbonate hardness (reactions 8, 9, and 10,
respectively). Where magnesium noncarbonate hardness must be removed, the
lime converts it to calcium noncarbonate hardness (reaction 6). Soda ash, then,
removes noncarbonate hardness according to reaction 5.

The needed amounts of lime and soda ash can be calculated from the stoi-
chiometry of the reactions. The effluent quality is a function of the solubilities of
calcium carbonate and magnesium hydroxide and of the quantities of softening
chemicals added. The acceptable level of total hardness can be decided and
usually is 70–120mg/L (265–454mg/gal), expressed as CaCO3. The sum of the
solubilities of calcium carbonate and magnesium hydroxide is ca 50–70mg/L
(190–265mg/gal), depending upon the pH. The sum of the concentrations of
the carbonic species HCO�

3 þ CO2�
3 , expressed as CaCO3 or carbonate hardness,

can be as low as 20mg/L (76mg/gal) but is usually 30–50mg/L (114–190 mg/gal)
because of CaCO3 supersaturation. It is desirable to reduce the carbonate hard-
ness to the lowest practical value that allows the maximum concentration of non-
carbonate hardness to remain. This decreases the cost of treatment, as soda ash
costs at least twice as much as lime. Additionally, ca 190% more soda ash than
lime is needed to remove the same amount of hardness. It is economically more
favorable to minimize the amount of calcium, since twice as much lime is
required to remove magnesium as to remove calcium. Unfortunately, all of the
hardness left cannot be present as magnesium, since magnesium hardness
above 40 ppm causes scaling in hot-water heaters at 168C, which is the normal
temperature setting. For this reason, the magnesium concentration is usually
reduced to 40ppm.

Since the effluent from a softening unit is usually supersaturated with cal-
cium carbonate at the usually high pH values, it is necessary to reduce the pH to
a value that allows the solution to be exactly saturated for the calcium-ion and
carbonate-ion concentrations present. The relationship is

CaCO3 ðsÞ þHþ ÐCa2þ þHCO�
3 ð8Þ

The equilibrium expression is

K ¼ ½Ca2þ�½HCO�
3 �

½Hþ�
¼ Ksp=K2 ð9Þ

or

pHs ¼ pK2 � pKsp þ pCaþ pðalkÞ ð10Þ
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where pHs is the pH of saturation, pK2 is the second ionization constant for car-
bonic acid, pKsp is the solubility product constant of CaCO3, pCa is the negative
logarithm of the molar concentration of calcium ion, and p(alk) is the negative
logarithm of the bicarbonate ion concentration, which is measured analytically
as the total titratable bases present at pH 6–9. The reduced pH is usually
attained by recarbonation, ie, by the addition of CO2. The carbon dioxide is
obtained from the combustion of fuel oil or from liquid CO2.

Modifications of the basic process are undersoftening, split recarbonation,
and split treatment. In undersoftening, the pH is raised to 8.5–8.7 to remove
only calcium. No recarbonation is required. Split recarbonation involves the
use of two units in series. In the first or primary unit, the required lime and
soda ash are added and the water is allowed to settle and is recarbonated just
to pH 10.3, which is the minimum pH at which the carbonic species are present
principally as the carbonate ion. The primary effluent then enters the second or
secondary unit, where it contacts recycled sludge from the secondary unit result-
ing in the precipitation of almost pure calcium carbonate. The effluent settles, is
recarbonated to the pH of saturation, and is filtered. The advantages over con-
ventional treatment are reductions in lime, soda ash, and CO2 requirements;
very low alkalinities; and reduced maintenance costs because of the stability of
the effluent. The main disadvantages are the necessity for very careful pH con-
trol and the requirement for twice the normal plant capacity.

The principal use for split treatment is for water with high magnesium con-
tent. This process also requires two units in series, which doubles the size of the
plant. The ratio of the fraction of raw water in the primary unit to the fraction
treated in the secondary unit is such that, when all of the magnesium is removed
in the primary unit and none in the secondary, the mixed effluents contain
10 ppm magnesium as magnesium or 41ppm as CaCO3. For example, 75% of
raw water containing 40 ppm magnesium would be treated in the primary unit
and 25% in the secondary unit. Sufficient lime is added ahead of the primary unit
to remove all of the magnesium or at least to an amount less than 1ppm. This
requires a pH of 11.1–11.3 with an excess of ca 70 ppm of caustic alkalinity.
The effluent from the primary unit is mixed with the bypassed raw water in
the secondary unit with no further addition of chemicals. The excess lime in
the primary effluent is used to remove the calcium hardness from the bypassed
raw water. In this process, the excess lime required for magnesium removal is
used to soften raw water, whereas in conventional treatment this excess is
wasted through recarbonation. Another advantage is the very low alkalinity
(18–20mg/L (68–76mg/gal)) of the finished water. This, of course, reduces the
necessary amount of soda ash.

One of the main problems associated with lime or lime-soda softening is the
disposal of the sludge. Depending upon the ratio of calcium to magnesium
removed and upon the amount of soda ash used, the sludge produced is 2.8–
3.6 times the weight of the lime added. The principal methods of disposal have
been lagooning, discharge into the nearest water course, or discharge to the sani-
tary sewer system. The latter two are no longer acceptable methods of disposal
because of the resultant pollution load.

A method of disposal for large plants is recalcination, ie, regeneration of
lime from the CaCO3 by heating the CaCO3 in a kiln to remove the carbon diox-
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ide. The lime can be reused in the plant, the CO2 used for recarbonation, and the
excess lime sold. In cases where Mg(OH)2 has precipitated with CaCO3, it is
necessary to remove the magnesium prior to recalcination. This is accomplished
by selectively dissolving the magnesium with CO2 from the kiln at ca pH 10.3. At
lower pH values, CaCO3 dissolves and, at higher values, magnesium remains in
the sludge. In some plants, the sludge is vacuum-filtered to ca 40–50% solids and
then used for agricultural purposes or disposed of in a land fill.

Ion Exchange. For waters with high noncarbonate hardness or high mag-
nesium content, or both, the use of lime or lime-soda may be very expensive. In
such cases, ion-exchange softening may be more economical, particularly is
brines are locally available at little cost for regeneration of the resins. Ion-
exchange softening involves exchanging sodium or hydrogen ions for the calcium
or magnesium ions in the raw water. The exchange reactions are equilibria that
favor the formation of polyvalent ion-resin complexes over monovalent ion-resin
complexes. The raw water to be softened is passed through the resins that are
initially saturated with sodium or hydrogen ions. The exchange is referred to
as the exhaustion reaction and may be shown as Ca2þ þ 2 NaR ! R2 þ 2 Naþ,
where R is the resin matrix. The regeneration step is simply the reverse of the
exhaustion step with the concentration of the regenerant ion increased to 5–25%
in order to reverse the reactions. For sodium-ion regeneration, sodium chloride is
used and for hydrogen-ion regeneration, either sulfuric or hydrochloric acid is
used. The theoretical requirement for 98wt% NaCl to regenerate the resin is
453 g for each 686 g of hardness removed (expressed as CaCO3). The actual
requirements vary from 544 to 1088 g, depending upon the specific resin used
and the regeneration conditions. The water passing through the exchanger is
reduced to 0–2mg/L (0–7.6mg/gal) hardness. Since this is usually much lower
than the final acceptable hardness, only a portion of the water is passed through
the exchanger. Enough is bypassed to give the desired final hardness.

The resins used are highly cross-linked organic polymers with acidic func-
tional groups. The most common of the resins used are sulfonated copolymers of
styrene and divinylbenzene (see ION EXCHANGE).

There are several modifications of the ion-exchange process. For example,
water with high total solids can be treated partially by sodium-cycle exchange
followed by aeration to remove CO2 and, consequently, part of the anions. How-
ever, sodium-cycle exchange increases the soluble-solids content as two sodiums
(at wt 2� 23.0¼ 46.0) are substituted for one calcium (40.0) or magnesium (24.3).
Hydrogen-cycle exchange replaces one calcium or one magnesium with two
hydrogens and, thus, reduces the total solids content. The disadvantage is the
reduction in pH. The resultant water is very corrosive and the pH must be raised
before distribution.

Another possible modification is the use of seawater as the regenerant.
Even though it contains calcium and magnesium, but only 2.7wt% NaCl, it some-
times can be purified by coagulation, filtration, and chlorination less expensively
than salt can be purchased. The lower concentration reduces the regeneration
efficiency by 40–50%.

The two types of installations used are fixed-bed and continuous-
regeneration units. The continuous units consist of a closed circuit containing
two sections, one for softening and one for regeneration; the resin is circulated
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countercurrent to the raw water flow through the softening tank. The resin then
is pulsed periodically into the regeneration tank, where it is regenerated and
rinsed; then it is pulsed back to the softening tank. Thus, there is continuous
softening without the downtime customary with fixed-bed units.

5.2. Industrial Precipitation Softening. Precipitation softening pro-
cesses are used to reduce raw water hardness, alkalinity, silica, and other con-
stituents. This helps prepare water for direct use as cooling tower makeup or as a
first-stage treatment followed by ion exchange for boiler makeup or process use.
The water is treated with lime or a combination of lime and soda ash (carbonate
ion). These chemicals react with the hardness and natural alkalinity in the water
to form insoluble compounds. The compounds precipitate and are removed from
the water by sedimentation and, usually, filtration. Waters with moderate to
high hardness and alkalinity concentrations (150–500 ppm as CaCO3) are
often treated in this fashion.

Cold Lime Softening. Precipitation softening accomplished at ambient
temperatures is referred to as cold lime softening. When hydrated lime,
Ca(OH)2, is added to the water being treated (see eqs. 2–4).

Noncarbonate or permanent calcium hardness, if present, is not affected by
treatment with lime alone. If noncarbonate magnesium hardness is present in an
amount greater than 70 ppm and an excess hydroxyl alkalinity of about 5 ppm is
maintained, the magnesium will be reduced to about 70 ppm, but the calcium will
increase in proportion to the magnesium reduction.

To improve magnesium reduction, which also improves silica reduction in
cold process softening, sodium aluminate may be used. The sodium aluminate
provides hydroxyl ion (OH�) needed for improved magnesium reduction, without
increasing calcium hardness in the treated water. In addition, the hydrolysis of
sodium aluminate results in the formation of aluminum hydroxide, which aids in
floc formation, sludge blanket conditioning, and silica reduction.

Warm Lime Softening. The warm lime softening process operates in the
temperature range of 49–608C. The solubilities of calcium, magnesium, and
silica are reduced by increased temperature. Therefore, they are more effectively
removed by warm lime softening than by cold lime softening.

Hot Process Softening. Hot process softening is usually carried out
under pressure at temperatures of 108–1168C. At the operating temperature,
hot process softening reactions go essentially to completion. This treatment
method involves the same reactions described above, except that raw water
CO2 is vented and does not participate in the lime reaction. The use of lime
and soda ash permits hardness reduction down to 0.5 g/gal, or about 8 ppm, as
calcium carbonate. Magnesium is reduced to 2–5 ppm, because of the lower solu-
bility of magnesium hydroxide at the elevated temperatures.

Silica Reduction. Hot process softening can also provide good silica
reduction. The silica reduction is accomplished through adsorption of the silica
on the magnesium hydroxide precipitate. If there is insufficient magnesium pre-
sent in the raw water to reduce silica to the desired level, magnesium compounds
(such as magnesium oxide, magnesium sulfate, magnesium carbonate, and dolo-
mitic lime) may be used.

