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Preface

In commemoration of our company's 50th Anniversary, it gives us great pleasure to share our
accomplishments with our supporters and customers, through the second English edition of our
handbook, the "KURITA HANDBOOK OF WATER TREATMENT."

Founded in 1949, KURITA WATER INDUSTRIES LTD., has become a leader in the field of water
and environmental management. However, we are not satisfied with simply providing water and
sewage treatment facilities, water and process treatment chemicals, and related operational manage-
ment equipment and maintenance services. We are also expanding our efforts to improve the global
environment, through such processes as purification of contaminated soil, detoxification of dioxins,
reduction and recycling of excess activated sludge, and immobilization of heavy metals in fly ash
produced from waste incineration facilities.

In the area of water treatment and process treatment chemicals, we have made technological
improvements to ensure efficient operation and contribute to water and energy conservation in
various water systems. We have also addressed critical issues surrounding water system treatment,
such as the reduction of environmental impact through the development of non-phosphorus boiler
compounds, non-hydrazine oxygen scavengers, and low- or non-phosphorus cooling water treatment
chemicals. In addition, we have focused on the important task of ensuring work safety and chemi-
cal-handling safety. Our efforts have been rewarded with ISO 9001 and ISO 14001 certifications.
We believe that these certifications are proof of our commitment to quality assurance for our
products, and to environmental preservation and improvement.

In order to introduce some of our company's innovative technology and accomplishments in the field
of water treatment chemicals to a global readership, we published the first English edition of our
handbook in 1985. Since then, we have continued working to develop more advanced technology
and improved products. In this second edition, we have described our technologies and products in
as much detail as possible, to ensure that we provide our readers with useful data.

It is reasonable to assume that tomorrow's technological advancements will proceed at a more
dizzying pace than ever. Therefore, intend to continue to update our handbook, which would
otherwise quickly become obsolete. This is the primary reason we have turned to electronic
publishing and have created this handbook in CD-ROM format. As we plan to revise it once every
few years, we are confident that this CD-ROM will provide our readers with the most up-to-date
information.

Our company philosophy is, "Study the properties of water and master them, and we will create an
environment in which nature and man are in harmony." We are committed to developing advanced
technology and products that will contribute to the betterment of our society.

In closing, we would like to express our appreciation and gratitude to the writers and editors
responsible for creating this comprehensive handbook. We hope that this handbook will serve as a
source of useful information for its readers.

Takahide Santo

President
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1. Introduction to Water Treatment

Water has been an important natural resource
of the Earth and has been essential for the exist-
ence of all living things. The intimate relationship
between the human society and water is symbol-
ized by the fact that almost all ancient civilizations
originated on the banks of large rivers.

In the present, water is still an essential natural
resource for keeping the health and pleasant lives
of people, and for making valuable natural and in-
dustrial products.

On the other hand, social problems relating to
water, such as the shortage of water resources and
the occurrence of water pollution, have long been
at issue and they are still remaining as important
problems to be solved. Those problems have been
occurred as the results of the increase in popula-
tion, the concentration of population in big cities,
the development of industries and so on. This fact
is advising us to harmonize our life-styles with the
natural environment and to realize the sustainable
development.

To solve above problems and to harmonize the
human society with the natural environment, the
scientific understanding of the nature of water and
the development of water treatment technologies
may play an important role. The research and
development in this field require not only the ba-
sic knowledge of chemistry, physics, microbiol-
ogy, metallurgy, etc., but also broad knowledge
of applied science, such as chemical engineering,
mechanical engineering, electrical engineering
and electronics.

The water treatment methods are generally di-
vided into chemical, mechanical and microbiologi-
cal ones. This handbook describes the chemical
treatment methods mainly. This chapter intro-
duces the development and recent trend of water
treatment chemicals, the features of water, etc.

1.1 Necessity of Water Treatment

Natural fresh water includes suspended solids,
microorganisms, dissolved salts (ions) and dis-

solved gasses. Those substances in water cause
various problems in systems using water.

In the case of drinking water, suspended solids
and microorganisms must give a bad influence on
the human health.

In cooling water systems and boiler systems,
hard soluble matter, such as calcium carbonate,
may deposit as a scale on the heat transfer sur-
faces of heat exchangers and boilers. Then their
thermal efficiencies are reduced by the scaling.
Dissolved oxygen causes the corrosion of metals
composed of those systems and shortens their
service lives.

Microorganisms may grow and form slime
(biofouling) on heat exchanger tube surfaces, etc.
The slime adhesion reduces the thermal efficien-
cies of heat exchangers and sometimes causes an
underdeposit corrosion or microbiologically influ-
enced corrosion (MIC) of metals.

Even when water of same quality is used, the
kinds and the degrees of problems caused by wa-
ter vary depending on the usages of water and the
operational conditions of systems.

Therefore, the application of a suitable water
treatment program is inevitable to prevent prob-
lems caused by water. The selection of the pro-
gram must be carefully carried out considering the
water quality, the usage of water, the operational
conditions of an aimed system and so on.

1.2 Development and Recent Trends of
Water Treatment Chemicals

The development of water treatment chemicals
after 1945 in Japan is divided into four stages.

The first stage is 1945 to 1960, the era of the
reconstruction and the preparation for the com-
ing high economic growth. In this stage, Japanese
economic was expanded by the growth of primary
and light industries mainly. Water treatment
chemicals had been developed in the field of boiler
water treatment and the chemical cleaning of boil-
ers mainly. The application of corrosion inhibi
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tors and biocides in cooling water systems, and
polymer flocculants was started in this era.

The second stage is 1960 to 1972, the era of the
high economic growth. Japanese iron and steel
industry, petroleum refining and petrochemical
industry, paper and pulp industry, etc., had been
remarkably developed in this era. As those indus-
tries required a large amount of water for their
production processes and utility plants, they were
called the water consuming industries. Large scale
thermal power plants had been constructed be-
cause the rapid growth of industrial and personal
electricity consumption. Those plants also con-
sumed a large amount of water.

The growth of those industries had caused a
water shortage and had promoted the recycling
of water. Therefore, water treatment chemicals
had been remarkably developed in their cost per-
formances and contributed to rise the water recy-
cling rate.

On the other hand, the development of indus-
tries caused severe water and air pollution prob-
lems. Accordingly, in the latter half of this era,
the countermeasures for those problems, such as
the enforcement of the Water Pollution Control
Law in 1970, had been applied. In the field of wa-
ter treatment chemicals, the conversion of chro-
mate based corrosion inhibitors to non-chromate
ones, etc., had been carried out in this era.

A topic for the development of water treatment
chemicals in this era was the development and ap-
plication of polymer based dispersants effective for
calcium phosphate scaling in cooling water sys-
tems. The polymers realized phosphate based
non-chromate cooling water treatments.

The third stage is 1973 to late 1980’s. The 1973
was the year of the first oil crisis. After the oil
crisis, Japanese industries had paid large efforts
to develop technologies for saving energy. In the
field of water treatment chemicals, fouling control
chemicals and the related technologies had been
developed to contribute for the energy saving.

The fourth stage is after late 1980’s to the
present, it is the era of health and safety. Until
the end of the third stage, most of technical tar-
gets for the development of water treatment chemi-
cals, such as the maximization of the cost
performance, the contribution to the water and
energy saving, and the minimization of water pol-
lution, had been realized. In the fourth stage, a
new and important concept has been added to the
requirements for the function of water treatment
chemicals. Itis an assurance of health and safety
in the all processes of producing, transporting,

storing, handling, using and disposing water treat-
ment chemicals. Even until the end of third stage,
careful considerations for the health and safety in
the application of water treatment chemicals had
been taken, however, in the present, more suffi-
cient cares are requested for the health and safety
in the field of water treatment chemicals. This kind
of trend is symbolized by the popularization of
“Responsible Care” and “Environmental Manage-
ment System” activities.

The requirements for the current water treat-
ment chemicals are summarized as follows:

1.2.1 Reduction of Total Cost Performance

Conventionally, the word, “cost performance”,
means the chemical cost for obtaining an aimed
treatment effect, such as the cost of a corrosion
inhibitor for reducing the corrosion rate of car-
bon steel below 10 mg/dm?-day (below 0.05 mm/
-

In the present, the word, “total cost perfor-
mance”, is used to express the comprehensive
meaning.

Water treatment chemicals which reduce the
total cost performance are required by users. For
example, in the case of an open recirculating cool-
ing water system, the total operation cost is com-
posed of following items:

@ Chemical cost,

(@ Water cost,

® Power (electricity) cost,

@ Personnel expenses,

® Inspection and maintenance cost of the sys-

tem,

® Depreciation cost of the system,

@ Others.

The performance of chemical water treatment
program gives a large influence on those costs.
Moreover, the efficiencies of production processes
may be influenced by the thermal efficiencies of
the water cooled heat exchangers.

Therefore, to correctly evaluate “the total cost
performance” of the chemical treatment program,
all costs relating the operation of the cooling wa-
ter system and the production processes have to
be analyzed. The chemical cost generally occu-
pies a very small part of total cost relating to the
cooling water system and the process operation.
Therefore, the application of an advanced water
treatment program considerably reduces the to-
tal operation cost of the factory, even if the chemi-
cal cost becomes higher than that of a conventional
treatment.



1.2.2 Minimized Influence on the Environment

Most of water treatment chemicals are finally
discharged into the environment through or not
through wastewater treatment facilities. There-
fore, the discharged water quality must satisfy the
local regulations for the effluent.

In the present, not only the discharge of toxic
substances into the environment is severely regu-
lated, but also the discharge of nontoxic sub-
stances, such as phosphates, is regulated for
preserving the earth environment.

These trends have promoted the development
of safer water treatment chemicals and have real-
ized the use of non-phosphorous boiler com-
pounds, all organic cooling water treatment
chemicals and so on.

1.2.3 Assessment of Chemical Safety

The safety of water treatment chemicals must
be assured through their life cycles, that is,
through their manufacturing, transporting, stor-
ing, handling, using and disposing.

Therefore, many kinds of toxicity tests for the
raw materials and products have been carried out
to assure the safety of water treatment chemicals.

Table 1.1 summarizes the kinds of typical toxic-
ity tests applied for water treatment chemicals.

1.2.4 Contribution to Water Conservation
Economic developments and the concentrations
of population into big cities have caused the short-

age of water resources in the world. Various mea-
sures have applied to save water. Typical water

Table 1.1
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saving methods are as follows:
@ The use of cooling tower systems substitut-
ing for once through cooling water systems,
®@ Increase of the cycles of concentration in
cooling tower systems,
® Recycling of boiler condensate and process
condensate,
® Recycling of treated sewage and industrial
wastewater,
(® Cascading of a discharged water with the bet-
ter quality to the other processes,
® Utilization of water with a worse quality.
Those water saving methods more or less dete-
riorate the water quality using in an aimed system
or process, and accelerate the occurrence of prob-
lems caused by water.
Therefore, the popularization of those water sav-
ing operation requires the improvement in the
performance of water treatment chemicals to pre-
vent the problems. The combined treatment of
chemical and mechanical treatments have often
applied for water saving.

1.2.5 Contribution to Energy Conservation

Because Japan is heavily dependent on imported
crude oils, the energy conservation has become a
highly important subject after the oil crisis in 1973.
The chemical water treatment technology has
been also developed and improved to contribute
the energy conservation.

In boiler systems, the development of polymer
based dispersants (scale inhibitors) contributes to
minimize the fuel consumption by preventing the
scaling on the heating tubes.

In cooling water systems, the development of

Kinds of toxicity tests for water treatment chemicals

Items of test

Test methods

Contents of toxic substances as impurities

Chemical analysis of As,0;, T-Hg, T-Cr, Cd, Pb, CN, etc.

Oral

LDs of mouse or rat

Acute toxicity
Inhalation

LDs of mouse or rat

Skin irritation

Draize test

Topical irritation T
Eye irritation

Draize test

Biodegradation

MITI method (biodegradation test using activated sludge)

Acute fish toxicity

LD of fishes

Sensitization

Patch test using guinea pig

Mutation

Ames test

Mammalian cell gene mutation assay

Subacute toxicity

NOAEL of mouse or rat
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fouling control agents, such as scale inhibitors,
dispersants and biocides, effectively conserves
energies using in cooling water systems and in
production plants to be cooled by keeping heat
exchangers from the fouling.

In the field of wastewater treatment, the
progress of dewatering agents for organic slud-
ges from sewage processing plants remarkably
reduces the fuels using in the cake incineration
plants by reducing the moisture contents of de-
watered cakes.

1.2.6 Realization of Long Time Continuous
Operation of Petroleum Refining and
Petrochemical Plants

Formerly, petroleum refining and petrochemi-
cal plants were generally shut down once a year
for the inspection and maintenance. However, the
2 to 5 years continuous operation of those plants
has been realized and become popular by the de-
velopment of corrosion inhibitors and fouling con-
trol agents for the both of cooling water side and
process fluid side.

The continuous operation increases the produc-
tion of those plants and reduces the maintenance
cost of plants.

1.3 Science of Water
1.3.1 Amount of Water

A tremendous amount of water is present on the
earth. The total amount is roughly 1.4 billion km?
as shown in Table 1.2. Around 96.5% of that is
seawater and fresh water occupies around 2.5%.
Around two-third of fresh water is icebergs and
glaciers. Available fresh water for our daily life,

Table 1.2 Amount of water on the earth

industries and so on is only 0.8% of the total amount
of water, such as ground water, river water and
lake water.

Japanese annual rain fall is around 1,700 mm and
650 billion m?® on the Japanese land area of around
378 thousand km?. However, the available amount
of water is around 160 billion m? (25%) and most
of that flows into the sea, permeates into the
ground or evaporates into the air.

1.3.2 Molecular Structure of Water

The molecular formula of water is expressed as
H,O. Figure 1.1 (a) shows the molecular struc-
ture of water. The atomic distance between the H
and O is 0.96 A, and the angle of H-O-H is 104° 5'.
A water molecular has four electrical charges of
two positive and two negative ones as shown in
Figure 1.1 (b). As the four electrical charges oc-
cupy symmetrical positions, a water molecule be-
haves like a bar magnet as shown in Figure 1.1
(¢), that is, it has the dipole moment.

Because of the water molecule structure shown
in Figure 1.1 (b), a water molecule has four arms

(b) The location of electric @
charges in a water H o
molecule

() (+ -)

Fig. 1.1  Molecular structure of water

Kind of water Amount (10° km?) Distribution ratio (%)
Seawater 1,338 96.53
Fresh water 35.03 2.53
(Icebergs and glaciers) (24.06) (1.74) [68.7]
(Groundwater and soil moisture) (10.85) (0.78) [31.0]
(Air moisture) (0.01) (0.0007) [0.03]
(Lake and marshes) (0.108) (0.08) [0.29]
(Rivers) (0.002) (0.00015) [0.006]
Others 12.97 0.94
Total 1,386 100

[ 1: Distribution ratio against the total amount of fresh water



making hydrogen bonds. The hydrogen bond is
a kind of atomic bond which a hydrogen atom in-
terposes, like O-H--O, O-H--N, N-H--O and so on.
Thus a water molecule combines the other water
molecules, alcohols, amino acids, etc. Figure 1.2
shows the combination of water molecules by their
hydrogen bonding.

These dipole moment and hydrogen bond of
water give very unique properties to water com-
paring with the other organic and inorganic sub-
stances.

1.3.3 Properties of Water

Water is a colorless, tasteless and odorless trans-
parent liquid at ambient temperature. Table 1.3
shows the properties of water. Table 1.4 shows the
compared thermodynamic properties of water,
ethylalcohol and acetone.

Those thermodynamic values generally become
larger as the molecular weight becomes larger.
However, water with the smallest molecular
weight has the largest value among three sub-
stances in Table 1.4. This reason is explained by
the power of hydrogen bond. Water has the stron-
gest hydrogen bonding power and combines with
the other water molecules to increase the appar-
ent molecular weight. Ethylalcohol also has a little
stronger hydrogen bonding power than that of
acetone.

Water requires much more heat to increase the

-0
H H” H. H
o~ \0/
: |
H H
| :
0~ 0
PN AN
H H H H.
\?/ \O/H
|
H H

--- Hydrogen bond
— Covalent bond

Fig. 1.2 Combination of water molecules by
their hydrogen bondings
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temperature, to be boiled and to be evaporated
comparing with the other substances. In other
words, water absorbs much heat and is a good heat
transfer medium.

The latent heat of fusion or vaporization of wa-
ter is very large. Figure 1.3 shows the sensible
heat and latent heat of water for changing the tem-
perature and phase. The heat of fusion at 0°C and
the heat of evaporation at 100°C are around 80
kcal/kg and around 540 kcal/kg respectively.

This large latent heat of water is utilized for vari-
ous industrial and air-conditioning processes, etc.
A typical example of such utilization is the
recooling of circulation water by the partial evapo-
ration in a cooling tower. The evaporation of the
1% of circulation water reduces the temperature
of remaining 99% water by around 5.8°C at an am-
bient temperature.

As water has the dipole structure, water dis-
solves most of inorganic substances and some

Table 1.3 Properties of water
Specific gravity (20°C) 0.9982
Melting point (°C) 0.00
Boiling point (°C) 100.00
Vapor pressure (mmHg) 17.535
Temperature giving the 4
maximum density (°C)
Dielectric constant (20°C) 82
Refractive index (20°C) 1.33300
Viscosity (20°C) (cp) 1.009
Specific heat (0°C) (cal/g-°C) 1.007
Heat of fusion (kcal/mol) 1.435
Heat of vaporization (100°C) 9.719
(kcal/mol)
Ion product (25°C) 1 X104
Heat of formation (20°C) (kcal/mol) 68.35
Dipole moment (gas) (cgs x 10'%) 1.84
Density (100°C) (g/ml) 0.958
Surface tension (100°C) (dyne/cm) 58.9

Table 1.4 Thermodynamic properties of water, ethylalcohol and acetone

Substance Chemical Molecular Boiling point v a;—f)i?;[ a(go 0 Specific heat
formula weight [{®) (cal/g) (0°C) (cal/g-°C)
Water H.O0 18 100 539.6 1.007
Ethylalcohol C,H;OH 46.07 78.5 204.0 0.536
Aceton CH;COCH; 58.08 56.5 124.5 0.506
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Steam
Evaporation —
100 -

| =— Condensation
i

Temperature (°C)

@

vaporation

97 100 | 539.6
-100 L L

0 100
Enthalpy (kcal/kg)

Ifd
ki

1
639.6

Fig. 1.3 Sensible heat and latent heat of water
for changing the temperature and
phase

organic substances having ionic bonds by disso-
ciating and hydrating them as shown in Figure 1.4.
Some organic compounds without ionic bonds,
such as sugar, dissolve into water if their molecu-
lar sizes fit in the spaces between water molecules.

1.4 Basic Chemistry for Water
Treatments

1.4.1 Units Constituting Chemical Substances

(1) Atoms and elements

Atom is the minimum unit of substances and is
constituted of an atomic nucleus and electrons.
The atomic nucleus is consist of protons and neu-
trons. Electrons orbit around the atomic nucleus
at an extremely high speed. The atomic nucleus
has a positive electrical charge and electrons have
negative electrical charges. Thus the whole elec-
trical charge of atom becomes neutral.

Atoms show the different properties according
to their numbers of protons or electrons. An atom

Water (H,0)

0. 0
QL
O@O ) <)

Fig. 1.4 Dissolution of sodium chloride by water
and the hydration

having a specified number of protons is named as
an element. At present, the 92 kinds of natural
elements and the 11 kinds of artificially produced
elements are identified.

Figure 1.5 shows a model of a hydrogen atom,
the smallest atom. The diameter of the atom is
approximately 10® cm and the diameter of the
atomic nucleus is 102 to 10 cm.

Electrons regularly move around the atomic
nucleus. Since an electron orbit admits a speci-
fied number of electrons, the number of orbits in-
creases as the number of electrons increases.
Those electron orbits are named as K, L, M and N
orbits from near side to the nucleus. Figure 1.6
shows the each electron orbit and the number of
acceptable electrons.

Table 1.5 shows a periodical table of elements,
which arranges 103 kinds of elements according
to their similarities in the properties. The group
of elements shown on the right-hand corner of the
table, such as helium and neon, are the most
chemically stable and are called the inert gasses.

(2) Molecules
A molecule is the smallest unit particle of a sub-
stance not losing the characteristics. The mol

Electron (-e)

- 1.06A- - ——»

Fig. 1.5 An atomic model of hydrogen atom

Maximum number

Names of electron orbits
AT /of electrons

Electron

Atomic nucleus

Fig. 1.6 Names of electron orbits and the
numbers of acceptable electrons
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Table 1.5 Periodic table of the elements
Representative Representative Inert
Elements h Elements gases
s block Atomic No. p block
—_— Symbol
A Atomic Wt. 0
+1 1 2
1 H Transition Elements He
10079 | TIA d block WA VA VA VIA  VIA | 4003
13 (24 25 (e (37 8 9 10
2| Li Be B C N (e} F Ne
6941 | 9.012 1081 | 12011 |7 14007 15999 " 18.998| 2018
111|212 S13 |14 815 |16 |17 18
3| Na [ Mg Al Si P S [aa Ar
2299 | 2430 1B VB VB VIB viB —— VIl —— B 1B 2698 | 2808 | 73097 | 73206 | 3545 | 3995
8 |19 (220 21 22 23 |3524 |125 (326 3327 (328 [:129 |30 (31 #5332 333 (1934 |35 36
24 K Ca Sc Ti \% Cr |[”Mn | Fe Co Ni Cu Zn Ga Ge As Se [{iBr Kr
o 39.00 | 4008 | 4496 | 4790 | 5094 | 5200 | se04 | ssss | sso3 | ss71 | 6355 | 6538 | 072 | 7250 | 7492 | 77896 |T'7900 | s3s0
137 (238 39 40 41 42 43 44 45 46 [*'47 |*248 (49 1550 |5351 [i$52 |:153 54
5| Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te |1 Xe
8547 | 8762 | sso1 | o122 | 9291 | 9504 | osor | 10107 | 10201 | 1064 | 10787 | 11240 | 11482 | 11860 | 12075 |7 12760 12690| 13130
155 [*256 57 72 73 74 75 76 77 78 79 3380 |81 [:382 |1383 [i984 85 86
6| Cs Ba La Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
13291 | 137.34 | 13891 [ 17849 | 18095 | 183.85 | 1862 | 1902 | 19222 [ 19500 | 19697 [ 2006 | 2044 [ 2072 | 2000 [ @10y | @00 | @22
187 (288 89 104 | 105
7| Fr Ra Ac Ku* | Ha*
223) | 2260 | 27
Inner Transition Elements f block
) 58 59 60 61 62 63 64 65 66 67 68 69 70 71
Lanthanum Series | ce | pr | Nd | Pm | Sm | Bu | Gd | T | Dy | Ho | BEr | Tm | Yb | Lu
140.12 | 1409 | 14424 [ 47 | 1504 | 15196 | 1572 | 15893 | 16250 | 16493 | 16726 | 16893 | 173.04 | 17497
B ) 90 91 92 93 94 95 96 97 98 99 100 | 101 102 | 103
Actinium Series | Th | Pa U | Np| Pu | Am | Cm | Bk | Cf | Es | Fm | Md | No | Lr
2320 | 2310 | 2380 | 2370 | @ | @3 | @ | @ | @ | e | @3 | ese | e | e

Mass numbers of the most stable or most abundant isotopes are shown in parentheses.
The elements to the right of the bold lines are called the nonmetals and the elements to the left of the

bold line are called the metals.

