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ABSTRACT

The ChemistryHandbook was developed to assist nuclear facility operating contractors
in providing operators, maintenance personnel, and the technical staff with the necessar
fundamentals training to ensure a basic understanding of chemistry. The handbook include
information on the atomic structure of matter; chemical bonding; chemical equations; chemica
interactions involved with corrosion processes; water chemistry control, including the principles
of water treatment; the hazards of chemicals and gases, and basic gaseous diffusion process
This information will provide personnel with a foundation for understanding the chemical
properties of materials and the way these properties can impose limitations on the operation ¢
equipment and systems.
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OVERVIEW

The Department of Energy Fundamentals Handbeokitled Chemistrywas prepared as

an information resource for personnel who are responsible for the operation of the Department’
nuclear facilities. An understanding of chemistry will enable contractor personnel to understanc
the intent of the chemical concerns within their facility. A basic understanding of chemistry is
necessary for DOE nuclear facility operators, maintenance personnel, and the technical staff 1
safely operate and maintain the facility and facility support systems. The information in the
handbook is presented to provide a foundation for applying engineering concepts to the job. Thi
knowledge will help personnel understand the impact that their actions may have on the safe ar
reliable operation of facility components and systems.

The Chemistryhandbook consists of five modules that are contained in two volumes. The
following is a brief description of the information presented in each module of the handbook.

Volume 1 of 2
Module 1 - Fundamentals of Chemistry
Introduces concepts on the atomic structure of matter. Discusses the periodic tabl
and the significance of the information in a periodic table. Explains chemical
bonding, the laws of chemistry, and chemical equations.

Appendk A - Basic Separation Theory

Introduces basic separation theory for the gaseous diffusion process.
Discusses converter construction and basic operating principals.

Module 2 - Corrosion

Supplies basic information on the chemical interaction taking place during the
corrosion process between the environment and the corroding metal.
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OVERVIEW (Cont.)

Volume 2 of 2
Module 3 - Reactor Water Chemistry

Describes the chemical measures taken to retard the corrosion often found in wate
systems. The consequences of radioactivity on facility cooling water systems are
also addressed.

Module 4 - Principles of Water Treatment

Details the principles of ion exchange in the context of water purity. Discusses
typical water treatment methods and the basis for these methods.

Module 5 - Hazards of Chemicals and Gases

Explains why certain chemicals are considered hazardous to facility personnel.
Includes general safety rules on handling and storage.

The information contained in this handbook is by no means all encompassing. An attemp
to present the entire subject of chemistry would be impractical. HoweverCtiemistry
Handbook does present enough information to provide the reader with a fundamental knowledg
level sufficient to understand the advanced theoretical concepts presented in other subject are
and to better understand basic system and equipment operation.
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TERMINAL OBJECTIVE

1.0 Without referenceDESCRIBE the characteristics of an atom.

ENABLING OBJECTIVES

1.1 DEFINE the following terms:

a. States of matter d. Mole
b. Atomic weight e. Gram atomic weight
C. Molecular weight f. Gram molecular weight

1.2  LIST the components of an atom, their relative sizes, and charges.
1.3 STATE the criterion used to classify an atom chemically.

1.4  DEFINE the following subdivisions of the periodic table:

a. Periods of the periodic table
b. Groups of the periodic table
C. Classes of the periodic table

1.5 Given a periodic tabldDENTIFY the following subdivisions:

a. Periods of the periodic table
b. Groups of the periodic table
C. Classes of the periodic table

1.6 LIST the characteristics that elements in the same group on the periodic table share.

1.7 DEFINE the term valence.
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TERMINAL OBJECTIVE

2.0 Given an incomplete chemical equatidBALANCE the equation by the method
presented.

ENABLING OBJECTIVES

2.1 DEFINE the following terms:

a. lonic bonds C. Covalent bonds
b. Van der Waals forces d. Metallic bonds

2.2 DESCRIBE the physical arrangement and bonding of a polar molecule.

2.3 DESCRIBE the three basic laws of chemical reactions.

2.4  STATE how elements combine to form chemical compounds.

2.5 EXPLAIN the probability of any two elements combining to form a compound.
2.6  DEFINE the following terms:

a. Mixture C. Solubility e. Solution
b. Solvent d. Solute f. Equilibrium

2.7 STATE Le Chatelier’s principle.
2.8 DEFINE the following terms:

a. ppm C. Density
b. Molarity d. Normality

2.9 BALANCE chemical equations that combine elements and/or compounds.
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TERMINAL OBJECTIVE

3.0 Given sufficient information about a solutioBALCULATE the pH and pOH of the
solution.

ENABLING OBJECTIVES

3.1 DEFINE the following terms:

a. Acid e. Base

b. Salt f. pH

C. pOH g. Dissociation constant of water
d. Alkalies

3.2  STATE the formula for pH.
3.3 STATE the formula for pOH.

3.4 CALCULATE the pH of a specified solution.
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CHARACTERISTICS OF ATOMS

Chemistry is defined as the systematic investigation of the properties,

structure, and behavior of matter and the changes matter undergoes. This
general definition raises many questions. These questions are answered in
the study of chemistry. Terms and basic concepts that help in understanding
chemistry will be discussed in this chapter.

EO 11 DEFINE the following terms:
a. States of matter d. Mole
b. Atomic weight e. Gram atomic weight
C. Molecular weight  f. Gram molecular weight
EO 1.2 LIST the components of an atom, their relative sizes, and
charges.
EO 1.3 STATE the criterion used to classify an atom chemically.

Characteristics of Matter

The termstates of matterefers to the physical forms in which matter exists: solid, liquid, and
gas. Solids are characterized as having both a definite shape and a definite volume. In a solid,
the forces that keep the molecules or atoms together are strong. Therefore, a solid does not
require outside support to maintain its shape.

Liquids have definite volumes but indefinite shapes and are slightly compressible. Liquids take
the shape of their containers. The forces that keep a liquid's molecules or atoms together are
weaker than in the solids.

Gases are readily compressible and capable of infinite expansion. They have indefinite shape and
indefinite volume. Of the three states, gases have the weakest forces holding their molecules or
atoms together.

The different states of matter have one thing in common; they can all be broken down into
fundamental units called atoms.

Rev. 0 Page 1 CH-01
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The Atom Structure

All matter is composed of atoms, existing individually or in combination with each other. An
atom is an extremely small electrically-neutral particle. It is the smallest unit involved in the
chemical change of matter. Atoms can be treated as distinct particles because they behave as
such chemically, but atoms themselves are composed of even smaller subparts. Understanding
these atomic subparticles is important in understanding chemistry.

An atom is composed of a positively-charged nucleus orbited by one or more negatively-charged
particles called electrons. A simplified schematic representation of this arrangement is illustrated

in Figure 1. The nucleus is the core of an atom. It has a positive charge because it usually
consists of two particles, the neutron and the proton (hydrogen is the exception with only a
proton in the nucleus). The neutrons are electrically neutral, and the protons are electrically
positive. A nucleus with one proton has a charge of +1 (or simply 1), and a nucleus with two
protons has a +2 charge. Together the neutrons and protons give the nucleus its mass, but the
proton alone gives the nucleus its positive charge.

Neutrons and protons are relatively massive and are essentially equal in mass.

ELECTRON NEUTRON
ORBITS
NUCLEUS
PROTON

<:> ELECTRON

Figure 1 Schematic of a Simple Atom (Helium)
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The particles that orbit the nucleus are electrons. They are very small, with a mass only 1/1835
the mass of a proton or neutron. Each electron is negatively charged, and the charge of one
electron is equal in magnitude (but opposite in sign) to the charge of one proton. The number
of electrons orbiting a nucleus is exactly equal to the number of protons contained in that
nucleus. The equal and opposite charges cancel each other, and the atom as a whole is neutral.
The electrons are bound in the atom by electrostatic attraction. The atom remains neutral unless
some external force causes a change in the number of electrons.

The diameter of the atom is determined by the range of the electrons in their travels around the
nucleus and is approximately®30 cm. The diameter of the nucleus is roughly 10,000 times
smaller, approximately '8 to 3 cm. Because the nucleus is composed of neutrons and
protons that are about 1835 times heavier than an electron, the nucleus contains practically all
the mass of the atom, but constitutes a very small fraction of the volume. Although electrons
are individually very small, the space in which they orbit the nucleus constitutes the largest part
of the atomic volume.

Figure 1 illustrates these size relationships, but not to scale. If the nucleus were the size shown,
the electrons would be several hundred feet away.

Some of the properties of the atom and its component parts are summarized in Table 1. The
masses listed in Table 1 are measured in atomic mass units (amu), which is a relative scale in
which the mass of a proton is about 1.0.

TABLE 1
Properties of the Atom and its Fundamental Particles
Particle Name Relative Mass Relative Charge
(amu) (based on charge of proton)
Electron 0.00055 or 1/1835 -1
Proton 1.0 1
Neutron 1.0 0

Chemical Elements

An atom is classified chemically by the number of protons in its nucleus. Atoms that have the
same number of protons in their nuclei have the same chemical behavior. Atoms that have the
same number of protons are grouped together and constitute a chemical element.

Rev. 0
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Chemical Symbols

At one time chemists used various symbols, similar to shorthand, for the atoms of the
different elements. These symbols were very cumbersome and were replaced by
abbreviations of the names of the elements. Each element has been assigned a specific
one or two letter symbol based on the first letter of its chemical name. Because there are
several elements with the same first letter, it is often necessary to add the second letter
to the symbol. In some cases the symbol comes from an abbreviation for the old latin
name of the element. For example, Fe stands for iron (ferrum) and Cu for copper
(cuprum). The first letter of the chemical symbol is always capitalized. If the symbol
has two letters, the second letter is always lowercase.

Atomic Number

The number of protons in the nucleus plays such an important role in identifying the
atom that it is given a special name, dt@mic numberThe symbol Z is often used for
atomic number (or number of protons). Hydrogen has an atomic number of 1 and
lawrencium has an atomic number of 103. The atomic number is also equal to the
number of electrons.

Atomic Mass Number

The sum of the total number of protons, Z, and the total number of neutrons, N, is called
theatomic mass numbefhe symbol is A. Not all atoms of the same element have the
same atomic mass number, because, although the Z is the same, the N and thus the A are
different. Atoms of the same element with different atomic mass numbers are called
isotopes

Atomic Weight

In Table 1, the masses of atomic particles are given in atomic mass units (amu). These

units represent a relative scale in which the mass of the isotope carbon-12 is used as the
standard and all others are related to it. Specifically, 1 amu is defined as 1/12 the mass
of the carbon-12 atom. Since the mass of a proton or a neutron is approximately 1 amu,

the mass of a particular atom will be approximately equal to its atomic mass number, Z.

The atomic weight of an element is generally more useful than isotopic masses. The
atomic weighbf an element is defined as the weighted average of the masses of all of
its natural occurring isotopes. The atomic weight of the elements are listed in Table 2.
The elements that have their atomic weights in parentheses are unstable. For these
elements, the atomic weight of the longest living isotope is used rather than the average
of the masses of all occurring isotopes.

CH-01
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TABLE 2
Table of Elements
Atomic Atomic Atomic Atomic
Name and Symbol Number Weight Name Numbegr Weight
(amu) (amu)
Actinium Ac 89 (227) Curium Cm 96 (247)
Aluminum Al 13 26.981 Dysprosium Dy 66 162.50
Americium Am 95 (243) Einsteinium Es 99 (252)
Antimony Sh 51 121.75 Erbium Er 68 167.26
Argon Ar 18 39.948 Europium Eu 63 151.96
Arsenic As 33 74.921 Fermium Fm 100 (257)
Astatine At 85 (210) Fluorine F 9 18.998
Barium Ba 56 137.34 Francium Fr 87 (223)
Berkelium Bk 97 (247) Gadolinium Gd 64 157.25
Beryllium Be 4 9.012 Gallium Ga 31 69.72
Bismuth Bi 83 208.980 | Germanium Ge 32 72.59
Boron B 5 10.811 Gold Au 79 196.967
Bromine Br 35 79.909 Hafnium Hf 72 178.49
Cadmium Cd 48 112.40 Helium He 2 4.0026
Calcium Ca 20 40.08 Holmium Ho 67 164.93(
Californium Cf 98 (251) Hydrogen H 1 1.0079
Carbon C 6 12.011 Indium In 49 114.82
Cerium Ce 58 140.12 lodine I 53 126.904
Cesium Cs 55 132.905 Iridium Ir 77 192.2
Chlorine Cl 17 35.453 Iron Fe 26 55.874
Chromium Cr 24 51.996 Krypton Kr 36 83.80
Cobalt Co 27 58.933 Lanthanum La 57 138.91
Copper Cu 29 63.546 Lawrencium Lw 103 (260)
Rev. 0 Page 5 CH-01
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TABLE 2 (Cont.)
Table of Elements
Atomic Atomic Atomic Atomic
Name and Symbol Number Weight Name Numbegr Weight
(amu) (amu)

Lead Pb 82 207.19 Potassium K 19 39.10P
Lithium Li 3 6.939 Praseodymium Pr 59 140.90
Lutetium Lu 71 174.97 Protactinium Pa 91 231.0
Magnesium Mg 12 24.312 Promethium Pnj 61 (145
Manganese Mn 25 54.938 Radium Ra| 88 226.0R
Mendelevium Md 101 (258) Radon Rn 86 (222)
Mercury Hg 80 200.59 Rhenium Re 75 186.2
Molybdenum Mo 42 95.94 Rhodium Rh 45 102.90
Neodymium Nd 60 144.24 Rubidium Rb 37 85.47
Neon Ne 10 20.183 Ruthenium Ru 44 101.07
Neptunium Np 93 237.05 Samarium Sm 62 150.3%
Nickel Ni 28 58.71 Scandium Sc 21 44.956
Niobium Nb 41 92.906 Selenium Se 34 78.96
Nitrogen N 7 14.006 Silicon Si 34 78.96
Nobelium No 102 (259) Silver Ag 47 107.87
Osmium Os 76 190.2 Sodium Na 11 22.984
Oxygen ©) 8 15.999 Strontium Sr 38 87.62
Palladium Pd 46 106.41 Sulfur S 16 32.064
Phosphorus P 15 30.973 Tantalum T4 73 180.94
Platinum Pt 78 195.09 Technetium TC 43 (98)
Plutonium Pu 94 (244) Tellurium Te 52 127.60
Polonium Po 84 (209) Terbium Tb 65 158.92

CH-01 Page 6 Rev. 0
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TABLE 2 (Cont.)
Table of Elements
Atomic Atomic Atomic Atomic
Name and Symbol Number Weight Name Numbegr Weigh
(amu) (amu)
Thallium Tl 81 204.37 Vanadium V 23 50.942
Thorium Th 90 232.03 Xenon Xe 54 131.30
Thulium m 69 168.93 Ytterbium Yb 70 173.04
Tin Sn 50 118.69 Yttrium Y 39 88.905
Titanium Ti 22 47.90 Zinc Zn 30 65.37
Tungsten W 74 183.85 Zirconium Zr 40 91.22
Uranium U 92 238.03
Molecules

Moleculesare groups or clusters of atoms held together by means of chemical bonding. There
are two types of molecule; molecules of an element and molecules of a compound.

Molecules of an Element

In certain cases, two single atoms of an element can be attracted to one another by a
bond to form a molecule. Examples of this are hydrogen, oxygen, and bromine. The
molecular formulas for these arg H, O, and Br. Most gaseous elements exist as
molecules of two atoms.

Molecules of a Compound

Two atoms of different elements held together by a bond form a compound. The
molecule is the primary particle of a chemical compound. Some examples of this type of
molecule include hydrogen chloride (HCI), water,(H O), methang (CH), and
ammonia (NH ).

Molecular Weight

The weight of a molecule, thaolecular weightjs the total mass of the individual
atoms. Therefore, it is fairly simple to calculate the mass of any molecule if its formula
is known (that is, the elements and the number of each that make up the molecule). Note
that the terms mass and weight are used interchangeably in chemistry.

Rev. 0
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Example 1:

The compound water has aformula of HO. This means there is one atom d
oxygen and two atoms of hydrogen. Calculate the molecular weight.

Solution:

The molecular weight is calculated as follows:

1l aom x 16.000 (the atomic weight of oxygen) = 16.000 amu
2 atoms x 1.008 (the atomic weight of hydrogen) = 2.016 amu

molecular weight of water = 18.016 amu

Example 2:

Calculate the molecular weight of HSO,.

Solution:
hydrogen 2 atoms x 1.008 amu = 2.016 amu
sulfur 1 atom x 32.064 amu = 32.064 amu
X =
molecular weight = 98.076 amu
Example 3:

Calculate the molecular weight of HCI.

Solution:
hydrogen 1 atom x 1.008 amu = 1.008 amu
hlorin 1 atom x 354 = 354
molecular weight = 36.461 amu
Avogadro's Number

Consider one atom of oxygen and one atom of sulfur, and compare their atomic weights.
Oxygen's atomic weight = 15.999 amu
Sulfur's atomic weight = 32.06 amu

The sulfur atom weighs approximately twice as much as the oxygen atom.
(32.06 + 15.99= 2)

CH-01 Page 8 Rev.0
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Because the sulfur atom weighs twice as much as an oxygen atom, a one gram sample of oxygen
contains twice as many atoms as a one gram sample of sulfur. Thus, a two gram sample of sulfur
contains the same number of atoms as a one gram sample of oxygen.

From this previous example, one might suggest that a relationship exists between the weight of
a sample and the number of atoms in the sample. In fact, scientists have determined that there
is a definite relationship between the number of atoms in a sample and the sample's weight.
Experimentation has shown that, for any element, a sample containing the atomic weight in
grams contains 6.022 x %20 atoms. Thus 15.999 grams of oxygen contains 6.622 x 10 atoms,
and 32.06 grams of sulfur contains 6.022 210 atoms. This number (6.022 x 10 ) is known
asAvogadro's numberThe importance of Avogadro's number to chemistry should be clear.

It represents the number of atoms in X grams ofed@ement, where X is the atomic weight of

the element. It permits chemists to predict and use exact amounts of elements needed to cause
desired chemical reactions to occur.

The Mole

A single atom or a few atoms are rarely encountered. Instead, larger, macroscopic quantities
are used to quantify or measure collections of atoms or molecules, such as a glass of water, a
gallon of alcohol, or two aspirin. Chemists have introduced a large unit of matter, the mole, to
deal with macroscopic samples of matter.

One mole represents a definite number of objects, substances, or particles. (For example, a mole
of atoms, a mole of ions, a mole of molecules, and even, theoretically, a mole of elephants.) A
moleis defined as the quantity of a pure substance that contains 6.022 x 10 units (atoms, ions,
molecules, or elephants) of that substance. In other words, a mole is Avogadro's number of
anything.

For any element, the mass of a mole of that element's

atoms is the atomic mass expressed in units of grams.  ¢op COPPER
For example, to calculate the mass of a mole|of — ™
copper atoms, simply express the atomic mass| of
copper in units of grams. Because the atomic mas
copper is 63.546 amu, a mole of copper has a mag
63.546 grams. The value for the atomic mass of g

is 196.967 amu. Therefore, a mole of gold has a mass gy
196.967g

of 196.967 grams. The mass of a mole of atomg is
called thegram atomic welgh(GAW) The mole EACH SPHERE CONTAINS
concept allows the conversion of grams of a substapce 6.022x1023 ATOMS

to moles and vice versa.
Figure 2 A Mole of Gold Compared to a
Figure 2 contains a ball of gold and a ball of copper. Mole of Copper
The two balls are of different masses and different
sizes, but each contains an identical number of atoms.
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Example 1:
A silver bar has a mass of 1870 grams. How many moles of silver are in the bar?

Solution:

Since the atomic mass of silver (Ag) is 107.87 amu, one mole of silver has a mass b
107.87 grams. Therefore, there is one mole of Ag per 107.87 grams of Ag 0
1 mole Ag

107.87 grams Ag

. There are 1870 grams of silver.

1870 grams Ag 9 1 mole Ag
1 107.87 grams Ag

= 17.3 mole Ag

Example 2:

Mercury (Hg) isthe only metal that exists as a liquid at room temperature. It isised in
thermometers. A thermometer contains 0.004 moles of mercury. How many grams
mercury are in the thermometer?

Solution:

Since the atomic mess of Hg is 201 amu, one mole of Hg has a mass of 201 grams of Hg

or 201 grams Hg . There are 0.004 moles of Hg.
1 mole Hg

0.004 moles Hg 201 grams Hg _
1 1 mole Hg

0.8 grams Hg

M ole of M olecules

The mass of a mole of molecules of a substance is the molecular mass expressed in grams. For
example, an oxygen molecule (O) has a molecular mass equivalent to 32.0 grams because each
oxygen atom has a molecular mass of 16.0 grams. (Recall that to obtain the molecular mass, the
atomic masses of all atoms that appear in the formula are added.) If the atomic masses of ta
carbon and four hydrogen @oms in methane, CH,, are added, the total is 16 amu. Therefore, one
mole of CH, has amass of 16 grams. The mass of a mole of molecules is called the molar mass
or gram molecular weightGMW).
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Summary

The important information found in this chapter is summarized below.

Characteristics of Atoms Summary
. The following terms are defined:

States of matter is a term which refers to the physical forms in which
matter exists; solid, liquid and gas. Solids are characterized as having
both a definite shape and a definite volume. Liquids have definite
volumes but indefinite shapes and are slightly compressible. Gases
are readily compressible and capable of infinite expansion.

Atomic weight is defined as the weighted average of the masses of all
its natural occurring isotopes.

Molecular weight will be the total weight of the individual atoms of
a molecule.

A mole is Avogadro's number of any substance.
Gram atomic weight is the mass of a mole of atoms.
Gram molecular weight is the mass of a mole of molecules, (GMW).
. The components of an atom are protons, neutrons, and electrons. A protor|
has a mass of 1.0 amu and a positive charge (+1). The neutron also has ja

mass of 1.0 amu but is neutral in charge. The electron has a mass of .0005
or 1/1835 amu and a negative charge (-1).

ot

. An atom is classified chemically by the number of protons in its nucleus.
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THE PERIODIC TABLE

All known elements fall into a pattern when placed in a periodic table, and
the position in this pattern is decided by the element's atomic number. This
chapter will discuss the significance of this fact.

EO 14 DEFINE the following subdivisions of the periodic table:
a. Periods of the periodic table
b. Groups of the periodic table
C. Classes of the periodic table
EO 15 Given a periodic table, IDENTIFY the
following subdivisions:
a. Periods of the periodic table
b. Groups of the periodic table
C. Classes of the periodic table
EO 1.6 LIST the characteristics that elements in the

same group on the periodic table share.

EO 1.7 DEFINE the term valence.

Periodic Table

Over many years of chemical investigation, scientists have discovered a remarkable feature
of the elements. If the elements are arranged in the order of their atomic numbers, the
chemical properties of the elements are repeated somewhat regularly. To a lesser extent, the
physical properties are also repeated periodically. This periodic repetition can be seen in
Table 3. Compare the properties of lithium (Li), sodium (Na), and potassium (K), and also
those of beryllium (Be), magnesium (Mg), and calcium (Ca). In the list of elements shown

in Table 3 the properties are repeated every eighth element.

TABLE 3
Description of the Properties of the First Twenty Elements

Element | Symbo| Atomic| Atomi Description of Properties
Number| Weight

Hydrogen H 1 1.008| Colorless gas, reacts readily with oxygen to form H O;
forms HCI with chlorine.

Helium He 2 4.003| Colorless gas, very non-reactive chemically.
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TABLE 3 (Cont.)
Description of the Properties of the First Twenty Elements

Lithium Li 3 6.939 | Silvery white, soft metal, very reactive chemically, forms Li O gnd
LiCl readily.

Beryllium Be 4 9.012( Grey metal, much harder than lithium, fairly reactive chemically,
forms BeO and BeCl easily.

Boron B 5 10.811 Yellow or brown non-metal, very hard element, not very reactjve, but
will form B.O, and BCJ

Carbon C 6 12.011 Black non-metal, brittle, non-reactive at room temperature. Fprms
CQ, and C(J .

Nitrogen 7 14.007 Colorless gas, not very reactive, will form:N O ang NH .

Oxygen (0] 8 15.999 Colorless gas, moderately reactive,will combine with most elgments,
forms CQ, MgO, etc.

Fluorine F 9 18.998 Green-yellow gas, extremely reactive, irritating to smell,
forms NaF, Mgk .

Neon Ne 10 20.183 Colorless gas, very non-reactive chemically.

Sodium Na 11 22.990 Silvery soft metal, very reactive chemically, formns Na O and INaCl.

Magnesium Mg 12 24.31p Silvery white metal, much harder than sodium. Fairly reactivg, forms
MgO and MgCJ .

Aluminum Al 13 26.982| Silvery white metal, like magnesium but not as reactive. Forms
Al QO and AICL,.

Silicon Si 14 28.08q9 Gray, non-metallic, non-reactive at room temperature, forms $iO
and SiC] .

Phosphorus P 15 30.974 Black, red, violet, or yellow solid, low melting point, quite redctive,
forms B Q and PGl .

Sulfur S 16 32.064 Yellow solid with low melting point. Moderately reactive, compines
with most elements, forms $O , MgS, etc.

Chlorine Cl 17 35.453 Greenish-yellow gas, extremely reactive, irritating to smell, foyms
NaCl, MgCl,.

Argon Ar 18 39.948] Colorless gas, very non-reactive chemically.

Potassium K 19 39.10PR Silver soft metal, very reactive chemically, foms K O and K{lI.

Calcium Ca 20 40.080 Silver-white metal, much harder than potassium, fairly reactive,
forms CaO and Cagl .
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A table in which elements with similar chemical properties are grouped together is called a
periodic table. One of the most common versions is shown in Figure 3. In this table,
elements are arranged in order of increasing atomic number in succeeding rows. Each
horizontal row is called period. Note that some periods are longer than others. Elements
with similar chemical properties appear in vertical columns cglledps Each group is
designated by a Roman numeral and a capital letter, except the one on the extreme right-hand
side, Group O (the inert gases). At the bottom of the periodic table are two long rows of
elements identified as the lanthanide series and the actinide series. They are separated from
the table primarily to keep it from becoming too wide. Also, the elements within each of
these two series show similar chemical properties.

The number directly below each element is its atomic number, and the number above each

element is its atomic weight. In several cases the atomic weights are in parentheses. This
indicates that these elements have no stable isotopes; that is, they are radioactive. The value
enclosed in parentheses and used for the atomic weight is the atomic mass number of the most
stable known isotope, as indicated by the longest half-life.
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Classes of the Periodic Table

There are three broadassesf elements. These are the metals, the non-metals, and the
semi-metals. These three classes are grouped together on the periodic table as shown on
Figure 4.

CLASSES

NONMETALS

SEMI-METALS

| R |

METALS

Figure 4 Regional Schematic of Periodic Table

Metals

The metals constitute the largest class of elements and are located on the left and
toward the center of the periodic table as shown in Figure 4. In Figure 3, the heavy
line running step-wise from boron (B) to astatine (At) generally separates the metals
from the rest of the elements (elements in the actinide and lanthanide series are
metals). Metals tend to lose electrons to form positive ions rather than to gain
electrons and become negative ions.
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Most people are familiar with metals' physical properties. They are usually hard and
strong, capable of being shaped mechanically (malleable and ductile), and good
conductors of heat and electricity, and they have lustrous surfaces when clean. More
important for chemical classification are the chemical properties of metals because the
physical properties are not common to all metals. For example, mercury (Hg) is a
metal, although it is a liquid at room temperature, and sodium is a metal although it
is not at all hard or strong. Metals can be involved in a wide range of chemical
reactions. Their reactions with water range from violent with sodium and potassium
to imperceptible with gold and platinum. Metals are divided into the following two
categories.

1. The light metals, which are soft, have a low density, are very reactive
chemically, and are unsatisfactory as structural materials.

2. The transition metals, which are hard, have a high density, do not react
readily, and are useful structural materials.

The metals in Category 1 are located at the far left of the table (Groups IA and IIA).
The metals in Category 2 are located in the middle of the table (the B groups).

Nonmetals

The nonmetals occupy the part of the periodic table to the right of the heavy, step-like
line. (refer to Figure 3 and Figure 4)

In general, the physical properties of the nonmetals are the opposite of those
attributed to metals. Nonmetals are often gases at room temperature. The nonmetals
that are solids are not lustrous, are not malleable or ductile, and are poor conductors
of heat and electricity. Some nonmetals are very reactive, but the nature of the
reactions is different from that of metals. Nonmetals tend to gain electrons to form
negative ions rather than to lose electrons to form positive ions.

The six elements in Group 0 represent a special subclass of nonmetals. They are all
very unreactive gases, so they are called the inert gases. For many years it was
believed that the inert gases would not and could not participate in chemical reactions.
In 1962, the first true compounds of an inert gas,,XeF and XePtF , wéreghps
identified.

Since that time, several other compounds have been prepared. The preparation of

these compounds requires special conditions; under ordinary conditions, the inert
gases may be considered nonreactive.

Semi-Metals
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The obvious trend in the periodic table is that from left to right, across any period, the
elements change from distinctly metallic (Group 1A) to distinctly nonmetallic
(Group VIIA). This change in character is not sharply defined, but is gradual.
Generally, elements well to the left of the heavy diagonal line are metals, and those well
to the right are nonmetals. Some of the elements near the line, however, exhibit
properties of metals under some conditions and properties of nonmetals under other
conditions. These elements are called the semi-metals and include boron (B),
silicon (Si), germanium (Ge), arsenic (As), and tellurium (Te). They are usually
classified as semi-conductors of electricity and are widely used in electrical components.

Group Characteristics

Each set of elements appearing in the vertical column of a periodic table is called a Group and
represents a family of elements that have similar physical and chemical properties. Group IA
is the Alkali Family; Group IIA is the Alkaline Earth Family; Group VIA is the Oxygen Family;
Group VIIA is the Halogen Family. On the left side of the table are Group IA elements (except
hydrogen), which are soft metals that undergo similar chemical reactions. The elements in
Group A form similar compounds and are much harder than their neighbors in Group IA.

As shown in the previous section, there are some exceptions to the generalizations concerning
chemical properties and the periodic table. The most accurate observation is that all elements
within a particular group have similar physical and chemical properties.

This observation is most accurate at the extreme sides of the table. All elements in Group 0 are
unreactive gases, and all elements in Group VIIA have similar chemical properties, although
there is a gradual change in physical properties. For example, fluorine (F) is a gas while
iodine (I) is a solid at room temperature.

Groups with a B designation (IB through VIIB) and Groul ¥re called transion groups.

In this region of the table, exceptions begin to appear. Within any group in this region, all the
elements are metals, but their chemical properties may differ. In some cases, an element may
be more similar to neighbors within its period than it is to elements in its group. For example,
iron (Fe) is more similar to cobalt (Co) and nickel (Ni) than it is to ruthenium (Ru) and
osmium (Os). Most of these elements have several charges, and their ions in solution are
colored (ions of all other elements are colorless).

The line separating metals from nonmetals cuts across several groups. In this region of the
table, the rule of group similarities loses much of its usefulness. In Group IVA, for example,
carbon (C) is a nonmetalijison (Si) and germanium (Ge) are semi-metals; and tin (Sn) and
lead (Pb) are metals.
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Chemical activity can also be determined from position in the periodic table. The most active
metals are the members of the Alkali Family, e.g., cesium (Cs) and francium (Fr). The most
active nonmetals are the members of the Halogenilfsee.g., fluorine (F) and chlorine (ClI).

The Noble Gases in Group 0 are inert. The activity of metals decreases when proceeding to the
right in the periodic table; the activity of nonmetals decreases when proceeding to the left.