Alkalinity Reduction. Treatment by lime precipitation reduces alkalinity.
However, if the raw water alkalinity exceeds the total hardness, sodium bicarbo-
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nate alkalinity is present. In such cases, it is usually necessary to reduce treated
water alkalinity in order to reduce condensate system corrosion or permit
increased cycles of concentration.

Treated Water Quality. Predicted analyses of a typical raw water treated
by various lime and lime–soda softening processes are presented in Table 8.
Treatment by lime converts the sodium bicarbonate in the raw water to sodium
carbonate (eq. 11).

2NaHCO3 þ CaðOHÞ2 ! CaCO3 þNa2CO3 þ 2H2O ð11Þ

Calcium sulfate (gypsum) may be added to reduce the carbonate to required
levels eq. 7.

Ion Exchange. Ion exchangers exchange one ion for another, hold it tem-
porarily, and then release it to a regenerant solution. In an ion-exchange system,
undesirable ions in the water supply are replaced with more acceptable ions.

Ionizable groups attached to the resin bead determine the functional cap-
ability of the resin. Industrial water treatment resins are classified into four
basic categories: strong acid cation (SAC); weak acid cation (WAC); strong base
anion (SBA); and weak base anion (WBA).

SAC resins can neutralize strong bases and convert neutral salts into their
corresponding acids. SBA resins can neutralize strong acids and convert neutral
salts into their corresponding bases. These resins are used in most softening and
full demineralization applications. WAC and WBA resins are able to neutralize
strong bases and acids, respectively. These resins are used for dealkalization,
partial demineralization, or (in combination with strong resins) full deminerali-
zation.

Sodium Zeolite Softening. Sodium zeolite softening is the most widely
applied use of ion exchange. In zeolite softening, water containing scale-forming
ions, such as calcium and magnesium, passes through a resin bed containing
SAC resin in the sodium form. In the resin, the hardness ions are exchanged
with the sodium, and the sodium diffuses into the bulk water solution. The
hardness-free water, termed soft water, can then be used for low to medium pres-
sure boiler feedwater, reverse osmosis system makeup, some chemical processes,
and commercial applications, such as laundries.

Demineralization. Softening alone is insufficient for most high-pressure
boiler feed waters and for many process streams, especially those used in the
manufacture of electronics equipment. In addition to the removal of hardness,
these processes require removal of all dissolved solids, such as sodium, silica,
alkalinity, and the mineral anions (Cl�, SO2�

4 , and NO3�).
Demineralization of water is the removal of essentially all inorganic salts by

ion exchange. In this process, strong acid cation resin in the hydrogen form con-
verts dissolved salts into their corresponding acids, and strong base anion resin
in the hydroxide form removes these acids. Demineralization produces water
similar in quality to distillation at a lower cost for most fresh waters.

The standard cation–anion process has been modified in many systems to
reduce the use of costly regenerants and the production of waste. Modifications

Vol. 0 WATER TREATMENT 13



include the use of decarbonators, weak acid and weak base resins. Several differ-
ent approaches to demineralization using these processes are shown in Figure 6.

Condensate Polishing. Ion exchange can be used to purify or polish
returned condensate, removing corrosion products that could cause harmful
deposits in boilers. Typically, the contaminants in the condensate system are
particulate iron and copper. Low levels of other contaminants may enter the sys-
tem through condenser and pump seal leaks or carryover of boiler water into the
steam. Condensate polishers filter out the particulates and remove soluble con-
taminants by ion exchange.

Most paper mill condensate polishers operate at temperatures approaching
938C, precluding the use of anion resin. Cation resin, which is stable up to tem-
peratures of over 1328C, is used for deep bed condensate polishing in these appli-
cations. The resin is regenerated with sodium chloride brine, as in a zeolite
softener. In situations in which sodium leakage from the polisher adversely
affects the boiler water internal chemical program or steam attemperating
water purity, the resin can be regenerated with an ionized amine solution to pre-
vent these problems.

6. Municipal Water Treatments

6.1. Taste and Odor Control. Tastes and odors in surface waters result
from the action of biological organisms, eg, algae, or from various minerals, pol-
lution by industry, domestic seepage, or agriculture. Groundwaters may have
taste and odor if they are polluted or if they contain gases, eg, H2S or CH4; the
latter always contains associated impurities that have taste and odor. Removal of
these gases can be accomplished by adsorption (qv) with activated carbon (qv);
oxidation with chlorine, potassium permanganate, or ozone; or aeration.

Organic materials are generally removed by addition of powdered activated
carbon. The carbon may be added at any point in the plant, although it is advan-
tageous to have as much contact as possible. The adsorption reaction is slow at
room temperature, since it is diffusion-controlled. Oxidation with chlorine, potas-
sium permanganate, or ozone may destroy tastes and odors or it may intensify
them, depending upon the particular compounds involved. For example, chlori-
nation of phenolic compounds leads to greatly increased tastes and odors. For
this reason, the system must be studied in the laboratory prior to water treat-
ment.

Hydrogen sulfide and methane can be removed by aeration, although the
largest reduction in hydrogen sulfide may result from oxidation by the dissolved
oxygen introduced during the aeration. At low pH values, the product is sulfate,
whereas at high pH values, the product is free sulfur.

Overdosing with permanganate can result in pink water and can form black
deposits in distribution to households and industry.

6.2. Iron and Manganese Removal. Groundwaters or water with-
drawn from the depths of reservoirs may contain soluble iron and manganese
in the þ2 oxidation state. Either one in equilibrium with dissolved oxygen exists
in an oxidized and, therefore, insoluble state (Fe(OH)3 and MnO2). If the reduced
metal ions are allowed to remain in the finished water and then come into con-
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tact with the atmosphere, the oxidized forms precipitate upon domestic fixtures
or clothes, yielding a reddish-brown stain from the iron and a dark-brown-to-
black stain from the manganese.

Both ions can be removed by oxidation and subsequent filtration. Aeration is
adequate for iron(II) oxidation at above pH 6, but the oxidation of manganese(II)
is much too slow, even at higher pH values, for effective removal. Potassium per-
manganate chlorine, or chlorine dioxide is frequently used for the oxidation of
manganese; however, their use must be followed by coagulation prior to filtration
because of the formation of colloidal MnO2. Other treatments include ion-
exchange, lime softening, and sequestering chemicals.

6.3. Nitrates Removal. Nitrates occur naturally in drinking water, but
elevated levels usually come from human activity, such as municipal and indus-
trial wastes, unmanaged landfills, run off from agricultural lands. Nitrates are
extremely soluble so they can seep through to drinking supplies. Present techni-
ques for nitrate removal include chemical and biological denitrification, reverse
osmosis, electrodialysis, and ion exchange.

6.4. Arsenic Removal. In recent years, long term exposure to arsenic
has become a major health concern. It is estimated that 22–35� 106 people
are exposed to arsenic exceeding 0.05mg/L in drinking water wells. The U.S.
EPA recently reduced the allowable limit from 0.5 to 0.1mg/L, but it may be low-
ered. WHO proposed a limit of 0.01mg/L. Treatment for arsenic removal includes
conventional coagulation, reverse osmosis, ion exchange, and granulated active
carbon.

6.5. Radionuclides Removal. Most water contains low levels of radio-
active nuclei, which is usually not a health concern. There are some areas, how-
ever, where groundwater contains excessive radionuclides. This is a concern for
small utilities using groundwaters that need treatment. There is concern over
the threat of terrorist activities that could lead to a future source of contamina-
tion. U.S. FDA’s best available technology for removal of radon 222 is aeration;
for radon 226 and 228 combined is coagulation and filtration; for radon 226 and
228 separated, is ion exchange, reverse osmosis, and lime softening, for uranium,
is ion exchange.

6.6. Control of Organic Compounds. There are two groups of organic
compounds of concern: the trihalomethanes, which result from the use of chlor-
ine as a disinfectant, and volatile organic solvents, which percolate through the
soil thereby contaminating groundwaters. Trihalomethanes (THMs) result from
the reaction of chlorine with natural organic precursors according to the general
equation

HOCl þ precursors ! THMs ð12Þ

The THMs of concern include chloroform, dichlorobromomethane, chlorodi-
bromomethane, and bromoform. Control is based on the use of an alternative dis-
infectant, removal of precursors prior to chlorination, or removal of the THMs
after formation. Use of alternative disinfectants has had varying degrees of suc-
cess. The removal of precursors has been accomplished by optimizing coagula-
tion, using activated carbon, or oxidizing with ozone, KMnO4, or ClO2. The
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removal of THMs after formation can be accomplished by air stripping or adsorp-
tion. In some cases, a combination of these processes must be used to reduce the
THM concentration to less than the maximum contaminant level (MCL) of
0.10mg/L (0.4mg/gal). Some plants have had average concentrations as high
as 2mg/L (7.6mg/gal).

Volatile organic contaminants occur primarily in groundwaters as a result
of the disposal of industrial solvents on the ground or in soakage pits. The
removal of these compounds has best been accomplished by the use of air strip-
ping or adsorption on activated carbon.

7. Industrial Water Treatment

7.1. Types of Corrosion. The formation of anodic and cathodic sites,
necessary to produce corrosion, can occur for any of a number of reasons: impu-
rities in the metal, localized stresses, metal grain size or composition differences,
discontinuities on the surface, and differences in the local environment (eg, tem-
perature, oxygen, or salt concentration). When these local differences are not
large and the anodic and cathodic sites can shift from place to place on the
metal surface, corrosion is uniform. With uniform corrosion, fouling is usually
a more serious problem than equipment failure.

Localized corrosion, which occurs when the anodic sites remain stationary,
is a more serious industrial problem. Forms of localized corrosion include pitting,
selective leaching (eg, dezincification), galvanic corrosion, crevice or underdepo-
sit corrosion, intergranular corrosion, stress corrosion cracking, and microbiolo-
gically influenced corrosion. Another form of corrosion, which cannot be
accurately categorized as either uniform or localized, is erosion corrosion.

Pitting. Pitting is one of the most destructive forms of corrosion and also
one of the most difficult to predict in laboratory tests (Fig. 7). Pitting occurs when
anodic and cathodic sites become stationary due to large differences in surface
conditions. It is generally promoted by low velocity or stagnant conditions (eg,
shellside cooling) and by the presence of chloride ions. Once a pit is formed,
the solution inside it is isolated from the bulk environment and becomes increas-
ingly corrosive. The high corrosion rate in the pit produces an excess of positively
charged metal cations, which attract chloride anions. In addition, hydrolysis pro-
duces Hþ ions. The increase in acidity and concentration within the pit promotes
even higher corrosion rates, and the process becomes self-sustaining. Inhibitors
can be used to control pitting, but they must be applied correctly.

Selective Leaching. Selective leaching is the corrosion of one element of
an alloy. The most common example in cooling systems is dezincification, which
is the selective removal of zinc from copper–zinc alloys. The conditions that pro-
mote the pitting of steel also promote the pitting of brass, which in cooling sys-
tems usually occurs by dezincification. Low pH conditions (<6.0) and high free
chlorine residuals (<1.0 ppm) are particularly aggressive in producing dezincifi-
cation. The dezincification resistance varies with the alloy. For example, 70–30
brass is less resistant than Admiralty brass (70–30 brass plus 1% tin), which is
less resistant than inhibited Admiralty brass (Admiralty brass plus a small
amount of arsenic, antimony, or phosphorus).
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Galvanic Corrosion. Galvanic corrosion occurs when two dissimilar
metals are in contact in a solution. The contact must be good enough to conduct
electricity, and both metals must be exposed to the solution. The driving force for
galvanic corrosion is the electric potential difference that develops between two
metals. This difference increases as the distance between the metals in the gal-
vanic series increases.