Common oxidation numbers are given for the representative elements and some transition elements.

* Kurchatovium and Hahnium are tentative names for these elements.

ecule is composed of an aggregate of elements.
The concept of molecule was proposed by
Avogadro to explain the law of gaseous reaction
in 1811. Avogadro predicted that all gases with
the same volumes under the same pressure and
temperature included the same number of mol-
ecules. In the present, the Avogadro’s number,
that is the number of molecules in one gram-mol-
ecule of a gas, is defined at 6.03 X 10%.

For instance, one gram-molecule of water, the
18 g of water, includes the 6.03 X 10% of molecules.

1.4.2 Chemical Reactions and Chemical Bonds

A chemical reaction is a phenomenon that a sub-
stance changes to another substance by a interac-
tion between its molecules or with the other
substances. Most chemical reactions generally
proceed to produce more chemically stable sub-
stances. Atoms composed of a molecule are bond-
ing each together and this bonding is changed by

a chemical reaction. The manners of chemical
bonding between atoms largely influences on the
chemical stability of each substance.

Table 1.6 shows the electron configurations and
the valences of the elements in the first to third
periods of the periodic table. The electron con-
figuration and the valence relate to the manner of
chemical bonding between atoms.

The manners of chemical bonds are classified
into the following four categories:

(1) Covalent bond

In the case of a hydrogen molecule, H,, two hy-
drogen atoms are combined by owing two elec-
trons jointly on their electron orbits. This type of
chemical bond is called the covalent bond. Like
inert gasses, atoms that their outer shells are fully
occupied by their electrons are chemically stable.

Therefore, the atoms of elements except the in-
ert gasses are tend to own their electrons jointly on
their outer shells to chemically stabilize them
selves.



1-8

Table 1.6  Electron configurations and valences of the principal elements

Group

Period I 1

v \% VI VII (6]

First period

®

He

Second period

@m@H

Li B C O F Ne
- \‘
\)

Third period J ’

Na Mg Al Si P S Cl Ar
Val +1 +2 +3 +4 +5 +6 +7 0

alence 4 _3 2 1
Oxide RO RO R,03 RO, R:O5 RO; R.0O; —
Hydride — — — RH, RH; RH, RH —
Na Cl

(2) Ionic bond

Sodium has one electron on the outer shell. As
the number of acceptable electron of the outer
shell is eight, it tends to give one electron to the
other element to stabilize itself. As the result, the
number of protons exceeds the number of elec-
trons by one and sodium becomes a monovalent
cation.

In the case of chlorine, it has seven electrons in
the outer shell. Then it tends to accept one elec-
tron from the other element and becomes a
monovalent anion.

Thus, a sodium and a chlorine combine together
by electrostatic force to form a sodium chloride.
This type of chemical bond is called the ionic bond.
Figure 1.7 shows the ionic bond between a sodium
and a chlorine to form the sodium chloride.

(3) Metallic bond

In a metal crystal, one metal atom is surrounded
by twelve to fourteen atoms. For example, one
valence electron of a sodium atom relates to the
bonding with surrounding fourteen sodium atoms.
Therefore, the valence electron is not confined in
one bonding and shows the property of a free elec-
tron. This bond is called the metallic bond.

The high electric conductivities of metals are
caused by the presence of not-confined valence
electrons.

Electrostatic force
(Coulomb’s force)

Fig. 1.7 lonic bond of NaCl

(4) Coordination bond

The coordination bond is the combination of a
covalent bond and an ionic bond. This bond be-
tween A and B atoms is generally expressed as
follows:

A"—B or A~ B

For example, in case of trimethylamine oxide,
(CH3)sNO, the N having three valence electrons
can not combine with three CH; and one O by co-
valent bonds only. Therefore, the one electron of
the N moves to the O and forms one covalent bond.
As the result, the N and O have a positive and a



negative electrical charges respectively. This bond
is expressed as follows:

(CH3)3sN* - O~
1.4.3 Chemistry of Aqueous Solution

(1) Properties of water as a solvent

When a substance dissolves into a liquid, the
liquid is called a solvent and the substance is called
a solute.

Water easily dissolves many kinds of substances
comparing with organic solvents. This property
of water is explained by the strong dipole moment.
Most of electrolytes dissociate in water and dis-
solve into water as ions.

Water also dissolves some organic substances,
such as sugars and alcohols, because of the spe-
cial structure of water and its hydrogen bonding
force as described in the sections 1.3.2 and 1.3.3.

(2) Dissolution of solutes and the solubilities

The solubility is defined as the maximum
amount of a substance (solute) able to dissolve
into a given amount of solvent (water) under a
specified condition. A solution containing a sol-
ute with the same concentration to the solubility
is called the saturated solution.

If a solute dissolves into water by exceeding the
solubility, it essentially deposits in the water to
reduce the concentration up to the solubility.

The solubility of a solute is varied by the change
of many factors, such as temperature, pressure and
the kinds of substances in the coexistence. As
the temperature gives a large influence on the
solubility, the solubility is generally expressed
with the temperature.

The solubilities of easy-soluble substances in
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water generally increase as the temperature in-
creases. However, the solubilities of some hard-
soluble substances in water reduce as the
temperature increases. For example, calcium car-
bonate deposits as a scale in boiler and cooling
water systems because the solubility is reduced
by the increase of water temperature.

Table 1.7 shows the solubilities of popular wa-
ter treatment chemicals at various water tempera-
tures. Figure 1.8 shows the changes in the
solubilities of calcium carbonate and calcium sul-
fates with the change of water temperature.

Gasses also dissolve into water. Table 1.8 shows
the solubilities of air, nitrogen, oxygen and car-
bon dioxide in water at various temperatures.

The dissolving manners of gasses into water are
divided into two types. One type is the dissolving
as the molecules without chemical reaction, like
oxygen and nitrogen. The other type is the dis-
solving as ions with reactions between water and
gasses, like carbon dioxide. Equations (1.1) to
(1.3) show the dissolving of carbon dioxide into
water.

C02 + H20 = HzCOg ....................................
H2C03 = H+ HCO3
HCOg_ = H+ CO?,Z_

(3) Units of solute concentration

(a) Percentage

When the solute concentration is expressed by
percentage, the following three kinds of percent-
ages are generally used:

1 weight volume percentage (w/v %),

@ weight percentage (w/w %),

® volume percentage (v/v %).

These three kinds of percentages are calculated
from the equations (1.4) to (1.6).

Table 1.7  Solubilities of popular water treatment chemicals
Chemicals Chemical Temperature (°C)

formula 0 10 20 30 40 50 60
Aluminum sulfate Al (SO,)3 31.2 33.5 36.4 40.5 45.8 52.2 59.2
Sodium chloride NacCl 35.7 35.8 36.0 36.3 36.6 37.0 37.3
Sodium carbonate (soda ash) Na,CO; 7 12.5 215 — 48.5 — 46.4
Sodium dihydrogenphosphate NaH,PO, 57.9 69.9 85.2 | 106.5 — — —
Sodium hydrogenphosphate Na,HPO, 1.67 3.6 7.7 20.8 — 80.2 82.9
Sodium phosphate Na,;PO, 1.5 4.1 11 20 31 43 55
Sodium hydroxide (caustic soda) NaOH — — 109 119 129 146 —
Sodium sulfite Na,SOs 13.9 20 26.9 36 28.0 28.2 28.8

(g/100 g water)
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where

W, = weight of solute in the solution (g)
V. =volume of the solution (ml)
W, = weight of the solution (g)

V. = volume of liquid solute in the solution (iml)

In the field of water treatment, the weight vol-
ume percentage is most frequently used and the
weight percentage follows.

(b) ppm, ppb and ppt

The ppm, ppb and ppt mean parts per million,
parts per billion and parts per trillion respectively.
These units are correctly expressed as weight/
weight or volume/volume based unit.

However, in the field of water treatment, those
units are conventionally expressed as weight/vol-
ume base units, such as mg// and g/m?, for di-
lute aqueous solutions.

(c) Molar concentration (mole/[)

The molar concentration is expressed by the
number of moles of a solute dissolved in a solu-
tion. The molar concentration is calculated from
the equations (1.7) and (1.8).

NM = = ettt 1.7
NV @mn
NM
MC = e 1.8
v, 1.8
where
NM = number of mole
w = weight of solute in one liter solution (g)

MW = molecular weight of solute
MC = molar concentration (mole/[)
V3 = volume of solution (J)

(d) Normality (equivalent concentration)
The normality (N) is the expressed by the gram
equivalent of a solute to be dissolved in one liter

Table 1.8  Solubilities* of air, nitrogen, oxygen and carbon dioxide

Temperature (°C) Air N, 0, CO,
0 2.86 231 4.89 17.13
10 2.24 1.83 3.80 11.94
20 1.83 1.52 3.10 8.78
30 1.54 1.32 2.61 6.65
40 1.32 1.16 2.31 5.30
50 1.14 1.07 2.09 4.36
60 0.98 1.02 1.95 3.65
70 — 0.98 1.83 3.19
80 0.60 0.96 1.76 —
90 — 0.95 1.72 —
100 0.00 0.95 1.70 —

* Volume of gas dissolving into water at 0°C and 760 mmHg (ml/100 ml water) converted from the solubility of gas at t°C
and 760 mmHg of the partial pressure.



of the solution. The normality is calculated from
the equation (1.9).

where
‘W3 =amount of solute in one liter solution (g)
E, =gram equivalent of solute

For example, as the gram equivalents of hydro-
chloric acid and sodium hydroxide are 36.5 g and
40 g respectively, the normalities of hydrochloric
acid solution of 36.5 g/I and sodium hydroxide
solution of 40 g/ are the same at 1 N.

Since the normality is based on the gram equiva-
lent of solute, this unit is a very convenient for
volumetric analyses, such as neutralization titra-
tion and redox titration.

(e) Calcium carbonate equivalent concentration

The calcium carbonate equivalent concentration
is obtained from the equation (1.10).

where
Cea = calcium carbonate equivalent concentra-
tion of solute (mg CaCOs/1)
C = concentration of solute (mg/1)
E.a = gram equivalent of calcium carbonate (50)
E, =gram equivalent of solute

This concentration is usually used for ion ex-
change treatment to calculate the total cation and
total anion concentrations of a water to be treated.
For example, the both of sodium ion of 23 mg/!
and chloride ion of 35.5 mg/! are converted to 50
mg CaCOzs/! from the equation (1.10).

(4) Electrical conductivity of aqueous solution

When electrolytes dissolve into water, they in-
crease the electrical conductivity of aqueous solu-
tion. Therefore, the electrical conductivity gives
an approximate total concentration of salts in the
solution. As the unit of electrical conductivity, uS/
cm is generally used.

Since the conductivity changes with the change
of the solution temperature, the conductivity mea-
sured at an environmental temperature is con-
verted to the value at a specified temperature, such
as 25°C in the case of Japanese Industrial Stan-
dard.

When an electrolyte dissolves into water, the

1-11

electrical conductivity of solution is calculated
from the equation (1.11).

EC=(C* X o*+C XAo) X10°................. (1.11)
where

EC =electrical conductivity (uS/cm)

C+, C- =equivalent concentration of the cation

and anion dissociated from an
electrolite (mol/)

Ao*, Ao~ =equivalent electrical conductivities of
the cation and the anion at an infinite
dilution (S-cm?/mol)

The equivalent electrical conductivities of typi-
cal ions are shown in Table 1.9.

For example, the electrical conductivity of 100
mg/! sodium chloride solution at 25°C is calcu-
lated as follows:

23 1 1
€ =100X 7o X 537X 1000
I DS )5 I 1.12)
C = C e L7IX L0 oo (1.13)
EC = (1.71 X 10 X 50.1 + 1.71 X 109
X 76.4) X 10°

=216.3 (US/CM) ..ovrrrereereererereeveeeen (1.14)

The electrical conductivity of a solution contain-
ing more than two electrolytes is calculated as the
sum of the electrical conductivities calculating for
each substance by the above method.

Since the equivalent electrical conductivities of
ions considerably increase with the temperature
increase as shown in the Table 1.9, the conductiv-
ity of solution increases as the temperature in-
creases.

The relationship between the concentration of
an electrolyte and the electrical conductivity of the
solution is varied depending on the kind of the
electrolyte. Therefore, the solute concentration
of solution including unknown solutes is hardly
calculated from the electrical conductivity. How-
ever, the solute concentration of natural fresh
water, such as river water, is calculated by using
the following empirical equation (1.15) because
the kinds of solutes are generally limited.

TDS =EC X (0.70 t0 0.75) «.cecoveveereenrennne. 1.15)

where
TDS = total dissolved solids (mg/])
EC =electrical conductivity of water at 25°C
(uS/cm)
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Table 1.9 The equivalent electrical conductivities of ions at the infinite dilution

(S-cm?/mol)
Cation 0°C 18°C 25°C 100°C Anion 0°C 18°C 25°C 100°C
H* 225 315 350 630 OH- 105 171 198 450
Li 19.4 32.8 38.7 115 F — 47.3 55.4 —
Na* 26.5 42.8 50.1 145 Cl- 41.0 66.0 76.4 212
K+ 40.7 63.9 73.5 195 1/2 SO 41 68.4 80.0 260
NH,* 40.2 63.9 73.6 180 SCN- 41.7 56.6 66.5 —
1/2 Mg?* 28.9 44.9 53.1 165 NO, 44 59 72 —
1/2 Ca* 31.2 50.7 59.5 180 NO;~ 40.0 62.3 71.5 195
1/3 Al* 29 — 63 — H,PO, — — 57 —
1/2 Fe* 28 44.5 53.5 — HCO;- — — 44.5 —
1/3 Fe®* — — 68 — 1/2 CO4* 36 60.5 72 —
1/2 Cu* 28 45.3 56 — CN- — — 78 —
1/2 Zn* 28 45.0 53.5 — CH;COO- 20.1 35 40.9 —

The electrical conductivity of theoretically pure
water is calculated by using the equation (1.11).

The both of equivalent concentrations of H* and
OH- ions of pure water are 107 at 25°C. The
equivalent electrical conductivities of them are
shown in Table 1.9. Thus the electrical conduc-
tivity is obtained as follows:

EC=(107X350+107 X 198) X 103
=5.48 X107 (US/CM) .cvevrvveiiniiccnene (1.16)

As this conductivity is a very small, the electri-
cal conductivity of water itself can be ignored when
the solute concentration is estimated from the elec-
trical conductivity of the aqueous solution.

In case of water demineralization, the water pu-
rity is often expressed by the specific electrical
resistance. The specific electrical resistance (ER)
of theoretical pure water is calculated from the
above electrical conductivity.

ReeeL1 182 (MQ) oo (1.17)

5.48X102

(5) pH of aqueous solution

The pH indicates the concentration of hydrogen
ion in an aqueous solution and is used as an index
showing the acidity or alkalinity of water.

Water only slightly dissociates into hydrogen ion
(H") and hydroxide ion (OH-).

HoOS He + OH e 1.18)

This ion product of water is a constant and it is
1 X 10 at 25°C.

[HT [OH ] =1X10™ .o 1.19)
where
[H*], [OH"] = molar concentration of H* and
OH- at 25°C

The pH is calculated from the H* concentration
by using the equation (1.20).

pH =log

1 _
[(H']

In case of pH 7, [H*] and [OH"] are equal at 1 X
107 and this water is said to be neutral. Water
with pH of lower than 7 is acidic and higher than 7
is alkaline. Figure 1.9 shows the relationship be-
tween pH and the concentrations of H* and OH- at
25°C.

However, the dissociation degree of water
changes with temperature as shown in Figure 1.10.
Therefore, the pH of pure water changes from 7.00
at 25°C to 6.13 at 100°C or 5.65 at 200°C as the
temperature increases. Since this pH reduction
is caused by the increase in the dissociation of wa-
ter, the increase of H* ions corresponds to the in-
crease of OH- ions and the relationship of the “[H*]
= [OH"]” is always kept. That is, the [H*] of neu-
tral aqueous solutions changes with temperature.

In case of chemical treatment for cold water,
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water with temperature

such as cooling water, the pH at 25°C, “cold pH”,
represents the water property. However, in case
of hot water like boiler condensate, the pH at that
temperature, “hot pH”, has to be discussed.

The measurement of the “hot pH” is difficult in
the field. The “hot pH” is generally calculated from
the kinds, concentrations, dissociation degrees of
solutes and so on by using a computer.

(6) Acids, bases and neutralization

Acids are substances which dissociate hydrogen
ions, H*, exactly oxonium ion, H;0", in the aque-
ous solutions. Equations (1.21) to (1.23) show the
dissociation of typical acids.

HCl1 S H+Cl e,
CH3;COOH = H* + CH;COO- .
H,SO, S 2H + SO i,

Substances which dissociate hydroxide ions,
OH-, in aqueous solutions are called bases.

NaOH = Na*'+OH ...cccooiiiieieieenne
Ca(OH)? = Ca? + 20H-

The strength of an acid or a base depends on
the dissociation degree in water. The degree of
dissociation is expressed by the equation (1.26).

_ _[So’] [So-]
[Sol " "[Sol

where
o4 = degree of dissociation
[So] =molar concentration of solute
(mol/])

[So*], [So~] = molar concentration of dissociated
solute (mol/0)

An acid or a base with the higher dissociation
degree is the stronger acid or base. Table 1.10
shows the dissociation degrees of typical acids and
bases.

The reaction between an acid and a base is called
neutralization. A salt and water are produced by
the neutralization. The neutralization reactions are
divided into following four types depending on the
strengths of acids and bases:

(1 Formation of neutral salts from strong acids

and bases,

HCl1 + NaOH = NaC(Cl + H,0 ................ 1.27)

@ Formation of acidic salts from strong acids
and weak bases,

HCI + NH,OH = NH,CI + H:O ........... (1.28)

(® Formation of alkaline salts from weak acids
and strong bases,

H.CO; + 2NaOH =5 Na,CO; + 2H,0 .... (1.29)

@ Formation of neutral salts from weak acids
and bases,

H2C03 + 2NH40H (—_> (NH4)2CO'; + 2H20
............................................................... 1.30)

The neutralization is a very important for treat-
ing supply water, wastewater, etc., and prevent-
ing metallic corrosion in various industrial
processes.

In case of a neutralization for a high tempera-
ture process, the concept of “hot pH” described in
the section 1.4.3 (5) has to be considered for real-
izing sufficient neutralizing effect. Figure 1.11
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Table 1.10 Dissociation degrees of various acids and bases for their 0.1 N solutions at 25°C

Substance Formula of dissociation Degree of dissociation

Nitric acid HNO; 5 H* + NOs~ 0.92
Hydrochloric acid HCI < H* + CI- 0.91
Hydroiodic acid HISH +T- 0.91

Sulfuric acid H.SO, 5 H* + HSO,~ 0.61
Phosphoric acid H,PO, = H* + H,PO,~ 0.27

Acetic acid CH;COOH = H* + CH;COO- 0.013
Carbonic acid H,CO; = H* + HCO4~ 0.0017
Hydrogen sulfide H,S < H* + HS- 0.0007

Boric acid H;BO; = H* + H.BOs 0.0001

" Potassium hydroxide | KOHSK +OH- o os

Sodium hydroxide NaOH <5 Na* + OH- 0.84

Barium hydroxide Ba(OH), < Ba?* + 20H- 0.80

Aqueous ammonia NH; + H,O0 <= NH,* + OH- 0.013

shows the difference of pH at 25°C and 100°C
when an acidic solution containing 200 mg/! of
hydrochloric acid and 1,000 mg/! of acetic acid is
neutralized by using various bases.

The change in the pH is caused by the changes
in the dissociation degrees of water, acids and
bases. Generally, the pH at a higher temperature
becomes smaller than that at alower temperature.
Even in a neutral pH, higher hydrogen ion con-
centration at higher temperature often accelerates
the metallic corrosion in the system.

Neutral pH at 25°C

10 |- HCI: 200 mg//
CHsCOOH: 1000 mg//

[=— Neutral
pH at
100°C

pH (100°C)

pH (25°C)

Fig. 1.11 Relationship between the pH of an acid
solution at 25°C and 100°C under
various neutralization conditions

(7) Oxidation and reduction

Typical oxidation and reduction reactions are
summarized in Table 1.11. The oxidation and re-
duction reactions proceed at the same time as
shown in the equation (1.31).

2H2 + 02 <—_> 2H20 ........................................ (131)

In this reaction, the hydrogen is oxidized by
combining with the oxygen, and the oxygen is
reduced by combining with the hydrogen.

In the field of water treatment, some oxidation
and reduction reactions should be prevented and
some ones are utilized. For example, the oxida-
tion (corrosion) of iron has to be prevented to ex-
tend the service lives of equipments made of iron.

4Fe + 6H,O + 30, 4Fe(OH)3 ................. (132)

The reaction between oxygen and sodium sulfite
is utilized to remove the oxygen from a boiler wa-
ter for preventing the boiler corrosion.