Atomic Structure of Electrons

Based on experimental data, it is known that chemical reactions involve only the electrons in
atoms. In fact, only some of the electrons are involved. Because chemical properties are
periodic, there must also be a periodic characteristic about electrons. This characteristic is the
manner in which electrons are arranged in the atom. Electrons are in constant motion around
the nucleus. They have both kinetic and potential energy, and their total energy is the sum of
the two. The total energy is quantized; that is, there are definite, discrete values of total energy
that atomic electrons can possess. These energy states can be visualized as spherical shells
around the nucleus separated by forbidden areas where electrons cannot exist in a stable state.
This sort of arrangement is illustrated in Figure 5.

FLUORINE

CHLORINE
BROMINE
IODINE

IN THE DIAGRAM ABOVE, THE DARK AREAS REPRESENT THE ELECTRON CLOUDS OR SHELLS. THE NUCLEI
OF THE ATOMS HAVE NOT BEEN SHOWN. THE DARK AREAS IN THE CENTER REPRESENT THE INNERMOST SHELL.

Figure 5 Electron Shells of Atoms

It is customary to speak of electron shells around the nucleus, and the shells are referred to by
number. The first, or No. 1, shell is the one nearest the nucleus; the second, or No. 2, shell is
next; then the third, or No. 3, shell; and so on in numerical order. In general, electrons closer
to the nucleus have a lower energy state. Atomic electrons always seek the lowest energy state
available.
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The electron shells represent major energy states of electrons. Each shell contains one or more
subshells called orbitals, each with a slightly different energy. In order of increasing energy, the
orbitals are designated by the small letters s, p, d, f, g, h.

No two shells consist of the same number of orbitals. The first shell contains only one orbital,
an s orbital. The second shell contains s and p orbitals. In general, each higher shell contains
a new type of orbital:

the first shell contains an s orbital,

the second shell contains s and p orbitals,
the third shell contains s, p, and d orbitals,
the fourth shell contains s, p, d, and f orbitals,

and so on. Each orbital can hold a definite maximum number of electrons. There is also a limit
to the number of electrons in each shell and the limit increases as one goes to higher shells. The
numbers of electrons that can occupy the different orbitals and shells are shown in Table 4.

TABLE 4
Electrons, Orbital, and Shell Relationships in Atomic Structure
Shell Number Type of Orbitals Maximum Number of Electrons Maximum Total
in Each Orbital Electrons in shell

1 S 2 2
S 2

2 8
p 6
S 2

3 p 6 18
10
S 2
p 6

4 32
d 10
f 14
S 2
p 6

5 d 10 50
f 14
g 18
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A more specific statement can now be made about which electrons are involved in chemical
reactions. Chemical reactions involve primarily the electrons in the outermost shell of an atom.
The term outermost shell refers to the shell farthest from the nucleus that has some or all of its
allotted number of electrons. Some atoms have more than one patrtially-filled shell. All of the
partially-filled shells have some effect on chemical behavior, but the outermost one has the
greatest effect. The outermost shell is called the valence shell, and the electrons in that shell
are called valence electrons. The teraence(of an atom) is defined as the number of
electrons an element gains or loses, or the number of pairs of electrons it shares when it
interacts with other elements.

The periodic chart is arranged so that the valence of an atom can be easily determined. For the
elements in the A groups of the periodic chart, the number of valence electrons is the same as
the group number; that is, carbon (C) is in Group IVA and has four valence electrons. The
noble gases (Group 0) have eight in their valence shell with the exception of helium, which has
two.

The arrangement in which the outermost shell is either completely filled (as with He and Ne)
or contains eight electrons (as with Ne, Ar, Kr, Xe, Rn) is called the inert gas configuration.
The inert gas configuration is exceptionally stable energetically because these inert gases are
the least reactive of all the elements.

The first element in the periodic table, hydrogen, does not have properties that satisfactorily
place it in any group. Hydrogen has two unique features: (a) the highest energy shell of a
hydrogen atom can hold only two electrons, in contrast to all others (except helium) that can

hold eight or more; and (b) when hydrogen loses its electron, the ion forrhed, H , is a bare

nucleus. The hydrogen ion is very small in comparison with a positive ion of any other element,

which must still have some electrons surrounding the nucleus. Hydrogen can either gain or lose
an electron. It has some properties similar to Group IA elements, and some similar to

Group VIIA elements.

The number of electrons in the outer, or valence, shell determines the relative activity of the
element. The elements are arranged in the periodic table so that elements of the same group
have the same number of electrons in the outer shell (except for the Transition Groups). The
arrangement of electrons in the outer shell explains why some elements are chemically very
active, some are not very active, and others are inert. In general, the fewer electrons an element
must lose, gain, or share to reach a stable shell structure, the more chemically active the element
is. The likelihood of elements forming compounds is strongly influenced by this valence shell
and on the stability of the resulting molecule. The more stable the molecules are, the more
likely these molecules are to form.
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Summary

The important information from this chapter is summarized below.

Periodic Table Summary

. The subdivisions of the periodic table are periods, groups, and classes. Th
horizontal rows are called periods. The vertical columns are called groups.
The entire table consists of three classes: metals, non-metals, and sem
metals.

174

. The subdivisions of the periodic chart have been explained such that thg
student should be able to identify them if given a periodic table.

. Elements of the same group share certain physical and chemical
characteristics. Examples of the characteristics of several groups are liste
below.

Group 0 contains elements that are unreactive gases.

Group IA contains elements that are chemically active soft metals.
Group VIIA contains elements that are chemically active
nonmetals.

Groups IB through VIIB and M are called transon groups and
elements found in them display properties of metals.

. The valenceof an atom is defined as the number of electrons an element
gains or loses, or the number of pairs of electrons it shares when it interact
with other elements.
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CHEMICAL BONDING

The development of matter, no matter what the form, is the result of the
practical application of the assumptions, hypotheses, theories, and laws that
chemists have formulated from their research into the nature of matter,
energy, and change. This chapter will address some of these theories and
laws. Chemical bonds and how atoms bond to form molecules will be
discussed. In addition, an introduction to organic chemistry is provided.

EO 2.1 DEFINE the following terms:

a. lonic bonds C. Covalent bonds
b. Van der Waals forces d. Metallic bonds

EO 2.2 DESCRIBE the physical arrangement and bonding of a polar
molecule.

EO 2.3 DESCRIBE the three basic laws of chemical reactions.
EO 2.4 STATE how elements combine to form chemical compounds.

EO 2.5 EXPLAIN the probability of any two elements combining to
form a compound.

EO 2.6 DEFINE the following terms:
a. Mixture d. Solute

b. Solvent e. Solution
C. Solubility  f. Equilibrium

Chemical Bonding

As stated in the previous chapter, the number of electrons in the outer, or valence, shell
determines the relative activity of the element. The arrangement of electrons in the outer shell
explains why some elements are chemically very active, some are not very active, and others
are inert. In general, the fewer electrons an element must lose, gain, or share to reach a stable
shell structure, the more chemically active the elementis. The likelihood of elements forming
compounds is strongly influenced by the completion of the valence shell and by tlity stab

of the resulting molecule. The more stable the resulting molecules are, the more likely these
molecules are to form. For example, an atom that "needs" two electrons to completely fill the
valence shell would rather react with another atom which must give up two electrons to
satisfy its valence.
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In the case of H + Br, this is likely to take place because the exchange would satisfy the
needs of both atoms. Although there is far more to consider than just the number of valence
electrons, this is a good rule of thumb.

If the atom needed two electrons and only picked up one, it would still actively seek out an
additional electron. The reaction of H +?Te s far less likely to take place because the
resulting molecule would still have an incomplete valence shell. Of course, the combining of
two atoms, when both want to release or gain electrons, may take place (for exgmple; H or
O,) but is less probable when other atoms are available.

Atoms are joined or bonded together through this interaction of their electrons. There are
several types of chemical bonds that hold atoms together; three will be discussed, ionic,
covalent, and metallic.

lonic Bonds
An ionic bondis formed when one or more electrons is wholly transferred from one element

to another, and the elements are held together by the force of attraction due to the opposing
charges. An example of ionic bonding is shown in Figure 6(A) for sodium chloride (table salt).

IONIC BOND — SODIUM CHLORIDE

(»)

NaCl CRYSTAL
(B)

Figure 6 lonic Bond, Sodium Chloride

The sodium atom loses the one electron in its outer shell to the chlorine atom, which uses the
electron to fill its outer shell. When this occurs, the sodium atom is left with a +1 charge and
the chlorine atom a -1 charge. The ionic bond is formed as a result of the attraction of the two
oppositely-charged particles. No single negatively-charged ion has a greater tendency to bond
to a particular positively-charged ion than to any other ion.
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Because of this, the positive and negative ions arrange themselves in three dimensions, as
shown in Figure 6(B), to balance the charges among several ions. In sodium chloride, for
example, each chloride ion is surrounded by as many sodium ions as can easily crowd around
it, namely six. Similarly, each sodium ion is surrounded by six chloride ions. Therefore, each
chloride ion is bonded to the six nearest sodium ions and bonded to a lesser extent to the more
distant sodium ions. Accordingly, the ionic bond is a force holding many atoms or ions
together rather than a bond between two individual atoms or ions.

Covalent Bonds

A covalent bonds formed when one or more electrons from an atom pair off with one or more

electrons from another atom and form overlapping electron shells in which both atoms share the
paired electrons. Unlike an ionic bond, a covalent bond holds together specific atoms. Covalent
bonding can be single covalent, double covalent, or triple covalent depending on the number of
pairs of electrons shared. Figure 7 shows the bonding that occurs in the methane molecule,
which consists of four single covalent bonds between one carbon atom and four hydrogen atoms.

Figure 7 Covalent Bond, Methane CH

Two double covalent bonds result when carbon dioxide, which consists of one carbon atom
and two oxygen atoms, is formed. Four pairs of electrons are shared by the carbon atom, two
from each of the two oxygen atoms as shown in Figure 8. A combination of two electrons
form a combination of lower energy than their energy when separated. This energy difference
represents the force that binds specific atoms together.
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Figure 8 Formation of the Carbon Dioxide Molecule

When both shared electrons in a covalent bond come from the same atom, the bond is called
a coordinate covalent bond. Although both shared electrons come from the same atom, a
coordinate covalent bond is a single bond similar in properties to a covalent bond. Figure 9
illustrates the bonds of the negatively-charged chlorate ion. The ion consists of one chlorine
atom and three oxygen atoms with a net charge of -1, and is formed with two coordinate
covalent bonds and one covalent bond. The chlorine atom has effectively gained an electron
through the covalent bond, which causes the overall negative charge.

COVALENT COORDINATE
BOND COVALENT
BOND

Figure 9 Coordinate Covalent Bond, Chlorate lon CIO

Covalent bonds can be either polar or nonpolar. When the shared pair of electrons is not
shared equally, one end of the bond is positive, and the other end is negative. This produces
a bond with two poles called a polar covalent bond.

CH-01 Page 26 Rev. 0



Fundamentals of Chemistry DOE-HDBK-1015/1-93 CHEMICAL BONDING

Molecules having polar covalent bonds are called dipolaotar molecules Water is an
example of a polar molecule. When two atoms of the same element share one or more pairs
of electrons (such as H or N), each atom exerts the same attraction for the shared electron pair
or pairs. When the electron pairs are distributed or shared equally between the two like atoms,
the bond is called a nonpolar covalent bond. If all the bonds in a molecule are of this kind, the
molecule is called a nonpolar covalent molecule.

Metallic Bonds

Another chemical bonding mechanism is thetallic bond In the metallic bond, an atom
achieves a more stable configuration by sharing the electrons in its outer shell with many other
atoms. Metallic bonds prevail in elements in which the valence electrons are not tightly bound
with the nucleus, namely metals, thus the name metallic bonding. In this type of bond, each
atom in a metal crystal contributes all the electrons in its valence shell to all other atoms in the
crystal.

Another way of looking at this mechanism is to imagine that the valence electrons are not
closely associated with individual atoms, but instead move around amongst the atoms within
the crystal. Therefore, the individual atoms can "slip" over one another yet remain firmly held
together by the electrostatic forces exerted by the electrons. This is why most metals can be
hammered into thin sheets (malleable) or drawn into thin wires (ductile). When an electrical
potential difference is applied, the electrons move freely between atoms, and a current flows.

Van der Waals Forces

In addition to chemical bonding between atoms, there is another type of attractive force that
exists between atoms, ions, or molecules known as van der Waals forces.

These forces occur between the molecules of nonpolar covalent substances such as H , Cl , and
He. These forces are generally believed to be caused by a temporary dipole, or unequal charge
distribution, as electrons constantly move about in an atom, ion, or molecule. At a given
instant, more electrons may be in one region than in another region, as illustrated in Figure 10.

The temporary dipole induces a similar temporary dipole on a nearby atom, ion, or molecule.
Every instant, billions of these temporary dipoles form, break apart, and reform to act as a weak
electrostatic force of attraction knownan der Waals forces.

It is important to note that van der Waals forces exist between all kinds of molecules. Some
molecules may have these forces, as well as dipole or other intermolecular forces. Van der
Waals forces, however, are the only intermolecular bonds between nonpolar covalent molecules
such as H, Gl , and GH . The number of electrons in a substance increases as the gram
molecular mass (mass in grams of one mole of compound) increases. Therefore, the strength
of the van der Waals forces between substances increases with increasing gram molecular mass.
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TEMPORARY TEMPORARY
DIPOLE DIPOLE

[+ —> [+ _>

ATTRACTION

Figure 10 Van der Waals Forces

Van der Waals forces are small compared to the forces of chemical bonding and are significant
only when the molecules are very close together.

Organic Chemistry

Organic chemistrys defined as the chemistry of carbon compounds. The compounds of carbon

are in forms of living things and in synthetic fabrics and plastics. Organic chemistry is so broad

a topic that it is usually subdivided into smaller areas. How the carbon is combined and what
it is combined with determines the subdivision for a particular compound. These subdivisions
are referred to as families or classes.

The carbon atoms can combine to form straight chains, rings, or branched chains. The bonds
between carbon atoms can be single, double, triple or a combination of these. Other atoms (H,
O, N, S, P) and the halogens can be attached to the carbon atoms to yield derivatives.

The large family of organic compounds containing only carbon and hydrogen are called
hydrocarbons. These can be further divided into two broad classes, aliphatic (fatty) and
aromatic (fragrant).

Aliphatic hydrocarbons are divided into two categories, saturated and unsaturated and into
subdivisions alkanes, alkenes, and alkynes. These subdivisions reflect the type of bond between
the carbon atoms.

Alkanes

Alkanesare saturated compounds which have single bonds between carbon atoms and contain
the maximum number of hydrogen atoms possible. Each carbon is flanked by four covalent
bonds and each hydrogen atom shares one pair of electrons witloa asom, as illustrated

in Figure 11.
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The general formula for alkanes is G,H . The alkanes gre

colorless, practically odorless, insoluble in water, and readlil
soluble in nonpolar solvents such as benzene or ether.

Alkanes are low in reactivity. The reactions they do undefg

y

0]

are called halogenation, thermal decomposition (cracking),

and combustion. These are summarized below.

Halogenation occurs when a hydrogen atom is replaged

with a halogen atom. This is referred to as|a

ETHANE, C,Hg

substitution reaction. There is no limit to how many

hydrogen atoms can be replaced in one molecule.

CH4 + Br2 - CH3Br + HBr

Figure 11 Alkane

Thermal decomposition or cracking is the process of breaking large molecules into
smaller ones. Using heat as a catalyst, propane can be broken into methane and

ethylene:

CH,(gas) + 20,(gas) - CO,(gas) + 2H,O(liquid)

+

213 kcal(heat)

Combustion occurs when an alkane is burned, the products being carbon dioxide gas,
water, and heat. These reactions are highly exothermic and as such the hydrocarbons

are frequently used for fuel.

CHy, - CH, + CH,
heat

Alkenes

Alkenesare hydrocarbons containing two fewer hydrog

EN

atoms than the corresponding alkane. The general formula for

alkenes is C K, . These molecules will have a double bonq
illustrated in Figure 12.

Because there are fewer hydrogen atoms than the maxin
possible, alkenes are unsaturated hydrocarbons. The ¢

] as

num
chief

source for alkenes is the cracking of alkanes.

/
C—=C
AN
H H

ETHYLENE, C,H,

C,H, - CH, + H,
heat

Figure 12 Alkene
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Alkynes

The third of the aliphatic hydrocarbons aredlignes These
compounds are unsaturated like the alkenes. They contain two
fewer hydrogens than the corresponding alkane, G H . The

alkyne hydrocarbons contain a triple bond between at leastjone
set of carbon atoms as illustrated in Figure 13.

H—C—=C—H

ETHYNE, C,H,

Aromatics Figure 13 Alkyne
The other broad class of hydrocarbons is the aromatic H
hydrocarbon. Rather than being arranged in straight chaing, as |

the aliphatics are, these are cyclic formations such as in /C\\

benzene. The derivatives of cyclic hydrocarbons have pleasant H—c C—H
(sometimes toxic) odors. The benzene in rubber cement|is a | |
familiar odor. The cyclic compounds have alternating single - i \ /Y
double bonds as illustrated in Figure 14.

Aromatic hydrocarbons are very stable chemically, and @ct

very much like alkanes. They will undergo substitution BENZENE, CgHq

reactions rather than additions.

Figure 14 Aromatic

Alcohols

Alcohol is an aliphatic hydrocarbon with a hydroxyl (OH T T
group substituting for one or more hydrogenglastrated in H—C—C—0H

Figure 15. | |
H H

N

The -OH functional group does not behave in an ionic manner
in the case of alcohols. The alcohols are molecular, not iof¥¢,v| aLcoHoL C,Hs

) : . —OH
in nature. Alcohols are versatile compounds which are often
used to make nearly every other kind of aliphatic compoupd.

Figure 15 Alcohol
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Aldehydes

Aldehydes are one of the oxidation products of the alcohols.

Each of these compounds contain a carbonyl group (a cafbon

atom double bonded to an oxygen atom) as illustrated in H 0
Figure 16.

The term "aldehyde" is a contraction of the tertéhol |
dehydogenation” indicating that two hydrogen atoms agre
removed from an end carbon when aldehydes are prep
from primary alcohols. The functional group (-C=0) is alwal
at the end of the carbon chain.

ared //O
V%CETALDEHYDE, CHz—C=H

Basic Chemical Laws Figure 16 Aldehyde

As previously stated, all matter is composed of atoms that which are capable of uniting to
form chemical compounds. The various forms of matter can be summarized from a chemical
point of view as follows.

1. Molecules are groups or clusters of atoms held together firmly by means of
chemical bonding. There are two general types of molecules.

a. Molecule of an element - Two single atoms of the same element, in
certain cases, can become fastened to one another by a chemical bond to
form a molecule. Examples of this are hydrogen (H ), oxygen (O ), and
bromine (Bg ). Most gaseous elements exist as molecules of two atoms.

b. Molecules of a compound - A compound contains at least two different
kinds of atoms. Molecules are the ultimate particles of chemical
compounds. Examples of compounds are hydrogen chloride (HCI),
water (H O), methane (CH ), and ammonia QNH ).

2. Elements are substances that cannot be decomposed by ordinary types of
chemical change nor made by chemical union.

3. Compounds are substances containing more than on#wemselement and
having properties different from those of the individual elements. The
composition of a specific compound is always definite.

4. Mixtures consist of two or more substances intermingled with no constant
percentage composition. Each component retains its original properties.
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Forming Chemical Compounds

Chemistry and all other sciences are based on facts established through experimentation. A
scientific law is a condensed statement of facts which has been discovered by experiment.

There are three basic laws that apply to chemical reactions. They are the Law of Conservation
of Mass, the Law of Definite Proportions, and the Law of Multiple Proportions. These laws

are described here to help the reader in understanding the reasons elements and compounds
behave as they do.

1. The Law of Conservation of Mass

This law states that in a chemical reaction the total mass of the products equals
the total mass of the reactants. Antoine Lavoisier, a French chemist, discovered
that when tin reacts with air in a closed vessel, the weight of the vessel and its
contents is the same after the reaction as it was before. Scientists later
discovered that whenever energy (heat, light, radiation) is liberated during a
reaction, a very small change in mass does occur, but this change is insignificant
in ordinary chemical reactions.

2. The Law of Definite Proportions

This law states that no matter how a given chemical compound is prepared, it
always contains the same elements in the same proportions by mass. John
Dalton, an English physicist, discovered that when various metals are burned or
oxidized in air, they always combine in definite proportions by weight.

For example, one part by weight of oxygen always combines with 1.52 parts by
weight of magnesium or 37.1 parts by weight of tin. This law results from the

fact that a compound is formed by the combination of a definite number of

atoms of one element with a definite number of atoms of another.

3. The Law of Multiple Proportions

This law states that if two elements combine to form more than one compound,
the masses of one of the elements combining with a fixed mass of the other are
in a simple ratio to one another. For example, carbon forms two common
compounds with oxygen; carbon monoxide and carbon dioxide. With carbon
monoxide (CO), 1.33 grams of oxygen are combined with 1 gram of carbon.
With carbon dioxide (C© ), 2.67 grams of oxygen are combined with 1 gram of
carbon. Therefore, the masses of oxygen combining with a fixed mass of carbon
are in the ratio 2:1.
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Combining Elements

The Laws of Definite Proportions and Multiple Proportions and the related portions of atomic
theory form the bases for most quantitative calculations involving chemical reactions. Applying
the basic chemical laws to chemical bonding will help the reader to understand théliprobab
and proportions involved in chemical reactions. Regardless of the type of bond (ionic, covalent,
coordinate covalent, or metallic), specific amounts of one element will react with specific
amounts of the element(s) with which it is combined.

If two substances are placed together in a container, in any ratio, the resultisra When

a teaspoon of sugar is added to a glass of water, it will slowly dissolve into the water and
disappear from view. As a result, the molecules of sugar are evenly distributed throughout the
water and become mixed with the water molecules. Because the sugar and water mixture is
uniform throughout, it is said to be homogeneous. A homogeneous mixture of two or more
substances is calledsalution The reason solutions are classified as mixtures rather than as
compounds is because the composition is not of fixed proportion.

All solutions consist of a solvent and one or more solutes. sélventis the material that
dissolves the other substance(s). It is the dissolving medium. In the water-sugar solution, the
water is the solvent. The substances that dissolve in the solution aresodlted In the
water-sugar solution, sugar is the solute. It is not always easy to identify which is the solvent
and which is the solute (for example, a solution of half water and half alcohol).

Solutions can exist in any of the three states of matter, solid, liquid, or gas. The earth's
atmosphere is a gaseous solution of nitrogen, oxygen, and lesser amounts of other gases. Wine
(water and alcohol) and beer (water, alcohol, ang CO ) are examples of liquid solutions. Metal
alloys are solid solutions (14-karat gold is gold combined with silver or copper).

One factor that determines the degree and/or rate at which a reaction takes place is solubility.
Solubilityis defined as the maximum amount of a substance that can dissolve in a given amount
of solvent at a specific temperature. At this point, the solution is said to be saturated. A
solution is saturated when equilibrium is established between the solute and the solvent at a
particular temperatureEquilibriumis the point at which the rates of the forward and reverse
reactions are exactly equal for a chemical reaction if the conditions of reaction are constant.

Kinetics is the study of the factors which affect the rates of chemical reactions. There are five
principle factors to consider: concentration, temperature, pressure, the nature of the reactants,
and the catalyst.
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Summary

The important information in this chapter is summarized below.

Chemical Bonding Summary
» The following terms are defined in this chapter:
An ionic bond occurs where one or more electrons are wholly transferreq

of attraction due to the opposite polarity of the charge.

covalent substances. These forces are generally believed to be caused b
temporary dipole, or unequal charge distribution, as electrons constantl
move about in an atom, ion, or molecule.

4

A covalent bond is a bond in which one or more electrons from an atom pai
off with one or more electrons from another atom and form overlapping
electron shells in which both atoms share the paired electrons.

Metallic bonds are bonds where the atoms achieve a more stablg
configuration by sharing the electrons in their outer shell with many other
atoms.

A mixture is defined as two substances placed together in a container, in anly
ratio and the composition is not of fixed proportion.

A solution is a homogeneous mixture of two or more substances.
A solute is defined as the substance that dissolves in a solution.

A solvent is defined as the material that dissolves the other substance(s) ip
a solution. It is the dissolving medium.

Solubility is defined as the maximum amount of a substance which will
dissolve in a given amount of solvent at a specific temperature.

« When the shared pair of electrons which are forming the bond in a molecule arne
not shared equally, the resulting molecule will have a positive end and a negative
end. This type of bond is a polar covalent bond. The molecules are called dipolar
or polar molecules.

CH-01 Page 34 Rev. 0

from one element to another, and the elements are held together by the forge

The van der Waals forces are attractions between the molecules of nonpol\Er

a



Fundamentals of Chemistry DOE-HDBK-1015/1-93 CHEMICAL BONDING

Chemical Bonding Summary (Cont.)

 In general, the fewer electrons an element must lose, gain, or share to reach a gtable
shell structure, the more chemically active the elementis. The likelihood of elemghts
forming compounds is strongly influenced by the valence shell and on the stability of
the resulting molecule. The more stable the molecules are, the more likely these
molecules are to form.

» Elements combine in specific ratios, regardless of the type of bond, to form molecu|es.
» The three basic laws of chemical reactions are discussed:

(1) The Law of Conservation of Mass - "In a chemical reaction the total mass of fhe
products equal the total mass of the reactants."

(2) The Law of Definite Proportions - "No matter how a given chemical compound
is prepared, it always contains the same elements in the same proportiong by
mass."

(3) The Law of Multiple Proportions - "If two elements combine together to fori
more than one compound, then the masses of one of these elements combjning
with a fixed mass of the other are in a simple ratio to one another.”

—
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CHEMICAL EQUATIONS

This chapter will discuss the method of qualifying solutions. The balancing
of the chemical equations will also be explained in this chapter.

EO 2.7 STATE LeChatelier'sprinciple.
EO 2.8 DEFINE the following terms:
a. ppm C. Density
b. Molarity d. Normality
EO 2.9 BALANCE chemical equations that combine elements

and/or compounds.

Le Chatelier'sPrinciple

The effect of temperature on solubility can be explained on the bassd Le Chatelier's Principle
Le Chatelier's Principle states that if a stress (for example, heat, pressure, concentration of one
reactant) is applied to an equilibrium, the system will adjust, if possible, to minimize the effect
of the stress. This principle is of value in predicting how much a system will respond toa
change in externa conditions. Consider the case where the solubility process is endothermic
(heat added).

solid + heat s solution

An increase in temperature puts a stress on the equilibrium condition and causes it to shift to
the right. The stressis relieved because the dissolving process consumes some of the heat
Therefore, the solubility (concentration) increases with an increase in temperature. If tre
process is exothermic (heat given off).

solid s solution + heat
A temperature rise will decrease the solubility by shifting the equilibrium to the left.
How much solute is dissolved in a solution is very important when the solution is being made
for agpecificuse. To say thereis alittle, alot, or abit would not be very accurate if a specific

concentration is required. There are a few common and accurate methods used to expres
concentration. These are density, molarity, normality, and parts per million.
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Density

Density is the measure of the mass per unit volume of a materia (density = mass/volume)

Dengty isacharacteristic of a substance; mass and volume arerot. Mass and volume vary with
size but density will remain constant. Temperature will affect the density of a substance and
the temperature at which density for that substance was determined is usually reported along
with the density value.

Molarity

A useful way to express exact concentrations of solutionsismolarity. Molarity is defined as
moles of solute per liter of solution. Molarity is symbolized by the capital letter M. It can be
expressed mathematically as follows.

moles of solute (n)

liters of solution (V)

molarity (M) =

Notice that the moles of solute are divided by the liters d solution not solvent. One liter of one
molar solution will consist of one mole of solute plus enough solvent to make afinal volume
of one liter.
Example 1:

Prepare one molar solution of NaCl.

Solution:

a) Calculate the molecular weight of the salt

1 atom of Na = 22.989 amu
1 atom of Cl = 35453 amu
1 molecule of NaCl = 58.442 amu

One moleisequal to the gram molecular weight, so one mole = 58.442 grams.

b) 58.442 grams of NaCl isweighed out and sufficient water is added to bring the
solution to one liter.
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Example 2:
Prepare 3 liters of a 2M NaOH solution.
Solution:
Calculate the amount of NaOH required to prepare the solution.

moles of solute

a) molarity (M) =

volume of solution (()

X moles of solute
3 liters

b) substituting: (3 liters) 2M) = 6 moles NaOH

40 grams NaOH
1 mole NaOH

2M =

x 6 moles NaOH = 240 grams NaOH

Therefore, to prepare 3 liters of a 2M NaOH solution, 240 grams of NaOH must be
weighed out and dissolved in water to make a volume of exactly 3 liters.

Normality

The normal concentration is another method for expressing the concentration of solutions.
Normality (N) is defined as the number of equivalents of solute dissolved in one liter of
solution.

equivalents of solute

Normali
y @) liter of solution

One equivalent of acid is the amount of acid necessary to give up one mole of hydrogen ions
in a chemical reaction. One equivalent of base is the amount of base that reacts with one mole
of hydrogen ions. When expressing the concentrations of bases, normality refers to the number
of available hydroxyl ions. Because hydrogen and hydroxyl ions combine on a one-to-one basis,
one OH is equivalent to one'H ion.

a) H'Ct + NdOH - Na'Ct + HOH
Acid Base Salt Water

b) H,SO, + 2KOH - KSO, + 2HOH
Acid Base Salt Water
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Notice that in reaction a), one mole of HCI yields one equivalent per mole or one méle of H
ions. H SQ has two equivalents per mole or two H ions because each mole of the compound
can release two moles of hydrogen ions.

The number of equivalents of an acid or base can be determined from equivalent weight. The
equivalent weighis defined as the molecular weight of the acid or base divided by the number
of replaceable hydrogen or hydroxyl ions.

Example:

The equivalent weight of H SO is:

98.0734 grams (molecular wt.)
2 H' ions

49 grams/equivalent.

This means 49 grams of,H SO is equal to one equivalenj of H SO . If there is a one
liter solution that contains 78.32 gramg H,SO , the number of equivalents is:

78.32 grams H,SO, 8 1 equivalent

= 1.6 equivalents.
1 49 grams H,SO,

Since normality is equal to the number of equivalents per liter, the normality of this
solution is 1.6 equivalents/liter, or 1.6 N.

Parts per Million

Another term used to describe the specific concentration of a solution is parts per million or
ppm. The ternppmis defined as the concentration of a solution in units of one part of solute
to one million parts solvent. One ppm equals one milligram of solute per liter of solution.
Another term, parts per billion (ppb), is defined as one part solute per one billion parts solvent.
One ppb is equal to one microgram solute per liter of solution. These two terms are usually
used for very dilute solutions.
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Chemical Equations

The chemical equation is simply a representation of a chemical reaction in the chemist's
shorthand. In a chemical equation, the substances originally present are called the reactants and
the new substances being formed are called the products. In the chemical reaction, the reactants
are on the left of the arrow and the products are on the right of the arrow. For example, when
looking at the combination of hydrogen and oxygen into water, the water molecule would be
the product on the right.

2H, + O, - 2H,0

If looking at the decomposition of water, the hydrogen and oxygen would be the products and
the water is the reactant. The arrow means yields and is used to separate the reactants from the
products. It also indicates the direction of the reaction as illustrated below.

2H,0 - 2H, + G,
The single arrow in the above equation implies that the reaction will proceed in only one
direction until it subsides or stops. If the reaction is reversible, that is, it can proceed left to
right and right to left until it reaches an equilibrium, then a double arrow is used.

2H,0 = 2H, + O

When writing an equation, always place the reactant on the left and the products on the right
even in the case of a reversible reaction.

A chemical equation represents not only the reaction, but also shows the number of atoms or

molecules entering into and produced by the reaction. The formulas must be balanced correctly
based on the valences of the constituent elements.

Balancing Chemical Equations

The number of atoms or molecules of each substance is shown by the coefficients in the
equation. Bcause atoms cannot be created or destroyed in a chemical reaction, a chemical
eguation must be balanced so that there are exactly the same number of atoms of each element
on each side of the equation.
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Example:
Explain the following chemical equation.
2Fe + 3H,0 - Fe,0O, + 3H,!