Table 9 shows a galvanic series for some commercial metals and alloys.
When two metals from the series are in contact in solution, the corrosion rate
of the more active (anodic) metal increases and the corrosion rate of the more
noble (cathodic) metal decreases.

Galvanic corrosion can be controlled by the use of sacrificial anodes. This is
a common method of controlling corrosion in heat exchangers with Admiralty
tube bundles and carbon steel tube sheets and channel heads. The anodes are
bolted directly to the steel and protect a limited area around the anode. Proper
placement of sacrificial anodes is a precise science.

The most serious form of galvanic corrosion occurs in cooling systems that
contain both copper and steel alloys. It results when dissolved copper plates onto
a steel surface and induces rapid galvanic attack of the steel. The amount of dis-
solved copper required to produce this effect is small and the increased corrosion
is difficult to inhibit once it occurs. A copper corrosion inhibitor is needed to pre-
vent copper dissolution.

Crevice Corrosion. Crevice corrosion is intense localized corrosion that
occurs within a crevice or any area that is shielded from the bulk environment.
Solutions within a crevice are similar to solutions within a pit in that they are
highly concentrated and acidic. Because the mechanisms of corrosion in the
two processes are virtually identical, conditions that promote pitting also pro-
mote crevice corrosion. Alloys that depend on oxide films for protection (eg, stain-
less steel and aluminum) are highly susceptible to crevice attack because the
films are destroyed by high chloride ion concentrations and low pH. This is
also true of protective films induced by anodic inhibitors.

The best way to prevent crevice corrosion is to prevent crevices. From a
cooling water standpoint, this requires the prevention of deposits on the metal
surface. Deposits may be formed by suspended solids (eg, silt, silica) or by preci-
pitating species, such as calcium salts.

Intergranular Corrosion. Intergranular corrosion is localized attack that
occurs at metal grain boundaries. It is most prevalent in stainless steels that
have been improperly heat treated. In these metals, the grain boundary area
is depleted in chromium and, therefore, is less resistant to corrosion. Intergranu-
lar corrosion also occurs in certain high strength aluminum alloys. In general, it
is not of significance in cooling systems.

Stress Corrosion Cracking. Stress corrosion cracking (SCC) is the brittle
failure of a metal by cracking under tensile stress in a corrosive environment.
Failures tend to be transgranular, although intergranular failures have been
noted. Commonly used cooling system alloys that may crack due to stress include
austenitic stainless steels (300 series) and brasses. The susceptibility of stainless
steels to SCC increases significantly as the temperature is increased. Most
laboratory stainless steel SCC testing is done at about 1508C, because it is diffi-
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cult to promote cracking at temperatures below 938C. For this reason, SCC of
stainless steels has not been widely observed in cooling systems.

Chloride is the main contributor to SCC of stainless steels. High chloride
concentrations, resulting from high chloride levels in the makeup water and/or
high cycles of concentration, will increase susceptibility. Although low water
temperatures generally preclude cracking, SCC of stainless steels can occur in
cooling systems.

For brasses, the ammonium ion is the principal cause of SCC. Few service
failures have been reported when ammonia is not present.

The most likely places for SCC to be initiated are crevices or areas where
the flow of water is restricted. This is due to the buildup of corrodent concentra-
tions in these areas. For example, chloride can concentrate from 100 ppm in the
bulk water to as high as 10,000 ppm (1%) in a crevice. Deposits are initiating
sites because of crevices formed beneath them. The low water velocities in
shell-side cooling are also detrimental.

The most effective way to prevent SCC in both stainless steel and brass sys-
tems is to keep the system clean and free of deposits. An effective deposit control
treatment is imperative. A good corrosion inhibitor is also beneficial. Chromate
and phosphate have each been used successfully to prevent the SCC of stainless
steel in chloride solutions.

Microbiologically Influenced Corrosion (MIC). Microorganisms in cooling
water form ‘‘biofilms’’ on cooling system surfaces. Biofilms consist of populations
of sessile organisms and their hydrated polymeric secretions. Numerous types of
organisms may exist in any particular biofilm, ranging from strictly aerobic bac-
teria at the water interface to anaerobic bacteria such as sulfate-reducing bac-
teria (SRB) at the oxygen-depleted metal surface. The presence of a biofilm can
contribute to corrosion in three ways: physical deposition, production of corrosive
by-products, and depolarization of the corrosion cell caused by chemical reac-
tions.

As discussed above, deposits can cause accelerated localized corrosion by
creating differential aeration cells. This same phenomenon occurs with a biofilm.
The nonuniform nature of biofilm formation creates an inherent differential,
which is enhanced by the oxygen consumption of organisms in the biofilm.

Many of the by-products of microbial metabolism, including organic acids
and hydrogen sulfide, are corrosive. These materials can concentrate in the bio-
film, causing accelerated metal attack. Corrosion tends to be self-limiting due to
the buildup of corrosion reaction products. However, microbes can absorb some of
these materials in their metabolism, thereby removing them from the anodic or
cathodic site. The removal of reaction products, termed depolarization, stimu-
lates further corrosion. Figure 8 shows a typical result of microbial corrosion.
The surface exhibits scattered areas of localized corrosion, unrelated to flow pat-
tern. The corrosion appears to spread in a somewhat circular pattern from the
site of initial colonization.

Erosion Corrosion. Erosion corrosion is the increase in the rate of metal
deterioration from abrasive effects. It can be identified by grooves and rounded
holes, which usually are smooth and have a directional pattern. Erosion corro-
sion is increased by high water velocities and suspended solids. It is often loca-
lized at areas where water changes direction. Cavitation (damage due to the
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formation and collapse of bubbles in high velocity turbines, propellers, etc) is a
form of erosion corrosion. Its appearance is similar to closely spaced pits,
although the surface is usually rough.

7.2. Boilers. Boiler System Corrosion. The dissolved gases normally
present in water cause many corrosion problems. For instance, oxygen in
water produces pitting that is particularly severe because of its localized nature
(Fig. 9). Carbon dioxide corrosion is frequently encountered in condensate sys-
tems and less commonly in water distribution systems. Water containing ammo-
nia, particularly in the presence of oxygen, readily attacks copper and copper-
bearing alloys. The resulting corrosion leads to deposits on boiler heat transfer
surfaces and reduces efficiency and reliability. In addition to the gases, corrosion
can also be caused by the concentration of caustic or acidic species in the feed
water.

Caustic Corrosion. Concentration of caustic (NaOH) can occur either as
a result of steam blanketing (which allows salts to concentrate on boiler metal
surfaces) or by localized boiling beneath porous deposits on tube surfaces.

Caustic corrosion (gouging) occurs when caustic is concentrated and dis-
solves the protective magnetite (Fe3O4) layer. Iron, in contact with the boiler
water, forms magnetite and the protective layer is continuously restored. How-
ever, as long as a high caustic concentration exists, the magnetite is constantly
dissolved, causing a loss of base metal and eventual failure (Fig. 10).

Steam blanketing is a condition that occurs when a steam layer forms
between the boiler water and the tube wall. Under this condition, insufficient
water reaches the tube surface for efficient heat transfer. The water that does
reach the overheated boiler wall is rapidly vaporized, leaving behind a concen-
trated caustic solution, which is corrosive.

Porous metal oxide deposits also permit the development of high boiler
water concentrations. Water flows into the deposit and heat applied to the
tube causes the water to evaporate, leaving a concentrated solution. Again, cor-
rosion may occur. Caustic attack creates irregular patterns, often referred to as
gouges. Deposition may or may not be found in the affected area.

Acidic Corrosion. Low makeup or feed-water pH can cause serious acid
attack on metal surfaces in the preboiler and boiler system. Even if the original
makeup or feed-water pH is not low, feed water can become acidic from contam-
ination of the system. Common causes include improper operation or control of
demineralizer cation units, process contamination of condensate (eg, sugar con-
tamination in food processing plants), and cooling water contamination from con-
densers. Acid corrosion can also be caused by chemical cleaning operations.
Overheating of the cleaning solution can cause breakdown of the inhibitor
used, excessive exposure of metal to cleaning agent, and high cleaning agent con-
centration. Failure to neutralize acid solvents completely before startup has also
caused problems. In a boiler and feed-water system, acidic attack can take the
form of general thinning, or it can be localized at areas of high stress such as
drum baffles, U bolts, acorn nuts, and tube ends.

Hydrogen Embrittlement. Hydrogen embrittlement is rarely encoun-
tered in industrial plants. The problem usually occurs only in boilers operating
at or above 689.5� 103Pa. Hydrogen embrittlement of mild steel boiler tubing
occurs in high pressure boilers when atomic hydrogen forms at the boiler tube
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surface as a result of corrosion. Hydrogen permeates the tube metal, where it can
react with iron carbides to form methane gas, or with other hydrogen atoms to
form hydrogen gas. These gases evolve predominantly along grain boundaries of
the metal. The resulting increase in pressure leads to metal failure.

The initial surface corrosion that produces hydrogen usually occurs beneath
a hard, dense scale. Acidic contamination or localized low pH excursions are nor-
mally required to generate atomic hydrogen. In high purity systems, raw water
in-leakage (eg, condenser leakage) lowers boiler water pH when magnesium
hydroxide precipitates, resulting in corrosion, formation of atomic hydrogen,
and initiation of hydrogen attack.

Stress Corrosion Cracking. Stress corrosion cracking occurs from the
combined action of corrosion and stress. The corrosion may be initiated by impro-
per chemical cleaning, high dissolved oxygen levels, pH excursions in the boiler
water, the presence of free hydroxide, and high levels of chlorides. Stresses are
either residual in the metal or caused by thermal excursions. Rapid startup or
shutdown can cause or further aggravate stresses. Tube failures occur near
stressed areas such as welds, supports, or cold worked areas.

Boiler Deposits. Deposition is a principal problem in the operation of
steam generating equipment. The accumulation of material on boiler surfaces
can cause overheating and/or corrosion. Both of these conditions frequently
result in unscheduled downtime. Common feed-water contaminants that can
form boiler deposits include calcium, magnesium, iron, copper, aluminum, silica,
and (to a lesser extent) silt and oil. Most deposits can be classified as one of two
types: scale that crystallized directly onto tube surfaces or sludge deposits that
precipitated elsewhere and were transported to the metal surface by the flowing
water.

Boiler feed water pretreatment systems have advanced to such an extent
that it is now possible to provide boilers with ultrapure water. However, this
degree of purification requires the use of elaborate pretreatment systems. The
capital expenditures for such pretreatment equipment trains can be considerable
and are often not justified when balanced against the capability of internal treat-
ment.

The quality of feed water required depends on boiler operating pressure,
design, heat transfer rates, and steam use. Most boiler systems have sodium zeo-
lite softened or demineralized makeup water. Feed-water hardness usually
ranges from 0.01 to 2.0 ppm, but even water of this purity does not provide
deposit-free operation. Therefore, good internal boiler water treatment programs
are necessary.

Boiler Water Treatment. Oxygen Control. To meet industrial stan-
dards for both oxygen content and the allowable metal oxide levels in feed
water, nearly complete oxygen removal is required. This can be accomplished
only by efficient mechanical deaeration supplemented by an effective and prop-
erly controlled chemical oxygen scavenger.

To deaerate the boiler feedwater, water is sprayed into a steam atmosphere.
This heats the water to within a few degrees of the temperature of the saturated
steam. Because the solubility of oxygen in water is low under these conditions,
97–98% of the oxygen in the incoming water is released to the steam and is
purged from the system by venting. Although the remaining oxygen is not solu-
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ble under equilibrium conditions, it is not readily released to the steam. There-
fore, water leaving the heating section of the deaerator must be scrubbed vigor-
ously with steam to maximize removal.