02 + 2Na2503 g 2Nast4 .......................... (133)

(8) Ionization series of metals

The ionization series expresses to the orderly
arrangement of ionization tendencies for metals
in an aqueous solution. Table 1.12 shows an ion-
ization series for popular metals. A metal in the
lefter side more easily yields the metallic ion or
corrodes in an aqueous solution.

For example, when iron and copper are im-



Table 1.11 Typical oxidation and reduction reactions

Oxidation

Reduction

1 Combining with oxygen
2H, + O, » 2H,0

@ Losing hydrogen
NoH, + O ~> Ny +2H,O0

® Losing electron
I?=60 > 224 + Ze—

@ Increasing of oxidation number
4Fe(OH); + 2H:0 + O; — 4Fe(OH);
Fe(I) Fe (IID)

@ Losing oxygen
CuO +H, — 2+H20

@ Combining with hydrogen
2H.+ 0, — 2H,0

® Getting electron
ZE +2e — &

@ Decreasing of oxidation number
2Cu0 +H; » Cu;0 + H,0
Cu(ID) Cu(

mersed into a diluted sulfuric acid solution and
they are connected with a lead wire, the iron cor-
rodes (yields ferrous ion) and hydrogen is gener-
ated on the copper surface.

Fe — Fe? + 2e-
2H* + 2e- — H; (on copper surface)

‘When iron is immersed in a cupric sulfate solu-
tion, the iron is corroded and copper is deposited
on the iron surface.

Fe — Fe? + 2e-
2e” + Cu®* — Cu (on iron surface)

As mentioned above, when two kinds of metals
are coexistence in an aqueous solution, the metal
which is more easily ionized is said to have larger
ionization tendency. A metal with the larger ion-
ization tendency is easily corroded (oxidized).
That is, the reactivities of metals in various envi-
ronment are estimated from the ionization series.

The metals in the righter side of ionization se-
ries are very stable in various aqueous solutions
under ambient temperature and are called noble
metals.

Table 1.12 lonization series of metals and their reactivities
Ionization series K, Ca, Na, Mg, Al, Zn, Cr, Fe, Ni, Mo, Sn, Pb, (H,), Cu, Hg, Ag, Pt, Au
Oxidation by oxygen in air Rapidly Gradually Scarcely
Reaction with water React with React with hot water Scarcely react
cold water
React with R?&Ct
Reaction with acids React with non-oxidizing acids oxidizing ;Vlua
acids rggia
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2. Water Treatment and Chemicals for Boiler Water Systems

2.1 General
2.1.1 Types of Boilers

A boiler is used to heat water and generate re-
quired steam or hot water. There are various types
of boilers according to their uses. Boilers are clas-
sified according to their structures, the methods
of water circulation, the types of fuels, and the
kinds of the materials used. In general, they are
roughly classified into cylindrical boilers and
water-tube boilers.

(1) Cylindrical boilers

The types of cylindrical boilers are vertical boil-
ers, flue-tube boilers, fire-tube boilers, and fire and
flue-tube boilers.

The recent fire and flue-tube boilers have pro-
gressed in the evaporation rate and efficiency in
Japan. The evaporation rate per unit heating sur-
face area was 30 to 65 kg/m?h" about 25 years
ago. However, it has increased to 60 to 100 kg/
m?h as shown in Figure 2.1, and boiler efficiency
has also increased to about 80 to 90% in the present.

The fire and flue-tube boilers generally have the
evaporation capacities of below 1 t/h to 20 t/h with
the operation pressures of up to 10 kgf/cm?.

Figure 2.22 shows the typical examples of the
combustion gas flow in the fire and flue-tube boil-
ers.

(2) Water-tube boilers

A water-tube boiler evaporates water on the in-
side heating surfaces of the tubes. The heating
surface area of this boiler can be made large by
increasing the number of water tube bundles, and
the high pressure operation is easily achieved.

Therefore, boilers of this type are broadly used,
ranging from the small or medium size boilers for
general industries to the large size boilers for elec-
tricity generation. In the case of small to medium
size boilers with the evaporation capacity of 50 t/h
or less, the evaporation rate per unit heating sur-

face area is 60 to 100 kg/m?-h as shown in Figure
2.3.

Sufficient attention should be paid to the treat-
ment of feedwater and boiler water since the wa-
ter tube boiler generates great amounts of steam
at the inside of tubes. The higher in the pressure,
the higher level of treatment is required.

According to the water circulation methods, the
water-tube boilers are classified into natural cir-
culation boilers, forced circulation boilers and
once-through boilers. In the natural circulation
boilers, the circulation of boiler water is caused
by the difference between the density of water and
that of the steam and water mixture. About 80% of
the water-tube boilers use this circulation method
which is broadly employed for small to large ca-
pacity boilers. Figure 2.4 shows an example of
the structure applied for small to medium size
water-tube boilers.

Evaporation rate (t/h)

03 I I [ I I |
5 10 20 30 40 50 100 200 300
Heating surface area (m?)
Fig. 2.1 Relationship between the heating

surface area and the evaporation rate
of fire and flue-tube boilers
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In the forced circulation boilers, the boiler wa-
ter is circulated by using circulation pumps. This
method is suitable for high pressure boilers where
the natural circulation becomes difficult due to the
small difference between the densities of saturated
water and saturated steam.

In the once-through boilers, water is fed at one
end of a long heating tube. Itis heated and evapo-
rated through the tube, and finally it leaves as su-
perheated steam at the other end of the tube. Itis
especially suitable for high pressure steam gen-

Fig.
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eration because it is constructed of only water-tube
bundles, which is different from the natural circu-
lation and forced circulation boilers. Once-
through boilers are often employed for thermal
power plants.

Mini-circulation boiler consists of water-tubes
and has the steam and water separator which re-
turns the separated hot water to the heating tubes.
Normally, the ratio of the amount of circulation
water to that of maximum feedwater is 2 or less.
There are the single tube type and the multiple
tube type, however, the multiple tube type is
widely used. The structure of a typical mini-circu-
lation boiler is shown in Figure 2.5.

Since the mini-circulation boiler has the higher
boiler efficiency of 80 to 90%, and is easy to oper-
ate, it is widely used in small or medium size fac-
tories, buildings, hospitals, etc. Recently it is
increase to install the mini-circulation boiler in
place of the cylindrical boiler with small capacity.

2.1.2 Necessity of Water Treatment for Boilers

Waters used as boiler feedwater, such as tap
water, industrial water, underground water and
river water, usually contain various substances
such as suspended solids, dissolved solids and
gases. The amounts of these substances vary
largely depending on the sources of raw waters,
as shown in Table 2.1.

The use of such raw water without the pretreat-

Burner

Safety valve

Water tube

Insulation B Q
Chimney ‘\ (\\
N

2-3

Steam valve

Steam and
water

separator

Pressure
gauge

g

Level gauge

P Fireproof

bricks

Blowdown
f valve

ment may result in problems, such as scale, cor- Fig. 2.5 Structure of a typical mini-circulation

rosion and carryover, in boilers and the auxiliary boiler

Table 2.1 Examples of raw water qualities

‘Water source River Lake Well
Location Osaka, Seria, Shanghai, | Bratislava, Perth, Kaohsiung, | Milano, Jakarta,
Japan Burunei China Slovakia Australia Taiwan Italy Indonesia

pH 7.0 5.3 8.1 8.1 6.8 8.0 7.6 8.4
Electrical conductivity 175 28 490 361 453 299 260 529
(uS/cm)
M-alkalinity 52 1 92 161 31 120 142 296
(mg CaCO0s/1)
Total hardness 44 8 16 230 76 150 190 24
(mg CaCO;/1)
Ca-hardness 34 1 100 172 43 100 130 5
(mg CaCO0s/1)
Chloride ion (mg/1) 23 1 81 22 124 2 17 5
Sulfate ion (mg/1) 33 41 39 23 45 — —
Silica (mg SiO./1) 20 6 7 9 9 7 25 13
Total iron (mg Fe/1) <0.2 4.0 3.7 0.47 <0.1 0.25 0.1 —
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Table 2.2 Troubles in the operation of boiler systems and their causes

lassificati . . .
Classification Troubles in operation of boiler system Causes of troubles
of problems
Scaling Reduction of boiler efficiency by adhesion of Leakage of hardness and/or silica from softener
hardness or silica scale or demineralizer
Expansion or bursting of evaporation tubes by Inadequate quality control of feedwater or boiler
heavy scale adhesion water
Application of inadequate chemical treatment
Corrosion Corrosion damage of pipings of feedwater and Insufficient deaeration of feedwater
condensate, evaporation tube, etc., by dissolved Reduction of boiler water or condensate pH
oxygen and/or carbon dioxide
Corrosion damage of evaporation tube under Iron contamination of feedwater from condensate
deposition of metal oxides line
Oxygen incoming to boiler during the idle time
Carryover Reduction of steam purity Rapid fluctuation of boiler operation load
Reduction of turbine efficiency by silica scale Excess concentration of boiler water
Deterioration of product quality treated with the Boiler water contamination with organic matters
steam
equipments. cal) treatment. The mechanical treatment is to

Table 2.2% shows the troubles in boiler opera-
tion caused by water.

Most of low pressure boilers* use raw water or
softened water as the feedwater and usually no
deaerator is employed. Therefore, those boilers
are subjected to troubles such as hardness and
silica scale adhesion, corrosion due to dissolved
oxygen and corrosion by carbon dioxide in the
condensate line.

Medium or high pressure boilers* are gener-
ally supplied deaerated and demineralized water
as the feedwater. However, since they are oper-
ated at the high temperature and high pressure,
the presence of a small amount of impurities
causes problems, such as metal oxide deposits on
the heating surface of the boiler, the corrosion of
the auxiliary equipments, and scale adhesion in
the superheaters or on turbine blades.

In order to prevent these problems and to oper-
ate the boilers safely and efficiently, the applica-
tion of suitable water treatment is required for each
boiler. The water treatment for boilers is divided
into the external (mechanical) and internal (chemi-

* The pressures of the boilers are usually divided
into low pressure, medium pressure and high pres-
sure. In this chapter, the pressure of boilers are
defined as follows:

Low pressure: below 20 kgf/cm?
Medium pressure: 20-75 kgf/cm?
High pressure: above 75 kgf/cm?

remove the impurities in water by applying coagu-
lation, sedimentation, filtration, ion exchange, de-
aeration treatments, etc.

The chemical treatment is divided into the treat-
ment for the feedwater and condensate lines, and
for the boiler itself.

The chemical treatment for the feedwater and
condensate lines aims to control corrosion by add-
ing oxygen scavengers and corrosion inhibitors
to the lines, and to supply water containing as little
impurities as possible into the boiler. Boiler com-
pounds, oxygen scavengers, sludge dispersants
and so on are used for the chemical treatment of
boilers. Those chemicals prevent corrosion and
make the scale forming components the water in-
soluble and dispersed particles to discharge them
from the boiler with the blowdown water.

Those water treatments are indispensable for
operating boilers safely and efficiently.

2.1.3 History of Boiler Water Treatment in Japan

(1) Water treatment for low pressure boilers
The importance of boiler water treatment was
recognized among the users of large size water-
tube boilers before 1945, and boiler compounds
were used. However, most of the low pressure
boilers were operated without the internal (chemi-
cal) water treatment. Natural organic compounds,
such as sodium lignin sulfonate and starch, sodium
carbonate and sodium phosphates were used as



boiler compounds.

In 1946, the production of ion exchange resins
(cation exchange resins) was started on a com-
mercial basis in Japan. In the 1950’s, water sof-
tening equipment using ion exchange resins was
applied to treat boiler feedwater. From 1955, the
use of softeners became popular for low pressure
boilers.

As the performance of low pressure boilers was
much progressed, the purpose of boiler water
treatment changed from the scale prevention to
the total treatment including corrosion control.
The boiler compounds were required not only the
function of scale control but also to control the pH,
and alkalinity of boiler water for the corrosion pre-
vention. Therefore, phosphate based boiler com-
pounds having the excellent effects were widely
used.

Sodium sulfite was widely used as the oxygen
scavenger from the old time, but hydrazine was
applied for high pressure boilers in thermal power
plants from 1952. The use of hydrazine for low
pressure boilers was also started afterward.

During this period, neutralizing amines, such as
morpholine and cyclohexyl amine, came to be
used for controlling the corrosion of the pipings
and equipments in the feedwater and the conden-
sate lines.

After 1955, the boiler water treatment changed
drastically from the internal treatment for boiler
itself to the total treatment for whole boiler sys-
tem including the feedwater and condensate lines.

Since 1965, boilers have become more efficient
and more compact. Therefore, the importance of
boiler water treatment has increased.

On the other hand, the problem of water pollu-
tion, such as “red tide” problem due to nutrification
in closed sea areas like Setonaikai in Japan, be-
came a big social issue. As the increase of phos-
phate concentration in closed water areas was
suspected to accelerate the occurrence of “red
tide”, the development of non-phosphorous boiler
compound was required. At first, the natural high
molecular weight compounds were applied for the
non-phosphorous boiler compounds, but the syn-
thetic polymer treatment which showed the ex-
cellent scale prevention was established from the
middle of 1970’s.

After the oil crisis in 1973, the saving of energy
and man-power became to be highly concerned.
To save energy and reduce man-power in the
boiler operation, the reduction of blowdown, the
increase of the condensate recovery, the use of
multifunctional chemicals with easy handing and
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so on were employed.

In the 1980’s, the safety of chemicals became a
big issue. The chemicals based on food additive
grade, and Food and Drug Administration of
U.S.A.(FDA) approved grade products were ap-
plied for the boilers especially in food factories and
hospitals. Saccharide based chemicals and so on,
which are safer, were also applied as the oxygen
scavengers besides sodium sulfite.

(2) Water treatment for medium or high
pressure boilers

In 1945, the pressure of boilers for thermal
power plants was only up to 40 kgf/cm?. The op-
erational pressure increased to 60 kgf/cm? in
1950’s, and to 100 kgf/cm? in 1960’s. During this
period, the caustic treatment was the major boiler
water treatment method, in which the boiler wa-
ter pH and phosphate ion concentration were con-
trolled in the ranges of 10.5 to 11.0 and 10 to 20
mg PO,/I respectively.

However, the corrosion problems of boiler
evaporation tubes often happened after the boiler
pressure exceeded 100 kgf/cm?. The results of
investigations in those days identified the cause
of corrosion as the concentration of alkali on the
heat transfer surface. Then, the treatment by us-
ing sodium phosphate (Na;PO,), which scarcely
yielded free hydroxide alkali in boiler water, was
employed. However, as the phosphate concentra-
tion in boiler water was controlled in the higher
range of 5 to 15 mg PO,/ than that of present phos-
phate program, the hide-out of sodium phosphate
[refer to the section 2.2.2, (2), (b), (iv)] happened.
Finally, the coordinated phosphate treatment
which controls the phosphate ion in lower range
in boiler water was applied to prevent the alkaline
corrosion and the hide-out of sodium phosphate.

In the late 1960’s, the boiler pressure became
170 to 180 kgf/cm?, and the once-through boiler
was used. In the case of once-through boiler,
chemicals which remain the evaporation residue
in boiler water, like phosphate, cannot be applied.
Therefore, the volatile treatment using volatile
products, such as hydrazine, ammonia and vola-
tile amines, was necessary for the once-through
boiler.

In large size thermal power stations, the op-
eration of supercritical pressure boilers with the
pressure of more than 246 kgf/cm? started from
the second half of the 1960’s, using volatile treat-
ment.
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2.2 Boiler Problems Caused by Water

2.2.1 Scaling

(1) Scaling in low pressure boilers

Since most low pressure boilers use fresh wa-
ter or softened water as the feedwater, the sub-
stances which cause the scaling in boilers are
mainly hardness components and silica. When a
water including hardness components and silica
is fed to a boiler, these substances yield insoluble
matters and they deposit in the internal feedwater
pipe and its surroundings.

The dissolved solid concentration in boiler wa-
ter becomes higher on the heating surface than
that at the other parts as shown in Figure 2.6.
Therefore, the substances with low solubilities
deposit and form the scale on the heating surface
when their concentrations exceed their solubili-
ties.

Since these scale components have the small
thermal conductivities as shown in Table 2.39-9,
the scale adhesion on the heating surface remark-
ably reduces the thermal efficiency of boiler.
When the part covered with the scale is locally
superheated, the mechanical strength of the tube
material is reduced and the bursting may occur
eventually.

Most scales formed on the heating surface are
generally composed of several mixed substances.
The thermal conductivity of such mixed scale is
approximately 1 to 2 kcal/m-h-°C.

Figure 2.77 shows a model of heating surface
covered with scale and the inner skin temperature
of the tube under the scale, obtained from the fol-
lowing equation:

t2=t4+(L+£)xQ
o kz

where
t. =inner skin temperature of tube (°C)
ty = boiler water temperature (bulk) (°C)
o = heat transfer coefficient of boiling surface
(kcal/m?h-°C)
D = scale thickness (m)
k. = thermal conductivity of scale (kcal/m-h-°C)
Q = heat flux (kcal/m?-h)

Figure 2.8 shows the relationship between the
scale thickness and the inner skin temperature of
tube at each heat flux when a scale with thermal
conductivity of 2 kcal/m-h-°C adheres on the
boiler tube inside with the pressure of 10 kgf/cm?.

Figure 2.9® shows the relationship between the

Tube wall

¢

Gas side ? Water side

it

|
Heat |':l Bulk water

Dissolved solid
concentration

#

T

Concentrated film

Fig. 2.6 Schematic model of dissolved solid
concentration on a heating surface

Table 2.3 Thermal conductivities of scale
components and metals

Substance Thermal conductivity
(kcal/m-h-°C)

Silica scale 0.2-0.4
Calcium carbonate scale 0.4-0.6
Calcium sulfate scale 0.5-2.0
Calcium phosphate scale 0.5-0.7
Iron oxide (hematite) scale 3-5
Iron oxide (magnetite) scale 1
Carbon steel 40-60
Copper 320-360

Fire side

Tube material

Q' Heat flux (kcal/m?h)

ty 1 Outer skin temperature of tube (°C)
t, ¢ Inner skin temperature of tube (°C)
t; 1 Surface temperature of scale (°C)
t, : Boiler water temperature (bulk) (°C)
D : Scale thickness (m)

r; : Outer radius of tube (m)

1, = Inner radius of tube (m)

Fig. 2.7 Model of heating surface covered with
scale



temperature and the allowable tensile stresses of
carbon steels using as boiler tubes. When the tem-
perature exceeds 350° C, the allowable stress starts
to decrease and reaches the 50 to 60% of the origi-
nal value at 450°C. Therefore, the tube wall tem-
perature should be kept below 450° C for the safe
boiler operation and the scale thickness on the
tube has to be controlled thinner than 1 to 2 mm
as shown in Figure 2.8.

Photograph 2.1 (p. 2-66) shows a typical expan-
sion trouble of an evaporation tube caused by the
scale adhesion. The scale thickness was around
2.0 mm and the composition is shown as the
sample A in Table 2.4. The main component of
the scale was calcium silicate (CaSiOs) and the

800

Thermal conductivity of scale: 2.0 kcal/m-h-°C
700 Heat flux (Q) (kcal/m*h)

600
500
400
300

200

Inner skin temperature of tube (°C)

100 |-

0 1 1 1
0 1 2 3 4

Scale thickness (mm)
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cause of scaling was the hardness leakage from
the softener for the feedwater treatment.
Photograph 2.2 (p. 2-66) is an expansion trouble
of a boiler tube by the silica scale adhesion. The
scale thickness was about 1.5 mm and the scale
analysis is shown as the sample B in Table 2.4.
This trouble was caused by the shortage of boiler

12

Allowable tensile stress (kg/mm?)
[=2]

JIS, STB 410

JIS, STB 340

N
Ny

400
Temperature (°C)

Fig. 2.9 Relationship between temperature and
Fig. 2.8 Relationship between the scale the allowable tensile stress of carbon
thickness and inner skin temperature of steel tubes
a boiler tube
Table 2.4  Scale analyses of low pressure boilers (Weight %)
Sample A B C
Calcium oxide (CaO) 32.9 7.0 7.4
Magnesium oxide (MgO) 1.7 0.7 1.3
Iron oxide (Fe;03) 3.9 2.8 27.3
Copper oxide (CuO) Trace Trace Trace
Acid insoluble matter* 40.3 83.9 15.2
Sulfuric acid anhydride (SO3) 7.3 Trace Trace
Carbonic acid anhydride (COy) Trace Trace Trace
Phosphoric acid anhydride (P.Os) 4.7 5.9 4.7
Ignition loss 1.1 2.1 5.7
Zinc oxide (ZnO) Trace Trace 31.7
Aluminum oxide (Al,O3) Trace Trace Trace
Sodium oxide (Na,O) 1.0 — Trace

* The main component of acid insoluble matter is generally silica (SiO,).
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water P-alkalinity keeping silica as the water
soluble silicate ion.

Recently, comparatively higher concentration of
zinc is sometimes detected in the scales and
sludges collected from the boilers. In a boiler
where galvanized steel pipes are used for the
feedwater and condensate lines, zinc ions deposit
and form the scale in the boiler, which are
dissoluted from the pipings and enter the boiler
together with the feedwater and recovered con-
densate. The sample C of Table 2.4 shows a typi-
cal example of such scale.

Since the electrical potential of the zinc becomes
higher than that of steel” in high temperature
water (over 60°C) containing oxygen and zinc
does not work as a sacrificial anode, the steel of
the galvanized tube is attacked by the pitting cor-
rosion. Therefore, it is recommended to avoid the
use of galvanized steel pipe for the feedwater and
condensate lines.

The following measures are applied to prevent
scale troubles caused by hardness components,
silica and so on in low pressure boilers;

@ Removal of hardness by using softener,

@ Use of boiler compounds and sludge dispers-

ants,

(® Control of the boiler water concentration.

(2) Scaling in medium or high pressure boilers
In general, a boiler of the higher pressure has
the higher capacity and the higher heat flux. Since
the bad influences of the impurities in feedwater
on a boiler operation increase as the pressure be-
comes higher, demineralized water is used as the
feedwater of medium or high pressure boiler. In

Table 2.5 Scale analyses of medium or high pressure boilers

that case, the substances causing scale problems
are mainly the corrosion products which are
formed in the boiler or came into the boiler from
the feedwater and condensate lines. Table 2.5
shows the typical scale analyses of medium or high
pressure boilers. The scale components are usu-
ally iron oxides. In the case where copper and
copper alloys are used for the auxiliary equipments
in the feedwater and condensate lines, the scale
contains copper, nickel, zinc and so on as the cor-
rosion products of the copper and copper alloys.