Solution:

This chemical equation shows that iron reacts with water to form ferric oxide and
hydrogen gas (the vertical arrdwndicates a gas). This chemical equation also shows
that for every two atoms of iron that react, three molecules of water are used to form
one molecule of ferric oxide and three molecules of hydrogen gas. This is a balanced
chemical equation. There are two iron atoms on each side of the equation; there are six
hydrogen atoms on each side; and there are three oxygen atoms on each side.

There are no fixed rules for balancing chemical equations. Learning how is a matter of practice.
The balancing of most equations can be accomplished by following the guidelines explained
below.

Guidelines:

a. Once the correct chemical formula for a compound is written in an equation, do
not modify it.

b. Select the compound with the greatest number of atoms. Then begin by balancing
the element in that compound with the most atoms. There must be the same
number of atoms of an element on each side of the equation. As a rule of thumb,
this first element should not be hydrogen, oxygen, or a polyatomic ion.

C. Balance the atoms of each element in thepoamd by placing the appropriate
coefficient in front of the chemical symbol or formula.

d. Next, balance the polyatomic ions. In some cases, the coefficient assigned in
guideline 2 may have to be changed to balance the polyatomic ion.

e. Balance the hydrogen atoms next, then the oxygen atoms. If these elements
appear in the polyatomic ion it should not be necessary to balance them again.

f. All coefficients will be whole numbers. The coefficients should be reduced to the
lowest possible ratios.

g. As simple as it sounds, check off each element as it is accounted for since this

will prevent double inclusion or a missed atom.
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Example 1:

FeS + Q- F&0O, + SQ

Solution 1:

Starting with Fe @ (see guideline b), write 2FeS ,+ © Fe,O + ,SO, which
balances the Fe on each side of the equation.

Now there are 4 S atoms on the left side so balance the S atoms by writing
2FeS + Q- FeQ + 4S0Q.

Everything is balanced except the O. There are now 2 O atoms on the left and 11 O
atoms on the right. To get 11 O atoms on the left write
2FeS +5.5Q- Fe O, + 4S0Q.

This makes both sides of the equation balanced except the coefficients must be whole
numbers (guideline f). To meet guideline f, multiply both sides by two which will bring
the left side to a whole number of O molecules.

Thus, the solution is 4FeS + 110 2Fe Q + 8S0Q .

Example 2:

NH, + CuO- H,0 + N, + Cu

Solution 2:

Start with NH since there are two N atoms on the right of the equation. To balance the
N atoms write 2NEl  + CuG H,0O + N, + Cu (guideline b).

Since the H appears in only the NH and H O and thg NH has been balanced, the H O
will be balanced. Write 2NH + CuO@ 3H,0 + N + Cu (guideline e).

Oxygen appears only in CuO and ig H O, and since the H O has been already been
balanced write 2NKHH + 3Cu® 3H,0 + N, + Cu (guideline e).

That leaves the Cu to be balanced. Thus, the solution is
2NH; + 3CuO- 3H,0 + N, + 3Cu.
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Example 3:
Na,CO, + Ca(OH)- NaOH + CaCQ
Solution 3:

There are two Na atoms on the left so start with the Na by writing
Na,CO, + Ca(OH)- 2NaOH + CaCQ (guideline b).

By adding the 2, the equation is now completely balanced. This equation illustrates that
not all equations are that hard to balance.

Most chemical equations do not indicate a number of important facts about the chemical
reactions they represent. Chemical equations do not necessarily describe the path by which the
substances reacting are converted to products.

2H, + O, - 2H,0
The equation would seem to imply that two molecules of hydrogen collide with one molecule
of oxygen, and two molecules of water are produced. The actual mechanism by which this
reaction takes place is much more complicated and involves a series of processes. Chemical
eguations do not indicate the rate at which the reaction proceeds, or even whether the reaction
will occur in a finite time. In many cases, reactions will occur only under a particular set of
circumstances and then only at a definite rate. Chemical equations do not show whether the
reaction proceeds to completion or, if incomplete, the extent of reaction. In most cases, the
substances that react never completely disappear; however, their concentration may be
exceedingly small. Reactions that do not go to completion are usually represented in chemical
eqguations by using double horizontal arrews . In general, a reaction will go to completion only
if one or more of the products is removed from the field of the reaction. This is often
accomplished if one of the products is a gas or is insoluble in the reaction mixture.

In the discussion of chemical equations, emphasis is normally placed on the number of atoms or
molecules involved in the reaction. However, chemical equations are very effective in
representing chemical reactions on a macroscopic scale. Practical chemical calculations involve
very large numbers of atoms and molecules.
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The equation weight in grams of a compound or element is defined as the gram molecular weight
times the number of molecules of the compound, as shown by the coefficients of the chemical
eguation for the reaction. The sums of the equation weights on each side of a chemical equation
must be equal. Chemical calculations are based on the fact that every fraction or multiple of the
equation weights of substances that react gives a corresponding fraction or multiple of the
eguation weights of the products of the reaction. In other words, if 30 grams of a substance that
has an equation weight of 15 grams reacts with some amount of another substance to form a
product with an equation weight of 20 grams, then 40 grams of that product will be formed.

Example:

How many grams of ferric oxide will be formed if 27.9 grams of iron reacts with water
according to the following equation.

2Fe + 3H,0 - Fe,0, + 3H,!
Solution:

The equation weight of iron equals the gram atomic weight of iron times the number of
atoms shown reacting in the equation, which is two. Using Table 2:

Equation Weight Fe 2 x 55.8 grams

111.6 grams

Because 27.9 g of iron react, the fraction of the equation weight that reacts is:

279 grams 1

111.6 grams 4
Thus, 1/4 of the equation weight of ferric oxide will be formed.

The equation weight of ferric oxide equals the gram molecular weight of ferric oxide
times the number of molecules shown formed in the equation, which is one.
Using Table 2:

Equation Weight Fe,O, 2(558 g + 3(16.0 g)

1116 g + 480 ¢
159.6 g

Thus, the amount of ferric oxide formed is:

i (1596 g) - 399 g.
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Summary

The important information from this chapter is summarized below.

Chemical Equations Summary

. Le Chatelier's principle states that if a stress is applied to an equilibrium, [the
system will adjust to minimize the effect of the stress.

. The following terms are defined:

Density is the measure of the mass per unit volume of a material
(density = mass/volume).

14

Molarity is moles of solute per liter of solution. Molar solutions arg
symbolized by the capital letter M.

Normality, (N), is defined as the number of equivalents of solufe
dissolved in one liter of solution.

ppm expresses the concentration of a solution in units of one parf| of
solute to one million parts solvent. One ppm equals one milligram |pf
solute per liter of solution.

. To balance chemical equations, the number of elemental constituents mugt be
the same on each side of the equation.
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ACIDS, BASES, SALTS, AND pH

Different substances respond differently in solution. How substances behave
in water is of special interest to the power industry. The interactions of
water and acids, bases, or salts are of special interest because water is used
in many industries. This chapter will introduce the student to the general
behavior of these substances.

EO 3.1 DEFINE the following terms:
a. Acid e. Base
b. Salt f. pH
C pOH g. Dissociation constant of water
d Alkalies

EO 3.2 STATE the formula for pH.

EO 3.3 STATE the formula for pOH.

EO 34 CALCULATE the pH of a specified solution.

Acids

Substances that form ions when they are dissolved in water are called electrolytes. The three
types of electrolytes are acids, bases, and salts.

Acids are substances that dissociate in water to produce hydrogen (H ). An example of a
common acid is sulfuric acid,,H SO . In solution, H,SO dissociates to form hydrogen and
sulfate ions according to the following equation. The designation in parenthesis in the
following formulas indicate the state of the reactants and the products, i.e., liquid (aq). solid (s),
or gas (Q).

HSO0,,, - 2H + SO,

Additional examples of acids are vinegar, aspirin, and lemon juice. These substances share the
following common properties.

1. Acid solutions taste sour (acid means "sour" in Latin).

2. Acids react with many metals to form hydrogen gas.
HCl,, + Zn, - ZInCl,, + Hy,
acid metal metal salt hydrogen gas
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3. Acids turn litmus paper red.
4, Acid solutions conduct electricity.
5. Acids react with bases to form a salt and water.
Example:
HNO,,, + KOH - KNO, + HO0
Acid Base Salt Water
6. Acids react with carbonates to form CO (carbon dioxide gas).
Example:

2HC1(aq) + CaCO, - CaCl, + CO,1 + HO
Acid Carbonate

Bases

Basesare substances that produce hydroxide ions (OH) in water solutions. An example of a
common base is sodium hydroxide, NaOH. In solution, it dissociates to form sodium ions and
hydroxide ions according to the following equation:

NaOH(aq) - Na *(aq) + OH
Base

(ag) |

Common types of bases are lye, household ammonia, and most soaps. The following are four
characteristic properties of bases.

1. Basic solutions taste bitter and feel slippery to the touch.
2. Bases turn litmus paper blue.
3. Basic solutions conduct electricity.
4. Bases neutralize acids.
Example:

2NaOH + H,SO, - Na,SO, + 2H,0
Base Acid Salt Water
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Salts

When an acid reacts with a base, two products are formed; water and asttis An ionic
compound composed of positive ions and negative ions. The ionic bond is what keeps salts in
their molecular form. Some compounds look like salts, but are actually covalent compounds
(have a covalent bond).

Example:

HCl(aq) + NaOH(aq) - Na'Cl- + HO
Acid Base Salt Water

This type of acid-base reaction is called neutralization.

Certain soluble salts (principally sodium, potassium, magnesium, and calcium) that have the
property of combining with acids to form neutral salts are callalies Two of the common

salts are sodium chloride (table salt) and calcium chloride (salt put on the road in winter).
Unlike acids and bases, salts vary greatly in all their properties except their ionic characteristics.
Salts may taste salty, sour, bitter, astringent, sweet, or tasteless. Solutions of salts may be
acidic, basic, or neutral to acid-base indicators. Fused salts and agueous solutions of salts
conduct an electric current. The reactions of salts are numerous and varied.

pH

Many compounds dissolve in water and alter the hydrogen ion concentration. Compounds that
produce hydrogen ions directly when dissolved in water are called acids, and those that produce
hydroxyl ions directly when dissolved in water are called bases. To treat these aspects of
chemistry more precisely, a quantitative system of expressing acidity or basicity (alkalinity) is
needed. This need could be met by using the value of [H ], whére [H ] is expressed in
moles/liter, as a measure of acidity. But, in most casés [H ] is in the ranye of 10 to
10** moles/liter. Because numbers of this magnitude are inconvenient to work with, an
alternate system for expressing the acidity of dilute solutions has been devised. This system is
based on a quantity callggH. ph is defined as the negative logarithm of the hydrogen
concentration, represented as [H ] in molesl/liter.

pH = -log [H] (1-1)
[H] = 10" (1-2)

The negative logarithm is specified because the logarithm of any number less than 1 is negative;
thus multiplication by -1 causes the values of pH to be positive over the range in which we are
interested. (The term pH was first defined by a Danish chemist and is derived from p for the
Danish word potenz (power) and H for hydrogen.)
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Example 1:  The hydrogen concentration’ [H ], of a solution is 4.8°x 10 fiitelesWhat
is the pH of the solution?

Solution 1:
pH = -log [H]
= -log (4.8 x 10°%)
= 7.32

Example 2:  The pH of a solution is 3.83. What is the hydrogen concentration of the

solution?
Solution 2:
[H]=10""
= 107333 moles/liter
= 1.48 x 10™* moles/liter
pOH

It is also important to understand the relationship between the [H] and the [OH]
concentrations. ThpOH of a solution is defined as the negative logarithm of the hydroxyl
concentration, represented as [OH ] in moles/liter.

pOH =-log [OH] (1-3)

[OH] = 10P°" (1-4)
For water solutions, the product of the hydrogen ion concentration and the hydroxyl
concentration is always 1 x10 at’Z5 This means that the sum of pH and pOH is equal to
14 under these conditions.

[H] x [OH] =1x10"

pH + pOH =14

The following example illustrates this point.
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Example: What is the hydrogen ion concentratioh [H ] and the hydroxyl concentration
[OHT] in a solution with a pH of 5.5?

Solution:
104

= 1075.5
= (109 (10”)
= 3.16 x 10°® moles/liter

[H]

since pOH + pH = 14
pOH = 14 - 55
pOH 8.5

1078

= 10*8.5

(10°%) (10%)

3.16 x 10° moles/liter

and [OH ]

Dissociation Constant

The product of ionic concentrations, K ='[H ] [OH], is called the lon Product Constant for
water, or more frequently, the lonization ConstanDissociation Constant At 25°C, K,

equals 1 x 1& . K varies with temperature and, 4C3(body temperature), the value is
about 3.4 x 18" . Figure 17 illustrates the relationship of the Dissociation Constant with water
temperature. As indicated earlier, a change in temperature causes a change in equilibrium in
a chemical reaction. Because the ionization of water is an equilibrium process, it is also affected
by temperature. The Dissociation (or lonization) Constapt, K , for water increases with
increasing temperature up to about 99@nd then decreases. Experimental values,of K at
various temperatures are listed in Table 5 and graphed in Figure 16. Notice in Table 5 that the
pH of pure water changes with temperature. For pure water at any temperature, however,
[H*] =[OH]. It should be noted that the equation pH + pOH = 14 is true only at or n&ar 25
(7T7°F).
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Example: The hydroxyl concentration [OH] of a water soldtion at 25C s
7.2 x 10° moles/liter. Calculate the pH of the solution.

Solution:
K, =[H"][OH]
H] = K pH = -log [H]
[OH ] P
y = -log (1.38 x 10°°)
1 x 10
=X = 5.86
7.2 x 107
=138 x10°®
TABLE 5
lon Product Constant and Neutral pH
for Water at Various Temperatures
I
Temperature lon Product Constgnt pH of Pure
for Water Water
F C
64.4 18 0.64 x 1& 7.10
77 25 1.0 x 16* 7.00
140 60 8.9 x 1% 6.54
212 100 6.1 x 1& 6.10
302 150 2.2 x 1€ 5.83
392 200 5.0 x 1¢7 5.65
482 250 6.6 x 17 5.59
572 300 6.4 x 17 5.60
662 350 4.7 x 1€ 5.66

At 25°C, an equilibrium exists between pure molecular water and its ions. The [H ] equals the
[OH] and both have values of 1 x10 moles/liter. Using the pH definition, it follows that the
pH of pure water at 2% is 7. pH values less than 7 indicate an acidic solution and values
greater than 7 indicate a basic or alkaline solution.
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ION PRODUCT CONSTANT FOR WATER (K\,)
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Figure 17 lon Product Constant for Water
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Summary

The important information in this chapter is summarized below.

Acids, Bases, Salts, and pH Summary

The following terms are defined in this chapter:

Acid - substances that produce hydrogen (H ) in water solutions
Base - substances that produce hydroxide ions (OH) in water solutid

Salt - a compound composed of positive and negative ions held toget
with an ionic bond

Alkalies - certain soluble salts, principally sodium, potassium, magnesiy
and calcium, that have the property of combining with acids to forn
neutral salts

pH - the negative logarithm of the hydrogen concentration [H ] if
moles/liter

pOH - the negative logarithm of the hydroxyl concentration [OH ] in
moles/liter

Dissociation constant of water (K ) - the product of ionic
concentrations, ([H ] [OH]); at 2& K, =1 x 10*

ns

ner

=7

The formula for pH is: pH =-log [H ]
Therefore, [H ] = 107

The formula for pOH is: pOH = -log [OH ]

Therefore, [OH] = 10°°"
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BASIC SEPARATION THEORY

Introduction

The fundamental principles upon which a gaseous diffusion plant is based are as follows.

1. All the particles (atoms, molecules, or ions) which make up the gas are
continuously moving in straight lines in all directions. The particles collide
with anything in their path (e.qg., other particles or the walls of the container),
thereby altering the course of moving patrticles but not their average velocities.

2. All of the particles have the same average kinetic energy. Accordingly, if the
masses of the particles are different, so must their velocities be different with
the lighter particles having the greater average velocities.

On the basis of the two principles stated above, if a quantity of gas is confined by a porous
membrane or barrier, some of the gas will escape through the pores in the barrier. If the
confined gas is isotopic (a mixture of particles of different molecular weights), the lighter
particles of the gas will have a greater tendency to diffuse through the barrier because of their
greater average velocities. Consequently, the gas which has passed through the barrier will
be enriched in the light constituent while that gas which has not diffused through the barrier
will be depleted in the light constituent.

Isotopic Separation

The isotopes with which we are concerned are those of uranium; naffiely U #&nd U . In
order that the isotopes of uranium may be separated by the gaseous diffusion process, it is
necessary that the uranium be in a gaseous state. This is accomplished by combining the
uranium with fluorine to form uranium hexafluoride, which is a gas at workable temperatures
and pressures. Another advantageous quality of uranium hexafluoride is that fluorine has no
isotopes to further complicate the separation process. In general, the following discussion
is concerned with the separation ¢fU, F arid®y F.
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Separation Factor

The ability of a barrier to separate isotopes is expressed by a value cadlepatation

factor. It is denoted by the Greek leterand is defined as the mole ratio of light
component to heavy component in the gas passing through the barrier at a given point
divided by a similar mole ratio on the high pressure surface of the barrier at the same
point. The separation factor can be expressed by the following equation.

In this equation, y and x are the mol fraction of light component on the low and high
pressure sides of the barrier respectively. It should be emphasizeddakathown in
Figure A-1, is a point value, and that x and y are concentrations at a given point on the
two surfaces of the barrier. In practice, point values are usually not determined. The
averagex's of the surface of samples are calculated from experimental separation data.

As previously stated, the separation of isotopes is dependent upon the difference in the
mass of the particles. Under ideal conditions, the separation factor would be equal to
the ratio of the square roots of the molecular weights. For a mixtur&of U F and
U?*%, this value is 1.0043 and is commonly referred to as the ideal separation factor.
In actual practice, however, these ideal conditions cannot be duplicated. For example,
to approach the ideal separation factor, only a small fraction of the total gas involved
could be diffused through the barrier. For such a process to be productive, the plant size
and its power consumption would be too large to be economically feasible. Limitations
of plant size and power consumption have, necessitated a reduction in the separation
factor to a lower value. This lower value is called the actual separation factor.

Stage Separation

The ratio of the total molar rate of flow through the barrier within a converter to the
total rate of flow into the same converter is calledctiteand is designated by the Greek
letter©.

o - Molar flow of enriched stream

Molar flow of input stream

In a production cascade, a cut of approximately 0.5 is the optimum value with respect
to operating efficiency and production.
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Figure A-1 "R" Stage Separation
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The actual separation achieved by a stage is expressed in terms of the mol fraction of the
light component and for the purpose of this discussion is designated by the capital letter
R. It can be defined as follows: if Y is the concentration of light component in the
enriched stream leaving a converter and X is its concentration in the depleted stream
leaving the same converter, then

This definition is similar to that of the separation factor, but, as shown in Figure A-1, the
value of R is based on the overall separation of a stage while that of the separation factor
is based on the performance of the barrier alone. The relation between the two is given
by the following equation.

R

1
m
13

|
3

E is a correction factor called tineixing efficiency It can be explained as follows:

since the light component passes through the barrier more rapidly than the heavy
component, the layer of gas at the acef on the high pressure side of the barrier
becomes more depleted in the light component than the bulk of the gas on the high
pressure side. Thus, there is a concentration gradient perpendicular to the surface of the
barrier which results in a decrease in separation. In the particular process of separation
of uranium isotopes, the value of R in the preceding equation differs very little from unity
(R =1.003) and is somewhat inconvenient for use in calculations. By subtracting 1 from
each side of the equati, equating the symbdgl (psi) to R - 1, and by making a slight
approximation, the equation becomes

Y - X

Voo

This equation is used frequently in the plant in making separation tests.
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Barrier Measurements

The ability of a barrier to transmit gas is usually expressed ggamma), the
permeability This is a measure of the total flow through a barrier and may be defined
as the ratio of the number of molecules which pass through the barrier to the number
which would pass through the space if the barrier were not there. This total flow
through a barrier is known to be a combination of several different types; namely,
diffusive flow, film flow, and viscous flow. As was previously explained, the type of
flow that is of greatest importance for a gaseous diffusion plant is diffusive flow.
However, as film flow and viscous flow affect the separation through a barrier, they
cannot be ignored.

Film flow refers to the transport of molecules under the influence of the force field
between the molecules and the barrier surface. When such force fields are significant,
a large number of molecules will not have sufficient velocity normal to the surface to
escape from this field so that their motion will be confined to the barrier surface and
barrier pore surface. Such molecules would pass through the barrier as a film on the
surface of the pores.

Viscous flowoccurs when molecules flow as a group in the manner of ordinary flow
through a tube. Referring back to permeability, it is known that the flow through a
barrier increases as the pressure increases. Also, as the pressure increases, so does the
viscous component of flow. The relation between permeability and viscous flow can best

be shown by the following equation.

Y=Y [L+ SR R

In this equation where, P equals the fore or high side pressurg and P equals the back or
low side pressurey, equals the permeability, when

P+R =0.
S is called the slope factor and is inversely proportional to the viscosity of the gas.
In the above equation, the term S(P,+ P ) is a measure of the viscous component of

flow. Figure A-2 illustrates the variation of permeability with the slope factor and
changes in pressure.
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Variation of Permeability with the Slope Factor and Change in Pressure

It should be noted that in practice, permeability is expressed in two different ways;
design and actual. Design permeability is expressed as a ratio as previously stated. It
is usually determined by testing the barrier with a non-toxic gas such as nitrogen. Actual
permeability is expressed as a percentage of the design permeability and is determined
from tests with the barrier in actual operation in the cascade. Its primary value is in
determining the performance of a barrier after being in use for a period of time.

Cascade Theory

In the operation of a diffusion cascade, it is often necessary to charge the plant with feed
material of different assays or concentrations@f Y F . This feed must be fed into the cascade
at a point where the assay of the gas already being processed is the same as that of the feed to
be charged.
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To choose this feed point, therefore, it must be possible to calculate the concentration of
U?*F, in the process gas at any point in the cascade. These calculations can be made by
knowing two things: first, the concentration o¥*U; F in the process gas at several points in
the cascade (determined by laboratory and instrument analysis); and second, the increase in the
concentration of & F accomplished by each stage. This is called the stage enrichment and
should not be confused with the separaacnomplished by a stage previously discussed.
Therefore, by knowing the stage enrichment and ffie U F concentration at some point in the
cascade, it is possible to determine the concentration at other points.

The feed material ordinarily charged into a plant contains a very small percentade of U F
with the remainder being®¥ ,F . Consequently, a far greater amount of the feed flows
downward in the cascade and is removed as tails than is removed at the top of the cascade as
U%*, or product. For this reason, as we progress upward in the cascade from the feed point,
the total flow through the converters becomes progressively smaller. It follows, therefore, that
in the ideal design each stage would be different in size from the adjacent stages. However,
since the cost of construction of a production cascade is of great importance, a lower cost may
be achieved by the use of many identical units. For this reason, the cascade is composed of
a series of sections, each of which contains a large number of identical stages. The change in
equipment size is accomplished in a step-wise manner by varying the equipment size of each
so-called section.

Circuit Balances

Of major importance in a production cascade is the ability to calculate pressures, temperatures,
and flows of the process gas which cannot be practically or economically measured by
instrumentation. Since the cascade is made up of sections each of which contains a large
number of identical stages and since the stage is the smallest separating unit of a cascade, these
calculations are made on a stage basis. This system of calculating temperatures, pressures,
and flows is commonly referred to as a circuit balance and consists of a series of calculations
made from those pressures and temperatures ordinarily measured by instrumentation in the
cascade, and from experimental data obtained from test loop studies.

For illustration purposes, the pressures, temperatures, and flows in a typical X-31 stage which
are taken by instrumentation, plus those to be calculated, are shown in Figure A-3. It is
obvious that the cost to install instruments in every stage to measure all of the values indicated
would be prohibitive.
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Pressures, Temperatures, and Flows in a Typical V-31 Stage
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Because of their number and complexity, the mathematical formulas used in calculating the
pressure points in Figure A-3 will not be presented. The operator will read and record only
those values which are measured by instruments and will not be required to perform any of the
mathematical calculations involved in completing a circuit balance. However, the following
discussion will give an indication as to the procedures involved in determining these values.
To calculate a circuit balance for Stage N in Figure A-3, pressures P, and P and temperature
T, are recorded. Then, knowing P and T and a constant previously determined in a test loop,
it is possible to calculate the flow W (N - 1). Since the "A" barrel of the compressor has
essentially a constant suction volume in the normal operating range, the interstage flow is
proportional to the compressor "A" suction pressure and temperature. Next, it is known that
the flow in a cascade must operate at a steady state condition to prevent an accumulation of
deficiency of inventory in any one section. It may therefore be assumed that the flow
downward to a stage is equal to the flow upward from the same stage. (This assumption is
not valid for all stages in a cascade but for practical applications the error is negligible.) From
this assumption, W is equal to,W (N - 1). With P, W , and pressure drop data obtained in
the test loop, P can be calculated.

In a test loop, data is taken on converters of different sizes and types to determine pressure
variations with different amounts of flow and cut. IfW is found in the same manney as W

(N - 1), itis then possible with the test loop data to calculate P . Also, with the converter data,
and knowing W ,P,andW (W =W +W ), P and subsequently, P are found.

Again using pressure drop datg, P can be calculated fromW jand P . With P, P is calculated
by knowing the "B" pressure ratio of the compressor.

From the calculated values obtained from a circuit balance, it is possible to make further
calculations which indicate the operational and productive characteristics of the cascade. For
example, P, P, and the flows through a converter must be known before the actual
permeability of the barrier can be calculated. Also, these values make it possible to accurately
predict horsepower requirements under varying conditions of flow and pressure. Another
important application of the circuit balance is in the determination of inventory in the cascade
where pressures and temperatures not otherwise measured are required.
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CONVERTERS

Converters

The actual separation of3  F fronf¥® ; F in a gaseous diffusion plant is accomplished in the
converter. The converter, sometimes referred to as a diffuser, contains the barrier tubing
through which diffusion takes place. In the previous section we studied the flow through the
converter as a part of a stage. In this section we will see what takes place inside the converter.

In all, the entire cascade contains over 4000 converters -- one in each stage. The stage size
varies with the location in the cascade as shown in the table below.

TABLE A-1
Converter Stage Size vs. Location
Equipment Converter Length Diameter Number
Type Type (inches) (inches) Used In

Cascade

33 000 291 155 640

31 00-2 221 105 500

29 0 185 or 215 90 or 105 600

27 7 129 47 720

25 8 129 38 1560

Converter Construction

Externally, the converter resembles a large cylindrical tank resting on its side (see Figure A-4).
There are openings at each end for the necessary piping connections. The outlet end of the
converter contains the "A" and "B" stream process gas outlets. The other end contains the
mixed process gas inlet and the stage coolant inlet and outlet. The cylindrical tank is called the
shell and is constructed of steel with welded joints. Its internal surface is nickel plated. There
are three external reinforcing flanges around the outside of the shell. The many hundreds of
barrier tubes, or tube bundles, contained in one converter are held in place by the spool, or
spool piece. The spool consists of struts and a central tube, or core, which is perforated and
allows part of the "A" stream leaving the barrier tubes to reach the converter outlet. On either
end of the core are tube sheets into the holes of which the barrier tubes are sealed by rolling or
swagging. Tube sheets are also mounted on the core between the end tube sheets to support
the barrier tubes.
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The remainder of the converter equipment, with the exception of the gas cooler, is designed to
direct the process gas flow inside the converter.

The Gas Cooler

The gas cooler's purpose is to remove the heat of compression from the process gas which has
just been discharged from a compressor. Certain type of stages use a gas cooler contained
within the converter as shown on Figure A-4. The gas coolers may be separate units placed
between the compressors and the converters.

Barrier Tubing

In the early stages of converter design, it was recognized that barriers made in the form of flat
sheets and stacked in a container would offer the most barrier area per unit volume. For
practical reasons, the barrier had to be made in the form of tubes. More engineering knowledge
was available for tubular construction and the urgency of the problem did not allow any
unnecessary development time. The use of tubes also allowed more satisfactory replacement
of damaged barrier material. As a result, the barrier is made in the form of thin-walled tubes.

Process Gas Flow

We can now trace the process gas flow within the converter. In the AB cooled converter of
Figure A-4, the process gas enters one end of the converter at the center and is directed to the
outside of the shell by a series of baffles. It flows through the gas cooler and is directed to the
outer section, or pass, of the barrier tubes. All of the flow enters the outer, or first pass, and
flows through the tubes. Part of the flow diffuses through the barrier tube walls and the
remainder of the flow passes through the tubes and is directed by a crossover to the second pass
of tubes. This crossover is sometimes called a doughnut because of its shape. The process gas
flow which does not diffuse through the barrier tube walls of the second pass is directed by a
second crossover to the third pass. The first crossover is sometimes refereed to as the 1-2
crossover because it directs gas flow from the first pass to the second pass. Similarly, the
second crossover is called the 2-3 crossover. The undiffused process gas which passes through
the third pass is directed to the "B" outlet of the converter and flows to the stage below. The
process gas which was diffused through the barrier tubes in all three passes is collected and
flows to the "A" outlet and on to the stage above.

Since some of the process gas flowing into the first pass will diffuse through the tube walls, a
reduced amount of process gas flow will enter the second pass. In order to maintain the same
flow velocity, the second pass contains fewer tubes than the first pass. Similarly, the third pass
will contain still fewer tubes. The velocity of process gas through the tubes affects the flow
through the tube walls and thus affects the separation efficiency. The efficiency is highest when
the flow velocity is the same in all of the tubes.
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In the Badger stage, about 50% of the process gas entering a converter diffuses through the
tubing and flows to the stage above. This fraction is called the "cut." A cut of 50% has been
found to yield the best separation. As mentioned previously, the "cut" in a Badger Cluster stage
may be more or less than 50% depending upon its position in the cluster.

Diffusion

It is necessary to have a higher pressure inside the barrier tubes than outside in order to have
a flow through the walls of the tubes. This inside pressure is called the fore pressure or high
side pressure (H.S.P.), and is measured at an arbitrary point inside the tubes near the middle of
the second pass. The pressure outside the tubes is the back pressure or low side pressure
(L.S.P.), and is measured at an arbitrary point outside the tubes near the middle of the second
pass.

The fore pressure is regulated by a control valve in the "B" stream, or down flow, from the
converter. Actually, the control valve regulates the pressure immediately above it. This is
called the control pressure and is the pressure which is indicated at the cell panel. It is slightly
lower than the fore pressure due to the pressure drops in the converter and piping.

The rate of diffusion through the tubing walls for any given pressure drop across the barrier is
determined by the permeability of the barrier. Mathematically, this is a dimensionless quantity
which is the ratio of the rate of gas flow through the barrier to the rate of gas flow through the
same area which would take place if the barrier were not there. The term, usually called
permeability, is used to relate the actual permeability to the design permeability. For example,
if the flow through the barrier has decreased 10% due to plugging of the barrier holes, the
permeability would be 90%.
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TERMINAL OBJECTIVE

1.0  Without reference ESCRIBE the causes and effects of corrosion on metals and the
type of chemistry used in a plant to minimize corrosion.
ENABLING OBJECTIVES
1.1  DEFINE the following terms:
a. lonization
b. Conductivity
C. Corrosion
d. Electrolysis
e. General corrosion
1.2 DESCRIBE an electrochemical cell with respect to the corrosion of metals.
1.3 STATE what happens to a metal during the oxidation step of the oxidation-reduction
process.
1.4  STATE what happens to a metal during the reduction step of the oxidation-reduction
process.
1.5 DEFINE the following terms:
a. Passivity
b. Polarization
1.6 DESCRIBE the affects of passivity and polarization on the corrosion process.
1.7  LIST the two conditions that contribute to general corrosion.
1.8 DESCRIBE how the rate of corrosion occurring in the plant is affected by the following:
a. Temperature
b. Water velocity
C. Oxygen
d. pH
e. Condition and composition of the metal surface
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ENABLING OBJECTIVES (Cont.)