In addition to mechanical deaeration, chemical oxygen scavengers are used
to remove any remaining oxygen. The oxygen scavengers most commonly used in
boiler systems are sodium sulfite, sodium bisulfite, hydrazine, catalyzed versions
of the sulfites and hydrazine, and organic oxygen scavengers, such as hydroqui-
none and ascorbate.

It is of critical importance to select and properly use the best chemical oxy-
gen scavenger for a given system. Principal factors that determine the best oxy-
gen scavenger for a particular application include reaction speed, residence time
in the system, operating temperature and pressure, and feed-water pH. Interfer-
ences with the scavenger–oxygen reaction, decomposition products, and reac-
tions with metals in the system are also important factors. Other contributing
factors include the use of feed water for attemperation, the presence of economi-
zers in the system, and the end use of the steam. Chemical oxygen scavengers
should be fed to allow ample time for the scavenger–oxygen reaction to occur.
The deaerator storage system and the feed-water storage tank are commonly
used feed points.

Scale and deposits are controlled through the use of phosphates, chelants,
and polymers. Phosphates are precipitating treatments, and chelants are solubi-
lizing treatments. Polymers are most widely used to disperse particulates but
they are also used to solubilize contaminants under certain conditions.

Phosphate Treatment. Calcium phosphate is virtually insoluble in boiler
water. Even small levels of phosphate can be maintained to ensure the precipita-
tion of calcium phosphate in the bulk boiler water, away from heating surfaces.
Therefore, the introduction of phosphate treatment eliminates the formation of
calcium carbonate scale on tube surfaces. When calcium phosphate is formed in
boiler water of sufficient alkalinity, a particle with a relatively nonadherent sur-
face charge is produced. This does not prevent the development of deposit accu-
mulations over time, but the deposits can be controlled reasonably well by
blowdown.

In a phosphate precipitation treatment program, the magnesium portion of
the hardness contamination is precipitated preferentially as magnesium silicate.
If silica is not present, the magnesium will precipitate as magnesium hydroxide.
If insufficient boiler water hydroxide is being maintained, magnesium can com-
bine with phosphate. Magnesium phosphate has a surface charge that can cause
it to adhere to tube surfaces and then collect other solids. For this reason, alka-
linity is an important part of a phosphate precipitation program.

Phosphate–Polymer Control. Phosphate treatment results are
improved by organic supplements. Naturally occurring organics such as lignins,
tannins, and starches were the first supplements used. The organics were added
to promote the formation of a fluid sludge that would settle in the mud drum.
Bottom blowdown from the mud drum removed the sludge.

There have been many advances in organic treatments. Synthetic polymers
are now used widely, and the emphasis is on dispersion of particles rather than
fluid sludge formation. Although this mechanism is quite complex, polymers
alter the surface area and the surface charge to mass ratio of the boiler solids.
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Many synthetic polymers are used in phosphate precipitation programs. Most
are effective in dispersing magnesium silicate and magnesium hydroxide as
well as calcium phosphate. The polymers are usually low in molecular weight
and have numerous active sites. Some polymers are used specifically for hard-
ness salts or for iron; some are effective for a broad spectrum of ions.

Chelant Control. Chelants are the prime additives in a solubilizing boi-
ler water treatment program. Chelants have the ability to complex many cations
(hardness and heavy metals under boiler water conditions). They accomplish this
by locking metals into a soluble organic ring structure. The chelated cations do
not deposit in the boiler. When applied with a dispersant, chelants produce clean
waterside surfaces.

Iron oxide is of particular concern in today’s boiler water treatment pro-
grams. Deposition from low (less than 1.0 ppm) hardness boiler feed water is
eliminated with chelant programs and can be reduced by up to 95% by a good
polymer–phosphate treatment program. Iron oxide is an increasingly significant
contributor to boiler deposits, because of the virtual elimination of hardness
deposits in many systems and because the high heat transfer rates of many boi-
lers encourage iron deposition.

A chelant–polymer combination is an effective approach to controlling iron
oxide. Adequate chelant is fed to complex hardness and soluble iron, with a slight
excess to solubilize iron contamination. Polymers are then added to condition
and disperse any remaining iron oxide contamination.

A chelant–polymer program can produce clean waterside surfaces, contri-
buting to much more reliable boiler operation. Out-of-service boiler cleaning
schedules can be extended and, in some cases, eliminated. This depends on
operational control and feed-water quality. Chelants with high complexing stabi-
lities are ‘‘forgiving’’ treatments; they can remove deposits that form when feed-
water quality or treatment control periodically deviates from standard.

Combinations of polymer, phosphate, and chelant are commonly used to
produce results comparable to chelant–polymer treatment in boilers operating
at 4137� 103Pa or less. Boiler cleanliness is improved over phosphate treatment,
and the presence of phosphate provides an easy means of testing to confirm the
presence of treatment in the boiler water.

Polymer-only Treatment. Polymer-only treatment programs are also
used with a degree of success. In this treatment, the polymer is usually used
as a weak chelant to complex the feed-water hardness. These treatments are
most successful when feed-water hardness is consistently low.

High Pressure Boiler Water Treatment. High pressure boilers usually
have feed water composed of demineralized makeup water and a high percentage
of condensate returns. Because of these conditions, high pressure boilers are
prone to caustic and acid attack. Low pressure boilers that use demineralized
water and condensate as feed water are also susceptible to caustic and acid
attack.

There are several means by which boiler water can become highly concen-
trated. One of the most common is iron oxide deposition on radiant wall tubes.
Iron oxide deposits are often quite porous and act as miniature boilers. Water
is drawn into the iron oxide deposit. Heat applied to the deposit from the tube
wall generates steam, which passes out through the deposit. More water enters
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the deposit, taking the place of the steam. This cycle is repeated and the water
beneath the deposit is concentrated to extremely high levels. It is possible to have
100,000 ppm of caustic beneath the deposit while the bulk water contains only
about 5–10ppm of caustic.

Boiler feed-water systems that use demineralized or evaporated makeup or
pure condensate may be protected from caustic attack through coordinated phos-
phate and pH control. Phosphate buffers the boiler water, reducing the chance of
large pH changes due to the development of high caustic or acid concentrations.
Excess caustic combines with disodium phosphate and forms trisodium phos-
phate. Sufficient disodium phosphate must be available to combine with all of
the free caustic in order to form trisodium phosphate.

Disodium phosphate neutralizes caustic by the following reaction:

Na2HPO4 þNaOH ! Na3PO4 þH2O ð13Þ

This results in the prevention of caustic buildup beneath deposits or within
a crevice where leakage is occurring. Caustic corrosion (and caustic embrittle-
ment, discussed later) does not occur, because high caustic concentrations do
not develop.

Figure 11 shows the phosphate–pH relationship recommended to control
boiler corrosion. Different forms of phosphate consume or add caustic as the
phosphate shifts to the proper form. For example, addition of monosodium phos-
phate consumes caustic as it reacts with caustic to form disodium phosphate in
the boiler water according to the following reaction:

NaH2PO4 þNaOH ! Na2HPO4 þH2O ð14Þ

Conversely, addition of trisodium phosphate adds caustic, increasing boiler
water pH:

Na3PO4 þH2O ! Na2HPO4 þNaOH ð15Þ

Control is achieved through feed of the proper type of phosphate either to
raise or to lower the pH while maintaining the proper phosphate level. Increas-
ing blowdown lowers both phosphate and pH. Therefore, various combinations
and feedrates of phosphate, blowdown adjustment, and caustic addition are
used to maintain proper phosphate–pH levels.

Elevated temperatures at the boiler tube wall or deposits can result in some
precipitation of phosphate. This effect, termed phosphate hideout, usually occurs
when loads increase. When the load is reduced, phosphate reappears.

Clean boiler water surfaces reduce potential concentration sites for caustic.
Deposit control treatment programs, such as those based on chelants and syn-
thetic polymers, can help provide clean surfaces.

When steam blanketing is occurring, corrosion can take place even without
the presence of caustic, due to the steam–magnetite reaction and the dissolution
of magnetite. In such cases, operational changes or design modifications may be
necessary to eliminate the cause of the problem.
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If deposits are minimized, the areas where caustic can be concentrated is
reduced. To minimize the iron deposition in 6.895–12.07� 106Pa boilers, specific
polymers have been designed to disperse the iron and keep it in the bulk water.
As with phosphate precipitation and chelant control programs, the use of these
polymers with coordinated phosphate–pH treatment improves deposit control.

Supercritial boilers use all-volatile treatments, generally consisting of
ammonia and hydrazine. Because of the extreme potential for deposit formation
and steam contamination, no solids can be tolerated in supercritical once-
through boiler water, including treatment solids.

Steam Purity. Boiler water solids carried over with steam form deposits
in nonreturn valves, superheaters, and turbine stop and control valves. Carry-
over can contaminate process streams and affect product quality. Deposition in
superheaters can lead to failure due to overheating and corrosion, as shown in
Figure 12.

Superheated steam turbines are particularly prone to damage by carryover.
Sticking of governor and stop valves due to deposits can cause turbine overspeed
and catastrophic damage. Solid particles in steam can erode turbine parts, while
deposition on turbine blades can reduce efficiency and capacity. Losses of 5% in
turbine efficiency and 20% in turbine capacity have occurred due to deposition.
When large slugs of boiler water carry over with steam, the resulting thermal
and mechanical shock can cause severe damage.

Steam can be contaminated with solids even when carryover is not occur-
ring. Contaminated spray attemperating water, used to control superheated
steam temperature at the turbine inlet, can introduce solids into steam. A heat
exchanger coil may be placed in the boiler mud drum to provide attemperation of
the superheated steam. Because the mud drum is at a higher pressure than
superheated steam, contamination will occur if leaks develop in the coil.

7.3. Condensate Systems. Condensate systems can be chemically
treated to reduce metal corrosion. Treatment chemicals include neutralizing
amines, filming amines, and oxygen scavenger-metal passivators.

Neutralizing Amines. Neutralizing amines are used to neutralize the acid
(Hþ) generated by the dissolution of carbon dioxide or other acidic process con-
taminants in the condensate. These amines hydrolyze when added to water and
generate the hydroxide ions required for neutralization. By regulating the neu-
tralizing amine feed rate, the condensate pH can be elevated to within a desired
range (eg, 8.8–9.2 for a mixed copper–iron condensate system).

Filming Amines. Another approach to controlling condensate system cor-
rosion is the use of chemicals that form a protective film on metal surfaces
(Fig. 13). This approach has come into widespread use with the development of
suitable products containing long-chain nitrogenous materials. Filming amines
protect against oxygen and carbon dioxide corrosion by replacing the loose
oxide scale on metal surfaces with a thin amine film barrier.

Advances have been made in formulating filming amine treatments.
Straight filming amines containing one ingredient, such as octadecylamine, are
effective but often fail to cover the entire system and can produce fouling. Emul-
sifiers and, in some cases, small amounts of neutralizing amines can be added to
improve film distribution by providing more uniform coverage. This increases
system protection and reduces the fouling potential. Application experience
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has shown that combination amines (filming and neutralizing amines with dis-
persant aids) provide a superior film bond, reduce deposit problems, and provide
better system coverage and thus provide more complete and economical corrosion
protection.

Oxygen Scavenging and Metal Passivation. Where oxygen invades the
condensate system, corrosion of iron and copper-bearing components can be over-
come through proper pH control and the injection of an oxygen scavenger. One
important factor to consider in choosing an oxygen scavenger for condensate
treatment is its reactivity with oxygen at the temperature and pH of the system.
A scavenger that removes oxygen rapidly provides the best protection for the con-
densate metallurgy. Hydroquinone has been shown to be particularly effective
for most systems.