These corrosion products coming into the
boiler with the feedwater tend to adhere more
on the tube surface of the fire side with a higher
heat flux. The scale adhesion condition in an
actual boiler tube is illustrated in Figure 2.10'9,
The scale amounts at the position A and C are
2.37 and 0.3 times respectively against the mean
value at the position B. This fact shows that the
scale amount increases at the fire side of tube
with the higher heat flux.

In general, the relationship between the scaling
rate of iron oxide and the heat flux is shown in the
following equation:

A=KXCXQ"

where

A = scaling rate of iron oxide (mg/cm?-h)

C = concentration of iron oxide in boiler water

(mg/D

Q = heat flux (kcal/m?-h)

K= constant

n = multiplier

Mankina, et al.'?, reported that the K and n in
the equation (2.2) were 5.7 X 10 to 8.3 X 104

(Weight %)

Sample A B C D
Pressure of boiler (kgf/cm?) 113 92 69 103
Calcium oxide (CaO) Trace Trace 2.0 0.5
Magnesium oxide (MgO) Trace Trace Trace Trace
Iron oxide (Fe;03) 99.7 88.9 91.2 90.1
Copper oxide (CuO) Trace Trace Trace Trace
Acid insoluble matter 0.2 4.9 0.5 2.6
Sulfuric acid anhydride (SO3) Trace Trace Trace Trace
Carbonic acid anhydride (CO,) Trace Trace Trace Trace
Phosphoric acid anhydride (P,Os) Trace 3.7 3.3 2.1
Ignition loss 3.3 2.5 2.2 0.4
Zinc oxide (ZnO) — Trace — —
Aluminum oxide (Al,O3) Trace Trace Trace Trace




and 2 respectively, namely the scaling rate in-
creased in proportion to the square of the heat flux.
Sakae, et al.'?, reported that the n value was 1.3.

During the annual boiler operation period of
approximately 8,000 hours, the scale of 8 to 10 mg/
cm? generally adheres on the evaporation tube
even an appropriate boiler water treatment is ap-
plied. Therefore, sufficient attention must be paid
to the water treatment for the feedwater and re-
covered condensate of high pressure boilers for
minimizing the scaling rate.

Since the thermal conductivity of scale com-
posed of iron oxide mainly is a low and about 1
kcal/m-h-°C, the scale adhesion on the tubes dis-
turbs the heat transfer and raises the tube skin
temperature. The rise of the tube wall tempera-
ture due to the scale adhesion is calculated by
using the equation (2.1) and the result is shown
in Figure 2.11.

Position A

Position B-1 Position B-2

Fire side

i
'

Furnace
wall side
Position C
Position of evaporation tube against fire

3.4

2.8 \15

25
2 /3
§ 22 g
g 19 é
s 16
¢ / \
£ 13
o
5 10 / \
@
3 0.7

0.4 /’ N

| X%, S|
0.1
—_—— e — — —
C B-1 A B-2 C
Position

Fig. 2.10 Relationship between the scale amount
and position of a boiler tube against fire

2-9

‘When the allowable tube wall temperature is set
at 450° C, the allowable scale thickness of a boiler
with a heat flux of 4 X 10° kcal/m?h becomes
around 0.25 mm. Since the density of iron oxide
scale is around 3 g/cm® 9, the allowable scale
amount becomes around 75 mg/cm?.

In order to prevent the scale problems caused
by the impurities in the feedwater, the following
measures must be taken:

@ Reduction of the impurities coming into the
boiler by employing the pH control, iron re-
moval, demineralization and so on of the
feedwater and recovered condensate,

®@ Determination of the time for the chemical
cleaning and the application of the cleaning
by periodically inspecting the scale adhesion
condition of evaporation tubes sampled from
the high heat load part of the boiler.

When organic substances, such as humic acid
and fulvic acid, are including in the raw water, most
of them are removed by the pretreatment, such
as coagulation-sedimentation, filtration and de-
mineralization, however, still some traces of the
organic substances come into the boiler. These
organic substances in the boiler are partly decom-
posed to organic acids which reduces the pH of
the boiler water and are partly carbonized on the
heating surface to form carbon scale. This car-
bon remarkably disturbs the heat transfer and in-
creases the skin temperature of tube!?.

Thermal conductivity of scale: 1 kcal/m-h-°C

Heat flux (Q) (kcal/m?h)
600 |~ S
W

Inner skin temperature of tube (°C)

300 L L L L L L L L L L L
0 10 20 30 40 50 60 70 80 90 100 110
Scale amount (mg/cm?)

|
0 0.1 0.2 0.3 0.4
Scale thickness (mm)

Fig. 2.11 Relationship between the iron oxide
scale thickness and inner skin
temperature of a boiler tube



‘When the carbon scale layer and iron oxide scale
layer are separately adhere on the heating surface
as shown in Figure 2.12, the skin temperature of
tube under the scale is calculated from the follow-
ing equation:

D, D,

T TR XQ e 2.3)

t1=t2+(L+
o

where
t; = skin temperature of tube under scale (°C)
t. =bulk water temperature (°C)
o = heat transfer coefficient of boiling surface

(kcal/m?h-°C)

k. = thermal conductivity of carbon scale (kcal/
m-h-°C)

ks = thermal conductivity of iron oxide scale
(kal/m-h-°C)

D. = thickness of carbon scale (i)
D, = thickness of iron oxide scale (m)
Q = heat flux (kcal/m?-h)

The thicknesses of carbon and iron oxide scales
are calculated from the following equations:

SXC X10*

D= o —————— 2.4

4 2.4)

D=5 x(100d- O X107 @.5)
where

S = total scale amount (mg/cm?)

C = carbon content of scale (%)

d. = density of carbon scale (g/cm?®)

d; = density of iron oxide scale (g/cm®)

Fire side

Carbon scale
Iron oxide scale

Fig. 2.12 Model of heating surface covered with
a scale composed of double layers

Thus, the equation (2.6) is derived from the
equations (2.3), (2.4) and (2.5).

(ﬂ_i)xuy
s-—Q ¢
C 1-C
+

In the case of boiler with the pressure of 100
kgf/cm? and the allowable tube wall temperature
of 450°C, the relationship between the carbon
content of scale and the allowable scale amount is
shown in Figure 2.13. When the carbon content
of scale becomes higher, the allowable scale
amount becomes smaller.

Therefore, when organic substances, such as
humic acid, are including in the raw water, the
following measures should be taken:

1 Removal of organic substances from raw wa-
ter by applying coagulation, filtration, oxida-
tion and adsorption treatments, etc,

@ Strict control of boiler water pH,

® Periodical scale sampling and the carbon con-
tent analysis for determining the time of
chemical cleaning.

2.2.2 Corrosion
(1) Corrosion of low pressure boilers
Various factors, such as pH, dissolved gases

(oxygen, carbon dioxide, etc.), the kinds and con-
centrations of dissolved matters, temperature, and

Boiler pressure: 100 kgf/cm?

Heat flux (Q) (kcal/m?h)

Allowable amount of scale (mg/cm?)

0 1 2 3 4 5 6 7 8 9 10
Carbon content of scale (%)

Fig. 2.13 Relationship between the carbon content
of scale and the allowable scale amount



water flow rate, influence the corrosion reactions
of metals. In the case of low pressure boilers, the
most important factors are the dissolved gases and
pH.

(a) Corrosion of feedwater line

The corrosion reactions take place electrochemi-
cally in water. As the feedwater is usually neutral
and includes dissolved oxygen, iron is attacked by
the following reactions:

At anode; Fe — Fe* + 2e-
At cathode; H,O + 1/20; + 2e- — 20H-

In water; Fe?* + 20H- — Fe(OH),

Ferrous hydroxide [Fe(OH).] further reacts
with dissolved oxygen and water to produce fer-
ric hydroxide [Fe(OH);] as shown below:

4Fe(OH). + O; + 2H,0 — 4Fe(OH); ... (2.10)

The corrosion problem in the feedwater line of
low pressure boilers is not so serious because of
the relatively low water temperature and the no
installation of important auxiliary equipment. Re-
cently, the installation of economizer or feedwater
preheater utilizing the heat of blowdown water and
recovering of condensate as feedwater are actively
employed for saving energy. Because these mea-
sures increase the feed-water temperature, the
corrosion of such equipments and feedwater lines
including the tanks becomes serious.

Figure 2.14'® shows the influence of tempera-
ture on carbon steel corrosion. In an open system
like the feedwater tank, the corrosion rate in-
creases as the temperature increases up to about
80°C. In closed systems like the feedwater

0.75 s
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fo]

® e

®
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Temperature (°C)

Fig. 2.14 Influence of temperature on carbon
steel corrosion in water including
dissolved oxygen

preheater and the economizer, the corrosion rate
increases in proportion to the water temperature
increase. Photograph 2.3 (p. 2-66) shows the cor-
rosion of an economizer tube.

In order to prevent the corrosion of the
feedwater preheater and economizer, the only pH
control of feedwater is insufficient. Thus the use
of corrosion resistant materials like stainless steels
or the removal of dissolved oxygen from feedwater
is employed.

At first, carbon steel tubes were used for the
feedwater preheater utilizing the heat of blowdown
water. However, since the corrosion problems
occurred in a comparatively short period, stain-
less steel tubes are now widely employed. As the
economizer tubes are generally carbon steel, the
dissolved oxygen concentration at the inlet has to
be kept as low as possible to prevent the corro-
sion.

For preventing the corrosion of feedwater tanks,
the use of corrosion-resistant materials or, the
application of coatings or linings is employed.

(b) Corrosion of boiler

The corrosion of low pressure boilers is caused
by dissolved oxygen, the precipitation of corrosion
products, the concentration of alkalis, etc.

(i) Corrosion due to dissolved oxygen

When the protective film of iron oxide in a
boiler is partly destroyed due to the poor boiler
water quality, thermal stress, etc., a local cell is
formed between the exposed carbon steel sur-
face and the iron oxide film surface contacting
with water as shown in Figure 2.15. Ferrous ion
yields from the local anode. The ferrous ion
(Fe?*) becomes ferric hydroxide [Fe(OH);]
through the reactions of equations (2.9) and
(2.10) in the presence of the dissolved oxygen.
The corrosion products deposit on the anode as
shown in Figure 2.16. Under this condition, an
oxygen concentration cell is formed between the
steel surface under the deposit and the clean iron
oxide film surface because the deposit disturbs
the oxygen diffusion through itself. Thus ferrous
ions yield moreover from the anode and the lo-
cal corrosion (pitting) proceeds.

Corrosive anions, such as chloride ion (CI-) and
sulfate ion (SO4*), in boiler water accelerate the
corrosion in the presence of the dissolved oxygen
as shown in Figure 2.17. Therefore, when the
concentration of sulfate ions and chloride ions is
high in boiler water, the sufficient oxygen removal
is required.

Photographs 2.4 and 2.5 (p. 2-67) show the cor-
rosion caused by the dissolved oxygen in a fire



and flue-tube boiler, and a water tube boiler re-
spectively. The both corrosions were caused by
the insufficient oxygen removal.

(ii) Corrosion due to the precipitation of corro-

H.0, 1/20, ,0, 1/20,

20H H
Cathode \ f Fe* F \ / Cathode
R 2 Iron oxide
4 \ /[ A

film
2e- Anode 26

20H-
o2
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Fig. 2.15 Formation of a local cell due to the
partial destruction of oxide film on
carbon steel

Corrosion product
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Fig. 2.16 Formation of an oxygen concentation
cell due to the deposition of corrosion
product

375

Test boiler
Pressure: 10 kgf/cm?

i ®
— 250
&
o
g With oxygen
=2
E
2
o
5
g
S

125 F ®
o,
Without oxygen
e ¥9
0 . . . . .
0 1000 2000 3000 4000 5000

Chloride and sulfate ions (mg/l)

Fig. 2.17 Influence of chloride and sulfate ions
on carbon steel corrosion

sion products
When corrosion products, such as iron oxide
and copper oxide, come into the boiler from the
feedwater and condensate lines, they precipitate
at the places with the low water circulation, like
the drum bottom, or deposit on the evaporation
tube surface with higher heat flux. Then the oxy-
gen concentration cells are formed under the pre-
cipitation or the deposition of corrosion products,
and the corrosion proceeds there if oxygen is
present.
(iii) Corrosion due to alkali concentration
‘When evaporation tubes with the higher heat
flux are locally superheated, the boiler water be-
comes extremely concentrated at that part and the
steel is corroded by the concentrated alkali.
However, this type of corrosion is seldom found
in low pressure boilers.
Corrosion inhibition methods for low pressure
boilers are summarized as follows:
@ Removal of dissolved oxygen from the
feedwater,
@ Control of pH and alkalinity of boiler water,
® Prevention of boiler water contamination
with corrosion products by feedwater and the
deposition of corrosion products.

(c) Corrosion of condensate line

Bicarbonate and carbonate ions in feedwater
thermally decompose to carbon dioxide gas (CO,)
in a boiler.

2HCO;3; — COz* + CO, + H,O
CO;* +H,0 - 20H -+ COy e (2.12)

This carbon dioxide gas transfers to the steam
and condensate line along with steam, and dis-
solves into the condensate as carbonic acid
(H.CO3) when the steam is condensed.

COZ + Hzo a H2C03 .............................. (213)
H:CO; 2 H  + HCO3™ oo 2.149)
HCO3; 2 H+ CO3% ettt (2.15)

In the case of water containing a little dissolved
matters, like the condensate, the pH is readily re-
duced by the presence of a weak acid like carbonic
acid because of the weak pH buffering action.

Figure 2.18 shows the relationship between the
pH and the concentration of carbon dioxide in
water.

The carbonic acid produced by the reaction
(2.13) corrodes the carbon steel by the following
reaction;
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Fig. 2.18 Relationship between the pH and
carbon dioxide concentration in water

Fe + 2H,CO; —» Fe(HCO3), + Hy  .......... (2.16)

Moreover, the corrosion is promoted by the re-
production of carbon dioxide gas under the pres-
ence of dissolved oxygen:

2Fe(HCOs3); + 1/20; — Fe,05 + 4CO; + 2H,0
..................................... (2.17)

Figure 2.19" shows the relationship between
the corrosion rate of carbon steel and pH under
the presence of oxygen and carbon dioxide gas.
Figure 2.20 shows the influence of dissolved oxy-
gen (DO) on the carbon steel corrosion in a con-
densate line. Photograph 2.6 (p. 2-67) shows the
corrosion of a condensate piping.

The following measures are required to prevent
the corrosion of the condensate line:

@® Removal or decrease of carbonate in
feedwater (the application of dealkalization
softening treatment, etc.),

@ The pH control of condensate (the use of
volatile amines),

(® Use of corrosion inhibitors (filming amines,
etc.),

® Removal of dissolved oxygen from feedwater
(use of oxygen scavengers and deaerators).

(2) Corrosion of medium or high pressure
boilers
(a) Corrosion of feedwater and condensate
lines
Since demineralized water is used as the
feedwater for medium or high pressure boilers,
the corrosion of feedwater line before the inlet of
the deaerator is not serious because of the com-
paratively lower feedwater temperature. However,
the carbon steel and copper materials of the pip-
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ing and auxiliary equipments after the deaerator
are corroded when the operation of the deaerator
or the water treatment is improper because of the
higher water temperature.

Figure 2.21 shows the relationship between the
pH and total iron of feedwater in a high-pressure
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Fig. 2.19 Relationship between the corrosion
rate of carbon steel and pH under the
presence of oxygen and carbon dioxide
gas
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Fig. 2.20 Influence of dissolved oxygen on the
corrosion of carbon steel in a
condensate line
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boiler of 105 kgf/cm?. The total iron is reduced
by controlling the pH at around 9.

Corrosion problems of deaerators are often
found at the nozzles, tray mounting sections and
the inner wall in the deaerator chamber. The cor-
rosion of the inner wall contacting with the spray
water is due to the dissolved oxygen and the ero-
sion-corrosion caused by a mechanical impact.
The use of corrosion resistance materials like
stainless steels is the best measure for preventing
the deaerator corrosion, however, it is possible to
reduce the corrosion by injecting oxygen scaven-
gers at the inlet of the deaerator and by control-
ling the feedwater pH.

Table 2.6 shows the reduction of total iron in
feedwater at the deaerator outlet when the injec-
tion point of an oxygen scavenger was changed
from the outlet to the inlet of the deaerator.

The materials of heating tubes employed in high
pressure feedwater heaters are cupro-nickels, car-
bon steels, stainless steels and so on. If the oxy-
gen concentration of feedwater becomes higher
than the specified concentration by the reduction
of deaerator performance, etc., the cupro-nickel

Boiler pressure : 105 kgf/cm?
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0.05 - \
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Fig. 2.21 Relationship between the pH and total
iron of feedwater

Table 2.6  Relationship between the injection
points of an oxygen scavenger and
the total iron of feedwater

Injection point of oxygen Outlet of | Inlet of
scavenger deaerator | deaerator
Feedwater pH 6.7 8.0
Total iron of feedwater (mg Fe/l) 0.43 0.13

Dosage of oxygen scavenger: 0.13 mg/! as active
ingredient

and carbon steel tubes may be corroded. Espe-
cially in the case of cupro-nickel tubes, the tube
cracking sometimes happens.

The carbon steels using as the heating tubes of
the economizers are scarcely subjected to corro-
sion problems under the proper feedwater qual-
ity. However, the serious corrosion sometimes
happens at the part within approximately 50 cm
from the header of water inlet. This type of corro-
sion is called “inlet attack”, which is a kind of ero-
sion-corrosion due to the turbulent water flow
generated at the inlet of the economizer. Photo-
graphs 2.7 and 2.8 (p. 2-68) show a typical inlet
attack of an economizer.

Basically, the structure should be improved in
order to prevent such erosion-corrosion. However,
the feedwater treatment is very important to mini-
mize the erosion-corrosion, because a poor
feedwater quality, such as a low pH, and a higher
concentration of dissolved oxygen and suspended
solids accelerates the corrosion. Figure 2.22'9
shows the influence of pH on the erosion-corro-
sion of carbon steel. The erosion-corrosion is mini-
mized by controlling the pH higher.

Copper and copper alloys are usually employed
for the condenser tubes. The corrosion at the
steam side of condenser is caused by ammonia
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Fig. 2.22 Influence of pH on the erosion-
corrosion of carbon steel



and oxygen including in the steam or by the im-
pingement with steam and the mechanical vibra-
tion!®,

When non-condensed gases, such as ammonia
and oxygen, are contained in the steam, they are
highly concentrated near the air ejector and cop-
per is attacked by the following reactions:

Cu+1/20;+ H,O — Cu(OH), ............. (2.18)

Cu (OH)Z + 4NH'; —> [CU(NH';)4] (OH)Z
..................................... (2.19)

[Cu(NH3),] (OH), 2 Cu(NHs) 2 + 20H-
..................................... (2.20)

The parts contacting with condensate including
ammonia and oxygen over a long time, like the
surroundings of the baffle plates, are also severely
attacked as shown in Photograph 2.9 (p. 2-68).

Therefore, a sufficient care is required to avoid
an excess dosing of ammonia or hydrazine using
for the pH control and oxygen removal. Recently,
titanium is sometimes used for the condenser
tubes at the near part from the air ejector which
tends to be subjected to the influence of ammonia
and oxygen.

The erosion-corrosion due to the impingement
with steam occurs at the most upper part of the
condenser tube bundle where is hit by the steam
including the condensate at the high velocity. The
mechanical damage of tubes by the vibration oc-
curs when the spacing of baffle plates is an inap-
propriate or the space between the baffle plate and
the tube bundle is large.

(b) Corrosion of boiler

The occurrence of corrosion problems caused
by dissolved oxygen is seldom in the case of me-
dium or high pressure boilers because deaerated
demineralized water is used as the feedwater.
However, a sufficient attention is required for pre-
venting the corrosion caused by alkali and impu-
rities including in the feedwater because of the
high thermal load of the evaporation tubes.

(i) Corrosion due to dissolved oxygen

As described above, the corrosion problem
caused by dissolved oxygen is not serious under
the normal operation of medium or high pressure
boilers. However, the corrosion of evaporation
tubes by dissolved oxygen sometimes happens
during the start-up or the lower loading operation
because the performance of deaerator is lowered
and the feedwater including dissolved oxygen is
supplied into the boiler at that time.

Figure 2.23'” shows the influence of pH on the
oxygen corrosion of carbon steel in a high pres-
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Fig. 2.23 Influence of pH and oxygen on the
corrosion of carbon steel in a high
pressure and high temperature water

sure and a high temperature water. The weight
loss is reduced by increasing the pH. When a rela-
tively higher concentration of oxygen is dissolved
in the feedwater, it is required for the corrosion
prevention to control the pH of boiler water at the
upper level of the control range as well as to in-
crease the dosage of the oxygen scavenger.

(ii) Corrosion due to alkali

If a evaporation tube with the high heat flux is
locally superheated, the boiler water is extremely
concentrated at that point. Then hard soluble sub-
stances deposit and easy soluble ones, such as
sodium hydroxide, form a concentrated film there.

Figure 2.24'® shows the relationship between
the degree of superheating™ and the highest con-
centration of sodium hydroxide in the concen-
trated film. When the concentration of sodium
hydroxide exceeds approximately 20%, the corro-
sion of carbon steel rapidly proceeds as shown in
Figure 2.25'9,

The reaction of iron and sodium hydroxide is
shown by the following equation:

Fe + 2NaOH — Na,FeO. + H,

The Na,FeO, produced by the equation (2.21)
is stable in the concentrated alkali, but it is de-
composed and produces free-alkali when it con-
tacts with boiler water as shown below. Then the
corrosion proceeds again.

* Difference between the superheated temperature
and saturation temperature at a specified pressure.



2-16

3Na,FeO; + 4H,O — 6NaOH + Fe;O, + H»
..................................... 2.22)

3NazF€Og + SHZO + 1/202 —> 6NaOH + Fe304
..................................... (2.23)

Trisodium phosphate, potassium hydroxide,
tripotassium phosphate and so on also cause the
alkaline corrosion.