1.9 LIST the three products that are formed from the general corrosion of iron.
1.10 IDENTIFY the action taken for initial fill of a reactor system to limit general corrosion.
1.11 STATE the four methods used to chemically control general plant corrosion.
1.12 LIST the six water chemistry conditions that limit corrosion of aluminum.
1.13 DEFINE the following terms:
a. Crud
b. Scale
C. Galvanic corrosion
1.14 IDENTIFY the five problems associated with the presence or release of crud into
reactor coolant.
1.15 STATE the four causes of crud bursts.
1.16 STATE the two conditions that can cause galvanic corrosion.
1.17 EXPLAIN the mechanism for galvanic corrosion.
1.18 IDENTIFY the two locations that are susceptible to galvanic corrosion.
1.19 STATE the five control measures used to minimize galvanic corrosion.
1.20 DEFINE the following terms:
a. Pitting corrosion
b. Crevice corrosion
C. Stress corrosion cracking
1.21 STATE the two conditions necessary for pitting corrosion to occur.
1.22 STATE the particular hazard associated with pitting corrosion.
1.23 STATE the four controls used to minimize pitting corrosion.
CH-02 Page vi Rev. 0



Corrosion DOE-HDBK-1015/1-93 OBJECTIVES

ENABLING OBJECTIVES (Cont.)

1.24 IDENTIFY the three conditions necessary for stress corrosion cracking to occur.
1.25 DEFINE the term chemisorption.

1.26 STATE the hazard of stress corrosion cracking.

1.27 STATE the three controls used to prevent stress corrosion cracking.

1.28 DESCRIBE the two types of stress corrosion cracking that are of major concern to
nuclear facilities including:

a. Conditions for occurrence
b. Method(s) used to minimize the probability of occurrence
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CORROSION THEORY

Uncontrolled corrosion in DOE facilities can cause many serious problems.
Corrosion occurs continuously, and every metal in every facility is subject to
some type of corrosion. Even though corrosion cannot be eliminated, it can be
controlled.

EO 11 DEFINE the following terms:

a. lonization

b. Conductivity

C. Corrosion

d. Electrolysis

e. General corrosion

EO 1.2 DESCRIBE an electrochemical cell with respect to the
corrosion of metals.

EO 1.3 STATE what happens to a metal during the oxidation step of
the oxidation-reduction process.

EOC 14 STATE what happens to a metal during the reduction step of
the oxidation-reduction process.

EO 15 DEFINE the following terms:

a. Passivity
b. Polarization

EOC 1.6 DESCRIBE the affects of passivity and polarization on the
corrosion process.

Corrosion

In DOE facilities, especially reactor plants, many precautions are taken to control the corrosion
of metals used in the various primary and secondary systems. Uncontrolled corrosion of the
reactor systems is detrimental for the following reasons.

. Rapid localized corrosion may lead to penetration of the metal containing the coolant.
Radioactive coolant would then leak from the system and jeopardize safe operation.
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. Corrosion of the nuclear fuel cladding may cause the cladding to become brittle and less
ductile. The swelling from the generation of fission gases within the fuel may then cause
the cladding to crack or blister, and highly radioactive fission products may then be
released to the coolant.

. Some of the metallic oxide corrosion products released to the coolant may be deposited
on surfaces in the reactor core. The neutron flux in the core produces nuclear reactions
in the corrosion products, and they become highly radioactive. Subsequently, these
activated corrosion products may be released from the core and redeposited on surfaces
outside the core region. The radiation fields resulting from this redeposited material may
then significantly increase radiation levels, thereby complicating maintenance and access
capabilities. The corrosiongutuct oxides may also result in fouling of heat transfer
surfaces and in the accelerated wear of moving parts by corrosion products trapped in
or between them.

Currentis the flow of electrons through a medium. An electric current can flow through a metal
conductor, and the metal will not show any obvious chemical changes. This type of conduction
of electricity is called metallic conduction.

lonizationis the process of adding electrons to or removing electrons from atoms or molecules,
creating ions. High temperatures, electrical discharges, and nuclear radiation can cause
ionization. Many metals have a tendency to lose electrons to atoms or ions that have a tendency
to gain electrons. Current can be conducted by the movement of these ions. The compounds
that conduct electric current by ion movement are called electrolytes, and this ionic motion is call
electrolytic conductionConductivityis a measure of the ability of a substance to allow electron
flow. In the context of corrosion, conductivity indicates the amount of ions in solution, which
relates directly to the potential of corrosion taking place.

Corrosionis the deterioration of a material due to interaction with its environment. Corrosion
can have many forms, both wet and dBfectrolysisis the decomposition by electric current

(in the context of corrosion the use of electrical current to bring about chemical change). This
chapter will concentrate on the corrosion of metals in water-based environments (electrolytes).
An electrolyte is defined as an electricity-conducting fluid; that is, it has positive and negative
ions that can move and constitute an electrical current. Pure water has a limited number of
dissociated H and OH ions and is a relatively poor conductor of electricity. Addition of acids,
bases, or salts that dissociate into ions increases the current-carrying capability of the water
(electrolyte).
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Electrochemical Cells

Corrosion is electrochemical in nature because the corrosive chemical reactions involve transfer
of charge. Figure 1 shows the transfer of charge when iron is in contact with water or an acidic
water solution.

Iron goes into solution as Fe ions.
these ions go into solution, the metal
becomes negatively charged (by the
electrons left behind) with respect to th
electrolyte. A potential difference (voltage
is produced between the electrolyte and the
metal. The process in which electrons
given up and positive metal ions are formed
is called oxidation. The sites at which the
oxidation takes place on the surface of the
metal become electrochemical cells made
of micro-electrodes of the two differen
substances; the metal and the electrolyte.

ANODE ELECTROLYTE

These micro-electrodes set up many

micro-cells connected through the bulk of Figure 1 Formation of Ferrous (Fe ) lons in

the metal. If a different metal is used, it will the Corrosion of Iron

go into solution to a greater (or lesser)

extent producing a larger (or smaller) potential difference between the metal and electrolyte than
was the case for iron. For example, magnesium and zinc go into solution to a greater extent than
iron, and these metals will be more negative with respect to the electrolyte than iron. Nickel,
lead, and copper go into solution less readily and produce a smaller potential difference. Table 1
lists the potential differences for various metals in water. The order of the series can change for
different electrolytes (for example, different pH, ions in solution).

Electrochemical cells and oxidation potentials are very important in understanding most
corrosion processes. Examples of electrochemical cells include galvanic cells (cells made up of
electrodes of two different substances) and concentration cells (cells containing electrodes of the
same substance under different conditions of concentration).
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TABLE 1
Electromotive - Force Series (77F)
Element Electrode Standard Electrode
Reaction Potential, v
Sodium Na- Na© +e -2.712
Magnesium Mg- Mg™ + 2e -2.34
Beryllium Be- Be™ + 2e -1.70
Aluminum Al - AlI"™" + 3e -1.67
Manganese Mr Mn*™ + 2e -1.05
Zinc Zn- Zn" + 2e -0.762
Chromium Cr- Cr'™" + 3e -0.71
Iron Fe- F&™ + 3e -0.44
Cadmium Cd- Cd™ + 2e -0.402
Cobalt Co- Co™ + 2e -0.277
Nickel Ni - Ni*" + 2e -2.250
Tin Sn- Sn™ + 2e -0.136
Lead Pb- P + 2e -0.126
Hydrogen H 2H" + 2e 0.000 (reference)
Copper Cu- Cu™ + 2e +0.345
Copper Cu Cu +e +0.522
Silver Ag- Ag +e +0.800
Platinum Pt- Pt" + 2e +1.2
Gold Au- Au™" + 3e +1.42

The surface of any metal is a composite of a very large number of micro-electrodes, as illustrated
in Figure 2. In order for corrosion to occur, the micro-cells must also be connected through
some conducting path external to the metal. Usually the external connection is provided by
water or an aqueous solution and the cells produce a current, allowing the chemical reactions
responsible for corrosion to proceed.
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Consider iron in water again. If the
surface of the iron and the water
solution were uniform, iron would go
into solution as Fé ions until the
difference in potential between thg
positively-charged solution and the
negatively-charged metal stopped the
iron ions from leaving the surface. In |
practice, though, impurities and
imperfections (for example, oxide

coatings) lead to preferential removal Figure 2 Metal Surface Showing Arrangement of Micro-cells

of metal from certain parts of the

surface, and potential differences arise as in the two metal system. The corrosion cells, changing
as surface and solution differences change, cause general overalboortbtie cells do not

shift, pitting results.

174

174

Oxidation-Reduction Reactions

The corrosion of a metal (that is, the chemical transformation that is recognized as destructive
to the metal) is the oxidation step of the overall oxidation-reduction process. Oxidation is the
process of losing electrons; reduction is the process of gaining electrons. The metal atoms
release electrons (are oxidized) and become positive ions. The site at which this occurs is known
as the anode. Typical oxidation half-reactions include the following.

Zn - Zn? + 2 (2-1)
Al - Al? + 3e- (2-2)
Fe - Fe? + 2 (2-3)

The cations (positive ions) may then go into solution, or they may combine with any available
anions (negative ions) or water to form ionic compounds. The exact fate of the cations is
important to subsequent processes, but the primary effect is that atoms leave the metallic state,
and the metal deteriorates.

An oxidation process cannot take place without a simultaneous reduction (gain of electrons)
process. The nature of the reduction step in corrosion sometimes varies with the metal and the
environment to which it is exposed. For most metals in an aqueous environment, the important
reduction half-reaction is the reduction of hydronium ions (a hydronium ion is simply a hydrogen
ion attached to a water molecule).

HO + e - H + HO (2-4)
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Small concentration variations within a solution in contact with the metal may also affect the rate
and nature of corrosion reactions. Therefore, it is often impossible to predict the exact nature of
corrosion reactions. It is generally found, however, that for most metals exposed to an aqueous
environment the half-reactions involved in corrosion are the reduction reaction of Equation (2-4)
and an oxidation half-reaction of the type shown in Equations (2-1) through (2-3).

General corrosions the process whereby the surface of a metal undergoes a slow, relatively
uniform; removal of material. This occurs on the surface of a single metal rather than dissimilar
metals. In general corrosion, a nearly infinite number of micro-cells are established on the metal
surface. Oxidation occurs at@lic areas and reduction at cathodic areas. The micro-cells are
uniformly distributed over the metallic surface, and as the reaction proceeds the cells may migrate,
or disappear and re-form. That is, any particular micro-region may be alternately anodic and
cathodic. The result is a uniform attack on the metal surface.

Under some conditions, relatively large regions become anodic or cathodic. Such regions have
less tendency to migrate and may remain operative for long periods of time. In this case, there
will be severe attack of the metal at the anodic (oxidation) region. The result may be a visible pit

in the metal surface.

Iron and steel are resistant to rapid corrosion in water despite the tendency of iron to oxidize as
indicated by its standard electrode potential listed in Table 1. The reasons for this resistance are
the passivating effect of the oxide film and cathodic polarization due to atomic hydrogen that
absorbs on the oxide surface, both of which are explained in the next section.

Passivity and Polarization of Metal

Metals that normally fall victim to corrosion will sometimes exhibit a passivity to corrosion.
Passivityis the characteristic of a metal exhibited when that metal does not become active in the
corrosion reaction. Passivity is caused by the buildup of a stable, tenacious layer of metal oxide
on the surface of the metal. This oxide layer is formed by corrosion on a clean metal surface,
where the corrosion products are insoluble in the particular environment to which the metal is
exposed. Once the layer, or film, is formed, it acts as a barrier separating the metal surface from
the environment. For further corrosion to occur, the reactants must diffuse through the oxide
film. Such diffusion is very slow aronexistent, thus corrosion either decreases markedly or
stops.

Metals such as zirconium, chromium, aluminum, and the stainless steels form thin, tenacious oxide
films when exposed to the atmosphere or to pure water at room temperature. In some cases, the
film is extremely thin and may be invisible to the unaided eye, but it is still very effective in giving
these metals a marked passivity.

If there is a net conversion of reactants to products in a system, the system will be chemically
unstable, and the reaction will continue until a stable state is attained. This stable state is known
as equilibrium.
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An active electrochemical cell (oxidation-reduction reaction) is an unstable chemical system.
The potential associated with a galvanic cell, for example, steadily decreases as current flows and
the oxidation-reduction reaction proceeds. Eventually, the potential falls to zero, the cell no
longer supplies electrical energy, and no further net reaction takes place. At this point the
system is at equilibrium. In electrochemical cells, the decrease in cell potential caused by the
operation of the cell (current flow) is callpdlarization

This change in cell potential can be determined. Consider the zinc-copper galvanic cell shown
in Figure 3. As the reaction takes place?Zn ions (produced by the oxidation of zinc metal) pass
into solution. The C# ions in solution are reduced as the copper metal plates out. Thus, the
concentration of Zi# in solution increases and the concentration'df Cu decreases according
to the following overall reaction.

Zn + Cu? - Zn? + Cu (2-5)

ANODE COPPER SULFATE CATHODE
SOLUTION

— —

[ ZINC ATOMS RELEASE

- — ELECTRONS, BECOME Zn'?

i - - IONS AND GO INTO SOLUTION

N = - = ~ _ AT THE ANODE. POSITIVE

— - COPPER IONS ACCEPT THE ELECTRONS
- e N R THEREBY BECOMING COPPER METAL
Ztt o xe T _ _Ci _ WHICH PLATES OUT ON THE CATHODE.

Figure 3 A Galvanic Cell

As Zn*? increases and Cu decreases, the electrical potential decreases. This decrease in cell
potential, which results from changes in concentrations, is one form of polarization called
concentration polarization.
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Now consider a galvanic cell with zing o
and platinum electrodes, such as that
shown in Figure 4. The half-reactions
in the cell are as follows. ZINC

PLATINUM
CATHODE

Zn - Zn? + 2e” ) 2

H30++67—’H+H20 (2'4) L~ A
oo »Zn++,7H1H2 A T»fii,

Again, as the cell operates, the cqll - c o o ::'I* e
potential drops. The decrease |[s - o Hij/e IHf -
partially due to the increase in Zn - - ST LU I
concentration and the decrease jn H O o Bl T N N
concentration, but another type of [ L

polarization also occurs in this cell s
This second type is associated with the ACID ELECTROLYTE
reduction half-reaction.

Figure 4 A Galvanic Cell Showing Absorbed Hydrogen

The hydrogen atoms formed by the AtOmS on 2 Cathode

reaction of Equation (2-4) absorb on

the surface of the metal and remain

there until removed by one of two processes: combination of two hydrogen atoms to form
molecular hydrogen, which is then released as a gas or reaction with dissolved oxygen to form
water. In the absence of oxygen (deaerated solutions), the first process applies.

2H - H, (2-6)
Combining Equation (2-6) with Equation (2-4), the net reduction half-reaction is obtained.
2H0" + e - H + HO)

2H - H, (2-6)

2HO  + 2 - H, + 2H,0 (2-7)

Until the absorbed hydrogen atoms are removed from the metal surface, they effectively block
the sites at which the reaction of Equation (2-4) can occur. At low temperatures the reaction
of Equation (2-6) is slow relative to the reaction of Equation (2-4) because, although the
reaction is energetically favored, the combination of two hydrogen atoms requires a large
activation energy. Equation (2-6) shows the rate-controlling step of the net reduction
half-reaction. Because the oxidation half-reaction can occur no faster than the reduction
half-reaction, the rate of the overall oxidation-reduction reaction is controlled by the reaction
of Equation (2-6).
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The layer of absorbed atomic hydrogen is said to polarize the cell. This type of polarization is
called activation polarization and is sometimes referred to as hydrogen polarization, or cathodic
polarization, because the polarizing reaction occurs at the cathode.

Both concentration and activation polarization decrease the net oxidation-reduction reaction
rate. In corrosion processes, activation polarization usually has the greater effect.

Summary

The important information in this chapter is summarized below.

Corrosion Theory Summary

. lonization is the process of adding electrons to or removing electrons from gtoms
or molecules which creates ions.

. Conductivity is a measure of the ability of a substance to allow electron flgw.

. Corrosion is the deterioration of a material due to interaction with| its
environment.

. Electrolysis is the decomposition by electric current.

. General corrosion is the process whereby the surface of a metal undergoes|a slow,
relatively uniform, removal of material.

. Corrosion is electrochemical in nature because the corrosive chemical regctions
involve a transfer of charge. The metal ions go into solution causing the mgjtal to
become negatively charged with respect to the electrolyte. The difference ||n the
charge causes a potential to develop and produces a voltage betwegn the
electrolyte and the metal.

. The oxidation step of the oxidation-reduction process is where an atom (ifp this
case a metal atom) releases electron(s) and becomes a positively-charged ion.
The areas where oxidation takes place become electrochemical cells madg up of
two different substances. The oxidation step results in a chemical transformjation
that is destructive to the metal. The positive metal ions may go into solutign, or
they may combine with any available negative ions or water to form ipnic
compounds. An example of the oxidation step is:

Zn- Zn? + 2e
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Corrosion Theory Summary (Continued)

The reduction step of the oxidation-reduction process is where a
positively-charged ion gains electron(s). The reduction step for most me
in an aqueous environment, is the reduction of hydronium ions. An exampl
the reduction step is:

H,O"+e-H+H,0

Passivity is the buildup of a stable, tenacious layer of metal oxide on the sur
of the metal that acts as a barrier separating the metal surface from
environment. Passivity decreases or stops the corrosion process because
formation of the layer.

Is,
of

ace
the
pf the

the

Polarization is the decrease in cell potential caused by the operation off
electrochemical cell. Polarization can be in two forms; concentration

or

activation. Concentration polarization is associated with the concentration) of
ions in solution which shields the metal, thereby causing a decrease in|the

electrical potential of the cell. Activation polarization is the formation of a la
containing absorbed hydrogen atoms that block the metal's surface from
corrosion process.

pr
the
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GENERAL CORROSION

This chapter describes the general corrosion processes of iron and carbon
steel (not stainless steels) in aqueous environments. Of particular interest
is the formation of the oxide film and the effects of system variables on the

corrosion process.

EO 1.7

EO 1.8

EO 1.9

EO 1.10

EO1.11

EO 1.12

LIST the two conditions that contribute to general
corrosion.

DESCRIBE how the rate of corrosion occurring in the
plant is effected by the following:

Temperature

Water velocity

Oxygen

pH

Condition and composition of the metal surface
Dissolved solids

-0 Q0T

LIST the three products that are formed from the
general corrosion of iron.

IDENTIFY the action taken for initial fill of a reactor
system to limit general corrosion.

STATE the four methods used to chemically control
general plant corrosion.

LIST the six water chemistry conditions that limit
corrosion of aluminum.

Conditions Contributing to General Corrosion

General corrosion is the process whereby the surface of a metal undergoes a slow, relatively
uniform, removal of material. The two conditions typically required for a metal to undergo
general corrosion are: 1) metal and water in the same environment, and 2) a chemical reaction

between the metal and water that forms an oxide.

Rev. 0
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Corrosion of Iron

Unless noted otherwise, the following discussion applies to deaerated water at room temperature
and approximately neutral pH. The affects of temperature, oxygen, and pH are discussed later
in this chapter.

The oxidation and reduction half-reactions in the corrosion of iron are as follows.
Fe - Fe'? + 2¢  (oxidation) (2-3)
HO" + e - H + HO (reduction) (2-4)
The overall reaction is the sum of these half-reactions.
Fe + 2H,0' - Fe'? + 2H + 2H,0 (2-8)

The Fé& ions readily combine with OH ions at the metal surface, first forming Fe(OH) , which
decomposes to FeO.

Fe? + 20H - Fe(OH), - FeO + H,0 (2-9)

Ferrous oxide (FeO) then forms a layer on the surface of the metal. Below aboik,1000
however, FeO is unstable and undergoes further oxidation.

2Fe0 + H,0 - Fe,0, + 2H (2-10)

Atomic hydrogen then reacts to form molecular hydrogen, as described previously, and a layer
of ferric oxide (Fe @ ) builds up on the FeO layer. Between these two layers is another layer
that has the apparent compositio Fe O . Itis believed that,Fe O is a distinct crystalline state
composed of ® , Fé , and®e in proportions so that the apparent composition is Fe O . These
three layers are illustrated in Figure 5.

Once the oxide film begins to form, the metal surface is no longer in direct contact with the
aqueous environment. For further corrosion to occur, the reactants must diffuse through the
oxide barrier. It is believed that the oxidation step, Equation (2-3), occurs at the metal-oxide
interface. The Fé ions and electrons then diffuse through the oxide layer toward the
oxide-water interface. Eventually,’¥e ionsamater OH ions and form FeO. The electrons
participate in the reduction reaction with hydronium ions. These latter reactions are believed to
take place predominately at the oxide-water interface, but some reaction may occur within the
oxide layer by the diffusion of H , OH, and H O into the layer.
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WATER

XIDE-WATER

O
INTERFACE
—-—— fe, 0y
OXIDE —-— 5.0,
FILM

—~=— fe0

METAL-OXIDE
INTERFACE

METAL

Figure 5 Simplified Schematic Diagram of Oxide Corrosion Film on the Surface of a Metal

Regardless of the exact diffusion mechanism, the oxide layer represents a barrier to continued
corrosion and tends to slow the corrosion rate. The exact effect of this layer on the corrosion
rate depends on the uniformity and tenacity of the film. If the film is loosely attached, develops
defects, or is removed, the metal surface is again exposed to the environment and corrosion
occurs more readily.

Factors Affecting General Corrosion Rate

Like most other chemical reactions, corrosion rates increase as temperature increases.
Temperature and pressure of the medium govern the solubilities of the corrosive species in the
fluid, such as oxygen (O ), carbon dioxide (CO ), chlorides, and hydroxides. A rule of thumb
is that the reaction rate doubles with &R2@ 50 F temperature rise. This linear increase with
temperature does not continue indefinitely due, in part, to a change in the oxide film.

When water velocity is extremely high, the impact of the water tends to remove the protective
oxide layer and some of the metal under it (erosion), thus, exposing more metal to corrosion.
Water velocities of 30 to 40 ft per second are usually considered to cause erosion.

The presence of oxygen in water to which iron is exposed increases the corrosion rate. The
reason for this increase is the rapid reaction between oxygen and the polarizing layer of atomic
hydrogen absorbed on the oxide layer. The following reaction rapidly removes the polarizing
layer.

O, + 4H - 2H0 (2-11)
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The overall reaction can be obtained by combining Equations (2-4) and (2-11).

0, + 4H0  + 4 = 6HO

The controlling step is believed to by
diffusion of O, to the metal surfacg @ _____________

D

where it can react directly with iron ol FettFett=—————

with FeO. Sfett

e + O, - WO (212) | e

o 7

4FeO + O, - 2Fe,0, (2-13) THEE———— - ,@:.g.g.:.:.:ggu,nn.
) 0

Oxygen, therefore, has two effects:
removes the polarizing layer of atomi

t : 355

! RIS REGIONGS
hydrogen, and it can react directly with

a)

3

il X X H'o
77777777777777 N e Yava Y \?""Qo <
METAL-WATER (REACT|ON IS SLOW)
INTERFACE

77777777777 WATER- - KFeX
the metal or metal oxide; thus, th
corrosion rate increases. Substance
such as@ in this case, that remove the CORROSION OF IRON IN ABSENCE OF
absorbed atomic hydrogen are callgd DISSOLVED OXYGEN. CATHODIC OR

f

depolarizers. The depolarizing effect gf ~ REDUCTION REACTION IS SLOW THEREBY
POt 1€ dep 9 REDUCING THE CORROSION RATE.
O, is illustrated in Figure 6.

The effect of the pH of water to which ,Eg*E{{{p;f |

iron or steel is exposed is influenced ly ——~Fea—————- V7 Recion

temperature in the following mannerl. AR a4

The potential of hydrogen or symbol ;é:ifﬁ-’rffffi

(pH) is defined as the negative logarithin e Fe/ )

of the hydrogen concentration TR 0 0 oot

represented as [H ] in moles/liter. B SETits ERRRRAEIXKNRNNS
e, SR

pH = -|Og [H] ::}}:’Q2:4»:::::;:::::::,

WATER e SARRRRE 2

>
,,,,,,,, THA ® 0.0.0.0.0.0.9.9.
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XX

The pH value is used to represent the (REACTION 15 FASTER)

acidity of a solution.

CORROSION OF IRON WITH DISSOLVED
OXYGEN PRESENT IN WATER. RATE OF
CATHODIC OR REDUCTION REACTION HAS
INCREASED AS A RESULT OF OXYGEN
DEPOLARIZATION. NET RESULT IS AN
INCREASE IN CORROSION RATE.

Figure 6 Representation of Cathodic Depolarization
by Oxygen
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water at room temperature (aerated water
contain dissolved oxygen). The corrosi
rate for iron as a function of pH is illustrate
in Figure 7. In the range of pH 4 to pH 1(
the corrosion rate of iron is relatively

First, consider the exposure of iron to aerag
i
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independent of the pH of the solution. Inth|s S g; =

pH range, the corrosion rate is governed N
largely by the rate at which oxygen reacis 0

with absorbed atomic hydrogen, therehy 24 s et

.. . PH
depolarizing the surface and allowing ﬂle EFFECT OF pH ON THE CORROSION OF IRON

redUCtion reaCtion tO Continue. For pH Valu S EXPOSED TO AERATED WATER AT ROOM TEMPERATURE
below 4.0, ferrous oxide (FeO) is soluble.

Thus, the oxide dissolves as it is formed  Figure 7 Effect of pH on the Corrosion Rate
rather than depositing on the metal surface to of Iron in Water

form a film. In the absence of the protective

oxide film, the metal surface is in direct contact with the acid solution, and the corrosion reaction
proceeds at a greater rate than it does at higher pH values. It is also observed that hydrogen is
produced in acid solutions below a pH of 4, indicating that the corrosion rate no longer depends
entirely on depolarization by oxygen, but on a combination of the two factors (hydrogen
evolution and depolarization). For pH values above about pH 10, the corrosion rate is observed
to fall as pH is increased. This is believed to be due to an increase in the rate of the reaction of
oxygen with Fe(OH) (hydrated FeO) in the oxide layer to form the more proteciivg Fe O (note
that this effect is not observed in deaerated water at high temperatures).

A plot of the relative corrosion
rate for iron at various pH
values in 590F, oxygen-free 200 \
water is presented as Figure 8.
The curve illustrates that the
corrosion rate of iron in high
temperature water is lower in
the pH range of 7to 12 thanitis .,
at either lower or higher pH —— S
values (at very high pH values 0
greater than pH 13.0, the oxidg
film becomes increasingly morg
soluble because of increasef
formation of soluble FeQ at
high temperatures, and  Figure 8 Effect of pH on the Relative Attack Rate of Iron in Water
corrosion rates increase). As a

result of the data plotted in

Figure 8 and other similar measurements, it is general practice to maintain high temperature
water in the alkaline condition (but below very high pH values) to minimize the corrosion of iron
and the steels exposed to the high temperature water.

250

RELATIVE ATTACK

4 6 8 10 12 14

A\1”4
o
N

APPROXIMATE pH VALUE AT 25°C
RELATIVE RATE OF ATTACK ON IRON BY 590°F WATER OF VARYING pH
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The hydrogen normally dissolved in reactor coolant does not have any detectable direct effect
upon the corrosion rate of the iron and steels exposed to reactor coolant. It does, however, have
an important indirect effect by preventing the accumulation of dissolved oxygen in reactor
coolant, which would accelerate corrosion. Dissolved oxygen reacts with the protective
hydrogen gas layer at the cathode to form water.

The condition and composition of the metal surfaces affects the corrosion rate. Deposits, scale,
or irregular surfaces create areas on the metal where local corrosioitiatenand proceed at

a faster rate than normal. Certain alloys of metals have higher corrosion resistance than others,
as discussed in the Material Science Handbook.

When iron or steel is exposed to high temperature water, the rate of corrosion of the metal is
observed to decrease with exposure time during the early period of exposure. After a few
thousand hours, the corrosion rate becomes relatively constant at a low value. During the early
period of exposure, while the corrosion rate is decreasing, the oxide film on the surface of the
metal grows in thickness. However, the rate at which the film grows decreases with time. The
thickness of the oxide film soon reaches a relatively constant value, and thereafter film thickness
does not change appreciably with further exposure. As might be expected, a relatively constant
corrosion rate and oxide film thickness are attained at about the same time. Because a tightly
adhering corrosion film inhibits further corrosion, great care is taken during the initial fill of
reactor plants to promote formation of the best possible corrabmnThis process, referred

to as pretreatment, or pickling, involves careful control of reactor coolant water chemistry and
temperature during the pretreatment period.

Prevention Chemistry Control

Plant chemistry is used to control corrosion. The type of corrosion determines the method used
for preventing or minimizing the corrosion rate.

Passivators and Inhibitors

Passivation is the condition where a naturally active metal corrodes at a very low rate,
probably due to an oxide coating or an absorbed layer of oxygen. Some chemical
substances, called passivators or inhibitors, if added to water, can provide this type of
passivation by undergoing reduction at the metal surface. A common inhibitor is
potassium chromate.

Cathodic Protection

The use of cathodic protection, supplying an external electric current to the iron so that

it acts as a cathode and has no anodic areas, is another method of preventative chemical
control. This can be accomplished by the use of an external voltage source or by the use
of a sacrificial anode (e.g., zinc) which will corrode and provide the current.
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Removing Corrosive Agents

Chemistry control in the form of removal of corrosive agents from a system is a widely
used method. One method is using deaerators to remove dissolved oxygen and to a
lesser extent carbon dioxide. Treating the water by softening and demineralization
removes the dissolved solids and reduces the conductivity.

Chemical Addition

Chemical additions to a system that alter the chemical reaction or tie up a particular
corrodant is a common method of control. Filming amines (organic compounds that are
derivatives of ammonia) accomplish protection by forming adhering organic films on
metal surfaces to prevent contact between corrosive species in the condensate and the
metal surface. Phosphates and sodium hydroxide are used to adjust the system pH and
remove hardness.

Corrosion of Aluminum

The corrosion of aluminum is dependent upon a vast number of variables. These variables
include environment, temperature, alloy in question, flow velocities, impurities present in the
environment, and chemistry conditions to which it is exposed. An additional factor that affects
corrosion is pretreatment.

Many of the factors are controlled by design and construction, such as alloy type, temperature,
and flow velocities. Pretreatment, soluble and solid impurities, and chemistry are within the
control of the operator and will be discussed in this text.

Experiments have shown that prefilming limits corrosion on aluminum-clad fuel assemblies. In
the tests conducted, the ratios of oxide film thickness for nonprefiimed ainhpdeélements
were on the order of 2 to 3 and in some cases even greater.

Impurities are major contributors to the corrosion of aluminum. In most cases studied, the major
source of contaminants has been makeup water systems. Corrosion products from other plant
materials also contribute to the overall inventory of ionic and solid impurities. Finally, organic
impurities from the resin used in ion exchangers have been detected. These occur in some
installations because of the type of resin used and the patrticle filters normally installed on the ion
exchanger effluents. This problem has been reduced by improved resins and installing filters
capable of removing smaller particles.