The use of neutralizing amines in conjunction with an oxygen scavenger–
metal passivator improves corrosion control in two ways. First, because any
acidic species present is neutralized and pH is increased, the condensate becomes
less corrosive. Second, most oxygen scavenger–passivators react more rapidly at
the mildly alkaline conditions maintained by the amine than at lower pH levels.
For these reasons, this combination treatment is gaining wide acceptance, parti-
cularly for the treatment of condensate systems that are contaminated by oxy-
gen.

7.4. Cooling Systems. Cooling System Corrosion. Corrosion can be
defined as the destruction of a metal by chemical or electrochemical reaction with
its environment. In cooling systems, corrosion causes two basic problems. The
first and most obvious is the failure of equipment with the resultant cost of repla-
cement and plant downtime. The second is decreased plant efficiency to loss of
heat transfer, the result of heat exchanger fouling caused by the accumulation
of corrosion products.

Corrosion occurs at the anode, where metal dissolves. Often, this is sepa-
rated by a physical distance from the cathode, where a reduction reaction
takes place. An electrical potential difference exists between these sites, and cur-
rent flows through the solution from the anode to the cathode. This is accompa-
nied by the flow of electrons from the anode to the cathode through the metal
(Fig. 14).

Cooling System Deposits. Deposit accumulations in cooling water sys-
tems reduce the efficiency of heat transfer and the carrying capacity of the
water distribution system. In addition, the deposits cause oxygen differential
cells to form. These cells accelerate corrosion and lead to process equipment fail-
ure. Deposits range from thin, tightly adherent films to thick, gelatinous masses,
depending on the depositing species and the mechanism responsible for deposi-
tion.

Deposit formation is influenced strongly by system parameters, such as
water and skin temperatures, water velocity, residence time, and system metal-
lurgy. The most severe deposition is encountered in process equipment operating
with high surface temperatures and/or low water velocities. With the introduc-
tion of high efficiency film fill deposit accumulation in the cooling tower packing
has become an area of concern. Deposits are broadly categorized as scale or fou-
lants.
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Scale. Scale deposits are formed by precipitation and crystal growth at a
surface in contact with water. Precipitation occurs when solubilities are exceeded
either in the bulk water or at the surface. The most common scale-forming salts
that deposit on heat transfer surfaces are those that exhibit retrograde solubility
with temperature.

Although they may be completely soluble in the lower temperature bulk
water, these compounds (eg, calcium carbonate, calcium phosphate, and magne-
sium silicate) supersaturate in the higher temperature water adjacent to the
heat-transfer surface and precipitate on the surface.

Scaling is not always related to temperature. Calcium carbonate and cal-
cium sulfate scaling occur on unheated surfaces when their solubilities are
exceeded in the bulk water. Metallic surfaces are ideal sites for crystal nucleation
because of their rough surfaces and the low velocities adjacent to the surface.
Corrosion cells on the metal surface produce areas of high pH, which promote
the precipitation of many cooling water salts. Once formed, scale deposits initiate
additional nucleation, and crystal growth proceeds at an accelerated rate.

Scale control can be achieved through operation of the cooling system at
subsaturated conditions or through the use of chemical additives. The most
direct method of inhibiting formation of scale deposits is operation at subsatura-
tion conditions, where scale-forming salts are soluble. For some salts, it is suffi-
cient to operate at low cycles of concentration and/or control pH. However, in
most cases, high blowdown rates and low pH are required so that solubilities
are not exceeded at the heat transfer surface. In addition, it is necessary to main-
tain precise control of pH and concentration cycles. Minor variations in water
chemistry or heat load can result in scaling (Fig. 15).

Deposit control agents that inhibit precipitation at dosages far below the
stoichiometric level required for sequestration or chelation are called threshold
inhibitors. These materials affect the kinetics of the nucleation and crystal
growth of scale-forming salts and permit supersaturation without scale forma-
tion. Threshold inhibitors function by an adsorption mechanism. As ion clusters
in solution become oriented, metastable microcrystallites (highly oriented ion
clusters) are formed. At the initial stage of precipitation, the microcrystallite
can either continue to grow (forming a larger crystal with a well defined lattice)
or dissolve. Threshold inhibitors prevent precipitation by adsorbing on the newly
emerging crystal, blocking active growth sites. This inhibits further growth and
favors the dissolution reaction. The precipitate dissolves and releases the inhibi-
tor, which is then free to repeat the process.

Threshold inhibitors delay or retard the rate of precipitation. Crystals even-
tually form, depending on the degree of supersaturation and system retention
time. After stable crystals appear, their continued growth is retarded by adsorp-
tion of inhibitor. The inhibitor blocks much of the crystal surface, causing distor-
tions in the crystal lattice as growth continues. The distortions (defects in the
crystal lattice) create internal stresses, making the crystal fragile. Tightly adher-
ent scale deposits do not form, because crystals that form on surfaces in contact
with flowing water cannot withstand the mechanical force exerted by the water.
The adsorbed inhibitor also disperses particles, by virtue of its electrostatic
charge, and prevents the formation of strongly bound agglomerates.
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The most commonly used scale inhibitors are low molecular weight acrylate
polymers and organophosphorus compounds (phosphonates). Both classes of
materials function as threshold inhibitors; however, the polymeric materials
are more effective dispersants. Selection of a scale control agent depends on
the precipitating species and its degree of supersaturation. The most effective
scale control programs use both a precipitation inhibitor and a dispersant. In
some cases this can be achieved with a single component (eg, polymers used to
inhibit calcium phosphate at near neutral pH).

Fouling. Fouling occurs when insoluble particulates suspended in recir-
culating water form deposits on a surface. Fouling mechanisms are dominated by
particle–particle interactions that lead to the formation of agglomerates. At low
water velocities, particle settling occurs under the influence of gravity. Para-
meters that affect the rate of settling are particle size, relative liquid and particle
densities, and liquid viscosity. The relationships of these variables are expressed
by Stokes’ law. The most important factor affecting the settling rate is the size of
the particle. Because of this, the control of fouling by preventing agglomeration is
one of the most fundamental aspects of deposition control.

Foulants enter a cooling system with makeup water, airborne contamina-
tion, process leaks, and corrosion. Most potential foulants enter with makeup
water as particulate matter, such as clay, silt, and iron oxides. Insoluble alumi-
num and iron hydroxides enter a system from makeup water pretreatment
operations. Some well waters contain high levels of soluble ferrous iron that is
later oxidized to ferric iron by dissolved oxygen in the recirculating cooling
water. Because it is insoluble, the ferric iron precipitates. The steel corrosion pro-
cess is also a source of ferrous iron and, consequently, contributes to fouling.

Both iron and aluminum are particularly troublesome because of their abil-
ity to act as coagulants. Also, their soluble and insoluble hydroxide forms can
each cause precipitation of some water treatment chemicals, such as orthopho-
sphate. Airborne contaminants usually consist of clay and dirt particles but
can include gases such as hydrogen sulfide, which forms insoluble precipitates
with many metal ions. Process leaks introduce a variety of contaminants that
accelerate deposition and corrosion.

Foulants, such as river water silt, enter the system as finely dispersed par-
ticles, which can be as small as 1–100nm. The particles carry an electrostatic
charge, which causes similarly charged particles to repel each other, favoring
their dispersion. The net charge a particle carries depends on the composition
of the water. Cycling of cooling water increases the concentration of counter-
charged ions capable of being electrostatically attracted to and adsorbed onto a
charged particle. As counterions adsorb, the net charge of the particle decreases.
Particles begin to agglomerate and grow in size as their repulsive forces are
diminished.

Settling occurs when the energy imparted by fluid velocity can no longer
suspend the particle, due to agglomeration and growth. After particles have
settled, the nature of the deposit depends on the strength of the attractive forces
between the particles themselves (agglomerate strength) and between the parti-
cles and the surface they contact. If attractive forces between particles are strong
and the particles are not highly hydrated, deposits are dense and well struc-
tured; if the forces are weak, the deposits are soft and pliable. Deposition con-
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tinues as long as the shear strength of the deposit exceeds the shear stress of the
flowing water.

Removal of Particulate Matter. The amount of particulate entering a
cooling system with the makeup water can be reduced by filtration and/or sedi-
mentation processes. Particulate removal can also be accomplished by filtration
of recirculating cooling water. These methods do not remove all of the suspended
matter from the cooling water. The level of fouling experienced is influenced by
the effectiveness of the particular removal scheme employed, the water velocities
in the process equipment, and the cycles of concentration maintained in the cool-
ing tower.

High Water Velocities. The ability of high water velocities to minimize
fouling depends on the nature of the foulant. Clay and silt deposits are more
effectively removed by high water velocities than aluminum and iron deposits,
which are more tacky and form interlocking networks with other precipitates.
Operation at high water velocities is not always a viable solution to clay and
silt deposition because of design limitations, economic considerations, and the
potential for erosion corrosion.

Dispersants. Dispersants are materials that suspend particulate matter
by adsorbing onto the surface of particles and imparting a high charge. Electro-
static repulsion between like-charged particles prevents agglomeration, which
reduces particle growth. The presence of a dispersant at the surface of a particle
also inhibits the bridging of particles by precipitates that form in the bulk water.
The adsorption of the dispersant makes particles more hydrophilic and less
likely to adhere to surfaces. Thus dispersants affect both particle-to-particle
and particle-to-surface interactions.

The most effective and widely used dispersants are low molecular weight
anionic polymers. Dispersion technology has advanced to the point at which poly-
mers are designed for specific classes of foulants or for a broad spectrum of mate-
rials. Acrylate-based polymers are widely used as dispersants. They have
advanced from simple homopolymers of acrylic acid to more advanced copoly-
mers and terpolymers. The performance characteristics of the acrylate polymers
are a function of their molecular weight and structure, along with the types of
monomeric units incorporated into the polymer backbone.

Surfactants. Surface-active or wetting agents are used to prevent fouling
by insoluble hydrocarbons. They function by emulsifying the hydrocarbon
through the formation of microdroplets containing the surfactant. The hydropho-
bic (water hating) portion of the surfactant is dissolved within the oil drop, while
the hydrophilic (water loving) portion is at the surface of the droplet. The electro-
static charge imparted by hydrophilic groups causes the droplets to repel each
other, preventing coalescence. Through a similar process, surfactants also assist
in the removal of hydrocarbon-containing deposits.

Cooling water systems, particularly open recirculating systems, provide a
favorable environment for the growth of microorganisms. Microbial growth on
wetted surfaces leads to the formation of biofilms. If uncontrolled, such films
cause fouling, which can adversely affect equipment performance, promote
metal corrosion, and accelerate wood deterioration. These problems can be con-
trolled through proper biomonitoring and application of appropriate cooling
water antimicrobials.
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Control of Corrosion. Corrosion control requires a change in either the
metal or the environment. The first approach, changing the metal, is expensive.
Also, highly alloyed materials, which are resistant to general corrosion, are more
prone to failure by localized corrosion mechanisms such as stress corrosion crack-
ing.

The second approach, changing the environment, is a widely used, practical
method of preventing corrosion. In aqueous systems, there are three ways to
effect a change in environment to inhibit corrosion: (1) form a protective film
of calcium carbonate on the metal surface using the natural calcium and alkali-
nity in the water, (2) remove the corrosive oxygen from the water, either by
mechanical or chemical deaeration, and (3) add corrosion inhibitors.