In order to prevent such alkaline corrosion, co-
ordinated phosphate or volatile treatments are gen-
erally applied, which yield no free-alkali.

(iii) Corrosion due to impurities in feedwater

‘When the corrosion products of feedwater and
condensate lines come into a boiler, they cause
the under deposit corrosion and the alkaline cor-
rosion because their adhesion on the heating sur-
face causes the superheating. The feedwater
contamination with seawater from the steam con-
denser causes the carbon steel corrosion because
magnesium chloride in seawater is hydrolyzed and
yields hydrochloric acid on the heating surface by
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Fig. 2.24 Relationship between the degree of
superheating at the inner surface of
boiler tube and the highest
concentration of NaOH in the
concentrated film

the following reactions:

MgCl, + 2H,0 — Mg(OH). + 2HCl

The magnesium hydroxide in the reaction (2.24)
and the ferrous chloride in the reaction (2.25) re-
act together as shown in the reaction (2.26) and
produce magnesium chloride again. Then carbon
steel is corroded again.

Mg(OH). + FeCl, — MgCl, + Fe(OH).

If a sufficient amount of alkali is maintained in
the boiler water, it immediately neutralizes the
hydrochloric acid produced by the reaction (2.24)
and no corrosion happens. When the detection of
the seawater leakage to the condensate from the
condenser is delayed, the pH of the boiler water
is reduced.

(iv) Hide-out

Some substances among the dissolved salts in
the boiler water deposit on the heating surface
when the boiler load is increased and their con-
centration is increased in the concentrated film.
Then they dissolve again when the load is de-
creased.

This phenomenon of which a specific salt con-
centration in the boiler water decreases at the high
load because of the deposition and returns to the
original concentration at the low load, is called
“Hide-out.” Sodium phosphate (Na;PO,) and so-
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dium sulfate (Na,SO,) are typical substances caus-
ing the hide-out. Since the solubility of sodium
phosphate using as a boiler compound becomes
remarkably small at the temperature over 250°C
as shown in Figure 2.26', the hide-out is experi-
enced in high pressure boilers with the high heat
fluxes.

The influence of the hide-out of sodium phos-
phate on the tube materials is insignificant in com-
parison with the alkaline corrosion, but it makes
the water quality control difficult. In that case,
the application of a volatile or coordinated phos-
phate treatment is recommended.

2.2.3 Carryover

(1) Carryover in low pressure boiler

Steam generated in boilers essentially includes
no dissolved solids, however, the dissolved solids
in boiler water sometimes transfer to the steam
due to various causes.

This phenomenon is called “Carryover.” The
following factors are the main causes of carryover,
and if the “Priming” or “Foaming” occurs, it accel-
erates the carryover.

@ Factors related to the boiler water quality

control:

Excess concentration of the boiler water, the
contamination of boiler water with oils and
fats, the dissolution of silica to steam, etc.

@ Factors related to the operating control of

boiler:
Operation at the high water level, the rapid
fluctuation of heat load, etc.

100 [~

Solubility (9/100g H,0)
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® Factors related to the mechanical structure
of boiler:
Poor condition of the water and steam sepa-
rator, etc.

The priming is an occurrence of abnormal vio-
lent evaporation caused by a rapid increase of the
heat load and so on. In the result, a large amount
of boiler water droplets and foams from the boiler
water transfer to the steam line together with the
steam.

The foaming is a phenomenon which a large
amount of foams are produced on the boiler water
surface by the water contamination with fats and
oils or by an excess concentration of dissolved
solids in the boiler water. In that case, the bubbles
containing the dissolved solids transfer to the
steam line.

As most of low pressure boilers have no super-
heater and steam turbine, the problem due to
carryover is not serious. However, the carryover
leads to a deterioration of the product quality when
the steam directly contacts with the products.

Photograph 2.10 (p. 2-69) shows a bursting of
the superheater tubes of a boiler with a pressure
of 10 kgf/cm?, caused by the accumulation of dis-
solved solids in the tubes due to a poor operation
condition of the steam and water separator.

Table 2.7 shows a typical analysis of scale accu-
mulated in a superheater by the carryover prob-
lem. In case of such scale, the main component is
often sodium sulfate. Since the solubility of so-
dium sulfate in superheated steam is lower?® than
that of the other salts, such as sodium chloride

Table 2.7 Analysis of a scale accumulated in a
superheater by the carryover problem

(Weight %)
Calcium oxide (CaO) Trace
Magnesium oxide (MgO) Trace
;},// Iron oxide (Fe;03) Trace
50 - || Copper oxide (CuO) Trace
| Acid insoluble matter 11.1
// Sulfuric acid anhydride (SO3) 32.5
/ Carbonic acid anhydride (CO,) 5.1
0 | | | | | | Phosphoric acid anhydride (P.Os) 1.4
0 50 100 150 200 250 300 350 Ignition loss 4.8
Temperature (‘C) Zinc oxide (ZnO) Trace
Fig. 2.26 Relationship between the solubility of Aluminum oxide (Al,Os) Trace
Igrsnos;:g?upr):osphate and water Sodium oxide (Na,0) 38.2




and sodium hydroxide, it easily deposits and ac-
cumulates in superheater tubes.

In order to prevent carryover in a low pressure
boiler, the boiler has to be operated with a con-
stant load and appropriate water level along with
a suitable control for boiler water quality and
blowdown.

(2) Carryover in medium or high pressure
boilers

Since the medium or high pressure boilers are
equipped with the superheaters and steam tur-
bines in many cases, the sufficient attention must
be paid to prevent the carryover. The main cause
of carryover in the medium or high pressure boil-
ers is the dissolution of dissolved salts and metal
oxides in the boiler water into the steam??. The
carryover due to the transfer of the boiler water to
the steam line scarcely occurs.

The solubility of salts and metal oxides in steam
becomes higher as the steam pressure and tem-
perature increase. The carryover of silica is a pri-
mary problem especially in the case of subcritical
pressure boilers because the solubility of silica in
steam is higher than those of the other salts and
metal oxides. Figure 2.27% shows the solubility
of silica in superheated steam.

When steam containing silica and other salts is

supplied to a steam turbine, these salts deposit and
adhere on the turbine blades and nozzles. Thus
the turbine efficiency is reduced. Figure 2.28%
shows a typical relationship between scale com-
position and the stage of turbine blades. Sodium
salts deposit at the high-pressure stages and silica
mainly deposits at after the medium-pressure
stages.

The silica concentration in steam must be kept
below 0.02 mg SiO,/! for preventing the silica
deposition on turbine blades.

The silica concentration in steam is calculated
from the boiler pressure and the silica concentra-
tion in boiler water by using the following equa-
tion?¥:

logA=0.0135XP+1logB-3.6 ...
where

A = silica concentration in steam (mg SiO./1)

B = silica concentration in boiler water

(mg Si0,/10)
P =boiler pressure (kgf/cm?)

Figure 2.29 shows the relationship between
boiler pressure and the maximum allowable con-
centration of silica in boiler water in the case that
the allowable silica concentration in steam is set
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Fig. 2.28 Relationship between scale
compositions and the stage of turbine
blade

at 0.02 mg SiO,/I. Figure 2.30% shows the distri-
bution ratio of silica in the boiler water to the
steam. When the silica concentration in boiler
water increases, the silica concentration in steam
increases. Therefore, it is required to control the
silica concentration in the boiler water below an
allowable concentration so as to keep the silica
concentration in steam below 0.02 mg/1.

‘When the silica concentration in boiler water
increases due to a poor operation condition of de-
mineralizer or the presence of colloidal silica in
the feedwater, the pH of boiler water must be con-
trolled at the upper limit of the control range and
the blowdown rate is increased.

2.3 External Boiler Water Treatment

Since various substances exist in raw water, the
use of the raw water for boilers causes various
problems in the boilers and their auxiliary equip-
ments as described in the section 2.2. In order to
prevent these problems, a proper water treatment
should be applied for each boiler system. Boiler
water treatments are classified into the chemical
treatment (internal) and the mechanical (external)
treatment.

The external boiler water treatment is discussed
in this section.

2.3.1 Raw Water and Feedwater Treatments

For the raw water and feedwater treatments, co-
agulation, sedimentation, filtration, ion exchange,
deaeration treatments and so on are applied alone
or in the combination according to the quality of
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the raw water and the purpose of the treatment.
In this section, the ion exchange and the deaera-
tion treatments are mainly discussed.

(1) Ion exchange treatment

Inion exchange treatment, dissolved ions in raw
water are removed or exchanged by using ion ex-
change resins to obtain the appropriate quality of
treated water for each boiler system. The removal
of all dissolved ions is called the demineralization.
The exchange of calcium and magnesium ions
with sodium ions is called the softening.

(a) Softening

The hardness component (Ca?* and Mg?*) caus-
ing scale problems in low pressure boilers are
exchanged with sodium ion (Na*) by using cation
exchange resins.

The ion exchange resins used for the soften-
ing are the Na-form of the strongly acidic cation
exchange resins. When raw water is passed
through the bed containing this resin, the hard-
ness components (Ca? and Mg?*) in the raw wa-
ter are exchanged with Na* ions of the ion
exchange resin and the softened water is ob-
tained as shown in the reactions (2.28), (2.29) and

ing reactions show the regeneration reactions of
the resin.

R(-S0O3),Ca + 2Na* — R(-SO;Na), + Ca?

Scale problems with hardness components are
prevented by feeding the softened water to boil-
ers. But actually, scale problems still occur be-
cause the hardness leakage from softeners often
happens by the result of the insufficient opera-
tional control. Table 2.8 shows the causes of
troubles and the countermeasures in the opera-
tion of softener.

(b) Demineralization

Most popular demineralizer is a two-beds and
one-degasifier type. This demineralizer is com-
posed of a cation column filled with the H-form of
strongly acidic cation exchange resin (H-bed), a
degasifier and an anion column filled with the OH-
form of strongly basic anion exchange resin (OH-
bed).

. Raw water
the Figure 2.31. o JHcor
Mg Cr
(Softening reactions) S0.- -~ NaCl (regenerant)
R(-S0;Na); + Ca?* — R(-S0;),Ca + 2Na* Ne" lusios
(2.28) ete. | etc. Softened water
R(-SO:Na), + Mg — R(-50:).Mg + 2Na’ o
..................................... 2.29) Ne | soz
HSIOy
The ion exchange resin losing its exchange ca- etc.
pability is regenerated by using about 10 percent
sodium chloride solution and reused. The follow- Fig. 2.31 Softening treatment
Table 2.8 Causes and their countermeasures of hardness leakage from softeners
Trouble Cause Countermeasure

Sudden increase in hardness

of treated water capacity of softener

Intake of softened water over the

Regeneration of resin

Fluctuation in softened water | Fluctuation in hardness of raw

production for one cycle water

Periodical analysis of hardness in raw and product
water

Gradual reduction of water

production of resin

Deterioration of exchange capacity | Supplement of resin

Removal of contaminants from resin and raw water

Leakage of resin
plate, etc.

Break of valves, water collecting

Repair of softener

Swelling of resin

Oxidation of resin by chlorine, etc. | Supplement of resin

Removal of oxidizing substances from raw water

Continuous leakage of Break of valves

hardness

backwashing of resin

Repair of softener

Poor regeneration and insufficient | Application of appropreate regeneration and

backwashing of resin




As shown in Figure 2.32, the cations in raw wa-
ter are exchanged with hydrogen ions (H*) in the
H-bed and the carbon dioxide generated by the
pH reduction is removed in the decarbonator.
Then, the anions are exchanged with hydroxide
ions (OH-) in the OH-bed. Converting the
decarbonator into a vacuum deaerator system
makes it possible to remove dissolved oxygen and
carbon dioxide simultaneously.

The electrical conductivity and silica content of
demineralized water are 5 to 10 uS/cm and 0.05
to 0.3 mg SiO,/[ respectively. In the case that the
treated water is used as the feedwater for a high
pressure boiler, the water is additionally treated
by a mixed bed type demineralizer (polisher).

The typical reactions of demineralization are as
follows:

H-bed;
R(-SO;H), + Ca** — R(-S0;),Ca + 2H*
..................................... 2.32)
R(-SO:H), + Mg* — R(-SO3).Mg + 2H~*
..................................... (2.33)
R-SO;H + Na* — R-SO;3;Na + H*
..................................... (2.34)
OH-bed;
R=NOH + HCO;- - RENHCO; + OH-
..................................... (2.35)
R(ENOH); + SO+ — R(=N).SO4 + 20H-
..................................... (2.36)
R=NOH + CI- - R=NCI + OH-
..................................... 2.37)
R=NOH + HSiO5~ — R=ENHSiO; + OH-
..................................... (2.38)

The reactions of the regeneration of resin are
as follows:

CO,
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R(-S03).-Mg + 2H* — R(-SOz:H). + Mg?

..................................... (2.40)
R-SO;3;Na + H* — R-SO3H + Na*
..................................... (2.41)
OH-bed;
R=NHCO; + OH- — R=NOH + HCO;~
..................................... (2.42)
R(EN),SO, + 20H- — R(ENOH), + SO*
..................................... (2.43)
R=NCIl+ OH- — R=NOH + CI-
..................................... (2.44)
R=NHSiO; + OH- — R=NOH + HSiOs~
..................................... (2.45)

When the quality of demineralized water is de-
teriorated, the cause should be surveyed and the
countermeasures must be applied to improve the
water quality. Typical causes of the water quality
deterioration are as follows:

@ Deterioration of raw water quality,

@ Excess water intake over the capacity of dem-

ineralizer,

® Insufficient regeneration of ion exchange

resin,

@ Deterioration or contamination of resin,

(® Mechanical troubles of demineralizer.

(2) Deaeration

The deaeration of boiler feedwater is carried out
to remove the corrosive dissolved gasses (oxygen
and carbon dioxide) for preventing corrosion prob-
lems in boiler systems.

The deaeration utilizes the fundamental prin-
ciple that the solubility of dissolved gasses in wa-
ter becomes zero at the boiling point of water.
Thus deaeration methods are divided into vacuum
and heating deaerations.

(a) Heating deaeration

In the case of heating deaeration, the dissolved
gasses in boiler feedwater are removed by heat-
ing the feedwater up to the saturation tempera

-- NaOH (regenerant)

H-bed;
R(-S0O5),Ca + 2H* — R(-SO3;H), + Ca*
..................................... (2.39)
ca HCO5
Cr
2+
I\’/\I‘g S0 --HClI (regenerant)
at e
ete. HSIOs
etc.
HCOs
S0
H | CF
H-Bed HSI05
etc.
CO,, H,COs

HCOy
S0&
H* Cr
HSIO;
etc.

H,0
OH-Bed

Fig. 2.32 Demineralization treatment (2-beds and 1-degasifier type)
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ture (boiling point) under the inner pressure of a
deaerator.

This system is widely used for medium or high
pressure boilers because the dissolved oxygen in
feedwater is deaerated to less than 0.007 mg/I.
Figure 2.33%® shows the typical structure of a
spray-tray type deaerator.

Recently, boilers equipped with the internal
deaerators become popular in Japan. The inter-
nal deaerator is a kind of heating deaerator and
utilizes the steam generated from the boiler for
heating the feedwater to remove the dissolved
gasses in the steam drum. The dissolved oxygen
in the feedwater is removed to about 0.5 mg/I. Fig-
ure 2.34 shows the structure of an internal
deaerator.

In the case of internal deaerator, the perfor-
mance of deaeration becomes insufficient when
the boiler is restarted after the stoppage. There-
fore, it is necessary to increase the dosage of oxy-
gen scavenger at the start-up time.

(b) Vacuum deaeration

Vacuum deaerators remove the dissolved gas-
ses in water by reducing the pressure in the in-
side to the vapor pressure of the water
corresponding to the water temperature. The dis-
solved oxygen in the deaerated water becomes
around 0.1 to 0.3 mg/[. This system is mainly used
for low pressure boilers.

2.3.2 Condensate Treatment

When steam condensate is recovered as boiler
feedwater, the suspended solids consisting of cor-
rosion products mainly and the dissolved solids
in the condensate must be removed in accordance

Spray nozzle  Feedwater inlet

with the required feedwater quality.

The condensate treatment for low pressure boil-
ers is mainly chemical treatment. However, me-
dium or high pressure boilers require the chemical
treatments together with the mechanical treat-
ments because they require the high purity of
feedwater.

Filtration and ion exchange treatment are used
either alone or in the combination according to
the substances and their concentration to be re-
moved from condensate, and the required
feedwater quality.

The relationship between the boiler pressure
and the condensate treatment equipments applied
is shown in Table 2.9.

(1) Filtration

The suspended solids contained in condensate
are mainly corrosion products such as iron oxides.
The amount of corrosion products in condensate
is minimized by chemical treatment, but some
corrosion products may be present in condensate
depending on the operating conditions of boiler
and the structure of condensate line.

Filters of various types are used for removing
those corrosion products from condensate. The
filtration units are divided into the cartridge type
and the precoat type. The cartridge type filter re-
moves corrosion products of 1 to 5 um or more in
the particle size.

The precoat type filter removes the suspended
solids of more than 0.5 um in the particle size from
condensate.

The precoat filters are divided into the tubular
type and the leaf type. Their structures are shown
in Figures 2.35?” and 2.36°® respectively.

Atmospheric vent
Relief valve seat

Deaeration chamber

Tray

Steam inlet

Fig. 2.33 Structure of a spray-tray type deaerator

Feedwater outlet
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Fig. 2.34 Structure of an internal deaerator

Table 2.9 Relationship between boiler pressure
and the condensate treatment
equipments

Eaui Boiler pressure | 0 | Medium | High

quipment

Cartridge filter O X X
Precoat filter X O O
Demineralizer X A O
Precs)at filter with powFier % % 0
type ion exchange resin

Electro-magnetic filter X X O

Note: O applied, A sometimes applied, X not applied

In general, the iron oxide concentration in the
filtrate from precoat filters becomes 0.01 to 0.03
mg Fe/l or less.

(2) Demineralization

Demineralization treatment removes the small
amounts of dissolved solids in condensate by us-
ing mixed bed demineralizers (condensate polish-
ers) which contain the strongly acidic cation
exchange resin of H-form and the strongly basic
anion exchange resin of OH-form.

In the case of medium or high pressure boilers
in manufacturing plants, the polisher of main de-
mineralizer often utilizes for polishing the conden-
sate recovered.

The temperature of condensate fed to the de-
mineralizer should be reduced less than 40°C to
prevent the deterioration in the ion exchange ca-
pacity of the anion resin.

2.4 Internal Boiler Water Treatment

Even if the external boiler water treatment is
employed, it is difficult to perfectly prevent the
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Filtrate outlet
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[ Ceramic cylinder

Water inlet

Fig. 2.35 Tubular type precoat filter

~H——— Motor
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Filter leaf

Hollow shaft

Spacer ting

Water inlet

Lower part
bearing and seal

Filtrate outlet

Fig. 2.36 Leaf type precoat filter

boiler water contamination with substances
which cause the corrosion and scale problems.
Boiler water treatment chemicals are used for pro-
tecting whole boiler systems including the
feedwater and the steam condensate line from
those problems.

2.4.1 Kinds of Boiler Treatment Chemicals and
Their Functions

The kinds, functions and typical chemical names
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of boiler treatment chemicals are summarized in
Table 2.10.

The main purposes of these chemical applica-

tion are as follows:

@ The scaling components are converted to the
suspended fine sludge so as to be easily dis-
charged from boiler with blowdown water to
prevent the scale formation on the heating
surface of boilers.

®@ The pH of boiler water is maintained in an
adequate alkaline range to prevent the cor-
rosion and silica scale formation by keeping
silica in the water soluble form.

(® Dissolved oxygen is removed from feedwater
and boiler water to prevent the corrosion.

® The pH of condensate is kept in an appropri-
ate range to prevent the corrosion of conden-
sate line by oxygen and carbon dioxide.

(® Prevention of carryover problems.

The quality control criteria of boiler water have
been established to attain these purposes. These
chemicals show the insufficient effects if the ap-
plication conditions are inadequate. Therefore, the

sufficient attention must be paid for the chemical
injection control and the quality control of
feedwater and boiler water.

2.4.2 Boiler Compounds

Boiler compounds have two functions, that is,
preventing scale formation and adjusting the pH
of boiler water to inhibit corrosion. The boiler
compounds are classified into two groups of phos-
phate and non-phosphate bases according to their
main components as shown in Figure 2.37.

(1) Phosphate based boiler compounds

Phosphates formulated in the phosphate based
boiler compounds are listed in Table 2.11. These
phosphates must be used selectively based on the
boiler pressure, the quality of feedwater, etc.

(a) Boiler compounds for low pressure boilers

Phosphate based boiler compounds for low pres-
sure boiler contain phosphates and alkalis. Both
phosphates and alkalis prevent scale formation on
the heating surfaces of boilers by the following
functions:

Table 2.10 Kinds, functions and typical chemical names of boiler treatment chemicals

Kind

Function

Chemical name

Alkalinity and pH control agents

Control of the pH and alkalinity of feedwater and boiler | Sodium hydroxide
water to prevent corrosion and scaling

Sodium carbonate
Sodium phosphates
Sodium polyphosphates
Phosphoric acid

Scale inhibitors

Scale control by converting the hardness components in
boiler water to insoluble precipitates to discharge from
system with blowdown water

Sodium hydroxide
Sodium phosphates
Sodium polyphosphates
Potassium phosphates

Sludge dispersants

Dispersion of suspended solids in boiler water so as to be
easily discharged by blowdown to prevent the scaling

Synthetic polymers
Tannins

Sodium lignin sulfonates
Starches

Oxygen scavengers

Removal of dissolved oxygen from feedwater and boiler

Sodium sulfite

water to prevent corrosion Hydrazine
Saccharides
Tannins
Amines
Polyphenols
Antifoaming agents Prevention of foaming of boiler water for preventing Surfactants
carryover problems
Corrosion inhibitors for pH control of condensate and protective film formation to | Ammonia
condensate line prevent corrosion Morpholine
Cyclohexylamine
Alkylamines

Hydroxyl amines
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Alkaline phosphate treatment
Phosphate base { (for low pressure boiler)

Coordinated phosphate treatment

(for medium or high pressure boiler)

Boiler compounds

Alkaline treatment

Non-phosphate base

(for low pressure boiler)

I: Polymer base
Chelating agent base

Alkaline polymer treatment

(for medium pressure boiler)

Volatile treatment
(for high pressure boiler)

Fig. 2.37 Classification of boiler compounds

Table 2.11 Phosphates used for boiler compounds

Chemical name Appearance pH (1% sol.) | PO, (%) | P.Os (%) Remarks
12H,0 salt: White crystal 24.9 18.9
Trisodium phosphate Anhydride: White powder 12.0 76 132 Commonly used
Disodium hydrogen 12H,0 salt: White crystal 26.5 19.9
phosphate Anhydride: White powder 66.8 50.1
Sodium dihydrogen 2H,0 salt: White crystal 60.8 45.6
phosphate Anhydride: White powder 79.1 59.3
igi:;’itaphosphate White powder or flake 6.0-7.2 93.1 69.9 Sz)‘jit’clfc'z;‘;;ll’ Ooiler water to
S e o

@ By reacting with hardness components (Ca?,
Mg?) in water and converting them into the
suspended solids to be easily discharged
from boiler with blowdown water,

@ By keeping silica in the water soluble form.