Chemistry controls, including pH, dissolved oxygen, and conductivity, greatly influence the
formation and propagation of the oxide film on aluminum surfaces. Dissolved oxygen is
controlled for essentially the same reasons as for the corrosion of iron. Conductivity is a
guantitative indication of the impurities present in the system, and pH theoretically dictates the
value of conductivity.
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For those reactor plants in which aluminum is used for cladding and other structural
components, pH is controlled in an acidic condition because of the corrosion properties of
aluminum. Plant pH has a marked effect on the rate of chemical reaction between the coolant
water and aluminum. In the area of the cladding, the corrosion reduces the thickness and forms
an oxide film that is a thermal barrier. Extensive tests carried out in support of DOE test
reactors have revealed that minimum aluminum corrosion results with a%®6i afnormal
operating temperatures. Additionally, studies have shown that the aluminum corrosion
products also exhibit a minimum solubility at a pH near 5.5 &€25 he aluminum corrosion
products tend to reduce the substrate (base) aluminum metal corrosion rates. Because it is
desirable to maintain dissolved aluminum in the reactor coolant at the lowest practicable level,
it is desirable to maintain the system pH level in the range of minimum oxide solubility. Figure

9 shows the effect of pH on aluminum oxide solubilities for various forms of oxide, and the
effect of pH on corrosion rates. It should be noted that the values at which minimum corrosion
and solubility are found shift to a lower pH as the temperature is increased. For example, at
300°C, the value for minimum aluminum corrosion is near pH 3.0. Therefore, the optimum pH
for operation is determined by the operating temperature.

The conditions that have proven to be most effective in limiting corrosion of aluminum are as
follows.

. Maintaining pH slightly acidic with the value of the pH depending largely upon
operating temperature

. Elimination of dissolved oxygen

. Elimination of soluble and solid impurities

. Prevention of the introduction of organic impurities

. Pretreatment (or pickling)

. Maintaining water purity
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Summary

The major points of this chapter are summarized below.

General Corrosion Summary
. The two conditions that contribute to general corrosion are:

Metal and water in the same environment
Chemical reaction between the metal and water to form an oxide

. The corrosion rate is affected by the following:

A temperature rise in the range of 2o 50°'F doubles the corrosion rat
until the formation of the protective oxide film is complete.

A1~

An extremely high water velocity, 30 to 40 ft per second, tends to renjove
the oxide film allowing the corrosion rate to increase.

The presence of oxygen in water to which iron is exposed increases the
corrosion rate. The reason for the corrosion rate increase is due fo the
rapid reaction between the oxygen and the polarizing layer of hydrggen

absorbed on the oxide layer.

A pH between 4 and 10 results in minimal corrosion rate. If the pH falls
below or above this range, the corrosion will normally increase.

The condition and composition of the metal surfaces affects the corrgsion
rate. Deposits, scale, or irregular surfaces create areas on the metalfwhere
local corrosion can initiate and proceed at a faster rate than normal

Dissolved solids tend to make it easier for current to flow, which results
in a higher corrosion rate.

. The three products formed from general corrosion of iron are FgO, Fe O} and
Fe,O,.
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General Corrosion Summary (Cont.)

formation of the best possible protective corrosion film. The protective film agts
as a barrier and stops further uncontrolled corrosion from taking place. Tihis
process, called pretreatment or pickling, involves careful control of reagjor
coolant water chemistry and temperature during the pretreatment period.

During the initial fill of a reactor system, great care is taken to promote J{we

Four methods used to chemically control general plant corrosion are:

Passivators (inhibitors) consist of a naturally active metal that corrogles
at a very low rate. A common passivator is potassium chromate.

Cathodic protection is the external application of an external electfic
current to the iron so that it acts as a cathode and has no anodic ajeas.
This is accomplished by using either an external electrical source or[the
use of a sacrificial anode to provide the electrical current.
Removing corrodants to reduce the dissolved oxygen and lesser e>1£ent
carbon dioxide. Treating the water in this manner reduces the dissolyed
solids and reduces the conductivity.
Chemical addition to alter the chemical reaction or tie up a particufar
corrodant. Filming amines, phosphates, and sodium hydroxide are Used
to provide organic films and adjust the system pH.

The six water chemistry conditions that limit corrosion of aluminum are:

Maintaining pH slightly acidic with the value of the pH depending largely
on operating temperature.

Elimination of dissolved oxygen

Elimination of soluble and solid impurities
Prevention of the introduction of organic impurities
Pretreatment (or pickling)

Maintaining water purity
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CRUD AND GALVANIC CORROSION

A major potential problem is crud. Crud can cause an increase in
background radiation levels. When two dissimilar metals are in close
vicinity, the opportunity for ion transfer is high. The result is a perfect
environment for galvanic corrosion. Because of the numerous types of
materials used in nuclear facilities, galvanic corrosion is a major concern.

EO 1.13 DEFINE the following terms:

a. Crud
b. Scale
C. Galvanic corrosion

EO 1.14 IDENTIFY the five problems associated with the presence or
release of crud into reactor coolant.

EO 1.15 STATE the four causes of crud bursts.
EO 1.16 STATE the two conditions that can cause galvanic corrosion.
EO 1.17 EXPLAIN the mechanism for galvanic corrosion.

EO 1.18 IDENTIFY the two locations that are susceptible to galvanic
corrosion.

EO 1.19 STATE the five control measures used to minimize galvanic
corrosion.

Crud

In addition to the corrosion film, corrosion products in the form of finely divided, insoluble oxide
particles calleccrud become suspended in the reactor coolant or loosely adhere to metal
surfaces. Crud has several undesirable characteristics. It can be transported throughout the
reactor coolant system. As a result, it can accumulate and foul heat-transfer surfaces or clog
flow passages. The most undesirable characteristic of crud, however, is that it becomes
activated when exposed to radiation. Because crud can be transported throughout the reactor
coolant system, it can collect outside the reactor core, causing radiation hot spots that increase
ambient radiation levels. Hot spots caused by collections of crud may occur at the entrance to
the purification heat exchanger and other areas of low flow velocity. Crud that is loosely
adhered to metal surfaces can suddenly become suspended in the reactor coolant.
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The crud release can result from an increased oxygen concentration, a reduced (or significantly
changed) pH, a large temperature change (heatup or cooldown), or a physical shock to the
system. Physical shocks include starting, stopping, or changing pump speeds, or other
evolutions like a reactor scram or a relief valve lift. The result is a sudden increase in reactor
coolant activity. The release of crud in this fashion is termed a crud burst. Crud bursts often
lead to the removal of protective corrosion films and make the freshly exposed metal more
susceptible to additional corrosion. In addition to the corrosion film and crud, some of the
corrosion products are soluble and are easily transported throughout the system.

High crud concentrations in the system can also complicate disposal of primary coolant. Many
of the corrosion products have relatively long half-lives and represent significant biological

hazards. If, therefore, primary coolant is drained or leaks from the plant shortly after a crud
burst, additional procedures may need to be utilized to minimize the effects of this condition.

Therefore, if the conditions mentioned previously (O , pH) are changed, the solubility of these
corrosion products will change, and they can then be transported to and deposited anywhere in
the reactor coolant system.

Another corrosion byproduct iscale which is made up of deposits on surfaces from the

formation of insoluble compounds from normally soluble salts. Most common are calcium or
magnesium carbonates (CaCO or MgCO ).

Galvanic Corrosion

Galvanic corrosionis the corrosion that results when two dissimilar metals with different
potentials are placed in electrical contact in an electrolyte.

Of all the different types of corrosion, galvanic corrosion corresponds most closely to the
electrochemical cells described previously in this module because galvanic corrosion occurs when
two electrochemically dissimilar metals are joined together (in electrical contact) in a conducting
medium (electrolyte). It may also take place with one metal with heterogeneities (dissimilarities)
(for example, impurity inclusions, grains of different sizes, difference in composition of grains,
differences in mechanical stress); abnormal levels of pH; and high temperatures. A difference in
electrical potential exists between the different metals and serves as the driving force for electrical
current flow through the corrodant or electrolyte. This current results in corrosion of one of the
metals. The larger the potential difference, the greater the probability of galvanic corrosion.
Galvanic corrosion only causes deterioration of one of the metals. The less resistant, active metal
becomes the anodic corrosion site. The stronger, more noble metal is cathodic and protected.
If there were no electrical contact, the two metals would be uniformly attacked by the corrosive
medium as if the other metal were absent. Two locations susceptible to galvanic corrosion is a
piping transition from one metal to another and a sacrificial anode (such as zinc).
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Figure 10 illustrates that galvanic corrosion occurs when two different metals are in contact and
exposed to an electrolyte.
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Figure 10 Galvanic Corrosion at Iron-Copper Pipe Junction

Figure 10 shows the junction of iron and copper pipes containing a solution of a copper salt. The
oxidation potential of iron is sufficiently greater than that of copper so that iron is capable of
reducing Ctf ions to copper metal. In this case, iron corrodes near the junction,iiodadd
copper builds up on the copper pipe near the junction.

The solution to which the metal junction is exposed need not contain a salt of one of the metals
for galvanic corrosion to occur. If the iron-copper junction were exposed to water withéut Cu
ions, the reduction reaction would be as shown in Equation (2-4).

HO" + e - H + H0 (2-4)

Again, iron would corrode near the junction, but in this case hydrogen would be formed on the
surface of the copper.

Prevention of Galvanic Corrosion

A method called cathodic protection, discussed previously in this module, is often used to retard
or eliminate galvanic corrosion. One of several ways of accomplishing this is to attach a third
metal to the metals to be protected. This metal must have an oxidation potential even greater
than that of the metal to be protected. The most active metal then tends to corrode in place of
the protected metal. The metal that corrodes to protect another metal is called a sacrificial anode.
This method is applied in the original design of structural materials. Zinc is a common sacrificial
anode and is often used in cooling water systems that contain seawater.
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Galvanic corrosion can also be limited by: 1) using only metals that are close on the activity
series (discussed in the chapteCamrosion Theor), 2) electrical insulation of dissimilar metals,
and 3) using poorly-conducting electrolytes (very pure water).

The relative surface areas of the two metals are also important. A much larger surface area of
the non-active metal, compared to the active metal, agitelerate the attack. It has been
determined that the relative surface area is the determining factor in the corrosion rates.

The required electrical current for galvanic corrosion will be stopped if the dissimilar metals are:

. separated by a non-conducting junction,

. separated from a conductive environment, and

. located in a poorly conducting electrolyte (pure water).
Summary

The important information of this chapter is summarized below.

Crud and Galvanic Corrosion Summary

. Crud is corrosion products in the form of finely divided, insoluble oxide partjcles
suspended in the reactor coolant or loosely adhered to metal surfaces or agtivated
corrosion and wear products.

. Scale is the deposition on the surfaces of the piping from the formation of inspluble
compounds from normally soluble salts. Most common are calcium or magnesium
carbonates.

. Galvanic corrosion is the corrosion that results when two dissimilar metalg with

different potentials are placed in electrical contact in an electrolyte.
. The problems of crud in reactor plants are:

Fouling of coolant flow paths

Fouling of heat transfer surfaces

High general background (ambient) radiation levels
Radiation hot spots

Radioactive waste disposal
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Crud and Galvanic Corrosion Summary (Cont.)

The causes of a crud burst in the reactor coolant are:

Galvanic corrosion functions on the principle of the electrochemical cell, g
occurs when two electrochemically dissimilar metals are joined together i
conducting medium. The two dissimilar metals generate an electrical potential,
and this electrical potential serves as the driving force for the electrical cur
flow through the corrodant or electrolyte. The less resistant metal, called
active metal, becomes anodic. The other metal, called the noble metal, bec
cathodic.

The two locations susceptible to galvanic corrosion are piping transitions betw
two dissimilar metals and at sacrificial anodes.

Measures used to control galvanic corrosion include:

Increased oxygen concentration

Reduced (or significantly changed) pH

Large temperature change

Physical shock (for example, starting and stopping pumps,
changing speeds of pumps, reactor scram, or relief valve lift)

nd
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ent
the
mes

Cathodic protection by introducing a third metal (sacrificial anod
normally zinc) to the metals being protected or using only metals that
close on the activity series.

Choosing relative surface areas such that the material to be protected
a larger surface area than the active metal.

Separating dissimilar metals with a non-conducting material
Separating the metals from a conductive environment

Use of poorly conducting electrolytes (pure water)
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SPECIALIZED CORROSION

The environment in which a metal exists has direct bearing on the corrosion
rate of that metal. Because of the unique environment possible in the nuclear
industry, there are a few specialized types of corrosion that must be considered.

EO 1.20 DEFINE the following terms:

a. Pitting corrosion
b. Crevice corrosion
C. Stress corrosion cracking

EO 1.21 STATE the two conditions necessary for pitting corrosion to
occur.

EO 1.22 STATE the particular hazard associated with pitting
corrosion.

EO 1.23 STATE the four controls used to minimize pitting corrosion.

EO 1.24 IDENTIFY the three conditions necessary for stress corrosion
cracking to occur.

EO 1.25 DEFINE the term chemisorption.
EO 1.26 STATE the hazard of stress corrosion cracking.

EO 1.27 STATE the three controls used to prevent stress corrosion
cracking.

EO 1.28 DESCRIBE the two types of stress corrosion cracking that
are of major concern to nuclear facilities including:

a. Conditions for occurrence
b. Method(s) used to minimize the probability of occurrence

Pitting and Crevice Corrosion

Another possible effect of dissolved oxygen is accelerated localized attack. This is especially
likely in areas of limited circulation. The resulting corrosion is called pitting corrosion.
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Pitting corrosionoccurs where the anodic site becomes fixed in a small area and the formation
of holes (deep attack) in an otherwise unaffected area takes @l@séce corrosions a type
of pitting corrosion that occurs specifically within the low flow region of a crevice.
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Figure 11 Differential Aeration Cell

To illustrate pitting attack, consider a special type of galvanic cell called a differential aeration
cell such as the one illustrated in Figure 11. This particular differential aeration cell is showing
current flow as a result of depolarization of one electrode (cathode) by oxygen. In this type of
cell, two iron electrodes are exposed to a dilute solution of an electrolyte (NaCl, for example).
Air (or oxygen) is bubbled around one electrode, and nitrogen is bubbled around the other. A
current flows through the wire connecting the two electrodes. The difference in potential is a
result of the difference in oxygen concentration at the two electrode surfaces. At the electrode
exposed to nitrogen, electrons are given up by the iron as it is oxidized. These electrons readily
flow through the external circuit to the electrode exposed to oxygen. At this depolarized
electrode they can participate in a reduction reaction. As a result, oxidation occurs at the
electrode exposed to nitrogen and reduction occurs at the aerated electrode. Oxidation at one
electrode and reduction at the other creates a potential and a flow of current through the
connecting wire. Note that loss of metal occurs at the electrode that is deficient in oxygen.
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In iron that is exposed to water, a similar action can occur if adjacent areas of the metal surface
become exposed to solutions with different oxygen concentrations. For example, the solution
in a crevice exchanges slowly with the bulk of the solution outside the crevice. Oxygen in the
solution inside the crevice will be depleted initially by the corrosion reaction.

2Fe + O, - 2FeO (2-12)

This reaction alone does not produce a protective film on the metal. Because of restricted flow
into the crevice, replenishment of oxygen will be very slow; therefore, the solution inside the
crevice will have a low oxygen concentration relative to that outside the crevice as shown in
Figure 12. The two adjacent areas then establish a concentration cell with electrons flowing
from the region of low oxygen concentration to the region of high concentration. Thus, metal
goes into solution (oxidation) inside the crevice, and reduction occurs outside the crevice.
Metal ions diffuse out of the crevice, more metal dissolves, and the process continues. This
results in the formation of a pit inside the crevice.
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Figure 12 Representation of Crevice Pitting
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The presence of oxygen can also promote pitting at areas on the metal surface tiiallgre in
anodic with respect to an adjacent area. For example, suppose that adjacent areas on a metal
surface exhibit slightly different oxidation potentials. Oxidation, or loss of metal, proceeds at
the region of higher potential. Corrosion in the region of higher potential leads to formation
(at least initially) of a porous oxide film. The thickness of the film formed on the adjacent
cathodic region will be much less. Oxygen in the bulk of solution can reach the cathodic surface
(with the thin film) more readily than it can the nearby anodic surface region (with the thicker
oxide film). Depolarization of the cathodic region (thin film) by oxygen tends to maintain this
region cathodic, while a deficiency of oxygen under the thicker porous corrosiassists

in maintaining an anodic condition in this region. The overall result is corrosion, or wasting
away, of the metal in the anodic region under the thicker film. Thus, a pit in the metal surface
is formed under the mound of surface oxide, as illustrated in Figuréitting of this type is
common in both low temperature and high temperature iron-water systems if precautions are
not taken to remove the oxygen from the water within the system.
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Figure 13 Pit in Metal Surface Promoted by Depolarization

It is also found that certain ions, notably chloride ions, cause pitting of iron and steel. The exact
mechanism by which this occurs is not clear, but in some way chloride ions cause defects in the
passivating oxide layer on the metal surface. The defects are highly localized and are
surrounded by large passive areas that tend to be cathodic. Thus, a small anodic (oxidation)
site is surrounded by a large cathodic (reduction) area. The current density will then be very
large at the anodic site, and attack on the metal will be rapid. In some test cases, deep pits have
been observed within a few hours.
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Pitting and crevice corrosion are a major hazard to a nuclear fagbipube of the rapid
penetration of the metal with little overall loss of mass. A nuclear facility minimizes pitting and
crevice corrosion by the following actions.

. Avoiding stagnant or low flow conditions.

. Using metals and alloys that are less susceptible to the corrosion.

. Avoiding agents in the medium that cause pitting (for example, chlorides and
oxygen).

. Designing the system and components such that no crevices are present.

Stress Corrosion Cracking

Stress corrosion crackin@CC) is a type of intergranular attack corrosion that occurs at the
grain boundaries under tensile stress. Grain boundaries are discussed in detbieiad
ScienceHandbook. SCC occurs in susceptible alloys when the alloy is exposed to a particular,
specific environment if the alloy is in a stressed condition. Stress corrosion cracking appears
to be relatively independent of general uniform corrosion processes. Thus, the extent of general
corrosion can be essentially nil, and stress cracking can still occur. Most pure metals are
immune to this type of attack.

According to the most widely accepted theory, stress corrosion cracking is caused by a process
called chemisorption. Unlike relatively weak physical absorption, such as hydrogen gas on
platinum metal, chemisorption may be thought of as the formation of a compound between the
metal atoms on the surface as a monomolecular layer of the chemisorbed substance, such as Cl-,
OH-, Br-, and some other ions. The formation of this chemisorbed layer greatly reduces the
attraction between neighboring metal atoms. A defect initially present then grows as the metal
atoms separate under stress, more chemisorption occurs, and the process continues. In very
severe cases, the time required for this cracking to occur is only a matter of minutes.

Many stainless steels are susceptible to stress corrosion cracking. Stainless steels containing
18 percent chromium and 8 percent nickel are susceptible to cracking in environments
containing chloride ions and in concentrated caustic environments (that is, in environments
where the hydroxyl ion concentration is high). On the other hand, these types of stainless steels
do not exhibit any tendency to crack when they are exposed to water environments containing
nitrate (NQ' ), sulfite (S@ ), and ammonium (NIH ) ions.

SCC is of great concern because it can readily crack metal of appreciable thickness. If the
environment is severe enough, cracking can occur in a very short period of time. The crack can
then lead to a serious failure of the component, or the system, and all the attendant results (for
example, contamination, loss of coolant, and loss of pressure).
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The most effective means for preventing SCC are proper design, reducing stress, removing
critical environmental contributors (for example, hydroxides, chlorides, and oxygen), and
avoiding stagnant areas and crevices in heat exchangers where chlorides and hydroxides might
become concentrated. Low alloy steels are less susceptible than high alloy steels, but they are
subject to SCC in water containing chloride ions. Nickel based alloys are not affected by
chloride or hydroxide ions.

Two types of SCC are of major concern to a nuclear facility.

Chloride Stress Corrosion Cracking (Stainless Steels)

The three conditions that must be present for chloride stress corrosion to occur are as

follows.
. Chloride ions are present in the environment
. Dissolved oxygen is present in the environment
. Metal is under tensile stress

Austenitic stainless steel is a non-magnetic alloy consisting of iron, chromium, and
nickel, with a low carbon content. This alloy is highly corrosion resistant and has
desirable mechanical properties. One type of corrosion which can attack austenitic
stainless steel is chloride stress corrosion. Chloride stress corrosion is a type of
intergranular corrosion.

Chloride stress corrosion involves selective attack of the metal along grain boundaries.
In the formation of the steel, a chromium-rich carbide precipitates at the grain boundaries
leaving these areas low in protective chromium, and thereby, susceptible to attack. It has
been found that this is closely associated with certain heat treatments resulting from
welding. This can be minimized considerably by proper annealing processes.

This form of corrosion is controlled by maintaining low chloride ion and oxygen content

in the environment and the use of low carbon steels. Environments containing dissolved
oxygen and chloride ions can readily be created in auxiliary water systems. Chloride ions
can enter these systems via leaks in condensers or at other locations where auxiliary
systems associated with the nuclear facility are cooled by unpurified cooling water.
Dissolved oxygen can readily enter these systems with feed and makeup water. Thus,
chloride stress corrosion cracking is of concern, and controls must be used to prevent
its occurrence.
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Figure 14 illustrates intergranular stress corrosion cracking. The pressure of a tensile
stress opens up intergranular cracks and accelerates further corrosion. Chloride stress
corrosion is a particularly significant problem in the operation of nuclear facilities
because of the wide use of austenitic stainless steel, and the inherent presence of high
tensile stresses associated with pressurization. Chloride stress corrosion cracks have
been known to propagate in austenitic stainless steel at stresses of about one-fifth yield
strength with chloride concentrations of less than 50 ppm. Yield strength is discussed
in detail in theMaterial SciencéHandbook.

METAL
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Figure 14 Intergranular Corrosion Cracking

Tests show that the 18-8 stainless steels are susceptible to chloride stress attack when
both the chloride ion concentration and dissolved oxygen concentration are above certain
values. The region of susceptibility for austenitic stainless steel is illustrated in Figure
15. Note that when dissolved oxygen is present at about 1 ppm, chloride stress
corrosion cracking can be initiated at chloride ion concentrations near 1 ppm. However,
when the concentration of dissolved oxygen is very low, susceptibility to chloride stress
corrosion cracking is reduced.

High temperature tends to decrease the time required for chloride-induced cracking to
occur, but there appears to be no practical temperature limit below which cracking will
not occur, given sufficient time and severe conditions. The curve in Figure 15 is valid for
temperatures in the range 4FXo 500F.
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Figure 15 Austenitic Stainless Steel

Caustic Stress Caorrosion Cracking

Caustic stress corrosion, or caustic embrittlement, is another form of intergranular
corrosion cracking. The mechanism is similar to that of chloride stress corrosion. Mild
steels (steels with low carbon and low alloy content) and stainless steels will crack if they
are exposed to concentrated caustic (high pH) environments with the metal under a
tensile stress. In stress cracking that is induced by a caustic environment, the presence
of dissolved oxygen is not necessary for the cracking to occur.

Caustic stress corrosion cracking was first encountered in the operation of riveted steam
boilers. These boilers were found to fail on occasion along riveted seams. Failure was
attributed to caustic-induced cracking at the highly stressed regions near and under the
rivets. Boiler water could easily flow into the crevices which existed under the rivets.

Radiative heating would cause the water in the crevices to boil. As steam was formed,
it would escape from the crevice. More boiler water would then flow into the crevice,
boil, and pass from the crevice as steam. The net result of this continuing process was
concentration of caustic under the rivet. The combination of high stress and high caustic
concentrations eventually led to destructive cracking of the boiler vessel.
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Where the rate of steam generation (boiling) is high, it is more difficult to eliminate the
problem of solute concentration in regions of the boiler. Caustic stress corrosion may
concentrate in such regions as the water evaporates rapidly, but sufficient concentration
of caustic by such a mechanism to induce stress cracking is considered unlikely.

Available data indicates that caustic concentrations greater than 10,000 ppm, and
probably up to 50,000 ppm, are required to induce caustic stress cracking (40,000 ppm
NaOH is equivalent to 40 grams per liter or 1 mole per liter). The pH of such a solution
is on the order of 14. An alkaline environment is produced and controlled by use of a
solution having some properties of a buffer, that is, one that tends to retard or slow a
reaction or tends to force it in one direction or the other.
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Summary

The important information of this chapter is summarized below.

Specialized Corrosion Summary

. Pitting corrosion occurs where the anodic site becomes fixed in a small area ghd
the formation of holes in an otherwise unaffected area takes place.

. Crevice corrosion is a type of pitting corrosion that occurs specifically withir]
the low flow region of a crevice.

. Stress corrosion cracking (SCC) is a type of intergranular attack corrosion that
occurs at the grain boundaries under tensile stress.

. Pitting corrosion requires two conditions to occur, low flow and areas of bot
high and low oxygen concentration. When these conditions are met
differential aeration cell is established which produces an electron flow from t
point of low oxygen concentration to the area of high oxygen concentratior.
The difference in oxygen concentration is usually due to a low flow conditio

. Pitting corrosion is a hazard due to the possible rapid penetration of the mefal
with little overall loss of mass. Pitting corrosion is minimized by:

Avoiding stagnant conditions

Using the correct metals and alloys that are less susceptible to the
corrosion

Avoiding agents in the medium that cause pitting

Designing the system and components such that no crevices are present

. Stress corrosion cracking occurs when three conditions are met; the alloy|lis
susceptible to stress corrosion cracking, the alloy is exposed to specific
environment, and the alloy is in a stressed condition.

. Chemisorption is the formation of a monomolecular layer of a compound
between the metal's surface atoms. This layer separates the metal's atgms
thereby weakening the metal and allowing any existing defects to propagate
when a stress is applied.

CH-02 Page 36 Rev. 0



Corrosion DOE-HDBK-1015/1-93 SPECIALIZED CORROSION

Specialized Corrosion Summary (Cont.)

. Stress corrosion cracking (SCC) is a great concern due to the hazard that'in can
readily crack metal of appreciable thickness. The crack can lead to a serous
failure of the component, or system, and all the attendant results such as:

Contamination
Loss of coolant
Loss of pressure

. SCC is prevented in reactor system by:
Proper design
Reducing stress levels

Avoiding stagnant areas and crevices in heat exchangers, where chlofjdes
and hydroxides might become concentrated.

. Chloride stress corrosion

The three conditions that must be present for chloride stress corrosion to ogcur
are:

Chloride ions present
Dissolved oxygen present
Metal under tensile stress

Chloride stress corrosion is controlled by maintaining low chloride ion ajpd
oxygen content in the environment and the use of low carbon steels.

. Caustic stress corrosion

Caustic stress corrosion is similar to chloride stress corrosion. The metals
involved are mild steels (steel with low carbon and low alloy content). The
metals are exposed to concentrated caustic environments and under tensile gtress.
The presence of oxygen is not required for cracking to initiate. Concentratiof) of
greater than 10,000 ppm is required for cracking to initiate. The level maJ"be
higher for different caustic environments.
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TERMINAL OBJECTIVE

1.0 Without referencef)ESCRIBE the effects of radiation on reactor water and methods of
treatment for the products.

ENABLING OBJECTIVES

1.1 DESCRIBE the process of radiolytic decomposition and recombination of water.

1.2 DESCRIBE the process of radiolytic decomposition and recombination of nitric acid and
ammonia.

1.3 STATE the advantage of maintaining excess hydrogen in reactor water.
1.4  STATE the three sources of radioactivity in reactor water and each one’s decay product

1.5 STATE the following for reactor water chemistry.

a. Nine parameters controlled
b. Reason for controlling each parameter
C. Method of controlling each parameter

1.6 STATE the possible effects of abnormal chemistry on core conditions.
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EFFECTSOF RADIATION
ON WATER CHEMISTRY (SYNTHESIYS)

Radiation synthesis is a process that takes place in the reactor coolant system
This phenomenon is limited to the reactor caoit system because of the high flux
(radiation)levelsthat exist in the core region and further complicate chemistry
control of the reactor plant.

EO 1.1 DESCRIBE the process of radiolytic decomposition ah
recombination of water.

EO 1.2 DESCRIBE the process of radiolytic decomposition ah
recombination of nitric acid and ammonia.

EO 13 STATE the advantage of maintaining excess hydrogemi
reactor water.

EO 14 STATE the three sources of radioactivity in reactor wate
and each one's decay product.

I nteraction of Radiation

As reactor coolart water passes through the core region of an operating reactor, it is exposed
to intense radiation. The major components of the radiatiofield are neutrons, protons, gamma
rays, and high energy electrons (beta particles). These types of radiation interact witheth
coolant water primarily by an ionizatiorprocess and have a marked effect on the water itself
and on the chemical reactions between substances dissolved in thewes. This section discusses
these effects, and in particular the effects that involve gases dissolved in reactor coolant.

Theinteraction of radiation with matter produces ion pairs. Usually, the negative member of
theion pair isa free electron and the positive member is a polyatomic cation, the exact nature
of which depends on the péicular substance being irradiated. For example, the interaction of

radiation with water isillustrated by the following reaction.

H,O -+ radiation - e + H,O" (3-1)
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Both of these species are very reactive chemically, and there are several reaction pathway
available to each. Some of these mechanisms are very complexnd are usually of little practical
vaue to the reactor operator, who is more concerned with the overall, observable effects. In
the case of water, the overall effect of irradiation is shown in the following reaction.

2H,0 + radiation - 2H, + O, (3-2)

Becausethis resultis not at all apparent from Reaction (3-1), the following section describes
the intermediate processes in some detail. This discussion is presented only to illustratesth
types of reaction mechanisms that occur in irradiated solutions. Subsequent discussi®n
primarily involve only the overall effects of these processes.

Reaction (3-1) shows that irradiation of pure water produces an electron and a,8* ion. As
stated, both spedes are highly reactive. The HO" ion rapidly reacts with a water molecule as
follows.

HO" + H,0 - H0" + OH (3-3)

The species OH is an uncharged hydroxyl group. Neutral groups such as this, in whicH a
chemical bonding capacity is not satisfied, are common intermediate species in chemica
reactions and are called radicals or sometimes free radicals.

The electron produced by Reaction (3-1) first forms a species called the hydrated electron
denoted by e,. The hydrated electron may be thought of as resulting from the interaction of
a negative electron with the positiveend of a polar water molecule. Thisis analogous to the
formatian of hydronium ions by interaction of a positive proton (Bl with the negative end of
a water mdecule. Because the water molecules associated with hydrated electrons do ho
participate in subsequent chemical reactionghey are not shown in chemical equations, and the
hydrated electron (g,) is used instead.

Hydrated electrons may interact with HO" ions in solution or with water molecules. Bt
reactions produce another reactive species, atomic hydrogen.

&g + HO" - H + HO (3-4)
or
&g + HO - H + OH (3-5)

Reaction (3-4) usually predominates.
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Because Reactions (3-4) and (3-5) are dowampared to that in Reaction (3-3), there are three
reactive species present at any oneitme:  hydroxyl radicals (OH), hydrated electrons (g), and
hydrogen atoms (H). These pecies may undergo any of several possible reactions such as the
following.

OH + OH - H,O, (hydrogen peroxide (3-6)
OH + H - HO (3-7)

H + H - H, (3-8)

H + e Hfon + OH- (3-9)

H, + OH - HO + H (3-10)

Hydrogen peroxide, formed by Reaction (3-6), may aso reactiwh the original reactive species,
but at high temperatures HO, is unstable, and the predominant reaction is decomposition.

2H,0, - 0, + 2H,0 (3-12)

To illustrate the overall result of theseeactions, let us assume that each of the reactive species
produced by successive steps in the irradiation of water reacts in only one way. That,is
whenever severa reactions of a particular substance are padsle, assume that one predominates
to such an extent that the others are negligible. The followg set of reactions is one possibility.
In some cases, entirereactions are multiplied by afactor to allow cancellation of terms when
the reactions are summed.