Calcium Carbonate Protective Scale. The Langelier saturation index
(LSI) is a useful tool for predicting the tendency of a water to deposit or dissolve
calcium carbonate. Work published in 1936 deals with the conditions at which a
water is in equilibrium with calcium carbonate. An equation developed by Lan-
gelier makes it possible to predict the tendency of calcium carbonate either to
precipitate or to dissolve under varying conditions. The equation expresses the
relationship of pH, calcium, total alkalinity, dissolved solids, and temperature
as they relate to the solubility of calcium carbonate in waters with a pH of
6.5–9.5 (see eq. 10), where pHs is the pH at which water with a given calcium
content and alkalinity is in equilibrium with calcium carbonate, K2 is the second
dissociation constant for carbonic acid, and Ks is the solubility product constant
for calcium carbonate. These terms are functions of temperature and total
mineral content. Their values for any given condition can be computed from
known thermodynamic constants. Both the calcium ion and the alkalinity
terms are the negative logarithms of their respective concentrations. The cal-
cium content is molar, while the alkalinity is an equivalent concentration (ie,
the titratable equivalent of base per liter). The calculation of the pHs has been
simplified by the preparation of various nomographs. A typical one is shown in
Figure 16.

The difference between the actual pH (pHa) of a sample of water and the
pHs (pHa � pHs) is called the Langelier saturation index. This index is a quali-
tative indication of the tendency of calcium carbonate to deposit or dissolve. If the
LSI is positive, calcium carbonate tends to deposit. If it is zero, the water is at
equilibrium.

The LSI measures only the directional tendency or driving force for calcium
carbonate to precipitate or dissolve. It cannot be used as a quantitative measure.
Two different waters, one of low hardness (corrosive) and the other of high hard-
ness (scale-forming), can have the same saturation index.

The stability index developed by Ryzner makes it possible to distinguish
between two such waters. This index is based on a study of actual operating
results with waters having various saturation indexes.

Stability Index ¼ 2ðpHsÞ � pHa ð16Þ

Where waters have a stability index of 6.0 or less, scaling increases and the
tendency to corrode decreases. Where the stability index exceeds 7.0, scaling may
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not occur at all. As the stability index rises above 7.5 or 8.0, the probability of
corrosion increases. Use of the LSI together with the Stability Index contributes
to more accurate prediction of the scaling or corrosive tendencies of a water.

A uniform coating of calcium carbonate deposited on the metal surfaces
physically segregates the metal from the corrosive environment. To develop
the positive LSI required to deposit calcium carbonate, it is usually necessary
to adjust the pH or calcium content of the water. Soda ash, caustic soda, or
lime (calcium hydroxide) may be used for this adjustment. Lime is usually the
most economical alkali because it raises the calcium content as well as the alka-
linity.

Theoretically, controlled deposition of calcium carbonate scale can provide a
film thick enough to protect, yet thin enough to allow adequate heat transfer.
However, low temperature areas do not permit the development of sufficient
scale for corrosion protection, and excessive scale forms in high temperature
areas and interferes with heat transfer. Therefore, this approach is not used
for industrial cooling systems. Controlled calcium carbonate deposition has
been used successfully in some waterworks distribution systems where substan-
tial temperature increases are not encountered.

Mechanical and Chemical Deaeration. The corrosive qualities of water
can be reduced by deaeration. Vacuum deaeration has been used successfully in
once-through cooling systems. When all oxygen is not removed, catalyzed sodium
sulfite can be used to remove the remaining oxygen. The sulfite reaction with dis-
solved oxygen is

Na2SO3 þO2 ! Na2SO4 ð17Þ

The use of catalyzed sodium sulfite for chemical deaeration requires eight
parts of catalyzed sodium sulfite for each part of dissolved oxygen. In certain sys-
tems where vacuum deaeration is already used, the application of catalyzed
sodium sulfite may be economically justified for removal of the remaining oxy-
gen. The use of sodium sulfite may also be applicable to some closed loop cooling
systems. In open recirculating cooling systems, continual replenishment of oxy-
gen as the water passes over the cooling tower makes deaeration impractical.

Corrosion Inhibitors. A corrosion inhibitor is any substance that effec-
tively decreases the corrosion rate when added to an environment. An inhibitor
can be identified most accurately in relation to its function: removal of the corro-
sive substance, passivation, precipitation, or adsorption.

Deaeration (mechanical or chemical) removes the corrosive substance—
oxygen.

Passivating (anodic) inhibitors form a protective oxide film on the metal sur-
face; they are the best inhibitors because they can be used in economical
concentrations and their protective films are tenacious and tend to be ra-
pidly repaired if damaged.

Precipitating (cathodic) inhibitors are simply chemicals that form insoluble
precipitates that can coat and protect the surface; precipitated films are
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not as tenacious as passive films and take longer to repair after a system
upset.

Adsorption inhibitors have polar properties that cause them to be adsorbed on
the surface of the metal; they are usually organic materials.

Examples of passivators (anodic inhibitors) include chromate, nitrite,
molybdate, and orthophosphate. All are oxidizers and promote passivation by
increasing the electrical potential of the iron. Chromate and nitrite do not
require oxygen, and thus, can be the most effective. Chromate is an excellent
aqueous corrosion inhibitor, particularly from a cost perspective. However,
owing to health and environmental concerns, use of chromate has decreased sig-
nificantly. Nitrite is also an effective inhibitor, but in open systems it tends to be
oxidized to nitrate.

Both molybdate and orthophosphate are excellent passivators in the pre-
sence of oxygen. Molybdate can be an effective inhibitor, especially when com-
bined with other chemicals. Orthophosphate is not really an oxidizer per se,
but becomes one in the presence of oxygen. If iron is put into a phosphate solution
without oxygen present, the corrosion potential remains active and the corrosion
rate is not reduced. However, if oxygen is present, the corrosion potential
increases in the noble direction and the corrosion rate decreases significantly.

A negative attribute of orthophosphate is its tendency to precipitate with
calcium hardness found in natural waters. In recent years, deposit control agents
that prevent this deposition have been developed. Owing to its relatively low
cost, orthophosphate is widely used as an industrial corrosion inhibitor.

As discussed earlier, the localized pH at the cathode of the corrosion cell is
elevated due to the generation of hydroxide ions. Precipitating inhibitors form
complexes that are insoluble at this high pH (1–2pH units above bulk water),
but whose deposition can be controlled at the bulk water pH (typically 7–
9pH). A good example is zinc, which can precipitate as hydroxide, carbonate,
or phosphate. Calcium carbonate and calcium orthophosphate are also precipi-
tating inhibitors. Orthophosphate thus exhibits a dual mechanism, acting as
both an anodic passivator and a cathodic precipitator.

The most effective corrosion inhibitors for copper and its alloys are the aro-
matic triazoles, such as benzotriazole (BZT) and tolyltriazole (TTA). These com-
pounds bond directly with cuprous oxide (Cu2O) at the metal surface, forming a
‘‘chemisorbed’’ film. The plane of the triazole lies parallel to the metal surface,
thus each molecule covers a relatively large surface area. The exact mechanism
of inhibition is unknown. Various studies indicate anodic inhibition, cathodic
inhibition, or a combination of the two. Other studies indicate the formation of
an insulating layer between the water surface and the metal surface. A recent
study supports the idea of an electronic stabilization mechanism. The protective
cuprous oxide layer is prevented from oxidizing to the nonprotective cupric oxide.
This is an anodic mechanism. However, the triazole film exhibits some cathodic
properties as well.

In addition to bonding with the metal surface, triazoles bond with copper
ions in solution. Thus dissolved copper represents a ‘‘demand’’ for triazole,
which must be satisfied before surface filming can occur. Although the surface
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demand for triazole filming is generally negligible, copper corrosion products can
consume a considerable amount of treatment chemical. Excessive chlorination
will deactivate the triazoles and significantly increase copper corrosion rates.
Due to all of these factors, treatment with triazoles is a complex process.

Adsorption inhibitors must have polar properties to be adsorbed and block
the surface against further adsorption. Typically, they are organic compounds
containing nitrogen groups, such as amines, and organic compounds containing
sulfur or hydroxyl groups. The size, orientation, shape, and electrical charge dis-
tribution of the molecules are all important factors. Often, these molecules are
surfactants and have dual functionality. They contain a hydrophilic group,
which adsorbs onto the metal surface, and an opposing hydrophobic group,
which prevents further wetting of the metal.

Glycine derivatives and aliphatic sulfonates are examples of compounds
that can function in this way. The use of these inhibitors in cooling systems is
usually limited by their biodegradability and their toxicity toward fish. In addi-
tion, they can form thick, oily surface films, that may severely retard heat trans-
fer.

For many years, silicates have been used to inhibit aqueous corrosion, par-
ticularly in potable water systems. Probably due to the complexity of silicate
chemistry, their mechanism of inhibition has not yet been firmly established.
They are nonoxidizing and require oxygen to inhibit corrosion, so they are not
passivators in the classical sense. Yet they do not form visible precipitates on
the metal surface. They appear to inhibit by an adsorption mechanism. It is
thought that silica and iron corrosion products interact. However, recent work
indicates that this interaction may not be necessary. Silicates are slow-acting
inhibitors; in some cases, 2 or 3 weeks may be required to establish protection
fully. It is believed that the polysilicate ions or colloidal silica are the active spe-
cies and these are formed slowly from monosilicic acid, which is the predominant
species in water at the pH levels maintained in cooling systems.

7.5. Biofouling. Microbiological fouling in cooling systems is the result
of abundant growth of algae, fungi, and bacteria on surfaces. Once-through and
open or closed recirculating water systems may support microbial growth, but
fouling problems usually develop more quickly and are more extensive in open
recirculating systems. Once-through cooling water streams generally contain
relatively low levels of the nutrients essential for microbial growth, so growth
is relatively slow. Open recirculating systems scrub microbes from the air and,
through evaporation, concentrate nutrients present in makeup water. As a
result, microbe growth is more rapid. Process leaks may contribute further to
the nutrient load of the cooling water. Reuse of waste water for cooling adds
nutrients and also contributes large amounts of microbes to the cooling system.

In addition to the availability of organic and inorganic nutrients, factors
such as temperature, normal pH control range, and continuous aeration of the
cooling water contribute to an environment that is ideal for microbial growth.
Sunlight necessary for growth of algae may also be present. As a result, large,
varied microbial populations may develop.

The outcome of uncontrolled microbial growth on surfaces is ‘‘slime’’ forma-
tion. Slimes typically are aggregates of biological and nonbiological materials.
The biological component, known as the biofilm, consists of microbial cells and
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their by-products. The predominant by-product is extracellular polymeric sub-
stance (EPS), a mixture of hydrated polymers. These polymers form a gel-like
network around the cells and appear to aid attachment to surfaces. The nonbio-
logical components can be organic or inorganic debris from many sources that
have become adsorbed to or embedded in the biofilm polymer.

Slimes can form throughout once-through and recirculating systems and
may be seen or felt where accessible. In nonexposed areas, slimes can be mani-
fested by decreased heat transfer efficiency or reduced water flow. Wood-destroy-
ing organisms may penetrate the timbers of the cooling tower, digesting the wood
and causing collapse of the structure. Microbial activity under deposits or within
slimes can accelerate corrosion rates and even perforate heat exchanger sur-
faces.

Microorganisms. The microorganisms that form slime deposits in cooling
water systems are common soil, aquatic, and airborne microbes. These microbes
may enter the system with makeup water, either in low numbers from fresh
water sources or in high numbers when the makeup is waste water. Significant
amounts may also be scrubbed from the air as it is drawn through the cooling
tower. Process leaks may contribute microorganisms as well.