Among the hardness components in water, cal-

cium ion forms calcium carbonate (CaCOs3) and
calcium silicate (CaSiQOs), and deposits as the scale
without boiler compounds. Under the coexistence
of phosphates, calcium ions form the suspended
fine particles of hydroxyapatite
{[Ca3(PO,):]1;Ca(OH).} which scarcely form the
scale. That reaction is expressed in the equation
(2.46). In this case, the required amount of phos-
phate against 1 mg CaCO3/1 of calcium hardness
is 0.57 mg PO,*/1.

10(:324r + 6PO437 +20H — [Cag (PO4) 2] 3C8(OH) 2
..................................... (2.46)

Magnesium ions never react with phosphates
but react with alkalis to form suspended magne-

sium hydroxide [Mg(OH):] and magnesium sili-
cate (MgSiO,).

Mg* + 20H- — Mg(OH)s  ooovvveerreennene (2.47)
Mg?* + HSiO5~ + OH- — MgSiO; + H,O

The magnesium silicate tends to form the scale
if the pH of boiler water is low. The analyses of
typical scales in a boiler are shown in Table 2.12.
The larger amounts of acid insoluble matter
(silica) and magnesium oxide (MgQ) are found
in the scale of the internal feedwater pipe compar-
ing with the other scales. The lower water pH near
the feedwater pipe may cause such silica scale for-
mation. Therefore, the control of the pH and P-
alkalinity of boiler water is important for
preventing magnesium scales.

Silica is stabilized in the form of water soluble
sodium metasilicate (Na,SiO;) by reacting with al-
kalis.
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Table 2.12 Typical analyses of scales in a boiler

(Weight %)
Sample Scale of upper drum | Scale of internal feedwater pipe | Scale in evaporation tube

Color Light brown Beige Light brown
Calcium oxide (CaO) 15.1 6.7 259
Magnesium oxide (MgO) 2.9 18.2 6.7

Iron oxide (Fe;03) 41.8 14 5.2

Copper oxide and copper (CuO) Trace Trace Trace

Acid insoluble matter 174 46.6 29.5

Sulfuric acid anhydride (SO;) Trace Trace Trace

Carbonic acid anhydride (CO,) Trace Trace Trace
Phosphoric acid anhydride (P,Os) 12.3 7.2 15.5

Ignition loss (600 + 25°C) 3.5 7.3 4.3

Remarks: Main component of acid insoluble matter is usually silica.

H>SiOs + 2NaOH — Na,SiO; + 2H,0

The reaction (2.49) shows that the required
amount of alkali as P-alkalinity to keep silica in
the soluble form in boiler water is 1.7 times of silica
concentration in mg SiO,/I. Accordingly, the pH
and phosphate concentration of boiler water must
be maintained in the appropriate ranges for pre-
venting the scale problems of boilers.

Another function of boiler compounds is the
adjustment of pH and P-alkalinity of boiler water.
In general, the M-alkalinity components in raw
water mainly exist in the form of bicarbonates.
Those bicarbonates are converted to sodium bi-
carbonate by treating with softener. The sodium
bicarbonate is thermally decomposed to sodium
carbonate and carbon dioxide in boiler water.
Then, the sodium carbonate, further decomposes
into sodium hydroxide and carbon dioxide.

9NaHCO, 22 Na,COs + CO, + H,0
..................................... (2.50)

Na,CO; + H,0 €85 oNaOH + CO,
..................................... (2.51)

Thus carbonate alkali changes to caustic alkali
(P-alkalinity) in boilers. This decomposition of
bicarbonate is essentially affected by temperature,
pH, heating period, etc. For obtaining the ther-
mal decomposition rate in boilers, Figures 2.38 and
2.39 are generally used.

When the P-alkalinity to be maintained in the
boiler water is higher than the P-alkalinity given
by the feedwater, the difference must be supplied
by a boiler compound. In this case, an alkaline

boiler compound is used. While, if the P-alkalin-
ity given by the feedwater is in an excess, the P-
alkalinity of boiler water must be lowered to the
desired level by using an acidic boiler compound.
When the acidic boiler compound is used, the cor-
rosion of the chemical injection line and the
feedwater line may be sometimes promoted due
to the acidity of the compound. Therefore, the
dealkalization softening of feedwater is sometimes
employed to avoid the use of acidic boiler com-
pounds.

The following measures should be carried out
for obtaining the sufficient effects provided by
boiler compounds:

90

80 |

60 -

50 -

Decomposition rate (%)

30 |

20 [

0 1 1 1 1 1 1
0 10 20 30 40 50 60

Pressure (kgf/cm?)

Fig. 2.38 Relationship between the
decomposition rate of carbonate alkali
to caustic alkali and boiler pressure



%)
. .20
e N2 190
1000 |- . DR
800 | Py 4/ -
600 - S WA
/‘ 1 N 10
| /J - .
< 500 . ﬂL y
o
% ////
S a0} %//
TE_’ ’ /// A Boiler pressure
2 200} ‘r 10 kgf/om?
= oy ,
k3 /, !/ 5 kgf/cm
8 ,7 —— 10 kgf/cm?
S o100 Y 5 kgf/cm?
= ' 10 kgf/cm?
£ ! ——— 5 kgf/cm?
T
o 50 -

N: cycles of concentration

30

20 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 5 60 70 8 90 100

M-alkalinity of feedwater (mg CaCO4/l)

Fig. 2.39 Relationship between the M-alkalinity
of feedwater and P-alkalinity of boiler
water under various boiler pressure and
cycles of concentration

(1) Initial dosing

‘When boiler operation starts up after a sched-
uled inspection, the initial dosing of a boiler com-
pound is done to keep the pH and the phosphate
ion concentration of the boiler water within their
control limits for preventing the scale and corro-
sion problems. However, when an acidic boiler
compound is applied, the initial dosing is prohib-
ited to avoid the acid corrosion.

(ii) Chemical dissolution

Boiler compounds should be dissolved with sof-
tened water, demineralized water, or feedwater.
If raw water is used, the hardness components will
precipitate with the boiler compounds in the dis-
solving tank, which causes the clogging of chemi-
cal feed line.

(iii) Chemical dosing

As the boiler compounds are usually alkaline,
they attack copper and copper alloys. Therefore,
a sufficient attention should be paid for selecting
the materials of chemical dosing system and the
dosing point.

(iv) Measure for hardness leakage from softener

When a hardness leakage from a softener is
detected or the white turbidity of boiler water is
observed, boiler compounds must be additionally
dosed to keep the specified concentration of phos-
phate in boiler water.

(v) Analysis of phosphate ion concentration

When the phosphate ion concentration is ana-
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lyzed, the sample water must be filtered. If not, the
suspended hydroxyapatite will be dissolved by the
analytical reagent and will give a positive error.

(b) Boiler compounds for medium or high

pressure boilers

Generally, alkaline or coordinated phosphate
treatments are applied for medium pressure boil-
ers. For high pressure boilers with the high heat
flux, coordinated phosphate treatments are em-
ployed in order to prevent the alkali corrosion of
the heating surfaces.

That is, the boiler compounds for the coordi-
nated phosphate treatment of medium or high
pressure boilers must be designed so as to yield
no free alkali in boiler water and to have the opti-
mum Na/PO, mole ratio suitable for the water
quality control standard of each boiler. The rela-
tionship among pH, phosphate ion concentration
and the Na/PO, mole ratio of boiler compound
is shown in Figure 2.40. Phosphate based boiler
compounds of the mole ratio 2.6 to 3.0 are gener-
ally employed for medium or high pressure boil-
ers.

The pH of boiler water sometimes decreases due
to the contamination with organic matters, such
as humic and fulvic acids, which are hardly re-
moved by the external water treatments. In that

R = Na/PO, mole ratio

851

8.0 Lt . . .
1 5 10 50

Concentration of phosphate ion (mg PO,*/I)

Fig. 2.40 Relationship among pH, phosphate ion
concentration and the Na/PO, mole
ratio of boiler compound
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case, the boiler compounds of the Na/PO4 mole
ratio of more than 3.0 may be applied to prevent
the pH drop of boiler water.

(2) Non-phosphate based boiler compounds

During these twenty years, the occurrence of

“red tide” caused by nutrification in Japanese
closed water areas, such as the Biwa Lake and the
Setonaikai, has become one of serious water pol-
lution problems. Since many local governments
have enforced the regulations to prevent the dis-
charge of effluent including phosphorous for pre-
venting the nutrification, non-phosphorous boiler
compounds have been developed. The non-phos-
phorous boiler compounds for low or medium
pressure boilers are classified into polymer based
and chelating agent based ones.

(a) Polymer based boiler compounds

Natural polymers and synthetic polymers shown

in Table 2.13 have been employed as sludge dis-
persants in combination with phosphate based
boiler compounds. Among them, some kinds of
synthetic polymers have been found to show the
excellent scale inhibitions without phosphate in
the boiler water of high pH and high temperature,
and have been utilized as non-phosphorous boiler
compounds. Their mechanisms for scale preven-
tion are as follows:

@ Reduction of the crystal growth rate of scale
by changing the crystal structure (crystal
distortion),

@ Dispersion of micro-crystals of scale by giv-
ing the negative electrical charges against
the crystals with the polymer adsorption.

(i) Inhibition of calcium carbonate scale

Figure 2.41 shows the inhibition effects of vari-
ous chemicals against calcium carbonate scaling
on heat transfer surface. Among those chemicals,
an acrylic acid homopolymer (polymer A) shows
the best performance.

The polymer A reduces the crystal growth rate

Table 2.13 Polymers using as bolier sludge
dispersants

Type of polymer Kind of polymers

Acrylic acid homopolymers

. Methacrylic acid homopolymers
Synthetic polymers . .
Acrylic acid based copolymers

Maleic acid based copolymers

Sodium lignin sulfonates
Tannins
Starches

Natural polymers

of calcium carbonate (calcite) by the crystal dis-
tortion effect mainly. Photographs 2.11 to 2.13
show the crystal distortion effect of polymer A.
Photograph 2.11 shows the normal crystals of cal-
cium carbonate formed in the absence of polymer
A. Photograph 2.12 shows the calcium carbonate
crystals formed in the presence of an insufficient
concentration of polymer A. Photograph 2.13
shows the crystals perfectly distorted by dosing
the sufficient amount polymer A.

The reduction of crystal growth rate with the
crystal distortion effect is caused by the polymer
adsorption on crystal surfaces. As this polymer
adsorption is not stoichiometric, but it must be
quantitatively identified for the successful appli-
cation of polymer A to boilers. The adsorption of

Boiler water

pH: 11-12
100 Total hardness: 1000mg CaCOy/

50 -

Scale inhibition rate (%)

Polymer C

1
0 200 400 600
Dosage (mg//)

Fig. 2.41 Inhibition effects of various chemicals
against calcium carbonate scale

(x 3,000, electron microscopic photograph)
Photo 2.11 Normal crystal shape of calcium
carbonate (calcite)



(x 3,000, electron microscopic photograph)
Photo 2.12 Calcium carbonate crystals
insufficiently distorted by adding a
low concentration of polymer A

(x 3,000, electron microscopic photograph)
Photo 2.13 Perfectly distorted calcium carbonate
crystals by adding a sufficient
amount of polymer A

polymer A does not follow Langumuir’s chemical
adsorption isotherm nor Freuntrich’s physical
adsorption isotherm, but it is represented by the
relationship as shown in Figure 2.42. The rela-
tionship is given by the equation (2.52).

P.a=KX P X (Cyp)t-n

where

P.« = polymer concentration adsorbed on scale
crystal (mg/1)

Pi = polymer concentration added (mg/])

Ca,p = concentration of calcium carbonate depos-
ited (mg CaCOs/])

K, n= constants
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The relationship among the amount of polymer
A adsorbed on the crystals of calcium carbonate
(the adsorption ratio, y = P.4/C,,), the scale inhi-
bition effect and the crystal shape are typically il-
lustrated in Figure 2.43.

Ca-hardness
(mg CaCOy/l)
120

1 60

100

2140

: 300

: 600

11000

©epODd>XO

logy

log (Pi/Cap)

Pi = Polymer concentration added (mg/l)

Pad = Polymer concentration adsorbed on the crystal of scale (mg//)
Cap = Concentration of crystalized calcium carbonate (mg CaCO4/l)
y = Pad/Cap

Fig. 2.42 Relationship between calcium carbonate
deposition and the adsorption of

polymer A
Scale amount
<=2

1 P

8 Crystal shape O

3

£

<<

s %

y —

Fig. 2.43 Relationship between the adsorption
ratio (y) of polymer A and the scale
inhibition effect
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When the adsorption ratio (y) is kept at a speci-
fied value or more, the polymer A inhibits the crys-
tal growth and provides the sufficient scale
inhibition.

(i) Inhibition of calcium silicate scale

The scale inhibition mechanism of polymers on
calcium silicate is the same as that on calcium car-
bonate. However, the kinds of effective polymers
are different from the case of calcium carbonate.
Polymer D shows the excellent effect against cal-
cium silicate. Polymer D controls the crystal
growth of calcium silicate by changing the crystal
shape as shown in Photographs 2.14 and 2.15.

(x 5,000, electron microscopic photograph)
Photo 2.14 Normal crystal shape of calcium
silicate

(x 5,000, electron microscopic photograph)
Photo 2.15 Distorted calcium silicate crystals by
adding polymer D

Recently, the control range of silica in boiler
water is increased more than 500 mg SiO./! by
using polymer D.

(iii) Typical laboratory test results

The flow diagram of a test boiler is illustrated in
Figure 2.44.

The comparison of the scale amounts deposited
on the heating surface when treated with an alka-
line, a phosphate based or a polymer based boiler
compound is shown in Figure 2.45.

The appearances of the heating surfaces un-
der those treatments are shown in Photograph
2.16 (p. 2-69).

As shown in those data and photograph, the
polymer treatment provides the same or better
scale inhibition comparing with that of phosphate
treatment.

(iv) Field test results

A polymer based boiler compound including an
alkaline agent for pH control had been applied in
place of a phosphate base boiler compound dur-
ing 1 year for a boiler operating at the boiler pres-
sure of 7 kgf/cm?.

The conditions of the inner surface of a boiler
during the phosphate based treatment and the
polymer based treatment are shown in Photo-
graphs 2.17 and 2.18 (p. 2-70). The polymer based
treatment had been successfully applied, as no
white scaling was observed in the boiler inside.

As some kinds of polymers will thermally de-
composed even at about 5 kgf/cm?, a sufficient
attention should be paid to select polymers using
as boiler compounds.

(b) Chelating agent based boiler compounds

In the chelating agent treatments, the hardness
components coming into boiler with the feedwater
are Kkept in their soluble states by the chelating
agents, while in the treatments with phosphate
based or polymer based boiler compounds, the
hardness components are kept in stable suspen-
sions in the form of hydroxyapatite or calcium
carbonate. Typical chelating agents are ethylene-
diamine tetraacetic acid (EDTA), nitrilo triacetic
acid (NTA) and their salts.

The EDTA combines with calcium ion and forms
the water soluble complex salt in boiler water. The
reaction of EDTA with calcium ion is a stoichiom-
etry and the 3.8 mg/! of EDTA tetrasodium salt is
required for chelating the 1 mg CaCO3;/! of cal-
cium hardness.

2.4.3 Sludge Dispersants

Hardness components and silica in boiler water
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Fig. 2.44 Schematic flow diagram of a test boiler
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Fig. 2.45 Scale inhibition effects of a phosphate
based and a polymer based boiler
compounds comparing with an alkaline
treatment

form the sludges of hydroxyapatite, magnesium
hydroxide, magnesium silicate and so on by re-
acting with phosphate based boiler compounds.
Most of them are stably suspended in the boiler
water and are discharged with the blowdown wa-
ter from the boiler. However, a small amount of
them will accumulate on the heating surfaces or
in the places of low water flow rate. As modern
boilers have the high heat flux, a small amount of
scale adhesion considerably reduces their efficien-
cies. Therefore, sludge dispersants (boiler sludge
conditioners) are applied for preventing the accu-

Safety valve
Pressure control

valve

-——— =

Pressure
! reducing

Blo down® Cooler valve  Flowmeter

I
‘ water 1

% @ Thermometer

mulation of the sludges on the bottom of boiler
drum and the scaling on the heating surface. The
natural polymers, such as tannin, sodium
ligninsulfonate and starch, were formerly used as
sludge dispersants. However, as their effective-
nesses were not sufficient, their application has
become not-popular.

In the present, the application method of syn-
thetic polymer dispersants is established and their
applications become very popular. The effects of
various sludge dispersants against hydroxyapatite
in boiler water are shown in Figure 2.46.

Polymer E (a polyacrylate) shows the better
sludge dispersing effect than that of polymer F
(copolymer of acrylic acid and ethylene), polymer
G (styrene sulfonate based polymer) or a natural
polymer. The concentration of polymer E required
for obtaining the sufficient dispersing effect on

100 f—Oo0——o0—0 = O—0——O0—
Polymer E
S 15}
o
® Polymer F
[ =
8 50T Natural polymer
2 Pol G
g olymer pH: 11.0-11.5
o5 | Control PO 40-60 mg/l
Hardness: 100 mg CaCOy//
0 Lt L1 I I
0 1 2 345 10 20 304550 100 200

Time (h)

Fig. 2.46 Dispersing effects of various sludge
dispersants against hydroxyapatite
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hydroxyapatite sludge given by the following ad-
sorption property equation.

Pad =K, X (PT) m X (HAp) Im e (253)
where
P.« = polymer concentration adsorbed
(mg/1)
Pr = polymer concentration added (mg/1)
HAp = amount of hydroxyapatite deposited

(mg/1)

K,, m = constants

Particle size distribution of hydroxyapatite dis-
persing by the polymer E is shown in Figure 2.47.
The normal and distorted crystal shapes are shown
in Photographs 2.19 and 2.20. The crystal of hy-
droxyapatite becomes very small by the effect of
polymer E comparing with the control test.

Further, the polymer E disperses iron oxide in
boiler water and prevents its deposition on the
heating surface.

Particle size distribution of iron oxide (Fe,Os3)
dispersing by the polymer E is shown in Figure
2.48. The normal and distorted crystal shapes are
shown in Photographs 2.21 and 2.22. The particle
size of iron oxide is reduced by the addition of
polymer E and it reaches 0.25 um in the mean size.

The dispersion effect of polymer E on hydroxy-
apatite sludge in a test boiler is shown in Photo-
graph 2.23 (p. 2-70). Under a phosphate based
treatment, the deposits of milky white scale are
found, while no scale deposit is found under the
polymer E treatment.

In food factories and hospitals and so on, as the
safety of chemicals using for their boilers is very
important, polymer H of food additive grade has
been developed as the safe sludge dispersant. The

7B
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Fig. 2.47 Particle size distribution of
hydroxyapatite under polymer E
treatment comparing with a control test

(x 10,000, electron microscopic photograph)
Photo 2.19 Precipitate of hydroxyapatite (without
polymer dispersant)

(x 10,000, electron microscopic photograph)
Photo 2.20 Precipitate of hydroxyapatite
distorted under the polymer E
treatment
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Fig. 2.48 Particle size distribution of iron oxide
under polymer E treatment comparing
with a control test




(x 10,000, electron microscopic photograph)
Photo 2.21 Particles of iron oxide (without
polymer dispersant)

(x 10,000, electron microscopic photograph)
Photo 2.22 Particles of iron oxide distorted
under polymer E treatment

required dosage of polymer H is determined by
the same method as that of polymer E. The typi-
cal sludge dispersion effect of polymer H against
hydroxyapatite is shown in Figure 2.49. As the
polymer H removes the existing scale and dis-
perses it, the dispersing ratio exceeds 100% as
shown in Figure 2.49.

Recently, sludge dispersants are used for me-
dium or high pressure boilers to prevent iron ox-
ide sludge from the deposition on the heating
surface and the accumulation. The use of poly-
mer I disperses magnetite (Fe;O,) and changes
the crystal shape as shown in Photographs 2.24
and 2.25.
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Pressure: 7 kgf/cm?
Blowdown ratio: 5%
Hardness in feedwater: 4-5 mg//

Boiler water: pH 11.4-11.8
PO 30-60 mg/
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Fig. 2.49 Dispersing effect of polymer H on
hydroxyapatite

(Secondary electron image x 10,000)
Photo 2.24 Particles of magnetite (without
polymer dispersant)

(Secondary electron image x 10,000)
Photo 2.25 Particles of magnetite dispersed by
polymer | treatment
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2.4.4 Oxygen Scavengers

Oxygen scavengers are chemicals which re-
move dissolved oxygen from water by their reduc-
tion reactions, and thereby inhibit the corrosion
caused by the oxygen and water.

The desirable properties of oxygen scavengers
are as follows:

@ Strong reducing power against oxygen,

@ No aggressive action of the thermally decom-
posed products and the reaction products
with oxygen against boilers, and the steam
and condensate lines.

The types and chemical names of oxygen scav-
engers are shown in Table 2.14. The hydrazine
shows the best performance among them, how-
ever, it is highly toxic. Therefore, the hydrazine
based chemicals have been replaced with the other
chemicals recently.

(1) Hydrazine

The chemical called hydrazine is normally hy-
drazine hydrate (hereafter referred to as hydra-
zine).