4(H,O + radiation - e + H,O") (3-1)
4(HO" + HO - HO" + OH) (3-3)
g + HO - H + HO (3-4)
2(OH + OH - H)0,) (3-6)

Rev. 0 Page 3 CH-03



EFFECTS OF RADIATION DOE-HDBK-1015/2-93 Reactor Water Chemistry
ON WATER CHEMISTRY (SYNTHESIS)

2H + H - H,) (3-8)
2H0O, - O, + 2H.0 (3-11)
Net reaction: 8H,0 + radiation - 2H, + O, + 6H,0
or
2H,0 + radiation - 2H, + O, (3-12)

The net result of these reactions is smply the decomposition efater. If H, and O, are allowed
to escape fromsolution as gases, the reaction continues as written. If, however, the water is
contained in a closed system under pressure (as in a reactor coolant system), Hind O, are
confined, and an equilibrium state is reached because radiation also causes the reversd o
Reaction (3-2) to take place. Primarily neutron and gamma radiation induce both ¢h
decomposition of water and the recombination of Hand Q to form water. Thus, it §
appropriate to write Reaction (3-2) as a radiation-induced equilibrium reaction.

radiation
2H,0 s 2H, + O, (3-12)
radiation

To arrive at the overall effect of radiationio water, the above process involved the assumption
that only one reaction pathway is available to each reactive species. This was done primarily
for convenience because inclusion of every possible relion in the summation process becomes
rather cumbersome Even if al the reactions are taken into account, the net result is the same
as Reaction (3-12), which is reasonable because inspection of Reactions (3-3) through (3-11)
shows that the only stable products are K O,, and H,0O (H,O" and OH combine to form water,
and H,0O, decomposes at hidh temperature). Perhaps not as obvious, more water is consumed
than is produced in these eactions, and the net result is the initial decomposition of water that
proceeds until equilibrium concentrations of KHand O, are established.

Before discussing the effects of radiation on other processes, chemical equilibrium ingh

presence of ionizing radiation should be mentioned. Equililonm processes in aqueous solutions

are discussed briefly in Module 1, which states that temperature influences the equilibrium
lonizing radiation also influences the equilibrium of these solutions.
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Radiation has an effect on the equilibrium in the case of water. In the absence of radiation
water does not spontaneously decompose at 500 and the equilibrium lies far to the right.

2H, + O, = 2H,0

Whenirradiated, however, waterdoes decompose, as shown above. Also, Kland O, do not
normally react at 500°F because a large activation energy is required to make the reactno
occur. Radiation, in effect, suppliesthis dtvation energy, and the reaction takes place readily.
Thus, radiation increases the rates of both forward and reverse reactions, although not by the
same factor.

In general, the effect of radiation on the equilibrium for given reaction cannot be predicted
guantitatively. The situation is further complicated by the observation that the effect ongh
equilibrium may vary with the intengity of the radiation. In nuer facilities, the effect may vary
with the power level of the facility. In most cases, this complication is naetsevere problem
because the direction of the effect isthe same; dyg the degree or magnitude of the effect varies
with the intensity of the radiation.

As noted several times previoudly, reactor coolant is matained at a basic pH (in facilities other
than those with aluminum components or those that use chemical shim reactivity contro t
reduce corrosion processes. It is aso important to exclude dissolved oxygen from reacto
coolant for the same reason. As shown in the preceding section, however, a natural conse
guence of exposing pure water to ionizing radiation is production @ioth hydrogen and oxygen.
The addition of a base to control pH has essentially no effect on this feature.

To prevent the formation of oxygen in reactor coolant, hydrogen is added. Hydroge
suppresses the formation of oxygen primarily by its effect on the reactions that OH radicals
produced by Reaction (3-3), undergo. In the presence of excess hydrogen, hydroxyl radicals
react predominantly by Reaction (3-10) rather than as in Reactions (3-6) through (3-8).

H, + OH - HO + H (3-10)

Hydrogen atoms from this equation subsequently redto form H, and H,O by Reactions (3-7),

(3-8), and (3-9). Noneof these reactions leads to Q, or H,O,, which decomposes to form Q

and H,0 at high temperatures. Thus, the addition of H to reactor coolant largely eliminates
production of free oxygen.
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Another way of viewing the effect of hydrogen on reactor coolant is through its effect on the
equilibrium of the reaction.

2H,0 + radiation - 2H, + O, (3-12)

By LeChatelier's principle, the addition of excess hydrogen forcese equilibrium to the left,
which requires that O, be consumed. If the dissolved hydrogen concentration is sufficiestl
large, only avery smd amount of oxygen will be present at equilibrium. Normally, therefore,
reactor coolant contains excess dissolved hydrogen, and there is no significant he
decomposition of water by radiation.

Reactor coolant makeup water usually contains a small amount of air, which is compake
primarily of nitrogen and oxygen in a volume ratio of 4:1 (80 percent nitrogen, 20 perden
oxygen). These gases undergo radiation-induced reactions. The reachs are the same as those

that occur in certain accident situations and are included in the following discussion.

In addition to the small amount of air normally dissolved in makeup water, there is a srhal
possibility that air may be accidentally injected directly into the reactor coolant system.

Whenever air enters the reactor coolant system, and the resar is operating, the most immediate
reaction involves oxygen from the air and hydrogen, which is normally present in the coolant.

radiation
2H, + O, s 2H,0 (3-13)
radiation

That is, the addition of O, disturbs the above equilibrium and causes the equilibrium to shift to
the right, consuming both H and O,. The concentration of hydrogen normally maintaineci
reactor coolant is such that small amounts of oxygen Wibe rapidly consumed before any excess
oXygen can cause severe corrosion problems to occur.

Reaction (3-13) also consumes oxygen addedo the reactor coolant as a natural consequence
of air dissolved in makeup water. Other than initial fill of the reactor coolant system,eth
situationsthat require the largest amounts of makeup water are feed and bleed operations t
corred an abnormal chemistry parameter or cooldown after some period of reactor operation.
In this case, gamma radiation from the decayf fission products in the reactor core continues
to induce the H, - O, reaction for some period after shutdown. During initial fill and Ign
shutdown periods, chemicals other than hydrogen (e.g. hydrazine) may be added to reacto
coolant to remove any dissolved oxygen.
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After essentially all of the oxygen has been consumed by reaction with hydrogen, the nitrogen
containedin air will remain. For small air additions, some hydrogen will also remain; thus, the
reactor codant will contain both dissolved hydrogen and dissolved nitrogen. These two gases
do not react in an unirradiated solution at low temperature and pressure. When exposedl t
radiation, however, the gases do react by the following reaction.

radiation
3H, + N, s 2NH, (ammonig (3-14)

Again, this is an equilibrium reaction, and radiation induces the reaction in both directions
Ammonia (NH,) produced by this reaction combines with water to form ammonium hydroxide
(NH,OH).

+

NH, + HO = NH, + OH" (3-15)

Under the operating conditions of reactor coolant, Reaction (3-14) is far from completen |
most cases, less than about 10 percent of the nitrogen will be converted to ammonia. 16n
additional base were added taeactor coolant, Reaction (3-14) would be sufficient to cause the
coolant to be mildly basic, pH 9.1n the presence of added base, however, the reaction has only
avery dlight and negligible effect on pH.

If the base NH, were used to control reactor coolant pH, the reverse of Reaction (3-14) would
be more important The reverse step of this reaction requires that some of the ammonia added
to the coolant decompose into N and H,. Because operating conditions favor this step of the
equilibrium, rather than formation of NEJ it would be exected that most of the ammonia added
would decompose. Hovever, the rate of the ammonia decomposition reaction is slow, and the
pH of reactor coobnt can be maintained in the required range. It should also be noted that the
decompasition of NH; would produce hydrogen gas in significant concentrations in reaato
coolant (sufficient to satisfy normal Erequirements).

In the event that alarge quatity of air isinjected into the reactor coolant system, the inventory
of dissolved hydrogen would be rapidly depleted by Reaction (3-13). If the amount ofr ai
injectedis sufficiently large, there could be oxygememaining in the coolant after depletion of
the hydrogen. In this case, another reaction is available to the oxygen and nitrogen in the air.

radiation
2N, + 50, + 2H,0 =  4HNO, (3-16)

Nitric acid(HNO,) produced by this reaction will neutralize any base contained in the coolant,
and if sufficient acid is produced, the coolant will acquire an acidic pH.
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Normally, the amour of hydrogen maintained in the reactor coolant, in conjunction with other
precautionsemployed, greatly reduces the probability that the amount of oxygen enteringeh
coolant wil be sufficient to lead to Reaction (3-16). If alarge amount of air were accidentally
added to the reactor coolant, one solution would be to add more hydreg. The added hydrogen
would react withremaining oxygen, disrupting the equilibrium of Reaction (3-16) causing the
reverse step of that reaction to occu When all the oxygen has been removed, Kland N, could
react by Reection (3-14) and help reestablish a basic pH. The relationship between trees
reactions and pH following the initial oxygen addition, and a subsequent hydrogen addition, is
illustrated in Figure 1.

EXCESS OXYGEN
ADDED

* HYDROGEN
ADDED

v

pH U

60 |—
OXYGEN OR
HYDROGEN
CONCENTRATION,
ce/kg — HYDROGEN
— — OXYGEN
1.0 |- —— AMMONIA
— — NITRIC ACID
0.8 |-
AMMONIA OR 06
NITRIC ACID : o ————— = —
CONCENTRATION, v N
ppm
0.2 - / \
[ 1 | | 1 | |
0 2 4 6 8 10

TIME, HOURS

Figure 1 Changein pH, Gas Concentration, and Nitrogen Compounds
With Excess Oxygen Added
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In the preceding discussion, the reactions possible after the addition of air to reactor cootan
containing hydrogen were described. These are Reactions (3-13), (3-14), and (3-16). &h
relative rates of these reactions are of considerable impamce. Briefly, Reaction (3-13) is much
more rapid thaneither of the others, and Reaction (3-16) is faster than Reaction (3-14). Thus,
the sequence of reactions is as described in the preceding sections. Hand O, react to form
water. If hydrogen remains, it undergoes amicomplete reaction with N to form small amounts
of NH,. If O, remains after all the H has been consumed, the Q - N, reaction produces nitric
acid.

The flux of neutrons and protons in a nuclear reactor core region leads to several importian
nuclear reactions with the constituent atoms of water. Most of these reactions involve oxygen
isotopes and fast neutrons or protons.

In many cases, the absorption of afst neutron by a nucleus is immediately followed by gection
of a proton. These reactions are called neutron-proton or n-p reactions and are commanl
written (using the'®O reaction to illustrate) in the following manner.

%0 (n, p) N (t,, = 7.13 seconds) (3-17)

In this notation, the original isotope that undergoes the reaction is written first, the produc
isotopeis last, and the two are separated by, in order, the particle absorbed and the partecl
emitted. The isotope’$N decays to50 with a 7.13-second half-life by emitting a beta particle
(B?) and a high-energy gammaray (6 Mev predominantly).

UN-O+p +7v
Oxygen-17 undergoes a similar reaction.
Y0 (n, p) XN (t, = 4.1 seconds) (3-18)
The isotope *’N decays by emission of a beta particle, a neutron, and a gammaray.
IN- B0 +B+in+y

Reactions(3-17) and (3-18) have nasignificant chemical effect on reactor coolant because of
the relatively small number of atoms that undergo these reactions. They are of considerabl
importance, however, because the radioactive specie$N and N are carried outside the core
region by the flow of reactor coolant. The neutrons and high-energy gamma rays emittegt b
these isotopes easily penetrate the piping and components that contain the coolant andear
important corsiderations in the design of shielding for nuclear facilities. Because the half-lives
of these isotopes arevery short, they decay to low levels very rapidly after shutdown and are,
therefore, of little concern during such periods.
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Two other nuclear reactions with oxygen isotopes are shown below.
B0 (p, n) ¥F (t,, = 112 minutes)
190 (p, &) BN (t,,, = 10 minutes)

An gjected alpha particle isindicated byx. The protons that cause these reactions result from
inelastic calisions of fast neutrons with hydrogen atoms in water molecules. The radioactivity
levels of these isotopes are much lower than the levels ofSN and*JN during reactor faciliy
operation. However, during the period from a few minutes to about five hours after reacto
shutdown or after removing a coolant sample from the systemN and3F are the principa
sources of radioactivity in the reactor coolant of most reactor facilities.

13 13 0
7|\I - GC ta
18 18 0
9F - 80 ta

The only significant nuclar reaction that occurs with hydrogen involves deuteriunti{), which
comprises about 0.015 percent of natural hydrogen.

H (n,y) 3H (t,, = 12.3 years)

Tritium (3H) decays by emission of a very weak particle (0.02 Mev) and no gamma rays
Thus, tritium is not a radiological hazard unless it enters the body in significant amounts
Tritium can enter the body through inhalation or ingestion. It is also possible to absorb forms
of tritium through the skin.
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Summary

The important information in this chapter is summarized below.

Effects of Radiation on Water Chemistry (Synthesis) Summary

* Theintense radiation insde the core of an opetang nuclear reactor produces several
chemical effects on the reactor coolant itself and on substances dissolved in ¢h
coolant. Radiation causes pure water to decompose into Hand ©. The
decomposition is suppressed by adding excess hydrogen.

2H,0 = 2H, + O,

» Excesshydrogen is added to suppress the decomposition of reactor water. It @s
reacts with any oxygen that enters the reactor coolant systennisually as a component
of air in makeup water, provided the amount of oxygen is not excessive. If ¢h
amount of oxygen is more than enough to deplete the hydrogen, the excess oxygen
reactswith nitrogen(also a component of air) and forms nitric acid. In the case of
addition of very large amounts of air, the amount of nitric acid produced mayeb
more than enough to neutralize the normally basic coolant and cause it to becam
acidic.

» Radiation induces the combination of N and H, to form ammonia, although tle
extent of thisreaction is small and usualy I®a negligible effect on the pH of reactor
coolant. All of the reactions in this chapter are reversible and reach an equilibrium
state under normal operating conditions. Changes the concentrations of any of the
reactants disturb the equilibrium and causes the reaction to shift in the directo
which restores the equilibrium.

N, + 3H, = 2NH,

» Radiaion also produces several nuclear reactions in reactor coolant. The products
N and*N, of two of these reactionscontribute radioactivity to the reactor coolant,
adding significantly tothe shielding requirements for nuclear reactors. Other$N
and 8F, are also major contributors to the radioactivity in reactor coolant.

N -0 By IN- 0+ +in+y

13 13 0 18 18 0
7N_’ GC++1 9F_’ 8O++1
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CHEMISTRY PARAMETERS

The reasons for control of selected chemistry parameters, and some oéth
more common methods ofontrolling these parameters will be discussed. No
attempt will be made to identify specific values of any of the parameter
discussedbecause of the number oflifferent reactor facilities involved, but
an overview concerning the bases and common methods used| be included.
For operating values and specifications, users should refer to local fagilit
publications.In addition, some information on tritium is provided

EO 15 STATE thefollowing for reactor water chemistry.

a. Nine parameters controlled
b. Reason for controlling each parameter
C. M ethod of controlling each parameter

EO 1.6 STATE the possible effects of abnormal chemistry on cer
conditions

Specific Parameters

Specific chemical parameters vary from fality to facility but generally include the following:
pH, disolved oxygen, hydrogen, total gas content, conductivity, chlorides, fluorine, boron,
and radioactivity. For the parametersindicated, cortt is generally achieved by one or more
of three basic processes.

(@) lon exchange in the primary system demineralizer(s) or by supplemerita
chemical additions

(2 Oxygen scavenging by hydrogen or hydrazine addition
(3) Degassification

Table 1 lists the more common chemistry parameters meared and/or controlled, the reasons
each is measured and/or controlled, and control methods utilized.
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TABLE 1
Summary of Reactor Coolant Chemistry Control

Parameter Method of Control
* Toinhibit corrosion * |lon exchange
» To protect corrosion film o Ammonium hydroxide
pH » To preclude caustic stress addition
corrosion  Nitric acid addition
Dissolved Oxygen » Hydrogen addition

e To inhibit corrosion + Hydrazine addition

« To scavenge oxygen

» To suppress radiolytic

decomposition of water « Hydrogen addition

Hydrogen
» To scavenge nitrogen
» To preclude hydrogen » Degassification
embrittlement
Total Gas Content| » To protect pumps » Degassification
o Toindicate air in leakage » Deaeration of makeup water
* To minimize scale formation * |lon exchange

Conductivity |, 7 indicate increased corrosion | + Feed and Bleed

» |on exchange

Chlorides e To preclude chloride stress
corrosion * Feed and bleed
» |on exchange
Fluorine » To preclude corrosion of Zr
Boron » To control reactivity » Boric acid addition

» Toindicate increased corrosion | ¢ lon exchange
e Toindicate a crud burst

Radioactivity » Toindicate a core fuel defect « Eeed and bleed
e To monitor effectiveness of

demineralizer
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pH

The reason for controlling pH in the reactor coolant system is to minimize and control corrosion.
Asdiscussed in Module 1, the presace of excess H ions in solution results in an acidic condition.
In reactor facilities (except those containing aluminum components), acidic conditionsear
detrimental to the materials of construction in anumber of ways. Aatidic condition in the primary
coolant results in processes that are potentially harmful to the system as follows. First, alow pH
promotes rapid corrosion by deteriorating or "stripping off" the protective corrosion film, @n
second, corrosion products such as ferrous oxide (FgO,), which is predominant in the corrosion
film, are highly soluble in an acidic solution. Figure 2 shows how the corrosion rate increases as
the pH decreases. Thusfor facilitiemot using aluminum components, a neutral or highly basic pH
isless corrosive.

T | T | 6 1 | T | T [ 13
e ACIDIC FILM —s}a— STABLE FILM ——»&f | |le—
. T
2 DILUTE
o= ALKALINE
2 FILM
§ ACID <——» ALKALINE
o
(@]
Q
Ll
>
=
5
Ll
x
' R R R R . N
0 2 4 6 8 10 12 14
pH

Figure 2 Corrosion Rate vs. pH for Iron

In nuclear failities that do not use chemical shim to control reactivity, pH is normally maintained
at arelatively highvalue, such as a pH of about 10. In these facilities the upper limit for pH is set
based on caustic stress corrosion considerations because caustic stress corrosion becomes neor
probable as higher pH values are approached.

In facilities that use chemicalshim reactivity control (chemical shim involves the addition of boron
in the form of boric acid) the pH is maintained at a much lower value. A low pH is necesgar
because of the large amounts oboric acid added to the reactor coolant. Accordingly, pH in these
facilitiesis maintained as high as pssible consistent with the reactivity requirements of the nuclear
facility, with pH range from 5 to 7 being common.
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In facilities using aluminum components, pH is maintained on the acidic side of the seal
because of the corrosion chareteristics of aluminum discussed in Module 2. In these facilities
pH may be controlled by the addition of a dilute nitric acid (HN£p solution to the react
coolant system in conjunction with an ion exchange system of some type.

Regardless of the pH range maintained, most facilities use an ion exchange process (described
in Module 4) to help control pH. Fortte high pH facilities, the most common means of control
isthe useof alithium or an ammonium form cation and a hydroxyl form anion. When lithium
is used, it must be’Li because other lithium isotopes produce tritium, which represents
significantbiological hazard to personnel. In facilities that employ higbhH chemistry control
and do not ue chemical shim reactivity control, it is sometimes necessary to add a strong base
solution such as ammonium or lithium hydroxide. When chemical additions are used foHp
control, facility design and operatingorocedures are utilized to preclude overconcentration at
any point in the system which may lead to caustic stress corrosion conditions. Many reactions
that take place in the reacto coolant system can affect pH; therefore chemistry control must be
considered carefully to preclude upsetting the pH balance provided by the ion exchanger.

Dissolved Oxygen

Control of the dissolved oxygen content in the reactor facility system is of paramaun
importance because of its contribution to increased corrosion. The base reactions of concern
regarding high concentrations of dissolved oxygen are the following.

3Fe + 20, - FeO, (3-19)

4Fe + 30, - 2Fe0, (3-20)

They are dependent onboth the concentration of oxygen and temperature. Reaction (3-19) is
predominantat high temperatures (>400F) in the presence of lower oxygen concentrations.
This corrosion film, ferrous oxide, is also known as magnetite and is a black, genenall
tightly-adherent film that provides a protective function to surfaces within the facility
Reaction (3-20) occurs at temperatures below about 400F in the presence of higher oxygen
concentratians. Ferric oxide (FgO, is more commonly known as rust and is generallya
reddish color. This corrosion product adheres loosely to surfaces and is therefore eagil
removed and transported throughout the system for subsequent deposition and possebl
irradiation. In either of the reactions, the corrosion rate is accelerated by increade
concentrations of dissolved O, and can be aggravated further by the presence of othie
substances that may be present in the system.
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In addition to the direct contribution to corrasn, oxygen reacts with nitrogen to lower the pH
of the reactor water, which also resultsn an increased rate of corrosion. Oxygen and nitrogen
react to form nitric acid by the following reaction.

ON. + 50 radLatlon

) 2H,0 4HNQO, (nitric acid)

2

In al the reactions presentd, it can be seen that oxygen concentrations promote corrosion. It
follows then that if corrosion i$o be minimized, oxygen concentrations must be maintained as
low as possible. In most nuclear facility reactocoolant systems, the limit for dissolved oxygen
concentrationsis expressed in ppb (parts per billion). Concentration may bheonitored on a
continuous bass by using an in-line analyzing system or periodically by withdrawing a sample
volumeand analyzing that sample. Monitoring oxygen levelis done not only to ensure that
no oxygen is available for corrosion, but alsto indicate the introduction of air into the system.

Hydrogen

Becausethe presence of dissolved oxygen contributes to most mechanisms of corrosion,eth
concentration of oxygen is controlled and reducelly the addition of scavenging agents in most
facilities. Hydrogen gas (H) and hydrazine (N,H,) are the scavenging agents normally used to
eliminate dissolved oxygen from the reactor coolant system. Theselsstances scavenge oxygen
by the following reactions.

radiation

2H, + O, s 2H,0 (3-13)
radiation

NH, + O, - 2H,O + N, (3-21)

Because hydrazine decomposesapidly at temperatures above about 200F (forming NH,, H,,
and N,), hydrogen gas is used as the scavenging agent during haiperation and hydrazine is
used when the reactor coolant system is cooled below 20B.
(Heat)
2NH, - 2NH, + N, + H,
(decompasition of hydrazing

The decomposition reactions of hydrazine pose adtional problems in chemistry control. Even
if sufficient hydrazine were added to overcome the loss due to decomposition, instability o
coolant pH would probably occur by the following reactions.

2N, + 50, + 2H,0 -~ 4HNO, (acid) (3-16)

3H, + N, + 2H,0 - 2NH,OH (base (3-22)
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The use of hydrogen gas at temperatures above 200F precludes the generation of tke
compounds formedby Reactions (3-16) and (3-22). In addition, hydrogen is compatible with
the high flux levels present in the reactor core. Accordingly, advantage may be taken ofeth
reversibility of the radiolytic decomposition of water. The following reaction illustratesah
scavenging process utilizing hydrogen.

radiation

2H, + O, = 2H.0 (3-13)
radiation

Asindicated, the reaction is an equilibrium process and will therefore depend on the relativ
concentrations ofthe reactants and the products. By maintaining an excess of hydrogen (H
the reaction is forced to shift to therilgt and theoretically eliminates any dissolved oxygen that
may be present. Adong as an inventory of H is present in the coolant, dissolved oxygen will
be eliminated or forced to recombine immediety after radiolytic decomposition, thereby being
unavailable for corrosion reactions.

A boiling water reactor (BWR) facility is susceptible to corrosion, resulting from dissobve
oxygen, in the same ractions as are present in a pressurized water reactor (PWR). However,
because of the design of these facilities the use of chemical additives is prohibited becais
continuous concentration would occur in the reactor vessel duetoiling. Boiling would result
in aplating out process, and the irradition of these concentrated additives or impurities would
create an extreme environment of radiation levels as well as adverse corrosion locations.

By the very nature of operation of a BWR facility, the buildup of high concentrations o
dissolved oxygen is prevented. Because boilingsioccurring in the reactor vessel and the steam
generated is used in various processes and sudequently condensed, removal of dissolved gases
is a continual process. As stated, boiling is an effective means of removing gases from
solution. If we were to compare th oxygen content of the steam and the water in aBWR, we
would find typical concentrations of 100 ppb to 300 ppb in the water and 10,000 pplo t
30,000 ppb in the steam. This concentration process is continuous during operation, and the
dissolvedoxygen remains in the gaseous state and is subsequently removed in the condensing
units along with other noncodensible gases. Aswith PWR facilities, BWR facilities minimize
the introduction of dissolved oxygerby pretreating makeup water by some method. The large
oxygen concentrations measured in the steam system result primarily from the radiolysi$ o
water according to Reaction (3-12), and as operation is continued, the equilibmu
concentration of 100 ppb to 300 ppb igstablished. This concentration of oxygen is consistent
with the objective of minimizing corrosion.
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Total Gas

VENT =— =" SPRAY

Tota gas concentetion in the reactor coolant
system is another parameter of concern
Total gas isthe sum of al gases contained in
the coolant system and is made up primarit
of hydrogen (H,), nitrogen (N,), argon (Ar),
and oxygen (GQ). The small amounts &
fisson gases (Kr and Xe) normally present in W
the system may also contribute tdhe total gas
concentration; however, under norma
conditionsthese are essentially undetectable.
Total gas is of concern because hig
concentrationscan result in the formation 6
gas pocketsin areas that are lgh points of the
system where low or stgnant flow conditions
exist. Of particular concern in PWR facilities
are the erosion and corrosion that may occur ]
on the impellers of the primary coolah
pumps. As the concentration of gas $
increased, the probability of the gas comig —
out of solution in significant amounts in areas
of low pressure is also increased. This lw
pressure condition exists at the inlet to tke
primary coolant pump impeller (whee
centrifugal pumps are utilized). Asthese gas
bubbles are forced back into solution on tk
high pressure side ¢ the impeller, erosion can
occur as aresult of the gas bubble impinging
on theimpeler. In extreme concentrations of

HEATERS

o

SURGE

total gas, loss of pump priming and cavitation
can occur with resultant mechanical pum Figure 3 Pressurizer
damage.

Reductionof total gas concentrations in PWRs is normally accomplished by the ventirg a
steam space. In those facilities utilizing a pressurizer, the steam space in the top ofeh
pressurizer is designed to accomplish this venting operation either continuouslyro
intermitently. This process of reducing the total gas concentration is generally referred to as
degassification. A typical PWR pressurizer with degassification piping is shown in Figure 3.

Degassificdion is not normally required in a BWR because of its design. As discusse
previously, the boiling action in the reactor vessel strips dissolved gases from the water, @n
they are continuously removed in the condensing phase of the energy cycle.
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Conductivity

Conductivity of reactor facility water is measured to provide an indication afissolved ionic
substances in the coolant. Conductivity measurements provide quantitative rather tha
qualitative information because it is possible to determine the total conductivity of the ien
present, but not the specific types of ions present. Because many ions such as iron (F8),
chromium (Cr™), copper (Cu™) and aluminum (AT*) are susceptible to forming oxides and
plating out as scale on heat transfer surfaces, reactor coolant oductivity is normally controlled
at alevel aslow as practicable and consistent with pHBY monitoring conductivity levelsin
the reactor facility gstems, the operator is able to cross check the chemistry of these systems,
thereby achieving a higher confidence level in the parameters measured.

Regardless of the operating limits specified for a given reactor facility, operating relationships
can be established between pH and conductiwtlevels of the coolant. Figure 4 shows atypical
relationship of the pHand conductivity of areactor coolant system using high pH, ammonium
hydroxide chemistry control as a function of the ammonia (NJyconcentration.
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Figure 4 pH and Conductivity as a Function of NHConcentration
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Figure 5 shows the theoretical relationship of pH versus conductivity in a solution containing
pure water. A second curve is added to the graph that illustrates the relationship that exgst
when nitric acid (HNQ) isused as apH contol agent (such as may be utilized in facilities with
aluminum components).
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Figure 5 Theoretical Conductivity as a Function of pH

In both Figure 4 and Figure 5, a definite relationship exists between pH and conductivjty
assuming no foreign ionsare present. A similar graph could be constructed for those facilities
using cation resins of a different base such as lithium or barium.
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The key pant of this discussion is the realization that a theoretical, or calculated, relationship
does exist, and measurements that vary appreciably from the theoretical values shoulab
investigated and corrective action taken.

Excessively high conductivity levels are an indication of the presence of undesired ions. This
condition warrants further investigation to locate the soureaf the impurity because, in addition
to other chemistry problems, it contributes tgeneral corrosion by increasing the reaction rates
of the electrochemical cells. The purity of the makeup wateand any pH control agents added,
should be verified to determine the cause. pH should also be checked because of éh
relationship of theg parameters. Other chemistry parameters should also be checked, such as
Cland F. After the cau of high conductivity has been determined, appropriate steps should
be taken to return conductivity to its normal valueOne method that is often used is a feed and
bleed procedure wherebywater is added to and drained from the facility at the same time. If
this method is used, verification of makeup water purity must be ensured to preven
compounding the problem.

Low conductivity is also an indicator of a potential problem because, in high purity bas
systems, the only possible cause of low conductivity isalow pH. For example, in a syste
using high pH ammonium hydroxide control, the introdudn of air into the facility could result
in the formation of nitric acid (HNGQ) with areduction in pH by the following reaction.

2N, + 50, + 2H,0 = 4HNO, (3-16)

Conductivity decreases even more than would be expected because of the formationf o
NH,NO,. NO; isnot as conductive as OH so the NHNO, reaults in alower conductivity than
NH,OH. This neutralization of NHOH is shown by the following reaction.

NH,OH + HNO, - NH,NO, + H,0 (3-23)

The water formed isonly dighy ionized, so the solution conductivity is lowered even further.

Chlorides

Another parameter that is carefully monitored and controlled in most nuclear facilities i
chloride (CI). The reasonfor maintaining the chloride ion concentration at the minimum level
practicableis that several formsof corrosion are affected by the chloride ion, and the type of
greatest concern is chloridestress corrosion. The mechanics of chloride stress corrosion were
discussed in detail in Module 2 and will therefore not be repeated in this section.
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When high levels of Clare suspected, or detected, immediate steps must be taken to eliminate
the source and remove ClI from the system because of the potential consequences. If Cis
present in the reactor oolant system, one method of removing it isto initiate a feed and bleed
operation after determining that makeup water supplies are not thgource of contamination.
Because of the large volume of water normally contained itthe reactor coolant system, cleanup
by this methodinvolves considerable amounts of pure water and a significant amount of time.

Additional problems associated with feed and bleed operatins include changesin pH and aloss
of H, from the reactor coolantsystem during the cleanup. Changes to either, or both, of these
parameters hare the potential to further aggravate the occurrence of chloride stress corrosion
because: pH changes from the optimum operatingjmits cause increased general corrosion; and
aloss of H, from the reactor coolam makes the dissolved oxygen that is normally present from
either radiolysis or contained in the makeup water available to interact with the GQbns. This
would promote chloride stress corrosion (recalling that Cl O,, and tensile stress are d
necessary for chloride stress corrosion to occur).

The fact that a large amount of makeup water is being introduced will result in hydrage
depletion because even deaerated water contas small amounts of oxygen. Hwill also be lost
because d the draining of coolant from the system. During conditions that require the use of
feed and bleed to correct a chemistry anomaly of gntype, increased attention to all parameters
becomes increasingly important.

Another method that may be used to control Ctoncentrationsin he reactor coolant is to route
more bypass flow through the ion exchanger system, where installed. Use of this syste
precludes the requirements of a large inventory of makeup water as well as the dispdsa
problemsthat arise from the bleed (draining) of coolant from the system. Because theno
exchanger has minimal effecon dissolved gases, depletion of hydrogen does not contribute to
the potential of the problem. lareasing flow through the ion exchanger(s) may cause changes
to the pH of the system, howeverand as in the case of feed and bleed, increased vigilance is
necessary to ensure pH, as well as other parameters, are properly controlled and maintained.