Bacteria. A wide variety of bacteria can colonize cooling systems. Spheri-
cal, rod-shaped, spiral, and filamentous forms are common. Some produce spores
to survive adverse environmental conditions such as dry periods or high tem-
peratures. Both aerobic bacteria (which thrive in oxygenated waters) and anae-
robic bacteria (which are inhibited or killed by oxygen) can be found in cooling
systems.

Fungi. Two forms of fungi commonly encountered are molds (filamentous
forms) and yeasts (unicellular forms). Molds can be quite troublesome, causing
white rot or brown rot of the cooling tower wood, depending on whether they
are cellulolytic (attack cellulose) or lignin degrading. Yeasts are also cellulolytic.
They can produce slime in abundant amounts and preferentially colonize wood
surfaces.

Algae. Algae are photosynthetic organisms. Green and blue-green algae
are common in cooling systems (blue-green algae are now classified with the bac-
teria and are called cyanobacteria). Various types of algae can be responsible for
green growths that block screens and distribution decks. Severe algae fouling
can ultimately lead to unbalanced water flow and reduced cooling tower effi-
ciency. Diatoms (algae enclosed by a silicaceous cell wall) may also be present
but generally do not play a significant role in cooling system problems.

Biofilms. Microbiologists recognize two different populations of microor-
ganisms. Free-floating (planktonic) populations are found in the bulk water.
Attached (sessile) populations colonize surfaces. The same kinds of microorgan-
isms can be found in either population, but the sessile population is responsible
for biofouling.

When fouling occurs, even mechanical cleaning does not remove all traces of
the biofilm. Previously fouled and cleaned surfaces are more rapidly colonized
than new surfaces. Residual biofilm materials promote colonization and reduce
the lag time before significant fouling reappears.

Biofilms on heat exchange surfaces act as insulating barriers. Heat exchan-
ger performance begins to deteriorate as soon as biofilm thickness exceeds that of
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the laminar flow region. Microbes and hydrated biopolymers contain large
amounts of water, and biofilms can be more than 90% water by weight. As a
result, biofilms have thermal conductivities close to that of water, and in terms
of heat transfer efficiency, a biofilm is the equivalent of a layer of stagnant water
along the heat exchange surface.

Biofilms can promote corrosion of fouled metal surfaces in a variety of ways.
This is referred to as microbially influenced corrosion. Microbes act as biological
catalysts promoting conventional corrosion mechanisms: the simple, passive pre-
sence of the biological deposit prevents corrosion inhibitors from reaching and
passivating the fouled surface; microbial reactions can accelerate ongoing corro-
sion reactions; and microbial by-products can be directly aggressive to the metal.

Oxidizing Antimicrobials. The oxidizing antimicrobials commonly used in
industrial cooling systems are the halogens, chlorine and bromine, in liquid and
gaseous form; organic halogen donors; chlorine dioxide; and to a limited extent,
ozone. Oxidizing antimicrobials oxidize or accept electrons from other chemical
compounds. Their mode of antimicrobial activity can be direct chemical degrada-
tion of cellular material or deactivation of critical enzyme systems within the
bacterial cell. An important aspect of antimicrobial efficiency is the ability of
the oxidizing agent to penetrate the cell wall and disrupt metabolic pathways.

The relative microbiological control ability of typical halogens is as follows:

HOCl�HOBr�NHxBry � OCl� >OBr� >�NHxCly ð18Þ

Cooling water pH affects oxidizing antimicrobial efficacy. The pH deter-
mines the relative proportions of hypochlorous acid and hypochlorite ion or, in
systems treated with bromine donors, hypobromous acid and hypobromite ion.
The acid forms of the halogens are usually more effective antimicrobials than
the dissociated forms. Under some conditions, hypochlorous acid is 80 times
more effective in controlling bacteria than the hypochlorite ion. Hypochlorous
acid predominates below a pH of 7.6. Hypobromous acid predominates below
pH 8.7, making bromine donors more effective than chlorine donors in alkaline
cooling waters, especially where contact time is limited.

Antimicrobial efficacy is also affected by demand in the cooling water sys-
tem, specifically demand exerted by ammonia. Chlorine reacts with ammonia to
form chloramines, which are not as efficacious as hypochlorous acid or the hypo-
chlorite ion in microbiological control. Bromine reacts with ammonia to form
bromamines. Unlike chloramines, bromamines are unstable and reform hypobro-
mous acid.

Most microbes in cooling systems can be controlled by chlorine or bromine
treatment if exposed to a sufficient residual for a long enough time. A free chlor-
ine residual of 0.1–0.5 ppm is adequate to control bulk water organisms if the
residual can be maintained for a sufficient period of time.

Continuous chlorination of a cooling water system often seems most pru-
dent for microbial slime control. However, it is economically difficult to maintain
a continuous free residual in some systems, especially those with process leaks.
In some high demand systems it is often impossible to achieve a free residual,
and a combined residual must be accepted. In addition, high chlorine feed
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rates, with or without high residuals, can increase system metal corrosion and
tower wood decay. Supplementing with nonoxidizing antimicrobials is preferable
to high chlorination rates.

Sodium hypochlorite and calcium hypochlorite are chlorine derivatives
formed by the reaction of chlorine with hydroxides. The application of hypochlor-
ite to water systems produces the hypochlorite ion and hypochlorous acid, just as
the application of chlorine gas does.

Halogen donors are chemicals that release active chlorine or bromine when
dissolved in water. After release, the halogen reaction is similar to that of chlor-
ine or bromide from other sources. Solid halogen donors commonly used in cool-
ing water systems include 1-bromo-3-chloro-5,5-dimethylhydantoin, 1,3-dichloro-
5,5-dimethylhydantoin, and sodium dichloroisocyanurate.

Chlorine dioxide, ClO2, is another chlorine derivative. This unstable, poten-
tially explosive gas must be generated at the point of application. The most com-
mon method of generating ClO2 is through the reaction of chlorine gas with a
solution of sodium chlorite.

Ozone. Ozone is an allotropic form of oxygen, O3. Because it is an
unstable gas, it must be generated at the point of use. Ozone is an effective,
clean oxidizing agent possessing powerful antibacterial and antiviral properties.

Nonoxidizing Antimicrobials. Nonoxidizing antimicrobials usually con-
trol growths by one of two mechanisms. In one, microbes are inhibited or killed
as a result of damage to the cell membrane. In the other, microbial death results
from damage to the biochemical machinery involved in energy production or
energy utilization.

Quaternary ammonium compounds (quats) are cationic surface-active
molecules. They damage the cell membranes of bacteria, fungi, and algae. As a
result, compounds that are normally prevented from entering the cell are able to
penetrate this permeability barrier. Conversely, nutrients and essential intracel-
lular components concentrated within the cell leak out. Growth is hindered, and
the cell dies. At low concentrations, quats are biostatic because many organisms
can survive in a damaged state for some time. However, at medium to high con-
centrations, quats can control the organisms.

Many antimicrobials interfere with energy metabolism. Because all micro-
bial activity ultimately depends on the orderly transfer of energy, it can be antici-
pated that interference with the many energy-yielding or energy-trapping
reactions will have serious consequences for the cell. Antimicrobials known to
inhibit energy metabolism include organotins, bis(trichloromethyl) sulfone,
methylenebis-(thiocyanate) (MBT), b-bromo- b-nitrostyrene (BNS), dodecylgua-
nidine salts, and bromonitropropanediol (BNPD). All of these compounds are
effective when applied in sufficient concentrations. Dodecylguanidine salts also
have surfactant properties, which probably contribute to their effectiveness.

There are many chemical biocides for control of biofilm formation. In recent
years, so-called environmentally friendly biocides have been developed to break
innocuous by-product or nutrients for microorganisms that dispose of these pro-
ducts. Biostats are also used that reduce the activity of microorganisms so their
influence is limited (25).

Potential Methods. Potential future methods for the control of biofouling
include ultrasound, the inclusion of wire-would or spring-like inserts in tubes
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and the circulation of robust polymer fibers are under development (26). An
extensive discussion of cooling water and biofouling is to be found in Ref. 27.

7.6. Macrofouling Organisms. Fouling caused by large organisms,
such as oysters, mussels, clams, and barnacles, is referred to as macrofouling.
Typically, organisms are a problem only in large once-through cooling systems
or low cycle cooling systems that draw cooling water directly from natural
water sources. Water that has been processed by an influent clarification and dis-
infection system is usually free of the larvae of macrofouling organisms.

Macrofouling has always been a concern in certain regions of the United
States, especially in coastal areas. A dramatic increase in macrofouling is due
primarily to the ‘‘invasion’’ of two organisms that were accidentally introduced
to this country: the Asiatic clam and the zebra mussel. Both organisms have
flourished and represent a significant threat to system reliability. Adding to
the problem is the decreased use of chlorine and heavy metal antimicrobials,
which permits the infiltration and growth of macrofouling organisms in plant
water systems.

Asiatic Clams. Asiatic clams are freshwater mollusks. They probably ori-
ginated in China or eastern Asia and were introduced into North America and
Europe in the past century. They were originally found in warm water but
their territory now extends to Minnesota. They have not yet been seen in Cana-
dian rivers or lakes.

Asiatic clams do not attach to surfaces but burrow into sediments in their
natural environment. Larvae and juvenile clams easily pass through intake
screens and settle in low flow areas. Within 6 months to 1 yr, the clams grow
to 1.5–2.54 cm in size. When a clam dies, the shell gapes open. Shells of living
or dead organisms are carried by water flow and can wedge in condenser or
heat exchanger tubes. Once a shell is wedged in a tube, other shells and debris
collect and plug the tube further. The Asiatic clam reaches adulthood in about
1 yr and reproduces in warm months, releasing thousands of larvae into the sys-
tem.

Thermal Treatment (Thermal Backwash). The organisms that cause
macrofouling can be killed by heated water. Some systems are designed to
allow the heated water from the outlet of the condenser to be recirculated back
to the intake. As the water recirculates, it is heated and improves macrofouling
control. A 15- to 60-min exposure to water at 408C or higher has effectively con-
trolled zebra mussels. Thermal treatment is not used extensively because most
systems are not designed to recirculate water. Also, when heated water is recir-
culated the system cooling capacity is greatly diminished.

Oxidizing Antimicrobials. The application of an oxidizing antimicrobial
such as chlorine for the control of undesirable organisms is a well-known and
long-practiced procedure. Chlorine is toxic to all living organisms from bacteria
to humans. However, in the case of hard-shelled creatures, including some mol-
lusks and crustaceans, exposure is not easily accomplished. Some mollusks (eg,
oysters, blue mussels, Asiatic clams, and zebra mussels) and crustaceans (eg,
barnacles) have sensitive chemoreceptors that detect the presence of oxidizing
chemicals such as chlorine (hypochlorite), bromine (hypobromite), ozone, and
hydrogen peroxide. When oxidizers are detected at life-threatening levels, the
animal withdraws into its shell and closes up tightly to exclude the hostile envir-
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onment. Animals like oysters and mussels can remain closed for days to weeks if
necessary. There is evidence to suggest that, during extended periods of contin-
uous chlorination, the creatures may eventually die from asphyxiation rather
than chlorine toxicity.

Even when their shells are closed, the animals continue to sense their
environment, and as soon as the oxidant level decreases, they reopen and resume
siphoning. Continuous chlorination often fails to eradicate these macrofouling
creatures because of interruptions in the feed, which can occur for various rea-
sons, such as chlorine tank changeover or plugging of feedlines. If the interrup-
tion lasts long enough (1 h or possibly less), the animals have time to reoxygenate
their tissues between the extended periods of chlorination. Any oxidant, such as
chlorine, bromine, or ozone, elicits the same response from these creatures.
Therefore, only continuous, uninterrupted applications are successful.