The reaction between hydrazine and oxygen is
generally represented by the equation (2.54), but
in boilers, it is reported that heterogeneous reac-
tions, such as the equations (2.55) and (2.56), take
place prior to the equation (2.54)2?.

(Homogeneous reaction)

NoH; + Oy »No + 2H0 e, (2.54)
(Heterogeneous reaction)

6Fe,O; + N.H; — 4Fe;0,4 + N, + 2H,0

..................................... (2.55)
4F6304 + Oz —> 6F6203 ........................... (256)
Table 2.14 Oxygen scavengers
Type Chemical names
Hydrazine based oxygen HydrazTne hydrate
scavengers Hydrazine sulfate
veng Hydrazine phosphate

Sodium sulfite
Sodium hydrogen sulfite
Sodium pyrosulfite

Sulfite based oxygen
scavengers

Saccharides
Tannins
Hydrazide
L-ascorbic acid
Hydroquinone
Alkanol amines

Other oxygen scavengers

In both cases, as the reaction products of hy-
drazine and oxygen are nitrogen and water, no dis-
solved solid remains in the boiler water.
Therefore, hydrazine is appropriate for high pres-
sure boilers or once through boilers.

As the reaction rate of hydrazine with oxygen is
slower than that of sodium sulfite, generally it is
accelerated by using catalysts. Figure 2.50 shows
the effect of an organic catalyst. The reaction is
also accelerated by increasing the dosage of hy-
drazine, pH and temperature as shown in Figures
2.51 and 2.52%9,

Calculated from the equation (2.54), 1 mg/! of
hydrazine is required to reduce 1 mg/! of oxygen.
In boiler operation, hydrazine should be added in
an excess of the theoretically required amount to
keep the concentration in the boiler water over
the lowest standard value.

Since it was previously considered that hydra-
zine would transfer to the steam phase in a
deaerator, it was injected at the outlet of the
deaerator. However, it is found that hydrazine is
not consumed so much in the deaerator. There-
fore, hydrazine is injected into the feedwater line
before the deaerator to prevent the corrosion of
the feedwater line and deaerator.

The equations (2.57) to (2.59) represent the ther-
mal decomposition reactions of hydrazine. Among
them, the reaction of the equation (2.57) gener-
ally proceeds in boilers®»-3,

100 — Organic catalyst

50

Oxygen removal rate (%)

Inorganic catalyst

Without catalyst

0 1 2 3 4 5 6
Time (min)

Fig. 2.50 Effects of catalysts on the oxygen
removal reaction of hydrazine



3N2H4 —> 4NH3 + Nz ............................... (257)
2NoHy > 2NH3; + No+ Hy e (2.58)
3N2H4 —> 2NH3 + 2N2 + 3HZ ................... (259)

Since ammonia is produced by the decomposi-
tion of hydrazine, in the systems where copper
based materials are used in the steam and con-

20°C

50

Oxygen removal rate (%)

0 1 1 1 1 1
7 8 9 10 1

pH

Fig. 2.51 Effect of pH on the oxygen removal
reaction of hydrazine
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Fig. 2.52 Influences of temperature and the
dosage of hydrazine on the oxygen
removal reaction of hydrazine
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densate lines, the excessive injection of hydrazine
should be avoided for the corrosion prevention.

(2) Sodium sulfite
The reaction between sodium sulfite and oxy-
gen is represented in the equation (2.60).

2N32503 + Oz —> 2N32504 ...................... (260)

As shown in Figure 2.53%9, this reaction pro-
ceeds slowly either at low temperatures or in the
pH ranges of lower than 4 or higher than 9. How-
ever, the reaction proceeds rapidly at higher tem-
perature of above 50°C regardless of pH.

The 7.9 mg/! of sodium sulfite is required to
remove the 1 mg/I of oxygen and the 8.9 mg/I of
sodium sulfate (Na,SO,) yields as the reaction
product. Therefore, total dissolved solids in boiler
water increase when sodium sulfite is used.

‘When the dosage of sodium sulfite is insufficient
and sulfate ion concentration increases with the
presence of oxygen, carbon steel corrosion will
be accelerated as shown in Figure 2.54°» and Pho-
tograph 2.26 (p. 2-71).

Therefore, sulfite should be added in an excess
of the required amount against dissolved oxygen
to keep the concentration in boiler water higher
than the lower control limit.

Since sodium sulfite rapidly reacts with oxygen
and the concentration gradually decreases in the
chemical dissolving tank, the concentration in the
tank should be periodically determined.

Recently, a sodium sulfite based oxygen scav-
enger including a stabilizer has been developed
to prevent the reduction of the sulfite concentra-
tion in the dissolving tank. Figure 2.55 shows the
effect of the stabilizer.

It was reported that the thermal decomposition

100 -

50 [

Oxygen removal rate (%)

pH

Fig. 2.53 Influences of pH and temperature on
the oxygen removal reaction of sodium
sulfite
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Fig. 2.55 Effectiveness of a stabilizer for sodium
sulfite decomposition

of sodium sulfite was generally occurred at above
285°C as shown in Figure 2.56%%. This reaction is
represented by the equations (2.61) to (2.63).

4N32803 —> NaZS + 3NaQSO4
..................................... 2.61)
2Na,S + 4Na,SO; + 3H.O — 3Na,S,0; + 6NaOH

Na,SO; + H,O — 2NaOH + SO,

100

276-279°C

50 —

Remaining rate of SO (%)

0 1 1 1 1 1 1 1
0 40 80 120 160 200 240 280

Time (min)

Fig. 2.56 Thermal decomposition of sodium
sulfite

Since the decomposition products are sodium
sulfide (Na,S), sulfur dioxide (SO.), etc., they cor-
rode the boiler, and the steam and condensate
lines. Therefore, sodium sulfite is never applied
for boilers with the pressure of over 65 kgf/cm?2.

Sodium hydrogen sulfite (NaHSO3), sodium
pyrosulfite (Na,S;0s) and so on are also used as
the same type of oxygen scavengers to sodium
sulfite. Since these compounds consume the al-
kalinity of boiler water, they are applied in combi-
nation with boiler compounds of high alkali
content or applied for boilers using high M-alka-
linity feedwater. As shown in the reactions (2.64)
and (2.65), they change to sodium sulfite in boiler
water and remove oxygen.

NaHSO; + NaOH — Na,SO; + H,O ... (2.64)
Na25205 + 2NaOH —> 2Na2503 + HzO

(3) Saccharides and ascorbic acid
The reaction of saccharides or ascorbic acid with
oxygen is represented in the equation (2.66).

H H

I I

C—-OH C=0

I +1/20, — | +H,O0 .. (2.66)
C—-OH C=0

| |

R R

Since those oxygen scavengers generate no cor-
rosive ion as the reaction products, they scarcely
accelerate metallic corrosion even if they are in-
sufficiently dosed.

Saccharides have been widely used for the boil-
ers of food factories and hospitals because of their
safeties. Photograph 2.27 (p. 2-71) shows the treat-



ment result of saccharide in a smoke tube boiler.
The excellent treatment result is obtained with-
out any pitting corrosion by using this oxygen scav-
enger.

Ascorbic acid based oxygen scavengers are gen-
erally applied for medium or high pressure boil-
ers substituting for toxic hydrazine based ones.

(4) Hydrazides
The reaction between hydrazide based chemi-

cals and oxygen is represented in the equation
(2.67).

R- CONHNH; + O; - R- COOH + N; + H;O
..................................... (2.67)

The oxygen scavenging reaction is progressed
by the function of hydrazide group and its mecha-
nism is the same as hydrazine.

Recently, polymers having hydrazide groups
have been developed and used for medium or high
pressure boilers as an oxygen scavenger with the
function of sludge dispersion also.

(5) Other oxygen scavenger

Tannins, hydroquinone, aminoguanidines, di-
ethyl-hydroxylamine and so on are also used as
the non-hydrazine based oxygen scavengers for
their safeties.

2.4.5 Corrosion Inhibitors for the Feedwater and
Condensate Lines

Neutralizing amines (volatile amines) and film-
ing amines are typically used as corrosion inhibi-
tors to prevent the feedwater or the steam and
condensate lines from the corrosion.

Volatile amines inhibit the corrosion by control-
ling the condensate pH. Filming amines form the
water repellent film on metal surfaces and inhibit
the corrosion by preventing the metals from con-
tacting with the corrosive substances, such as
oxygen and carbon dioxide.

(1) Corrosion inhibitors for the feedwater and
condensate lines of low pressure boilers

Substances causing corrosion in the steam and
condensate lines of low pressure boilers are mainly
oxygen and carbon dioxide as described in the
section 2.2.2.

The presence of a small quantity of carbon di-
oxide in the condensate decreases the pH as
shown in the Figure 2.18(p.2-13), and accelerates
metallic corrosion. Under this corrosive environ-
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ment, neutralizing (volatile) amines and/or film-
ing amines are applied as corrosion inhibitors.

The application of neutralizing amines shows the
excellent inhibition, but the effect is decreased by
the presence of oxygen. The higher dosage is
required when the M-alkalinity of feedwater is
higher.

Filming amines are adsorbed on the metal sur-
face even with a small dosage and form the water-
repellent protective film. However, the film
formation takes a long time if the metal surface is
covered with the corrosion products.

The combined use of both types of amines
shows the better and more stable corrosion inhi-
bition comparing with their single use.

(a) Neutralizing amines

Cyclohexyl amine (CsH;;NH,), morpholine
(C4HsONH), monoisopropanol amine
[NH,CH,CH(CH3)OH] and so on are generally
used as neutralizing amines for boiler systems.
Ammonia is also used as a neutralizing agent.
These neutralizing agents are usually dosed into
the feedwater line but they are sometimes injected
into the boiler or the steam and condensate lines.
The amine added into the feedwater volatiles to-
gether with the steam generated in the boiler.
When the steam condenses in the condensate line,
the amine dissolves into the condensate and neu-
tralizes the carbon dioxide (carbonic acid) in the
condensate as shown in the reactions (2.68) to
(2.70). As the result, the pH of the condensate is
increased and the corrosion of metals is inhibited.

2NH40H + H2C03 —> (NH4)2C03 + 2H20

..................................... (2.68)
2CsH1NH;0H + H,CO3
— (CeH11NH3),CO3 + 2H0 ... (2.69)
2CHsONH,OH + H,CO3
—> (C4H80NH2)2CO'; + 2H20 ..................... (270)

Figure 2.57°” shows the influence of condensate
pH on the corrosion rate of carbon steel in a steam
and condensate line. Since the condensate pH is
increased by injecting the neutralizing amine, the
corrosion rate of carbon steel decreases to an ac-
ceptable level at the pH 7 or higher. The corro-
sion rate of copper is low in the condensate of the
pH 6 to 9 as shown in Figure 2.58, but the corro-
sion rate increases when the pH becomes below 6
or above 10. When ammonia is used as a neutral-
izing agent, the corrosion rate of copper is remark-
ably increased at the pH of above 9.

The required amounts of amines for the neu-
tralization of carbon dioxide are different depend-
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Fig. 2.57 Relationship between the corrosion
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Fig. 2.58 Relationship between copper corrosion
and condensate pH

ing on the basicities of amines. Table 2.15 shows
the dissociation constants and the required
amounts of amines for neutralizing 1 mg/! of car-
bon dioxide.

Among the characteristics of neutralizing
amines, the distribution ratio is important for the
condensate line treatment. The distribution ratio
is the ratio of amine concentration in steam to that
in condensate under a specified condition as
shown in the equation (2.71).

Distribution ratio
Amine concentration in steam

Amine concentration in condensate

An amine with the high distribution ratio easily

transfers to steam side, but it hardly transfers to
the condensate side when the steam condenses.
On the contrary, an amine with low distribution
ratio hardly moves to steam side, but easily moves
to condensate side.

The distribution ratio also varies depending on
the temperature (steam pressure). Neutralizing
amines are classified into three categories: the
first ones, which the distribution ratios increase
as temperature rises (such as alkanol amines); the
second ones, which the distribution ratios are re-
duced as the temperature increases (such as am-
monia); and third ones, which the distribution
ratios reach the peaks at a certain temperature
(such as cyclohexyl amine).

Figures 2.59 and 2.60 show the typical relation-
ships between the distribution ratios of amines and
temperature (steam pressure).

The amines with the low distribution ratios, such
as morpholine and alkanol amine, are effective for
preventing the corrosion of the initial condensa-
tion zone where is comparatively close to the
boiler. The amines with high distribution ratios,
such as cyclohexyl amine, are effective for prevent-
ing the corrosion of the condensate lines far from
the boiler.

Ammonia is effective for neutralizing carbon
dioxide as shown in Table 2.15, but it is not appli-
cable for the boilers employing copper materials
in the steam and condensate lines because of the
corrosion acceleration against copper.

(b) Filming amines

Alkyl amines with the following chemical struc-
ture are used as filming amine based corrosion
inhibitors.

R-NH,

where
R = alkyl group with the carbon number of 10 to
22

Octadecylamine (ODA) which has eighteen car-
bon atoms, is generally used as filming amine. As
the ODA is insoluble in water, it is generally used
as the dispersion by using emulsifiers®®.

The inhibition mechanism of ODA is shown in
Figure 2.61. The amino group (-NH.) of ODA
adsorbs and forms mono or few molecular layer?”
adsorption film on the metal surface. This film is
a water repellent and prevents metal from the cor-
rosion by disturbing the contact of condensate
with the surface.

Photograph 2.28 (p. 2-72) shows the spherical
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Table 2.15 Neutralizing effects and dissociation constants of neutralizing agents

Neutralizing agent Requilr::r;ig;;rln(())fu :::r(lif()in;iir;ifg; r(ﬁ\;t/rla)lizing Dissociation constant (Kb)
Ammonia 0.4 1.78x 107
Cyclohexyl amine 2.3 3.39x 10
Monoisopropanol amine 1.8 5.25x 10™°
Morpholine 2.0 2.09x 10
Alkanol amine A 1.4 3.15x 10°
Alkanol amine B 2.1 5.62x 10°°

Morpholine 025 |
020 - Cyclohexyl amine
B otsF
2 Alkanol 5
- ami€:1neOA 8 010 -
8 Alkanol 005 -
amine B
0.00 ‘)(l L L L L L I
o 100 150 200 250 300 350
0.0 [ 1 1 1 1 Temperature (°C)
100 150 200 250 300
Temperature (°C) Fig. 2.60 Influence of temperature on the
distribution ratios of ammonia and
Fig. 2.59 Influence of temperature on the cyclohexyl amine
distribution ratios of neutralizing
amines L o o
. - _ }Condensate
water drops repelled from the metal surface by the - -— = = = = — )
. Hydrophobic
adsorption film formed by the ODA. le ll Lllll l l (u)l l l L Ll }group R-
The factors which influence the corrosion inhi- ~~—Adsorption
bition provided by ODA are the dosage of ODA, \\ Veta\ \ 9roup NH,
M-alkalinity of feedwater, temperature of conden- A W
sate and so on®?. Fig. 2.61 Adsorption film of filming amine formed
Figure 2.62 shows the influence of feedwater M- on metal surface
alkalinity on the corrosion inhibition effect of ODA
against carbon steel. When the 25 mg// as a prod-
uct of ODA suspension is injected into a feedwater by ODA.
with the M-alkalinity of 50 mg CaCOs/!, the corro- Condensate temperature affects the corrosion
sion rate of carbon steel lowers below 10 mg/dm? inhibition provided by ODA as shown in Figure
day (mdd) after 2 days from the injection. When 2.63. The ODA shows the better corrosion inhibi-
the M-alkalinity is increased to 100 mg CaCO,/!, tion at the lower condensate temperature of be-
itis requires three days to decrease the corrosion low 45°C.
rate below 10 mg/dm? day. The increase in the Dissolved oxygen in condensate accelerates the
feedwater M-alkalinity deteriorates the initial cor- corrosion of the condensate line as shown in Fig-
rosion inhibition provided by ODA, but it gives no ure 2.20(p.2-13). Dissolved oxygen also influences

bad influence after the adsorption film formation the corrosion inhibition effect of ODA. Figure 2.64
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shows the influence of dissolved oxygen in con-
densate on the corrosion inhibition provided by
ODA on carbon steel. When the dissolved oxy-
gen is sufficiently low (0.2 mg O/I), ODA shows
the excellent inhibition, but high dissolved oxy-
gen concentration (3 mg O/]) reduces the effec-
tiveness. Therefore, it is necessary for the
corrosion control by ODA to minimize the oxy-
gen transferred from the boiler to the condensate
line by applying the deaeration of feedwater and/
or injecting oxygen scavengers.

50 Dosage of ODA: 25 mg/l as product
Temperature of condensate: 70-80°C
M-Alkalinity of feedwater: 1) 100 mg CaCO.//
2) 50 mg CaCO.//
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Fig. 2.62 Influence of feedwater M-Alkalinity on
the corrosion inhibition effect of ODA
against carbon steel
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Fig. 2.63 Influence of condensate temperature
on the corrosion inhibition effect of
ODA against carbon steel

(c) Combined use of neutralizing amine and

filming amine

A high dosage of neutralizing amine is required
to control the corrosion of condensate line satis-
factorily when the M-alkalinity of feedwater is
high. On the other hand, filming amines require
a longer period of time to form the protective film
and to show the corrosion inhibition. The com-
bined use of both types of amines improves their
corrosion inhibitions.

Table 2.16*” shows the improved corrosion in-
hibition of the combined use comparing with their
single uses. Under the neutralizing amine treat-
ment, the corrosion rate of carbon steel decreases
when the condensate pH is risen. Under the film-
ing amine treatment, the corrosion rate is low even
when the pH is low. The combined treatment re-
markably improves the corrosion inhibition.

Even in the case of condensate including dis-
solved oxygen, the combined treatment shows the
better corrosion inhibition compared with a film-
ing amine treatment as shown in Figure 2.65.

(2) Corrosion inhibitors for feedwater and
condensate lines of medium or high
pressure boilers

Since demineralized water with a low tempera-
ture is generally supplied for medium or high pres-
sure boilers, corrosion problems hardly occurs at
the line before the inlet of the deaerator. How-
ever, the pipeline and the auxiliary equipments
after the deaerator may sometimes corrode in the

100 - M-Alkalinity of feedwater: 100 mg CaCOs//
Dosage of ODA: 50 mg// as product
90 Temperature of condensate: 40°C

Dissolved oxygen: 1)3mg/l 2) 0.2 mg/l
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50 -\.—1)
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0 I I I I
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Time (day)

Fig. 2.64 Influence of dissolved oxygen in
condensate on the corrosion inhibition
effect of ODA on carbon steel
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Table 2.16 Effectiveness of the combined use of a neutralizing amine and a filming amine

Chemical treatment pH Dosage of filming amine (mg/1) Corrosion rate of carbon steel (mg/dm?-day)
None 5.3 0 124.5
Neutralizing amine 6.6 0 784
7.0 0 54.8
Filming amine 5.3 20 32.1
Combined use of both amines 6.6 20 11.2
7.0 20 11.8
100 sl
40
90 i i
Dissolved oxygen in condensate 3 mg O/ 30t O Morpholine
80 | 20 | @ Cyclohexyl amine
X Ammonia
= nr Filming amine
3 (d
s 001 °
o
£
2 s0f °
S s
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g 40 " Filming and neutralizing amines £
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20f a
10F
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Fig. 2.65 Improvement of corrosion inhibition
provided by a filming amine on carbon
steel by the combined use of a
neutralizing amine

case of a poor water quality control or an insuffi-
cient operation control of deaerator because of the
increased temperature. Therefore, the corrosion
control of feedwater line is important same as the
steam condensate line. Neutralizing amines are
used as the corrosion inhibitors for the feedwater
and condensate lines.

The important characteristics of neutralizing
amines for medium or high pressure boilers are
the pH control effects and stabilities against ther-
mal decompositions. Figure 2.66 shows the rela-
tionship between the pH of demineralized water,
and the dosages of neutralizing amines and am-
monia, which are calculated from their dissocia-
tion constants shown in Table 2.15(p.2-39).

Figure 2.67 shows the decomposition rate of
morpholine in a test boiler reported by C.
Jacklin*®. He calculated the decomposition rate

pH

Fig. 2.66 Relationship between the pH of
demineralized water, and the dosages
of neutralizing amines and ammonia

from the amount of NH; generated by the thermal
decomposition of morpholine. In this case, the
maximum decomposition rate is around 12% at the
boiler pressure of 175 kgf/cm? and the steam tem-
perature of 649°C.

On the other hand, the decomposition rate of
morpholine in an actual boiler with the pressure
of 96 kgf/cm? and the steam temperature of 513°C
is reported 0.6 to 2.2% as the lower value than that
in the test boiler.

The decomposition rate of cyclohexyl amine is
sufficiently low and 5.0 to 5.8% in the above actual
boiler under the same operational conditions.
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Fig. 2.67 Thermal decomposition of morpholine
in a test boiler

The thermal decomposition rate of an alkanol
amine is 12% at a pressure of 70 kgf/cm? under an
autoclave test.

Neutralizing amines generally have high ther-
mal stabilities and are used for medium or high
pressure boilers widely. However, filming amines
are scarcely used for medium or high pressure
boilers because they are decomposed at the tem-
perature of above 250°C.

2.4.6 On-Stream Scale Removers

On-stream scale remover (OSSR) is a chemical
which removes scale deposited in a boiler during
the operation without the stoppage.

Scale is composed of several substances, such
as calcium carbonate (CaCOs;), calcium silicate
(CaSi03), hydroxiapatite ([Caz;(PO4):]5-Ca(OH).),
iron oxides (Fe,0s, Fe;04) and zinc oxide (ZnO).
The thermal conductivities of scales are quite
small as shown in Table 2.3(p.2-6). Therefore,
even a small amount of scale adhesion reduces the
boiler efficiency and increases the fuel consump-
tion.

Heavy scale formation in the evaporation tubes
will cause the expansion and bursting. To solve
those scale troubles, the adhered scale has to be
removed.

To remove scale, chemical cleaning or mechani-
cal cleaning is generally carried out. However,
the boiler has to be stopped for the cleaning. Ifit
is possible to remove the scale from the boiler
during the operation, it will realize a considerable
energy saving. Previously, chelating agents were
used as the OSSR, but their performances for scale
removing were insufficient. Recently, the com-

bined treatment of a low molecular weight poly-
mer and a chelating agent has been developed and
it has shown the excellent effect as the OSSR.