Fluorine

Fluorine (F) is another parameter monitored and controlled in some reactor facilities. Hig
levels of F are potentialy hazardous for two reasons. First, fpromotes corrosion of zirconium
by a stress corroson mechanism at the inner surface of the clad (fluorine can be introduced to
this region because of the existence of small defects or "pinholes’ that cannot be compl atel
avoided in the fuel clad). Second, Fis a mgjor contributor to radiation levels of the reacto
coolant. Although some radioactivé®F is produced bya proton, neutron reaction with?O, the
only significant possible sources are impure makeup waterr @ontamination of chemical agents,
such as NH; and Li, which are added to the reactor coolant system.

80 (p,n) ¥F (half-life F 112 minutes)
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Removal of F is accomplished in the same manner as the removal of Clthat is, by feed and

bleed or increased flow through the ion exchanger system. Remwal by ion exchange, however,
isnot as effedive as for CI because of the lower affinity of Ffor exchange. Asin the case of
CI" contamination, if feed and bleed is the method selected fal eanup, the purity of the makeup
water must be verified and other chemistry parameters monitored closely to precled
aggravation of the existing conditions.

Radioactivity

Radioactivity of the reactor coolant system is monitored and controlled because it is a gdo
indicator of several conditions that may occur in the system. "Bke include increased corrosion,
crud bursts, fuel element defect or failre, and improper operation of the ion exchanger (where
installed). Radioactivity levelsin the reactor coolant system are nmally kept at nominal values
during normal conditions by the ion exchanger. In facilities that do not use ion exchangers
other methods that vary from facility to facilytare used to control radioactivity. These include
processes such as chemical cleanup followed by feed and bleed with subsequent dispdsa
procedures and reactor shutdown in severe cases. Reactor coolant gaseous activity is ds
monitored, and t provides an indication of cladding failures and the introduction of air during
reactor operation. Gaseous activity levels are normally controlled lgegassification. Operating
limits are established in mostreactor facilities to operate the reactor safely, to limit radioactive
releases to the environment, and to prevat excessive personnel exposure during operation and
shutdown.

Tritium

This section provides introductory information about tritium and its properties.

Environmental Sources

Tritium occurs naturally in the environment. Reactions between cosmic rays and upper
atmosphere constituentgoroduce tritium. The following are examples of these reactions.

14 1~ _, 3 12
N +on H + 5C
2 2y, 3 1

H + 1H H + 1H

Tritium becomes incorporated into water and falls to earth as rain. At an estimate
production rate of 4 x 16 Ci/Yr, aworld steady state natural inventory of 70 x 1QCi
results.
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M an-made Sour ces

Numerouspotential and actual sources of tritium production exist in the United States,
the United Kingdom, France, and other countries. They include light-water reactors
heavy-water reactors, fuel reprocessing facilities, and production reactors. Light-wate
reactors produce between 500 and 1000 Ci/yr of tritium in their coolant for every 1000
MW(e) of power. Heavy-water reactors produce approximately 2 x FOCi/yr of tritium
in their coolant for every 1,000 MW(e) of power.

Atomic Weight/Hydrogen | sotopes

The atomic weights, symbols, and abundance of the three well-known isotoped o
hydrogen are given in Table 2.H and’H are also known. However, because they decay
in fractions of a single second, they are not extensively studied. Unless otherveis
specified in this chapter, the tam hydrogen includes protium, deuterium, and tritium;H
will be used to refer to protiumgonfusion with elemental hydrogen will be eliminated by
spelling out the latter.

TABLE 2
Hydrogen | sotopes
Physical Common Name Abundance Mass
Symbol Symbol (%) (amu)
H H Protium 99.985 1.007825
’H D Deuterium 0.015 2.01400
H T Tritium B emitter* 3.01605

Disinteqgr ation

* 12.32-years haf-life

Tritium decays by emitting a weak beta particle together with an antineutrino. €h
product is hdium-3. Helium is a monatomic gas; therefore, the decay of 1 mole of, T
yields 2 moles of helium. This causes a pressure buildup in sealed vessels contairgn
diatomic tritium gas (or HT or O gas). The following reaction is tritium disintegration.

1

3 3 | i
Hﬂ(He) + B+

2

v
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Solubility

Hydrogen gas (including tritium gas) dsolves to some extent in most materials. Tritium

and deuterium behave like protium, except for small isotopic effects. Hydrogen atem

or diatomic hydrogen molecules and some larger hydrogen-bearing molecules dissav

interdtitialy, that is, they diffuse into a structure and locate between atoms or molecular
frameworks. Asit dissolves, the hydrogen diglly disrupts the structural networks of the

material and causes expansion. The extent of the disruption, along with the extenf o

chemical attractive/repulsive forces between thénydrogen and the material, determines

the ultimate equilibrium state.

Solubility in Polymers, Glasses, and Ceramics

Hydrogen gas dssolves as the molecular hydrogen species in many materials. For these
systems, solubility is generally endothermic and is directly proportional to gasesu
overpressure. The materials in which hydrogen dissees as the molecular species include
organic polymers and glasses at less than 150C. Organic polymers generally hae
atomic-scde voids in the twisted polymer chain, and the hydrogen molecules seek these
sites. Hydrogen dissolution in glasses is assumed to be similar.

Abnormal Chemistry Conditions

Asindicated earlier in this module, there are times when actions taken regarding one specific
chemistry parameter mg affect more than that parameter (such as feed and bleed operations).
This may a so be the case during many abnormal conditions théhe reactor coolant system may
be subjected to.

In this section, we will consider the conditions resulting from injection of air, fuel elenten

failure, and overheating of resin and discuss the probable changeo other chemistry parameters
that may occur.

Injection of Air

Injection of small and large amounts of air into the reactor coolant system was previoysl
analyzed. When sufficient oxygen is added to deplete éhydrogen inventory, acidic pH results
in those facilities where high (basic) pHs maintained. This reduction in pH is accompanied by
secondary effects to the coolant. The reduced pH causea change in solubility of the corrosion
film on facility materiés and results in part of this film being released for transport throughout
the coolant system. Thisreleasepr crud burst, is detected by an increase in radiation levels of
the coolant, increased conductivity, and lowering of the ion exchanger efficiency. Radiatio
levelsincrease because corrosion products that had been attached to core surfaces and veer
highly activated by the neutron flux are transported to other parts of the system.
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Conductivity increases because many of the corrosion products are released in an ionia o
radical form and are capable of conducting electricity. In the early stages of the introduction
of air, conductivity may exhibit errati behavior because of the relationship of conductivity and
pH. AspH beginsto fal, conductivity tends to follow, but th@resence of suspended corrosion
products offsets the theoretical conductivity. The resultant increase is dependent uponeth
concentration of corrosion prducts. Additionally, should pH fall below about 7, conductivity
increases as pH is further reduced.

lon exchanger efficiency decreases because the increased crud inventory consists of ot
particulateand colloidal products. The iorexchanger is only about 90% effective as afilter,

as compared to approximately 100% effectiveness as aon exchanger, so effluent radioactivity

levels increase by a greater proportion. Also, crud in the colloidal form has an even lowe
probability of being removed by ion exchange diltration than does particulate crud, and again

the effluent radioactivity is increased.

Hydrogenand total gas reactas expected. Because air contains primarily Nand O,, the gas
inventory in the system increases. Hgirogen levels decrease because of reactions with both O
and N,. Air also contains approximately 1% offAr by volume. When large amounts of air are
added to the reactor coolant system, thébAr becomes activated by the neutron flux in the core
region and becomes radioactie in the form of j3Ar, causing an increase in the gaseous activity
of the reactor coolant.

Figure 6 illustrates changes to chemistry in an experimental facilithat was started up with high
oxygen and nitogen in the system from the deliberate addition of air. Asthe power level and
temperature were increased, nitric acid formed and neutralized the ammonium hydroxad
present from previous operation. Conductivity and pH decreasaghtil pH 7 was reached; when
the water became acidic the conductivity showed a corregmding increase. With the formation
of nitric acid (from the nitrogen present), a corresponding increase in chromate ion wa
observed (in this case Cr concentratins are directly related to crud inventories and result from
chemical attack on facility materials). The process was reversed by adding hydrogen, whic
combined with the oxygen and reduced the nitrate and chromate ions.

It should be noted, however, that in the above experiment the chromate ions were effectively
removed from the coolant by decreasing their solubility. Thiswould not be the case foregh
majority of the crud. Tle vast majority of crud would remain suspended in the coolant until it
was eitherremoved mechanically (filtered) or settled and redeposited at other locations in the
system (including redeposition on the core surfaces).
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Figure 6 Facility Start-up With Air in Loop
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Fuel Element Failure

During operation of a nuclear reactor facility an equilibrium level of fission products i
establishedin the reactor coolant. These fission products are the result of trace impurities of
fuel material contained in the cladding surfaces as eitihenatural impurities or a result of the fuel
fabrication process. The mechanism by which the fissn products enter the coolant is normally
by fission recoil. Weld porosity is another potential path for the fuel, but generaly qualit
control prevents this from occurring. During normal facility operation, these fission products
are minor contributors to the overall radioactivity of the reactor coolant system.

If a defect were present or a failure of a fuel element occurred, large amounts of fisso
products would potentially have a path to the coolant system. If this happened, signifidan
changes would occur within theeactor coolant chemistry parameters. Because most facilities
anayzefor gross coolant radioactivity either continuously or periodically, the analysis would
be likely to detect all but the most minute failures.

When routine gaseous radioactive levels are monitored, an increase in this parameter's vau
would beseen. Thisis because many of the fission products are gaseous, and these gases are
more mobile than paticles of exposed fuel (the exposed fuel generally undergoes a process of
erosion that washes thefuel into the coolant stream). The other parameter that may changeis
the ion exchange efficiency (where utilized), because manyf the fission products released have
alower affinity for the exchange sites on the resin beads than the exchange anion or cation
Accordingly, the ion exchanger would not effectively remove thesission products and effluent
radioactivity levelswold increase significantly. Fission gases would also pass on through the
ion exchanger and contribute to effluent activity. laddition, because some of the fission gases
have relatively short half-lives, the amount of time they are held up in the ion exchanges i
sufficient for some of these gases to decay to aradioactive solid.

These solid particles would contribute to effluent samples that may be concentrated pria t
analyss. Some faciities monitor for specific fission product inventories in the reactor coolant
to provide base level information. If a defect or failure were to occur, these levels walll
obviously increase to indicate the failure.

Resin Over heating

Because the potential for elevated temperatures exists during most conditions of facilit
operation, we will summarize the results from the resin in an ion exchanger overheating
Module 4 addressesresin in great detailand the actual resin breakdown will be included there.
Basicdly theresin of anion exhanger is an inert polystyrene structure with ion exchange sites
"loosely" attached. The basic structure is stable up to fairly high temperatures (approximately
300°F), but the active exchange sites are not. There arevo types of exchange sites. anion and
cation. The anion resin begins to decompose slowly at about40°F, and the decomposition
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becomesrapid above 180 F. The cation resin is stable up to about 250F. Because the
temperatures are well below normal reactor coolant temperatures, the temperature of ¢h
coolant must be lowered before it passes through the ion exchange resin.

The decomposition of resin produces an alcohol form of the resin, which has no exchang
capability, and trimethylamine (TMA), N(CE,. TMA isaweak base, similar to ammonia, that
reacts with water as follows.

N(CH,), + H,O = NH(CHp); + OH-

If large amount of TMA are released to the coolant, the pH may increase noticeably. Fo

example, 1 ppm of TMA ineactor coolant that uses lithium form resin will cause a noticeable
increasein pH. TMA may also interfere with the analysis for chloride ions (which is routinely
performed on reactor coolant) by giving a false indication of high chloride concentration
Another significant property of TMA is its intense odoof dead fish. Although the presence

of such an ador from reactor coolant is not definitive for TMA, it may give an indicatiori o
resin overheating.

The other product of resin breakdown, [R - CEN(CH,),], is an amine with exchang
capabilitiesconsiderably less than the original form of the resin. Thus, both reactions lead to
partial (or complete) loss of exchange capability.If the temperature is sufficiently high, or if
alower temperature (but greater than 180F) is sustained for along enough period, the resin
will be unfit for use. If the temperature becomes very high (greater than about 458), the
polymeric base structure of the resin will decompose, forming a congl mixture of organic tars
and oils.

The preceding discussion concerned the decomposition of resins in their original formst |
should be notedthat if overheating occurs after the resin has been in operation for some time,
part of the resin will be in a different form due to the exchange process. As aresult, some of
the previously removed impurities will be released to the coolant if decomposition occurs.

A number of changes are probable if overheating of resin occurs. Reactor coolant Gévels
would probably increase as a result of thermal breakdown and subsequent release. rio
exchanger effectiveness would be greatly reduced for similar reasons. Radioactivity levels of
the reactor coolant would increase because of the release of impurities collected and late
released from the resin. pH would likely decrease because of the release of Hions from the
resin complex and may cause acidic conditions in the reactor coolant if the temperaturs i
sufficient (>250F). Because certain types of resin decompose at lower temperatures, pH may
increaseas aresult of the release of TMA and be accompanied by a dead fish odor. Because
of the consequences of overheated resin, stringent temperature limitations are necessaryt |
overheating occurs, the ion exchanger should be taken owif service immediately and the cause
rectified. The resin must be replaced prior to placing theon exchanger back in service after
overheating.

Rev. 0 Page 29 CH-03



CHEMISTRY PARAMETERS DOE-HDBK-1015/2-93 Reactor Water Chemistry

Summary

The important information in this chapter is summarized below.

Chemistry Parameters Summary

e Tablel provides a summary of the parameters, why they are controlled, andeh
methods of control.

* Thefollowing abnormal chemistry conditions are discussed:

Injection of air will cause the hydrogen inventoryotbecome depleted, which
in turn can lead to a pH swing towards the acidic end. This reducedHb
leads to aloosened corrosion film hence a crud burstThe crud burst causes
higher radiation levels and an increase in conductivity.

Fuel element failure alows large amounts of fission products a possiél
release path to the reactor coolant. This could lead to a lowered o
exchange efficiency.

Resin overheatingresults in the decomposition of the resin. The products
of the decomposition can seep into the reactor coolant and affect ¢h
chemidry in several ways. A few of the common products and thei
resulting influence on the chemistry is discussed.
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TERMINAL OBJECTIVE

1.0  Without references, EXPL AIN the concept and application of ion exchange in wate
purification.
ENABLING OBJECTIVES
1.1  LIST the three reasons for removing impurities from water prior to use in reagto
systems.
1.2 DEFINEthefollowing terms:
a lon exchange e Polymer
b. Demineralize f. Mixed-bed demineralizer
C. Cation g. Affinity
d. Anion h Decontamination factor
1.3 DESCRIBEthefollowing:
a Resin bead
b. Cation resin
C. Anionresin
1.4  DISCUSSthe following factors of ion exchange:
a Relative affinity
b. Decontamination factor
1.5 WRITEthereaction for remova of NaCl and CaSQhy a mixed-bedion exchanger such
as one containing HOH resin.
1.6 EXPLAINthe three basic methods used to remove dissolved gases from water.
1.7  LIST fivefiltration mediums used to remove suspended solids from water.
1.8 EXPLAINhow mixed-bed ion exchangers may be used to control pH.
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ENABLING OBJECTIVES (Cont.)

1.9 DISCUSSresin malfunctions, including the following:

a Channeling
b. Breakthrough
C. Exhaustion

1.10 LIST the maximum condwtivity and approximate concentration of electrolyte for each
level of purity for makeup water.
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PURPOSE OF WATER TREATMENT

Water normally contains many impurities, among whiclhedrace minerals and
chemicals. The need for removing these impurigies discussed in this chapter.

EO11 LIST thethreereasms for removing impurities from water
prior to usein reactor systems.

Water Treatment

Wate treatment is necessary to remove the impurities that are contained in water as found in
nature. Control or elimination of these impurities is necessary to combat corrosion, sedl
formation, and fouling of heat transfer surfaces throughout the reactor facility and supor
systems.

The following are three reasons for using very pure water in reactor facility systems.
1. To minimize corrosion, which is enhanced by impurities.

2. To minimize radiation levelsin areactor fatity. Some of the natural impurities
and most of the corrosion products become highly radioactive after exposair
to the neutron flux in the core region. If not removed, these soluble @
insoluble substances may be carried to all parts of the system.

3. To minimize fouling of heat transfer surfaces. Corrosion products and othe
impuritiesmay deposit on core surfaces and other heat transfer regions, which
result indecreased heat transfer capabilities by fouling surfaces or blockage of
critical flow channels. Areas of high concentrations of these impurities d@n
corrosion products may also lead to extreme conditins of the various corrosion
processes with resultant failure of components or systems.

Rev. 0 Page 1 CH-04



PURPOSE OF WATER TREATMENT DOE-HDBK-1015/2-93 Principles of Water Treatment

There are several processes used in reactor facilities to purify the water in the systemsan
water used as makeup. Deaeration is used to strip dissolved gases, filtration is effective in the
removal of insolublesolid impurities, and ion exchange removes undesirable ions and replaces
them with acceptable ions. Typical ionized impurities found in water are shown in Table 1.

TABLE 1
Typical lonized Impuritiesin Water
Cations Anions
ca™ NO;
Mg™ OH
Na" SO,”
K* cr
Al HCO,
Fe™ HSIO;
Cu™ HCrO;

Summary

The important information in this chapter is summarized below.

Purpose of Water Treatment Summary

. There are three general reasons to treat water for its impurities:
1. To minimize corrosion, which is enhanced by impurities
2. To minimize radiation levels in the reactor facility
3. To minimize fouling of heat transfer surfaces
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WATER TREATMENT PROCESSES

One of the more ommon water treatment methods is the use of demineralizers
and ion exchange. This method will be discussed in this chapter.

EO 1.2 DEFINE thefollowing terms:
a lon exchange e. Polymer
b. Demineralize f. Mixed-bed demineralizer
C Cation g. Affinity
d Anion h. Decontamination factor
EO 13 DESCRIBE the following:
a. Resin bead
b. Cation resin
C. Anion resin
EO 14 DISCUSS the following factor s of ion exchange:
a. Relative affinity
b. Decontamination factor
EO 15 WRITE the reaction for removal of NaCl and CaSpby a

mixed-bed ion exchanger such asne containing HOH resin.

Principles of lon Exchange

lon exchange is a process usedextensively in nuclear facilities to control the purity and pH of
water by removing undegrable ions and replacing them with acceptable ones. Specifically, it is
the exchange of ions between a solid subsnce (called aresin) and an agueous solution (reactor
coolant or makeup water). Depending on the identity of the ions that a resin releases toeth
water, the process may result in purification of water or in control of the concentration of
particular ion in asolution. Anon exchargeis the reversible exchange of ions between a liquid
and a solid. This process is generaly used to remove undesirable ions from a liquid @n
substitute acceptable ions from the solid (resin).

The devices in which ion exchange occurs are commonly called demineralizers. This nang i
derived from the termdemineralize which means the process whereby impurities present in the
incoming fluid (water) @ removed by exchanging impure ions with Hand OH ions, resulting
in the formation ofpure water. H and OH are present on the sites of resin beads contained in
the demineralizer tank or column.
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There are two general types of ion exchange resins: those that exchange positive ions, catle
cation resins, and those that exchange negae ions, called anion resins. Acationis an ion with
apositive charge. Common cationsinclude Ca Mg™, Fe™, and H". A cation resinis one that
exchangespositive ions. Ananionis an ion with anegative charge. Common anions include
Cl, SO,7, and OH. Ananion resinis one that exchanges negative ions. Chemically, both types
are similar and belong to a group of compounds callegolymers which are extremely larg@
molecules that are formed by the combination of many molecules of one or two compounds in
a repeating structure that produces long chains.

A mixed-bed demineralizers avessal, usually with a volume of several cubic feet, that contains
theresin. Physically, ion exchange resins are formed in the shape of very small beads, catle
resin beads with an average diameter of abou0.005 millimeters. Wet resin has the appearance
of damp, transparent, amber sand and is insoluble in wet, acids, and bases. Retention elements
or other suitable devices in the top and bottom have openings smaller than the diameter of the
resin beads. Theresinitsefis a uniform mixture of cation and anion resins in a specific volume
ratio depending on their specific gravities. Theratio is normally 2 parts cation resin to 3 parts
anion resin.

In some cases, there may be chemical bonds formed between individual chain molecules a
various points along the chain. Such polymers arsaid to be cross-linked. This type of polymer
constitutes the basc structure of ion exchange resins. In particular, cross-linked polystyreneis
the polymer commonly used inion exchange resins. However, chemidsieatment of polystyrene
isrequired to give it ion exchange capability, and thitreatment varies depending on whether the
final product is to be an anion resin or a cation resin.

The chemical processesinvolved in producing anion and cation resins are outlined in Figure 1
and Figure 2, begnning with the formation of cross-linked polystyrene. The polymer itself isa
covalent compound. By the chemical reactions indicated iRigure 2, hydrogen atoms covalently
bonded to the origina polymer at certain sites areeplaced by functional groups (called radicals)
such as SOH (sulfonic acid) and CHN(CH,),Cl (quaternary ammonium). Each such group is
covaently bonded to the polymer, but each also contains an atom that is bonded to the radical
group by a predominantly ionic bond. In the two examples above, H in S8 and CI in
CH,N(CH,),Cl are the ionically-bonded atoms. Sometimes these are written as SOH" and
CH,N(CH,),"Cl to emphasize their ionic characters. These ions (Fand CI') are replaceable by
other ions. That is, H will exchange with other etions in a solution, and Clwill exchange with
other anions.

Initsfinal form, an ion exchange resin contains a huge, but finite, number of sites occupied by
an exchangeale ion. All of the resin, except the exchangeable ion, is inert in the exchaag
process. Thus, itis customary to use a notation such as R-Cl or H-R for ion exchange resins.
R indicates the inert polymeric base structure and the part ahe substituted radical that does not
participate in exchange reactions. Théerm R is inexact because it is used to represent the inert
portion of both cation and anion resins, which are dlightly different. Also, the structur
represented by R catains many sites of exchange, although only one is shown by the notation,
such as R-Cl. Despite these drawbacks, the term R is used for simplicity.
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A particular resin may be prepared in different forms according to the identity of éh
exchangeableion atbched. It is usually named according to the ion present on the active sites.
For example, the resinrepresented by R-Cl is said to be the chloride form of the anion resin, or
smply the chloride form resin. Other common forms are the ammoniumrfa (NH,-R), hydroxy!l
form (R-OH), lithium form (Li-R), and hydrogen form (H-R).

The mechanics of the ion exchange process are somewhabenplicated, but the essential features
can be uinderstood on the basis of equilibrium concepts discussed in Module 1 and recognition
that the strength of the ionic bond between the resin and an ionaries with the particular ion.
That is, for a particular resin, different ions experience different attractions to the resin. &h
term affinityis often used to describe the attraction between aresiand a given ion. This affinity
can be described quantitatvely by experimental determination of a parameter called the relative
afinity coefficient. For a qualitative discussion, guffices to note ther el ative affinitiedbetween
aresin and different ions.

In order of decreasing strengththe relative affinities between a cation resin and various cations
are asfollows.

Ba™? > Sr?> Ca?> Co' > Ni*?> Cu?> Mg > Be™?
Ag'>Cs >Rb" >K"= NH">Na >H">Li"
Similarly, the relative affinities between an anion resin and various anions are as follows.
SO,2 > 1'>NQO, > Br >HSO; > CI>0H >HCO; >F

The physical arrangement of one type of ion exchange vessel for purifying water is showm i
Figure3. Theion exchange resin is contained in a vessel with volume of several cubic feet.
Retention elements at theop and bottom consist of screens, slotted cylinders, or other suitable
deviceswith openings smaller than the resin beads to prevent the resin from escaping from the
vessel. Theresin bed isauniform mixture of catn and anion resins in avolume ratio of 2 parts
cation resin to 3 partsanion resin. This arrangement is called a mixed-bed resin, as opposed to
an arrangement of cation and anion resins in discrete layers or separate vessels. The usé o
different volumes of the two types of resinsis due to the differenca exchange capacity between
cation and anion resins. Exchange capacityis the amount of impurity thata given amount of
resin is capable of removing, and it has units of moles/ml, equivalents/ml, or moles/gm. &h
anion resin is less dense than the cation resin; thus, it has a smaller exchange capacity, aad
larger volume is needed for anion resins thafior the cation resins to obtain equal total exchange
capabilities.
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CONNECTION FOR LOADING

[ION EXCHANGE RESINS

AIR OUT

ALkl —><—

: e INFLUENT WATER
4 (WATER TO BE PURIFIED)
(e~
UPPER RETENTION
SCREEN “ 4
S Py i AGITATOR
N A
ION EXCHANGE
VESSEL
ANION BED
BED OF
ION EXCHANGE
RESIN BEADS
AGITATOR
REGENERANT
CATION BED DRAIN
AGITATOR =J% EFFLUENT WATER
(PURIFIED WATER)

LOWER RETENTION
SCREEN ELEMENT

CONNECTION FOR
DISCHARGING
ION EXCHANGE RESIN

AR IN M ACID

Figure 3 Schematic Diagram of a Typical lon Exchanger
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Because of the different densities of anion and cation resinghe flow of solution (impure water)
isfrom top to bottom. If the flow were reversed, the lighter anion resin would gradually rise
to the top by a process called classification, resulting in a layer of anion resin on top ofdh
cation resin, as shown in Figure 3. In the example shown, the layeg results from regeneration
and/or backwash. In systems not using a backwash, the anion and cation resin beadsear
uniformly mixed. Many systems use a backwash procedure, if the resins are regenerated t
remove solids collected by filtration and to separate the resins for regeneration. Theyer
remixed after regeneration.

For fixed amounts of anion and catio resins, the efficiency for removal of impuritiesis greater
in a mixed-bed resin than a layered arrangement. The main reason is that for layered resin
there may be large pH gradients withithe column of resin. If, for example, the hydroxyl form
resinis on top, as solution passes through it anionic impurities are removed and replaceg b
OH  ions; thus, the pH increases. This increase in pH may decrease the efficiency in lowe
portions of the resin bed for removing impurities. It may also cause some impurities t
precipitate because solubility changes with pH. The resin column will filter some undissolved
material, but the efficiency for filtion is usually significantly less than that for removal by ion
exchange. Thus, the overall efficiency is less than in a mixed-bed resin.

The capacity of ion exchange resins to remove impurity ionsis given iTable 2 along with other
information on resins. For instance, each cubic foot of a mixed-bed resin is capabld o
exchanging with 19.8 moles each of monovalent cations and anions. Mixed-bed resinser
available commercidly and in pretical applications several cubic feet are used in a purification
system.

TABLE 2
Properties of |on Exchange Resins
Properties Cation Resin Anion Resin Mixed-Bed Resin
lon exchange capacity, 1.75x 10° 1.20 x 10° 0.7 x 10° anion & cation
moles of single ion/ml
lon exchange capacity, 495 34.0 19.8 anion & cation
moles of single ion/ft
Den_sty of wet resin 197 110 _
particles, grams/ml
Bulk density of |oaded bed 0.80 0.62 0.70
(including voids), grams/ml
Volume fraction -- -- 60% anion & 40% cation
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The ion exchange process is reversible. If too much solution is passed through therio
exchanger (that is, the capaity of the resin has been exceeded) the exchange may reverse, and
undesirableions or other substances that were previously removed, will be returned toeh
solution at the effluent. Therefore, it is necessary to periodically monitor the performance of
the ion exchanger and either replace or regenerate the resin when indicated. lon exchange
performance is measured by comparing the solution concentration, conclivity, or radioactivity
at the influent and effluent. The parameter measured depends upon the purpose of theno
exchanger. The term normally applied to ion exchanger effesteness isdecontamination factor
(DF), which is defined as a ratio of the concentration (or activity) of the fluid at the inle
comparedto the concentration (or activity) at theffluent, which expresses the effectiveness
of an ion exchange process.

Influent concentration conductivity, or radioactivity
Effluent concentration conductivity, or radioactivity

Example 1:

An ion exchanger influent contains 15 ppm coide (Cl). Effluent chloride is measured
at 0.1 ppm. What isthe DF of thision exchanger?

Solution:
DE - Influent concentration
Effluent concentration
DE - 15 ppm Cl
0.1 ppm Cl
DF = 150
Example 2:

Reactor coolant activity entering the purification ioaxchanger equals 2.8 x 1¢ uCi/ml
gross activity. lonexchanger effluent activity taken at the same time and conditions is
measured at 1.0 x 10* uCi/ml. What is the DF?

Solution:
pDE - Jnfluent radioactivity
Effluent radioactivity
,2 .
DE - 2.8 x 10 puCi/ml
1.0 x 104 pCi/ml
DF = 280
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Resin performance may be ronitored using a history curve that plots DF with respect to time.
A typica history curve isshown in Figure 4, with the resin considered "exhausted" at point X.

X EXHAUSTION
DF

TIME

Figure 4 Typical History Curve

Specific lon Exchanger Reactions

Suppose a solution containing Naions is passed through hydrogen resin. From the relatey
affinities given earlier, Naions are attracted to the resin mee strongly than H ions. Thus, Nd
ions will displace H' ions from the resin or, in other words, Naions and H ions exchange
place betweenresin and solution. The process can be described by the following equilibrium
reaction.

H-R + Na" = Na-R + H° (4-1)

In most practical situations, a solution containing impurities at low concentrations is pagse
through alarge amount of resin. By LeChatelier's Principle, the equilibrium of Reaction (4-1)
isforced far to theright. The equilibrium is displacesb far that, for practical purposes, al Na
ions are removed from solution and replaced by Hions. As aresult, the solution will be acidic
because of the excess of H ions.

If asolutioncontaining CI ions is passed through hydroxyl resin, the Clions will be removed
according to the following reaction.

R-OH + CI° s R-CIl + OH" (4-2)
Again, for adilute solution and a large amount of resin, the removal of Gbnsis essentially

100 percent complete. In this case, the final solution will be basic because of the excest o
OH ions.
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Consder a situaton in which the entering impurities are calcium sulfate (CaSpand sodium
chloride (NaCl), and the ion exchanger is a mixture of both hydrogen and hydroxyl resn
(mixed-bed).

H-R + ROH + Ca" + SO, - CaR + R-SO, + H' + OH (49

H-R + RROH + Na" + CI- - Na-R + R-Cl + H* + OH (4-9)

In the reaction with NaCl, both Naand Cl ions are removed from solution and replaced by H
and OH' ions, respectively (the CaSQ reaction has the same result). If the initial solutio
contained only NaCl, then the concentrations of Nand CI ions were equal. Because both are
removed with 100 percent efficiency, the concentrations of Hand OH ions added to the
solution are equal; thus, the solution is neutral. In solution, Hand OH ions must obey tle
relationship for the ionization of water (refer to Module 1).

K, = 10" =[H"] [OH]

Becauseof the very small valueof the dissociation constant K, the great majority of H and
OH' ions supplied by the resin must combine to form water by the following reaction.

H*+ OH - H,O (4-5)
By this process, the original NaCl solution becomes pure water.
The preceding examples involve hydrogen and hydroxyl resins. The use of other resins
especidly cation resins, isvey common. For instance, suppose a solution containing Naons

is passed through alithium resin. Again referring to the relative affinities, Nas attracted to
the resin more strongly than is Li; thus, Na ions will displace LT from the resin.
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Summary

The important information in this chapter is summarized below.

lon Exchange Summary

o Demineralize is defined as the process whereby impurities present in the
incoming fluid (water) are removed by exchanging impure ions with*Hnd
OH  ions resulting in the formation of pure water.

e lon exchangeis a process used extensively in nuclear facilities to control
the purity and pH of water by removing undesirable ions and replacing
them with acceptable ones.

¢ Mixed-bed demineralizer is avessel containing resin that is a uniform
mixture of cation and anion resins in a specific volume ratio depending on
their specific gravities. Normally the ratio is 2 parts cation resin to 3 parts
anion resin.

e Cationisanion with apositive charge. Common cations include Ca
Mg, Fe™, and H". A cation resin is one that exchanges positive ions.