Nonoxidizing Antimicrobials. There are several categories of nonoxi-
dizing antimicrobials that have proven to be effective in controlling macrofouling
organisms. Quaternary amine compounds and certain surfactants have been
applied to infested systems for relatively short intervals (6–48 h). These com-
pounds do not trigger the chemoreceptors of the mollusks. The mollusks continue
to filter feed and ingest a lethal dosage of the antimicrobial throughout the expo-
sure period. These compounds produce a latent mortality effect; the mollusks
may not die until several hours after the antimicrobial application. Cold water
temperatures may extend this latent mortality effect and may also require
slightly higher feed rates and longer feed durations due to slower organism meta-
bolism. The advantages of a nonoxidizing antimicrobial program include ease of
handling, short application time, and relatively low toxicity to other aquatic
organisms. In addition, some of these compounds can be readily detoxified.
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Table 1. Sedimentation Rate as a Function of Particle Diametera

Equivalent
spherical radius

Approximate
size

Sedimentation rate
(time to settle 30 cm)

10mm gravel 0.3 s
1mm coarse sand 3 s
100m fine sand 38 s
10m silt 33min
1m bacteria 55h
100nm colloid 230h
10nm colloid 6.3 yr
1nm colloid 63 yr

aRef. 1.

Table 2. Properties of Filter Typesa

Type of filter

Property Slow sand Rapid sand High rate

design filtration
rate, L/(s�m2)b

0.081–0.162 1.36 2.72–6.83

bed size to filter
water 1m3/
(m2�min) of filter
medium, m2c

143 1.15 0.39

medium type ungraded carefully graded
sand with larger
sizes at bottom

several types but
usually care-
fully graded
sand and car-
bon

bed depth
lower layer, cm 30 gravel 30–45 gravel 30–45 sand
top layer, cm 90–110 sand 60–75 sand 45–60 granular

carbon
period of filter use
between clean-
ings, d

20–60 1–3 0.5–3

cleaning procedure removal of sur-
face layer for
cleaning or
washing sur-
face

backwash by for-
cing water up
through filter;
surface or sub-
merged jets to
fluidize bed with
water or air

same as rapid
sand

water for cleaning,
% of filtered
water

0.2–0.6 1–6 1–3

depth of filtration surface only first few cm in depth
pretreatment none coagulation and

sedimentation
coagulation and
sedimentation

aRef. 3.
bTo convert L/(s�m2) to gal/(s�ft2), divide by 40.74.
cTo convert m2 to ft2, multiply by 10.76.
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Table 4. Hydrolytic Reactions of Metal Ions

Reaction pK Ref.

Al3þ þH2OÐAlOH2þ þHþ 5.03 13
2Al3þ þ 4H2O ¼ Al2 ðOHÞ2þ4 þ 4Hþ 6.27 13
Al3þ þ 3H2OÐAl ðOHÞ3 þ 3Hþ 9.1 14
Al3þ þ 4H2OÐAl ðOHÞ�4 þ 4Hþ 21.84 14
Fe3þ þH2OÐFeOH2þ þHþ 3.05 8
Fe3þ þ 2H2OÐFe ðOHÞþ2 þ 2Hþ 6.31 8
Fe3þ þ 3H2OÐFe ðOHÞ3 þ 3Hþ �0.5a

Fe3þ þ 4H2O ¼ Fe ðOHÞ�4 þ 4Hþ 18.0 9

aCalculated from pKw¼ 14, pKsp¼42.5.
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Table 6. Comparison Between Membrane Filtration and Reverse Osmosisa

Process characteristic
Membrane
filtration Reverse osmosis

objectives particle removal,
microorganism
removal

seawater desalination, brackish
water desalination,
softening, NOM removal for
DBP control, specific
contaminant removal

membranes types microfiltration,
ultrafiltration

nanofiltration,
reverse osmosis

typical source water fresh surface water
(TDS < 1000 mg/L)

ocean or seawater,
brackish
groundwater
(TDS ¼ 1000–20,000 mg/L),
colored groundwater
(TOC > 10 mg/L)

membrane structure homogeneous or
asymmetric

asymmetric or thin film
composite

most common
membrane
configuration

hollow fiber spiral wound

dominant exclusion
mechanism

straining differences in solubility or
diffusivity

removal efficiency of
targeted impurities

frequently 99.9999%
or greater

typically 50–99%, depending
on objectives

most common flow
pattern

dead end tangential

operation includes
backwash

yes no

cycle
influenced by
osmotic pressure

no yes

influenced by
concentration

no yes

polarization
noteworthy
regulatory issue

integrity monitoring concentrate disposal

typical transmembrane 0.2–1 bar 5–85 bar
pressure (3–15 psi) (73–1200 psi)

typical permeate flux 30–170 L/m2�h 1–50 L/m2�h
(18–100 gal/ft2�d) (0.6–30 gal/ft2�d)

typical recovery >95% 50% (for seawater) to 90% (for
colored groundwater)

competing processes granular filtration carbon adsorption, ion exchange,
precipitative softening,
distillation

aFrom Ref. 20. Reprinted with permission.

Vol. 0 WATER TREATMENT 45



Table 7. Operating Characteristics of Membrane and Rapid Granular Filtersa

Criteria Unitsb
Membrane
filtration

Rapid granular
filtration

filtration rate (permeate flux) m/hb 0.03–0.17 5–15
gpm/ft2 0.01–0.07 2–5

operating pressure bar 0.2–2 0.18–0.18
ft 7–70 6–10

filtration cycle duration min 30–90
d 1–4

backwash cycle duration min 1–5 10–15
ripening period min none 15–120
recovery % >95 >95
filtration mechanism straining depth filtration

aFrom Ref. 21. Reprinted with permission.
bConventional units for membrane permeate flux are L/m2�h and gal/ft2�d. The conversions to the
units shown in this table are 1 L/m2�h ¼ 103 m/h and 1 gal/ft2�d ¼ 1440 gpm/ft2.
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Table 8. Typical Softener Effluent Analyses

Factor
Raw
water

Removal
of calcium
alkalinity
cold-lime

Lime–
soda

softening
(cold)

Lime–
soda

softening
(hot)a

Lime
soften-
ing

(hot)a

total hardness
(as CaCO3),
ppm

250 145 81 20 120

calcium
hardness
(as CaCO3),
ppm

150 85 35 15 115

magnesium
hardness (as
CaCO3),
ppm

100 60 46 5 5

‘‘P’’ alkalinity
(as CaCO3),
ppm

0 27 37 23 18

‘‘M’’ alkalinity
(as CaCO3),
ppm

150 44 55 40 28

silica (as SiO2),
ppm

20 19 18 1–2 1–2

pH 7.5 10.3 10.6 10.5 10.4

aRemoval of SiO2 by the hot process, to the levels shown, may require the feed of supplemental mag-
nesium oxide. Sludge recirculation is necessary. All raw water constituents will be diluted by the
steam used for heating by approximately 15% if the process is hot.
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Table 9. Galvanic Series of Metals and Alloysa

Corroded End (anodic, or least noble)
magnesium Inconel (active)
magnesium alloys Hastelloy A
zinc Hastelloy B
Aluminum 2S brasses
cadmium copper
Aluminum 17ST bronzes
steel or iron copper–nickel alloys
cast iron titanium
chromium–iron (active) Monel
Ni-Resist silver solder
18-8-Cr-Ni-Fe (active) nickel (passive)
15-8-30-Cr-Ni-Mo-Fe (active) Inconel (passive)
Hastelloy C chromium–iron (passive)
lead–tin solders 18-8 Cr-Ni-Fe (passive)
lead 18-8-3 Cr-Ni-Mo-Fe (pas-

sive)
tin silver
nickel (active) graphite

Protected End (cathodic, or most noble)

aCourtesy of International Nickel Company, Inc.
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System Application Advantages and Limitations

Low equipment costs
low regenerant costs

Low equipment costs
Medium regenerant costs

Low regenerant costs
Repumping required

Higher equipment cost
lowest regenerant cost

repumping required

Higher equipment cost
lowest regenerant cost

repumping required

Medium equipment cost
lower acid cost for
leakage obtained

Easy to retrofit system
danger of acidic water
on anion breakthrough

Low equipment cost
high chemical cost,

higher attention required

Medium equipment cost
high chemical cost,

higher attention required

Typical Effluent

Conductance: 10–40 intro
silica unchanged

Conductance: <15 intro
silica: 0.02–0.10 ppm

Conductance: <15 intro
silica: 0.02–0.10 ppm

Conductance: <15 intro
silica: 0.02–0.10 ppm

Conductance: <10 intro
silica: 0.02–0.06 ppm

Conductance: <10 intro
silica: 0.02–0.06 ppm

Conductance: <5 intro
silica: 0.02–0.06 ppm

Conductance: <1 intro
silica: 0.01–0.05 ppm

Conductance: <1 intro
silica: 0.01–0.05 ppm

SA WB

SA SB

SA D SB

SA D WB SB

WA SA D

CF D SB

SA

MB

SB SA

SA SB MB

WB SB

Silica and CO2 are
not objectionable

Lower alkalinity, raw
water, silica, and CO2

removal required

High alkalinity, raw
water, silica, and

CO2 removal required

High alkalinity, chloride
and sulfate, raw water,

silica, and CO2
removal required

High sodium, raw
water, low

leakage required

Low solids, raw
water, high purity

required

High solids,
water, high purity

required

High sodium, raw
water, existing
2-bed system,

low leakage required

High hardness,
alkalinity, chloride,
and sulfate, raw
water, silica, and

CO2 removal required

Fig. 6. Demineralizer systems consist of various unit processes arranged to meet the
system needs. SA Strong acid cation exchanger; SB Strong base anion exchanger;
D Degasifier; MB Mixed bed; WA Weak acid cation exchanger; WB Weak base anion ex-
changer; and CF Counterflow cation.
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Fig. 7. Pitting corrosion is damaging because it can lead rapidly to equipment failure.

Fig. 8. Microbiologically influenced corrosion (MIC).
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Fig. 9. Tube severely damaged by oxygen.

Fig. 10. Caustic gouging caused failure of this boiler tube.
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Vector
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Control
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Control
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Fig. 11. Coordinated phosphate–pH control avoids both acid and caustic corrosion. To
convert psi to kPa, divide by 6.895.

Fig. 12. Boiler water contamination of the steam caused superheater deposits, which led
to tube metal overheating and failure.
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Fig. 13. Test specimens illustrate the nonwettable surface produced by a filming amine
(381) compared with an untreated surface (380).
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Fig. 14. A corrosion cell.
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Fig. 15. Calcium carbonate scaling of a surface condenser due to poor pH control.
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To determine
pCa

Example:
Temp � 140�F
Ca hardness
M alkalinity
Total solids

pH � 7.80
� 200 ppm
� 160 ppm
� 400 ppm

Locate ppm value for Ca AS CaCO3 on the
  ppm scale. Proceed horizontally to the
  left diagonal line down to the pCa scale.

pAlk
pCa
pAlk
C at 140�F
Sum � pH3
Actual
Difference

� 2.70
� 2.50
� 1.56
� 6.76
� 7.80
�1.04 �

Locate ppm value for 'M' Alk Ca AS
  CaCO3 on the ppm scale. Proceed hori-
  zontally to the right diagonal line down
  to the pAlk scale.

Total solids Locate ppm value for total solids on the
  ppm scale. Proceed horizontally to the
  proper temperature line up to the 'C'
  scale.

Saturation
index

Fig. 16. A typical Langelier Saturation Index chart.

Vol. 0 WATER TREATMENT 57