Figure 2.68 shows the increase in the total hard-
ness of boiler water when the OSSR is applied for
a fire and flue-tube boiler with the scale of calcium
silicate mainly. The sample A in Table 2.17 shows
the composition of this scale. When the OSSR of
2,000 mg/I was injected into the boiler water, the
total hardness was increased until 130 mg CaCOs/
[ by the scale removal. After 4 months, the excel-
lent scale removal effects was determined by in-
specting the boiler inside as shown in Photograph
2.29 (p. 2-72).

The sample B in the Table 2.17 is a typical zinc
base scale caused by a boiler water contamination
with zinc coming from a condensate line made of
galvanized steel. Figure 2.69 shows the increase
of zinc concentration in the boiler water by apply-
ing the OSSR. The excellent scale removal effect
was observed when the boiler was inspected 3
months later.
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Fig. 2.68 Increase of total hardness in boiler
water by applying an OSSR

Table 2.17 Typical boiler scale analyses (Unit: %)

Composition Sample A Sample B
CaO 31.7 4.6
Fe,03 Trace 25.2
ZnO 0.5 47.1
Acid insoluble matter* 48.9 18.8
P05 2.3 45

* Mainly silica
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Fig. 2.69 Increase of total zinc in boiler water by
applying an OSSR

2.4.7 Antifoaming Agents

Antifoaming agents prevent the carryover prob-
lems of boilers by controlling a foaming caused
by the increase of dissolved or suspended solid
concentration in the boiler water, or by the con-
tamination of boiler water with oils, fats and or-
ganic matters.

Castor oil and cottonseed oil were used as anti-
foaming agents in the past. However, as their ef-
fects were insufficient and sometimes promoted
the foaming, they are not used presently. At
present, some kinds of amines, alcohols, fatty acid
esters and so on are used as the antifoaming
agents. These chemicals show the excellent ef-
fects with their small dosages.

Figure 2.70 shows a typical application result of
an antifoaming agent. The high cycle number
operation of boilers is realized without the
carryover by applying the antifoaming agents.

2.5 Water Treatment for Mini-Circulation
Boilers

The mini-circulation boiler is essentially a kind
of water tube boiler having a steam and water sepa-
rator, and the hot water divided by the separator
returns to the evaporation tubes. The amount of
the separated hot water is generally below 50% of
the maximum feedwater volume.

The heat transfer area of mini-circulation boiler
is below 80 m?, but most boilers have the heat
transfer area of below 10 m? and the pressure of
below 10 kgf/cm?. Mini-circulation boilers include
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Fig. 2.70 Effect of an antifoaming agent against
carryover

the single-tube type and the multiple-tube type
with the header. At present, the multiple-tube type
with 2 headers, one on top and another at the bot-
tom, is commonly used.

In case of the mini-circulation boilers, the con-
cept of water treatment to prevent the corrosion
and scale problems is basically the same as that
of the water tube boilers.

However, it is necessary to consider the special
structure and characteristics of the mini-circula-
tion boiler for the safety operation.

2.5.1 Scale Inhibition

The heating surface area of mini-circulation
boilers is generally smaller than 10 m2. However,
the steam generation capacity per unit area is big
and the heat flux is similar to that of the water
tube boiler. In the case of same steam genera-
tion capacity, the holding water volume of a mini-
circulation boiler is 1/2 to 1/10 of that of
cylindrical boiler or water tube boiler. Therefore,
if the feedwater quality is changed, the boiler wa-
ter quality is also changed in a shorter time com-
pared to the water tube boilers and so on. For
example, if the hardness leakage from the soft-
ener happens, the hardness in the boiler water is
more rapidly increased and causes severer scal-
ing problems comparing with the other type of
boilers.

Figure 2.71 shows the rapid increase in the
cycles of concentration of a mini-circulation boiler
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Fig. 2.71 Relationship between the type of
boilers and the change in the cycles of
concentration of boiler water with time
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Fig. 2.72 Change of phosphate ion concentration
in boiler water when a hardness
leakage happens in feedwater

compared to a water tube boiler. Figure 2.72
shows the more rapid reduction of phosphate ion
in the boiler water of a mini-circulation boiler than
that of a water tube boiler when a hardness leak-
age happens in the feedwater.

To inhibit scaling in mini-circulation boilers, the
control of water-softening and chemical injection
has to be tightly carried out comparing with the
other type of boilers, such as cylindrical boilers
and water tube boilers.

Automatic operation control of softeners is com-

monly used for mini-circulation boilers. However,
following cares should be paid for the safe opera-
tion of softeners:
@ Check the hardness of the softened water
sufficiently.
@ Check whether the timer for the regeneration
is correctly set or not.
(® Ensure that the regenerant is properly put into
the tank.

2.5.2 Corrosion Inhibition

In the case of a mini-circulation boiler, the cor-
rosion is caused by dissolved oxygen and follow-
ing two types of corrosion are found:

@ Corrosion of the bottom header,

@ Corrosion of whole boiler system.

(1) Corrosion of bottom header

The corrosion of the bottom header is usually
found in boilers having the structure shown in Fig-
ure 2.73. The corrosion is caused by the dissolved
oxygen in feedwater and by the reduction of boiler
water pH because of feedwater supply.

Table 2.18 shows the corrosion rates of carbon
steel test coupons installed in a water tube of a
mini-circulation boiler as shown in Figure 2.74.
A higher corrosion rate is detected near the bot-
tom header than those at the upper and middle
parts.

Measures to inhibit the corrosion near the bot-

Steam
High pH
-~
{ Steam
Upper header ) and water
\ [ 7 separator
~ -
Low pH ]
x N\
Feedwater —b\< Bottom header }
N —

Fig. 2.73 Unbalance of boiler water pH in a mini-
circulation boiler

Table 2.18 Corrosion rates of carbon steel test
coupons in the water tube of a mini-
circulation boiler

Position of test coupon Upper | Middle | Bottom
Corrosion rate (mg/dm?-day) 3.5 3.8 70.1
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Fig. 2.74 Positions of test coupons in a water
tube of a mini-circulation boiler

tom header are as follows:

@ Increase of feedwater pH using a suitable
boiler compound,

@ Increase of boiler water pH by the initial dos-
ing of a boiler compound from the operation
start-up,

(® Prevention of feedwater entering into boiler
during the operation stoppage by closing the
valves and so on.

(2) Corrosion of whole boiler system

Generally no continuous blowdown equipment
is installed in mini-circulation boilers. Since the
intermittent blowdown is conducted and the hold-
ing water volume is a small, the sufficient control
of blowdown is difficult.

Therefore, the blowdown of total holding water
(total blowdown) is often done when the boiler
operation is stopped.

However, the supply of feedwater at the opera-
tion start-up often causes the corrosion of whole
boiler system. The cause of this corrosion is the
dissolved oxygen and the low pH of the feedwater.

The measures to prevent this type of corrosion
are as follows:

@ Total blowdown is carried out just before start-

ing the boiler operation.

@ After the total blowdown, the initial dosing of

boiler compound must be done.

® Installation of a continuous blowdown equip-

ment and minimization of the intermittent
blowdown.
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2.6 Preservation of Boilers during
Stoppage

2.6.1 Corrosion of Boilers during Stoppage

Generally, water treatment is appropriately ap-
plied for boilers during the operation, but it some-
times becomes insufficient during the stoppage.
Problem occurring in the boiler stoppage is mainly
corrosion problem.

After stopping a boiler operation, the boiler wa-
ter temperature drops and the steam in the boiler
is condensed. Thus the boiler pressure becomes
lower than the atmospheric pressure and air
comes into the boiler through the steam valves,
inspection holes and so on. As the result, the cor-
rosion caused by oxygen occurs at the vapor phase
and the waterline. Then the corrosion proceeds
below the waterline.

Photograph 2.30 (p. 2-73) shows an example of
boiler corrosion occurred during the stoppage.

Proper preservation treatment should be applied
to prevent the corrosion during the operation stop-
page in consideration of the preservation period.

2.6.2 Preservation Treatments for Boilers during
Stoppage

The preservation treatments of boilers are clas-
sified into the wet preservation and the dry pres-
ervation. An appropriate preservation method
should be chosen considering the term of preser-
vation, the structure of boiler, air temperature and
SO on.

(1) Preservation during short term

‘When a boiler is stopped and preserved in a
short period, the same chemicals using for the
boiler operation are applied for the preservation.
When the boiler pressure becomes approximately
1 kgf/cm? after the stoppage, water and chemi-
cals are injected into the boiler to fill the boiler
with water and to adjust the water quality to an
appropriate one for the preservation.

Tables 2.19 to 2.21 show the relationship among
the chloride and sulfate ion concentrations of
boiler water at the stoppage, the duration of pres-
ervation, the pH of boiler water and chemical con-
centrations for the preservation. When the boiler
operation is started again, the water level is re-
duced to the normal level of the operation by
blowdown and the operation starts up.
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Table 2.19 Preservation methods of boilers by using hydrazine during short period

CI- and SO,* concentration Preservation Chemical concentration and pH of boiler water
of boiler water (mg/1) period (day) N.H, (mg/1) PO (mg/0) pH
ClI:  below 100 .
SO below 100 Within 14 More than 0.1
Within 3 More than 1.0
cr:  101-800 4-7 More than 10
SO 101-300 60-100 12.0
8-14 More than 100 ’
‘Within 3 More than 10
Cl: 301-500
SO 3012500 4-7 More than 50
8-14 More than 100

Table 2.20 Preservation methods of boilers by using

sodium sulfite during short period

Cl- and SO,* concentration Preservation

Chemical concentration and pH of boiler water

of boiler water (mg/[) period (day) SOz (mg/l) PO~ (mg/l) pH
Cl:  below 100 iy
SO below 100 ‘Within 2 More than 10
— 12.
Cl: 101-300 ‘Within 2 More than 100 60-100 0
SO 101-300 3-5 More than 300

Table 2.21 Preservation methods of boilers by
using a saccharide during short
period (within 10 days)

Chemical concentration and pH

of boiler water

. Saccharide PO
boiler water (mg/1) H
& meg/p | mg/n | P

500-3,000 60-100 12.0

CI and SO
concentration of

Below 300

(2) Preservation during long term

(a) Wet preservation

The wet preservation of boilers to be filled with
water, is widely applied. This method is suitable
for boilers which the perfect blowdown of the hold-
ing water is impossible or an urgent restart-up is
expected. However, in the case that the freezing
of boiler water is anticipated, the dry preservation
has to be applied.

Hydrazine or nitrite based chemicals are gener-
ally applied for the wet preservation. For boilers
installed in hospitals, food factories and so on, non-
toxic chemicals, such as organic acids, are applied
for the preservation. Table 2.22 shows the pres-
ervation conditions with each chemicals. The term
of preservation is usually up to six months, but it
can be prolonged by the additional dosing of those
chemicals to maintain the dosages shown in the
Table 2.22.

The chemicals for the preservation are continu-
ously injected into the feedwater so as to be kept
the specified concentration in the boiler. After the
chemical dosing, it is desirable to mix the chemi-
cal sufficiently by the water convection caused by
the residual heat of boiler water or by the water
circulation using a temporary circulation pump.

For the monitoring of the preservation condi-
tion, the pH, total iron and the chemical concen-
tration are analyzed once or twice a month to keep
the water quality in the control range. When the
water quality is out of the range, the chemicals
should be dosed to keep the water quality within
the specified range.

In case that the mixing of chemicals with the
boiler water is difficult or the total iron of boiler
water tends to increase, all the water is discharged
and the boiler should be filled with new feedwater
including the specified concentration of the chemi-
cal.

Before the start-up of the boiler operation, all
the water is discharged and the inside of boiler
should be inspected.

(b) Dry preservation

Dry preservation is suitable for the boilers that
the freezing of boiler water is anticipated or have
to be preserved during long term. Two kinds of
dry preservation using desiccants and sealing with
nitrogen gas are usually used.
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Table 2.22 Conditions of the wet preservation of boilers for long term

Kind of factory General factories Food factories and hospitals
Chemical Hydrazine based Nitrite based Carboxylate based
Kind of feedwater Softened Demineralized Softened Demineralized | Softened or demineralized
c . pH above 9* above 9* above 7 above 7 above 11.5
ontro
Chemical
range of co:cr::t:riaion above 200 above 100 above 200 above 100 as above 5.000 as product
boiler water (mg/0) as N,H, as N,H, as NO,~ NO, ’ p
quality
Total iron No trend of increase

* Tt is preferable to use boiler compounds or volatile amines together with those chemicals.

For the application of dry preservation, all the
boiler water is blowdown when the water tempera-
ture drops around 90 to 95°C, and the boiler in-
side is dried with the residual heat. The amounts
of the desiccants required for the dry preserva-
tion are shown in Table 2.23.

The desiccant should be inspected periodically
(once or twice a month) and the desiccant losing
the moisture absorbing capacity should be re-
placed with a new one at once.

In the case of preservation sealing with nitro-
gen gas, the gas is introduced into the boiler to
replace the water with the gas before the pres-
sure in the boiler reaches the atmospheric pres-
sure.

The pressure of the nitrogen gas in the boiler
should be maintained at about 0.5 kgf/cm? and the
gas should be injected if the pressure reduces
around 0.3 kgf/cm?2.

2.7 Water Quality Control for Boiler
System

Most of problems caused by water in boiler sys-
tems may be prevented if the daily water quality
control is properly conducted. In order to prevent
the problems and to operate the boiler system
safely, the application of adequate water treatment
and the sufficient water quality control are neces-
sary. When a boiler water chemical treatment is

Table 2.23 Required amounts of desiccants for
the dry preservation of boilers

Kind of desiccants Dosage (kg/m? boiler capacity)
Quicklime 3-5
Silica gel 1.5
Activated alumina 1.3
Calcium chloride 1.0
Synthetic zeolite 1.5

planned, the control range of water quality is firstly
determined according to the boiler structure and
the operating conditions. Secondly, the treatment
method by means of equipments and chemicals,
and the control method of the cycles of concen-
tration of boiler water are decided to maintain the
control range.

To confirm that the boiler water quality is kept
within the control range, the water analysis should
be carried out. When the water quality is out of
the range, the operation conditions of the equip-
ments for feedwater treatment, the chemical in-
jection system, the blowdown condition and so on
have to be checked to improve the operation con-
dition for preventing the trouble occurrence.

2.7.1 Standard Water Quality Control Range

(1) Determination of water quality control range

Aboiler water quality control range is set on the
basis of the standard criteria and, the structure
and operation conditions of a boiler.

In Japan, “The quality of boiler feedwater and
boiler water (JIS 8223-1989)” of Japan Industrial
Standard is generally used as the standard values.
Also, the recommended standard values are pro-
posed by boiler manufactures and water treatment
chemical suppliers.

“The quality of boiler feedwater and boiler wa-
ter (JIS B 8223-1989)” is shown in the pages A-31
to A-34 of the Appendices.

Generally, the steam purity is maintained when
the boiler water and feedwater qualities are con-
trolled in the ranges. In the case that the conden-
sate is recovered as the feedwater, the condensate
should be treated to satisfy the feedwater quality
standard.

(2) Chemical treatment of boiler water
The chemical boiler water treatment methods
in Japan are classified into the alkaline phosphate
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treatment, coordinated phosphate treatment and
volatile treatment. In Germany and Russia, oxy-
gen treatment is also applied for once through
boilers in the power plants.

Recently, the oxygen treatment has been applied
for boilers in power plans on trial in Japan. There-
fore, the JIS 8223-1989 includes the standard quali-
ties of boiler feedwater and boiler water for the
oxygen treatment.

(a) Alkaline phosphate treatment

In the alkaline phosphate treatment, the pH of
boiler water is adjusted by using sodium hydrox-
ide and so on, and the Na/PO,4 mole ratio in the
boiler water is controlled at 3.0 or higher.

In the case of low pressure boilers to be fed raw
water or softened water, the boiler water pH is
maintained in the range of 11.0 to 11.8 to prevent
the scale and corrosion problems. In this case,
the P-alkalinity of boiler water is supplied by the
boiler compounds and the alkali generated from
the thermal decomposition of carbonates includ-
ing in the feedwater. In the case of medium pres-
sure boilers to be fed demineralized water, the pH
of boiler water is adjusted with sodium hydroxide
and sodium phosphate.

For medium pressure boilers, the alkaline phos-
phate treatment or the coordinated phosphate
treatment is generally applied. However, in case
that the feedwater includes colloidal silica or or-
ganic matter like humic acid, the alkaline phos-
phate treatment is applied for obtaining the stable
corrosion and scale inhibition by keeping the
higher pH of boiler water comparing with the co-
ordinated phosphate treatment.

(b) Coordinated phosphate treatment

The coordinated phosphate treatment is the
method of adjusting the pH of boiler water by us-
ing trisodium phosphate and/or disodium hydro-
gen phosphate without free alkali to prevent the
alkaline corrosion of boilers.

This method is applied for medium or high pres-
sure boilers using demineralized water as the
feedwater and the Na/PO, mole ratio in the boiler
water is generally controlled within the range of
2.6 to 3.0.

If the hide-out of sodium phosphate occurs, free
sodium hydroxide will remain in the boiler water
and cause the alkaline corrosion in case that the
Na/PO, mole ratio is higher than 2.85 at 300° C of
water temperature and higher than 2.65 at 365° C*?
respectively. Therefore, the Na/PO, mole ratio
should be controlled lower than those values to
prevent the alkaline corrosion if the hide-out oc-
curs.

(c) Volatile treatment

The volatile treatment is the method of adjust-
ing the pH of boiler water by using only volatile
substances like hydrazine, ammonia and volatile
amines to prevent the alkaline corrosion and the
hide-out problems. In the case of high pressure
boilers, the amount of impurities in the feedwater
should be strictly lowered, and the total solids in
the boiler water should be controlled at the low-
est level to minimize scaling on the heat transfer
surfaces and to keep the steam purity.

In the case of once through boilers, the volatile
treatment has to be applied because the structure
requires to eliminate any solid substances, such
as phosphates, from the boiler water.

In this treatment, since the pH of boiler water is
low and nearly the same as the feedwater pH, the
presence of silica and dissolved oxygen in the
feedwater may cause the carryover and corrosion
problems. Therefore, sufficient control of the feed-
water quality is essential under the volatile treat-
ment.

(d) Oxygen treatment

The oxygen treatment is classified into two cat-
egories of the neutral water treatment and the com-
bined water treatment. In the case of neutral water
treatment, neutral demineralized water is used as
the feedwater and the dissolved oxygen is con-
trolled at 20 ppb or higher. Under the combined
water treatment, the feedwater pH is controlled
within the range of 8.0 to 8.5 and the dissolved
oxygen is maintained in rather higher range of 100
to 200 ppb. The oxygen treatment inhibits the
corrosion of steels by passivating them with dis-
solved oxygen and prevents the scaling of iron
oxides in the boilers.

Therefore, the oxygen treatment requires more
strict control of feedwater quality than that of vola-
tile treatment. This treatment has been developed
and applied for once through boilers in Germany
and Russia during these ten years or longer, and
the trial application has been carried out in Japan
recently.

(3) Control items for feedwater quality

Table 2.24 shows the control items of feedwater
quality and their purposes. The aims of control-
ling feedwater quality are classified into corrosion
inhibition, scale inhibition and the maintenance
of steam purity

(@ pH

As the water pH becomes higher, the corrosion
rate of carbon steel lowers. On the other hand,
the corrosion rate of copper tends to increase at



Table 2.24 Control items of feedwater quality
and their purposes

Control item Purpose

pH Corrosion inhibition

Prevention of scaling caused by
corrosion products

Total hardness | Scale control on heat transfer surface
Reduction of sludge formation

Oils and fats Prevention of foaming and carryover
in boiler
Prevention of carbon scale on heat

transfer surface

Dissolved Corrosion inhibition

oxygen

Total iron and | Prevention of scaling on heat transfer
total copper surface

Prevention of under deposit corrosion

Hydrazine Corrosion inhibition of feedwater line,
boiler and condensate line

Electrical Corrosion and scale control

conductivity Maintenance of steam purity

Silica Scale prevention on heat transfer

surface

Maintenance of steam purity

the pH of higher than 9 as shown in Figure
2.58(p.2-38). Therefore, the pH of feedwater,
should be controlled in an appropriate range de-
pending on the kinds of materials constituting a
system.

For boilers feeding fresh or softened water, the
pH of the feedwater is controlled in the range of 7
to 9. When the boiler is equipped with a feedwater
heater or an economizer, the pH is controlled at
about 9 to inhibit the corrosion.

In the case of medium or high pressure boilers
feeding demineralized water, it is more important
to control the corrosion of feedwater line because
scaling due to corrosion products coming into the
boiler with the feedwater becomes severer as the
pressure increases. The pH of feedwater is gen-
erally controlled in the range of 8.5 to 9.0 for the
system using copper and copper alloys, and 9.0 to
9.5 for the systems without copper materials.

In the oxygen treatment, the pH of feedwater is
controlled in the range of 6.5 to 9.0 by using vola-
tile amines or ammonia if the pH adjustment is
necessary.

(b) Total hardness

In the case of recent low pressure boilers of 20
kgf/cm? or lower, since the evaporation rate is
high and exceeds 50 kg/m?h, they tend to suffer
the scaling problems. When the water blowdown
is reduced to save energy, the total hardness of
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feedwater has to be severely controlled below 1
mg CaCO;/! for the non-scale operation.

For the boilers with the pressure of higher than
20 kgf/cm?, the demineralized water of zero hard-
ness has to be used as the feedwater, because of
the higher scaling tendency.

(c) Oils and fats

Oils and fats in the feedwater should be con-
trolled as nearly as possible to zero.

Since the operations of high pressure boilers are
greatly suffered by the fouling of the heat transfer
surface with oils and fats, their entering into boil-
ers has to be prevented.

(d) Dissolved oxygen

In the boilers without deaerator, dissolved oxy-
gen concentration in the feedwater is generally
high. Therefore, to keep the dissolved oxygen in
the feedwater as low as possible, the increase of
feedwater temperature at the open section like the
feedwater tank is an effective measure.

In the case of water-tube boilers with the pres-
sures of higher than 20 kgf/cm?, deaerators should
be equipped because of the heavy corrosion
ca