« Anion isanion with a negative charge. Common anions include CISO,?,
and OH. An anion resin is one that exchanges negative ions.

» Decontamination factor (DF) is aratio of the concentration (or activity) of
the fluid at the inlet compared to the concentration (or activity) at the
effluent, which defines the effectiveness of the ion exchange process.
Mathematically it is:

Influent concentration conductivity, or radioactivity
Effluent concentration conductivity, or radioactivity

* Polymers are extremely large molecules that are formed by the combination
of many molecules of one or two compounds in a repeating structure that
produces long chains.

o Affinity is often used to describe the attraction between aresin and agiven
ion. This affinity can be described quantitatively by experimental
determination of a parameter called the relative affinity coefficient.
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lon Exchange Summary (Cont.)

. Resin beads are long-chain cross-linked polymers that contain sites
occupied by exchangeableions. The genera order of affinity servesasa
useful guide in understanding many ion exchange processes. Cation and
anion resins are named according to the identity of the ion occupying the
exchange sites, such as hydrogen, hydroxyl, and chloride. Mixed-bed
resins are used to remove both cations and anions.

. The effectiveness of any ion exchanger is directly related to the relative
affinities between aresin and different ions. In order of decreasing
strength, the relative affinities between a cation resin and various cations
are:

Ba+2 > Sr+2 > Ca+2 > C0+2 > Ni+2> Cu+2> Mg+2 > Be+2
Ag'>Cs >Rb" >K"= NH">Na >H">Li"
Similarly, the relative affinities of the anion resin for various anions are:

SO,? >1">NQ, > Br >HS0O, >CI>0H >HCO; >F

The higher the relative affinity the more effective the ion exchanger. This
effectiveness is expressed by the Decontamination Factor.

. The reaction for removal of NaCl and CaSQby a mixed-bed ion
exchanger such as one containing HOH resin is as follows:

H-R + R-OH + Ca™ + SO, - CaR + R-SO, + H" + OF

H-R + R-OH + Na® + CI” - Na-R + R-Cl + H" + OH"
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DISSOLVED GASES, SUSPENDED SOLIDS,
AND pH CONTROL

The presence of dissolved gases, suspended solids, and incorrect pH cam b
detrinental to the water systems associated with a reactor facility. Therefore,
these conditions must be minimized or eliminated to reduce corrosion ie th
systens of the facility. The way these conditions are controlled andeth
difficulties in controlling them are discussed in this chapter.

EO 1.6 EXPLAIN thethreebasianethods used to remove dissolved
gases from water.

EO 1.7 LIST five filtration mediums used to remove suspende
solids from water.

EO 18 EXPLAINhow mixed-bed ion exchangers may be usedot
control pH.

EO 19 DISCUSS resin malfunctions, including the following:
a. Channeling

b. Breakthrough
C. Exhaustion

Removal of Dissolved Gases

Dissolved gases result from different sowes depending upon which system we examine. In the
following discussion, we will addressnakeup water, reactor coolant systems, secondary facility
water systems, the sources of tssolved gases, and methods used to reduce their concentrations
to acceptable levels.

Many facilities use raw water as a source fomakeup water systems. Pretreatment of this water
is accomplished in various ways from distillation to a series of distinct processes as shown |
Figure 5. In apretreatmentsystem similar to that shown in Figure 5, aresin column containing
a cation resin (hydrogen form) is used to remove cations. The water entering the catio
exchanger contains numerous ions including sodium (N3, bicarbonate (HCQ), and others
(HCO, is one of the major impurities in many raw water systems). "Naons result from tte
water softener located upstream in tl pretreatment system. In addition to the HCQions, raw
water contains large amounts of magnesium (M) and calcium(Ca™), as well as small amounts
of other ionic impurities.

Rev. 0 Page 15 CH-04



DOE-HDBK-1015/2-93

DISSOLVED GASES, SUSPENDED SOLIDS, AND pH CONTROL Principles of Water Treatment
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Figure6 A Typical Pretreatment System

The reactionsthat occur in the water softener include the removal of both Mgjand Ca™ ions.
The water softener contains resn in which the insoluble exchange site is the SQmolecule, and
the soluble ions attached to the exchnge site are Nd ions. When water containing M§', Ca'™,
and HCQ; ionsis passed overthe resin in the softener, the ions are exchanged by the following
reaction (Mdg™ removal is similar).

2R-SO;Na”™ + Ca'™™ + HCO; - 2R-SO,Ca™™ + 2Na" + HCO,; (4-6)
(resin complex) (resin complex)

Note that electrical neutrality isnaintained before and after the exchange reaction. One calcium
ion with two positive charges is attached to two exclmge sites that release two sodium ions with
one positivecharge each. The HCQ ion is not affected by the reaction and passes through the
resin of the softener.

To obtain pure water, it is necessary to demineralize theater completely, which is accomplished
using a cation exchanger, an aerator, and an anion exchanger.
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The cationexchanger contains resin in the hydrogen form. In this treatment step, essentially all
cations entering the ion exchanger will be held at the exchange site, and™Hvill be released &
shownin the following typical reaction (the anions, specifically the HCQOons, are unaffected
by the cation exchanger).

Na~ + HCO, + R-SO;H" - R-SO;Na’ + H® + HCO,  (47)

The water leaving the resin is somewhat acidic (depending othe incoming ion concentration)
because itcontains H" ions and whatever anion was associated with the incoming cation. After
passing through the cation resn, the HCO, ions combine with the H ions to form carbonic acid
(H,CO,). Carbonic acid is aweak acid that will decompose to water and C®y the following
reaction.

H,CO, = H,0 + CO, (4-8)

Because the carbonic acid readily dissociates, the aerator is used to remove the G@rom the
makeup water at this point in the system. If we aerate the wat by some means, such as spraying
it through a tower or blowing air through the water, the CQOs "stripped” from the water ad
vented to the atmosphere. Thereraval of CO, forces Reaction (4-8) to shift to the right, which
convertsmore H,CO, to CQO,. With sufficient aeration, all bicarbonate (HCQ), and therefore
CQO,, can be removed.

Similar reactions occur in the anion exchanger. For example, anion resin, which has hydroxide
ions at the exchange sites, will react as indicated in the following typical reaction.

H* + Cl° + R-N(CH);O0H - R-N(CH),Cl~ + HOH (4-9)

In this pretreatment system, the anion resin is downstream of the ¢ai resin, and the only cations
presentare hydrogen ions. When the hydroxyl ions are released from the anion exchange sites,
they combine with the hydrogen ions to form water. As a result, pure water appears ateh
effluent (this is somewhat overstated because a very small amount of other cations and an®n
pass unaffected through the resin columns in actual practice).

Another method sometimes used to remove dissolved gases from water is deaeration. In ghi
process, the water is stored in ventedanks containing electric heaters or steam coils. The water
is heated to atemperature sufficient for dowdiling to occur. This boiling strips dissolved gases
from the stored water, andthese gases are then vented to the atmosphere. Usually, the vented
gases ae directed through a small condenser to limit the loss of water vapor that would escape
as steam along with the gases. This method is particularly @ttive in removing dissolved oxygen
aswell as other entrained gases (CQ N,, and Ar).
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Removal of dissolved gases from the reactor coolant system is usually accomplished by venting
a steam space or high point in thesystem. In pressurized water reactors (PWR), thisis normally

accomplished in the pressurizer. Theteam space is the high point of the system, and the boiling

and condensing action causs a constant stripping of dissolved gases to occur. The steam space
is vented either intermittently or constantly, and the gases are carried off in the process.

In addition to the metanical means mentioned above, the use of scavengersin a PWR prevents
the presence of dissolved oxyge. Two methods are normally used in this regard. When facility
temperature is above approximately 200F, gaseous hydrogen is added and maintained in
primary coolant to scavenge oxygen by the following reaction.

2H, + O

, - 2H,0 (4-10)

2

The other scavenger is hydrazine (NH,). Hydrazine is thermally unstable and decomposesta
temperaures above 200°F to form ammonia (NH), nitrogen (N), and hydrogen, (H).
Consequently, the use of hydrazine as an oxygen scavenger is limited to temperatures be&lo
200°F. Hydrazine scavenges oxygen by the following reaction.

NH, + O, = 2H,0 + N,I (4-11)

The presenceof dissolved gases in the steam facility of a PWR is as detrimental as the presence
of these gases is in the reactor coolansystems. Because steam facility systems contain metals
other than stainless steel, they are even more susceptible to certain types of corrosion ineth
presence of oxygen and carbon dioxide. Removal of dissolved gases fromhe steam system is
accomgdished in two ways: by mechanical means such as air gjectors or mechanical pumps; and
by using chemicals that scavenge oxygen.

Because boiling occurs in thesteam generators, any dissolved gases entrained in the feedwater
will be stripped out during the boiling process. These gases are carried with the steam through
the turbines ard auxiliary systems and ultimately end up in the condensers. The design ofeh
condensersis such that noncondendl e gases (for example, Q, CO,) are collected and routed to
the air removal system (which consists of air gjectors or mechanical pumps), where theyear
subsequently discharged to the atmosphere.

Scavenging involves the use of soli additives and volatile chemicals. One commonly-used solid
chemical additive is sodium sulfite (NgSO,). Scavenging of oxygen occurs by the followig
reaction.

2NaSO, + O, - 2NaSo, (4-12)

As can be seen by Reaction (4-12), oxygen isonsumed in the reaction resulting in the formation
of sodium sulfate, NaSO, (a soft sludge). Addition of this scavenging agent is limited to drum-
type steam generators. Once Thru Steam Generators (OTSG) do not ugleis method, but instead
use controls that keep all scale-forming chemicals out of the steam generators.
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Sodium sulfite reats rapidly with oxygen and is a very efficient scavenger. However, being a
solid and the source of another solid (N&SO,) that is produced during the reaction, sodinn
aulfite has the potential of fouling heat transfer surfacesAn additional problem associated with
the use of sodium sulfite is corrosion of secondary system components resulting fronsit
decompasition products. At the temperatures present in the steam generators, sodium sulfite
can decompose as follows.

H,O + NaSO, - 2NaOH + SO

) (4-13)

2

Sulfur dioxide (SO, isagas and is carried over to the remainder of theteam facility. With
water (in the steam orin the feed/condensate system), the SQreacts in the following manner.

H,O + SO, - H,SO,
- 4-14
(acidic) ( )

This acidic condition is corrosive to all components in the secondary system.

Because of the problems asociated with sodium sulfites, many facilities use volatile chemistry
control of the secondary steam system to control dissolved gases in conjunction withrai
removal systems. This control utilies hydrazine (Reaction 4-11) and morpholine (Reaction 4-
15) to eliminate oxygen and carbon dioxide, respectively.

NH, + O, - H,O + N,1 (oxygen consumed (4-11)

2CHNO + CO, + 2H,0 - CHNOeCH/COOH + HNO, + H,

. (4-15)
(carbon dioxide consumed
As can be seen by Reaction (4-11), no solids are formed; thus, the tendency of fouling hea
transfer surfacesisreduced. An additinal benefit results from the decomposition of hydrazine
by the following reactions.

2N H

,H, 2NH;, + N, + H

) ) (4-16)

NH, + H,0 - NH,OH (4-17)

These reactions result in an akaline pH catlition that decreases corrosion in the steam facility.
As can be seen in Reaction (4-15)the consumption of CQ takes place. Two benefits result
from this reaction; 1) the inventory of dissolved gasem the steam facility is reduced, and 2)
is the reaction contributes to maintaining a higher pH by eliminating carbonic acid {€60;),
thus reducing corrosion.
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Removal of Suspended Solids

Referring back to Figure 5 and examining theféluent of the softener, we find that both sodium
sdts and precipitates are present. These substances result from reactions that typically occur
based on the presence of Ca" and Mg salts. The chemicals most commonly used fio
softening are soda ash or sodium carbonate (N&CO,) and hydrated lime (Ca(OH)). Hard
water (water containing Ca* and Mg™ salts) contains calcium and magnesium bicarbonate
(Ca(HCQO,),) and (Mg(HCQ),), aswell as calcium sulfate (CaSQ) and magnesium chlori@
(MgCl,). These impurities produce the following reactions.

CaHCO,), + CaOH), - 2CaCO, + 2H,0 (4-18)

Mg(HCO,), + 2CaOH), - Mg(OH), + 2CaCO, + 2H,0 (4-19)

MgSO, + CaOH), - Mg(OH), + CaSO, (4-20)
CasO, + NaCO, - CaCO, + NaSO, (4-21)
MgCl, + CaOH), - Mg(OH), + CaCl, (4-22)
caCl, + NaCO, - CaCO, + 2NaCl (4-23)

As evident from the above reactions, although Ca and Mg" ions can be removed fran
solution, soluble sodium salts are formed. Consequently the total dissolved solid conterd i
essentially unchanged. CaCQand Mg(OH), are in precipitate form and must also be removed
from the solution One method of doing thisis by filtration. Filtration is the processin which
insoluble solids are removed from the water by passjthem through a filter medium consisting
of some typeof porous material. This process will remove suspended solids and precipitates,
but has no effect on dissolved solids. Numerous materials are used as filter media and include
sand, activated charcoal, anthracite, diatomaceous earth, and to some extent resin in anno
exchanger. Sand isnot normally used in nuelr applications because of the silicate ion (SIQ)
associated. Silicate ions are undesirable because tlyehydrolyze in water and form a weak acid,
which tends to ncrease corrosion. Activated charcoal is often used following a chlorinator in
a water treatment system because it removes excess residual chlorine as well as susperdle
matter.

Thereare two types of mechanical filtersin use, gravity and pressurePressure filters are the
most widely usedbecause they can be installed in a pressurized system, thereby eliminating the
need for additional pumps (gravity filters requirpumps to provide a motive force). In addition,
in a pressurized filter system, flow rate and other asciated parameters can be better controlled.
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Another method sed for the removal of suspended corrosion products in facility fluid systems
is the electromagnetic filter. Thesare gaining popularity in PWR feed and condensate systems
where they have proven effective in reducing the crud loadingf these systems, thereby reducing
the inventory of corrosion products in steam generators.

lon exchangers also function as filtration units by virtue of the size of the resin beads anceth
torturous path the water must follow in passing through the resin. The filtration efficiency
however,is significantly less than the ion exchange efficiency (90% or less for filtration versus
approximately 100% for met ion exchange reactions). Filtration efficiency depends largely on
the size of the suspended materials, with greater efficiency for the larger particles. Advers
effects of this filtration process are similar to those occurring in other types of filters.
radioactive system, the buildup of filtered particles (crud) can increase the radiatioro t
prohibitive levels or cause flow reductions that may necessitate removal or backwash ofeh
resin.

pH Control

Asdiscussed in Module 2, in reactor facilities other timethose containing aluminum components
or using chemical shim, reactor coolant is maintained in an akaline condition to contro
corrosion in the system. In practice, if the dered alkaline condition is established, and no other
action is taken, the pH gradually decreases during operation ¢he facility. Thisis due to factors
such as dilution from makeup water additions to compensate for coolant losses causey b
sampling, leakage, volume changes on facility cooldown, andeaction of hydroxyl ions (OH

with metals and corrosion products. Thus, hydroxyl ions must be added to the coolant t
maintain a basic pH. The ion exchange process provides a convenient means of helping t
control the pH d reactor coolant by adding OHions from the exchange reactions of the resin.

A hydroxyl form anion resin, and a cation resin in some form other thahe hydrogen form, may
be used for this purpose as in a mixed-bed arrangement, similar to that shown in Figure 3, or
in separate cation and anion units where flow isindividually controlled. Usually, a portion of
the reactor coolant is diverted from its norma path, passes through the ion exchange resin, and
then is returned to the main coolant path. In thiswa part of the coolant is constantly purified,
and in the process hydroxyl ions are released to the coolant. These hydroxyl ions tend t
increase the pH (or limit the decrease), thereby offsettintpe effects mentioned in the preceding

paragraph.

Suppose that the cation resin i$n the ammonium form. As reactor coolant passes through the
ion exchange system, ionic impuritiesvill be removed and NH*™ and OH will be added. Thus,
the resin serves both to purify the coolant and to help maintain the pH of the coolany b
releasing NH,OH.
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The major sources of ionic impurities in reactor coolant are impurities in makeup water @n
corrosion products. The amount of these impurities in reactor coolant is normally very small;
thus, the base added to the coolant by the ioexchange resin is usually not sufficient to entirely
compensate for the losses described above. For this reason, the pH of reactor coolans i
measuredregularly, and additional base is added as needed. The frequency of addition varies
considerably with the type of base used.

Resin Bed M alfunctions

The resin beds of ion exchangers are susceptible to malfunction from a number of causes
These causes include channeling, breakthrough, exhaustion, and overheating.

Channeling

Channelingis a condition in which the resin allows a direct flow of water through the
ion exchanger. Flow channels are established from the inlet to the outlet of theno
exchanger, which allows water to flow essentially unrestricted through the resinavi
these paths. If channeling occurs, the water flowing through the resin bed ba
insufficient contact with theesin beads and results in a decrease in effectiveness of the
ion exchanger.

Channeling most often reults from improper filling of the ion exchanger with resin. If
insufficient water is mixed with the resin when it iadded, the resin column may contain
pockets or voids. These voids may then set up flow paths for channeling to occur
Improper design or malfunction ofthe water inlet connection (flow diffuser) can also
lead to channeling.

Breakthrough and Exhaustion

To gain furthe insight into the processes that occur in a column of mixed bed resin as
it removesan impurity, it is worthwhile to construct a series of curves such as thes
shownin Figure 6. These curves illustrate the behavior of hydrogen form resin asi
removesNH," ions from solution (the behavior of an anion resin is analogous). Eh
two rows of curves schematically represent the concentrations of Hand NH," on the
resin and in the effluent (exiting solution).

In the bottom row,concentration is plotted against volume of solution that has passed
through the column. That is, the plots represent the concentration of the indicated ion
in the effluent solution after a volume of solution has passed through the resin. I$ i
assumed that the concentration oNH," in the influent is constant. NH' ions are more
strongly attracted to the resin than are Hlions. Thus, NH," ions readily exchange for
H* ions on the resin.
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Ass solution passes through the resin column, the relative amounts of ammonium@n
hydrogen ionson the resin change. The actual exchange process occurs primarily in a
relatively narrow band of the column rather than over the entire length. This band i
called the exchange zone. Assuming the column isartical and that solution flows from
top to bottom, the resin &ove the exchange zone is depleted; that is, practically al the
exchange capacity has been used. Below the exchange zone, essentially none of éh
resin's exchange capacity has been usd. As more and more solution flows through the
column, the exchange zone gradually moves downward asore of the resin is depleted.
Eventualy, & the exchange zone approaches the end of the column, small amounts of
NH," begin to appear in the effluent. The point at which this occurs is calde
breakthrough. F more solution passes through the resin, the concentration of NHin
the effluent increases until it is the same as the concentration in the influent. &hi
condition is called exhaustiorand indicates that essentially all the exchange capacity of
theresin has been used. (Becausef the equilibrium nature of the exchange process,
asmall amount of the resin may remain in the hydrogen fornput not enough to remove
any more ionic impurities.) Note that because the exchange zone in this case wa
narrow, a relatively small volume of solution takes the resin from breakthrouglo t
exhaustion.

Resin Overheating

The potential for elevated temperatures exists during most conditions of faclit
operation, we will examine in detail the processes that occur if the resin in anmo
exchanger is overheated. Although the inert polystyrene basic structure of resiis i
stable upto fairly high temperatures (approximately 300F), the active exchange sites
are not. The anion resin begins to decompose slowly at about 14®, and the
decomposition becomes rapid above 180F. The cation resin is stable up to abou
250°F. Because these temperatures are well below normal reactor coolén
temperatures, the temperéure of the coolant must be lowered before it passes through
the ion exchange resin.

The anion resin (hydroxyl form) decomposes by either of two mechanisms it
approximately equal probability.

R-CH,N(CH,),OH - o RFCH:OH - N(CHy), (4-24)

or

R-CH,N(CH,),OH - o RFCHN(CH), + CH.OH (4-25)

CH-04
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Reaction (4-24) produces an acohol form of the resin, which has no exchaeg
capability, and trimethylamine (TMA), N(CH), TMA is a weak base, similar ¢
ammonia, that reacts with water as follows.

i

N(CH), + H,0 = NH(CHp); + OH"

If large amounts of TMA are released to the coolant, the pH may increase noticeably.
For example, 1 ppm of TMA in reactor coolant that uses lithium resin will cause
noticeable increase in pH. TMA may aso interfere with the analysis for chloride ions
(whichis routinely performed on reactor coolant) by giving a false indication of tig
chloride concentration. Another significant propertyfof MA isits intense odor of dead
fish. Although the presence of such an odor from reactor coolant is not definitive for
TMA, it may give an indication of resin overheating.

The methyl alcohol (CHOH) produced by Reaction (4-25) is not expected to hava

harmful effect on the reactor coolant system. The other product of this reacto
[R - CH,N(CHj,),] is an amine with exchange capabilities considerably less than ¢h
original form of the resin. Thus, both reactions lead to partial (or complete) loss$ o
exchange capability. If the temperature is sufficiently high, or if alower temperatir
(greater than 180°F) is sustained for along enough peod, the resin will be unfit for use.

Cation exchange rain begins to undergo thermal decomposition at temperatures above
about 250°F by the following reaction.

R-SOH + HO - R-H + 2H" + SO, -
3 2~ heat 4 (4-26)

Thisreaction destroys all exchange capacity of the cation resin and also producema
acid. The Reactions (4-24) through (4-26) are the initial reactions when resirs i
overheated. If the temperature becomes very high (greater than about 45F), the
polymeric base structure of the resin will decompose, forming a complex mixturd o
organic tars and ails.

The preceding discussim concerned the decomposition of resinsin their original forms.
It should be noted that if overheating occurs after the resin has been in operationrfo
some time, part ofthe resin will be in a different form due to the exchange process. As
a result, some of the previously-removed impurities will be released to the coolarit |
decomposition occurs. For example, the chloride form of the anion resin will for
CH,CI by the reaction corresponding to Reaction (4-25).

R-CH,N(CH,),Cl - et R-CH,N(CH,), + CH,CI

Rev. 0
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The CH,CI (chloromethane) will be released to the coolant and will decomposa the
radiation field of the reactor ore, producing Ci ions. Similarly, the sodium form of the
cation resin will release Naions by the following reactions.

R-SO,Na + H,O - R-H + H' + Na' + SO,
heat

A number of changes are probable if overheating of resinccurs. Reactor coolant Ci
levels would probably increase as arestilof thermal breakdown and subsequent release.
lon exchanger effectiveness would bgreatly reduced for similar reasons. Radioactivity
levels of the reactor coolant would increase because dhe release of impurities collected
and later released from the resin.pH would likely decrease because of the release of H
ions from the cation resin complex and may cause acidic conditions of the reacto
coolant if the temperature were sufficient (>250F). Because the anion rem
decomposes at lower temperatures, pH may increase as a result of the release of TMA
and be accompanied by a dead fish odor.Because of the consequences of overheated
resin, stringent temperature limitations are necessary. If overheating occurs, theno
exchanger should be taken out of ervice immediately and the cause rectified. The resin
must be replaced prior to placing the ion exchanger back in service after overheating.

Summary

The important information in this chapter is summarized below.

Dissolved Gases, Suspended Solids
And pH Control Summary

Becauseof the presence of impurities, rawwater sources undergo treatment prior
to use as makeup water in reactor facility systesa These systems normally utilize
several distinct processes that remove solids, ionic impurities, and gases
Pretreatment of makeup water is necessary to reduce corrosion, minimgz
radiation, and limit fouling of heat transfer surfaces.

If the hydrogen and hydroxyl forms of resin are used, the result is pure, neutra
water. Other forms may be used to remove unwanted impurities from solutio
and substitute anothersubstance, such as a base, to help control pH. Resins also
filter solidssuspended in a solution, but the efficiency for thisis usually less than
the efficiency for removal by ion exchange.

CH-04
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Dissolved Gases, Suspended Solids
And pH Control Summary (Cont.)

. Dissolved gases are removed from reactor facility systems to limit corrosioryb
any one of the following methods or combinations of methods:

Aeration - Thespraying of the water to physically release the entrained
gasses, then venting the gas.

Deagration - The heding of the water to a slow boil, then vents the gas
usually to a condenser so the moisture is not lost.

Addition of scavengers - Examples are hydrogen, hydrazine, ah
morpholine, the scavenger combines with the gas and removesti
chemically.

. Chanreling in an ion exchanger occurs when there is a direct flowpath for ¢h
water that decreases the resin-water contact. Channelingnay occur in the resin
bed as aresult of improper filling or malfunction of the inlet connection.

. Resinsare susceptible to damage by overheating. Althoughresin contains a very
large number of exchange sites, the number is finite and the resin exchaeg
capability is eventually depleted. Thefirst indation of depletion is breakthrough,
which occurs when impurity ions begin to appear in the sation after it has passed
through the resin.

. When the concentration of impurities is the same before and after the solutio
passes through the resin, the resin has reached a state of exhaustion.

. Suspended solids are removed by the use of mechanical filters. The two basi
categories of mechanical filters are gravity flow and pressure flow filters. Eh
pressureflow filters are more likely to be used because there are better contro
capabilities. Numerous materials are used as filter media and include sand
activated charcoal, anthracite, diatomaceous earth, and to some extent the resin
in an ion exchanger
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WATER PURITY

The fewer the contaminants in water, the less caision takes place. The methods
of water treatment have beemxplored previously. This chapter discusses how
water purity is quantified. Measuring the puritylips to keep treatment effective.

EO 1.10 LIST the maximum conductivity and approximat
concentrationof electrolyte for each level of purity fo
makeup water.

Water Purity

The water used in a nuclear facility must be of ayrity level that is consistent with the overall
objectives of chemistry control in the facility.

There are anumber of waysin which pure water is obtained, indiing distillation systems and
pretreatment systems similar to those mentioned earlier in this module. Regardless ofeh
method employed, the required purity must be achieved.

Water puity has been defined in many different ways, but one generally accepted definition
statesthat high purity wateris water that has been distilled and/or de-ionized so that it will
have a specific resistance of 500,000 ohms (2.0 micromhos conductivity) or greater. Bhi
definition is satisfactory as a base to work from, but for more critical requirements,eh
breakdown shown in Table 3 has been suggested to express degrees of purity.

TABLE 3
Water Purity
Degree of Purity Maximum Conductivity Approximate Concentration
(umhos/cm) of Electrolyte, mg/1

Pure 10 2-5

Very Pure 1 0.2-0.5
Ultrapure 0.1 0.01-0.02
Theoretically Pure 0.054 0.00
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Conductivity is ameasure of the ease with which electricity cdme passed through a substance.
The presence of ions greatly facilitates the passage of an electric current. Pure water is only
dightly ionized by the dissociation of water: KO - H*+ OH. At 25°C, the concentration
of the hydrogen and hydroxyl ions is 10moles/liter.

The equivalent conductance of hydrogen (H) is

mhos-cm?
equivalent

350

and the equivalent conductance of OH is

mhos-cm?
equivalent

192

A mho is a measure of the ease with which electric current will pass and is the inverse ah a
ohm, the measure of resistance to the passage of electric current. Conductance dn
conductivity are Smilar qualities (conductiwtis measured inpumhog’cm, so conductance must
be converted to conductivity). Aumho is one millionth of anho. The total conductivity of
pure water can be calculéed by adding the equivalent conductances of H and OH, multiplying
by the normality (see Module 1 for definition), and then multiplying b0 I/cm® and

10° umhogmho. For theoretically pure water this becomes the following.

2 . :
mhos _cm x 1078V o 103 liters x 10 pumhos _ 054 pmho

(350+192) _
equiv liter cm? mho cm

The conductivity limit for demineralized water is Jumhao/cm.

Conductivity will very quickly indicate the preseracof any ionic impurities, even if the impurity
concentration is extremely small. As an example, suppose 1.0 mg of NaCl impurity weer
deposited in 1 liter of demineralized water.The normality of this solution would be as follows.

1 x 10°3 gm . 1equivaent = 1 102 equi_valent - 17 x 105 equi_valent
liter 58 gm 58 liter liter

Rev. 0 Page 29 CH-04



WATER PURITY DOE-HDBK-1015/2-93 Principles of Water Treatment

: . mhos - cm? . .
The equivalent conductance ofNa" is 51 ———— , while the equivalent conductance of
equivalent
_ 2
Clis75 mhosj—cm. The conductivity of the solution is
equivalent
_ 2 . .
(51+75) mho§ SLL 17 x 10°5 eqw_valent x 1073 liter x 10° pmho _ 29 umho’
equivalent liter cm mho cm

which iswell above the limit. Evenxtremely low concentrations of ionic impurities can easily
be detected. The most probable cause is a depleted or damaged resin bed that is no longe
capableof removing ionic contaminants. The depletetbed should be removed from service,
and a fresh resin bed placed in service.

For most applications in nuclear facilities, the specification that is identified as Very Feur

(2.0 umho/cm maximum conductivity) isused. Ultra Pure demenalized water is normally only
required in laboratory situations and is mentioned for information purposes only.

Summary

The important information in this chapter is summarized below.

Water Purity Summary
Water Purity is clarified below.
Approximate

Degree of Purity Maximum Conductivity(umhos/cm) Concentration of
Electrolyte, mg/1

Pure 10 2-5

Very Pure 1 0.2-0.5
Ultrapure 0.1 0.01-0.02
Theoretically Pure 0.054 0.00
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TERMINAL OBJECTIVE

1.0  Without references, DI SCUSSthe hazards associated with chemicals (liquid and gas
found in anuclear plant.

ENABLING OBJECTIVES

11 STAT E the hazards associated with the use of corrosives.

1.2  STATEthegenera safety preautions necessary for the handling, storage, and disposal
of corrosives.

1.3  LIST the general safety precautions regarding toxic compounds.

1.4  LIST thecriteria used to determine if acompound is a health hazard.
1.5 STATE the methods by which toxic compounds may enter the body.
1.6 SUMMARIZEthe purpose and general contents of the following:

a Material Safety Data Sheets (MSDS)
b. Toxic Substance List

1.7 DEFINEthe following terms:

a Compressed gas C. Liquified gases
b. Non-liquified gases d. Dissolved gases

1.8 STATEthefive mgor families of gases.
1.9 STATEthegenera safety precautions regarding these, handling, and storage of gases.
1.10 STATEthe safety precautions for working with cryogenic liquids.
1.11 LIST the physical properties and special precautions for the following gases:
a Hydrogen

b. Oxygen
C. Nitrogen
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ENABLING OBJECTIVES (Cont.)

1.12 DEFINEthe following terms:

a Flammable liquid
b. Combustible liquid

1.13 STATEgenera safety precautions regarding the use, handl@) and storage of flammable
and combustible liquids.

1.14 STATE thereasons for and techniques used in bonding and grounding of flammail
liquid containers.

1.15 LIST four sources of ignition of flammable liquids.

1.16 STATE the health hazards associated with flammable and/or combustible liquids.
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CORROSIVES (ACIDSAND ALKALIES)

There are two basic groups of corrosives: acids and alkalies. Thes
chemicalsreuire precautions for safe handling. These precautions will be
discussed in this chapter.

EO 1.1 STATE the hazards associated with the use of corrosives.

EO 1.2 STATE the general safety precautions necessary for &
handling, storage, and disposal of corrosives.

Acids

Acids are compounds of hydrogen and one or more other elements (with the exceptiorf o
carbon) that dissociate or break down to produce hydrogen ions (Hl when dissolved in water
or certain other solvents.

Acids are corrosive in any form, and in high concentrans destroy body tissue and cause severe
burnson contact with the skin. The eyes are verypusceptible, and permanent damage or 10ss
of sight may result from contact with acids. Thanhalation of excessive concentrations of vapor
or mist is extremely irritéing to the respiratory system and to mucous membranes in particular.
Accidental swallowing of concentrated acids may result in severe irritation of, and damage to,
the throat and stomach which, in some cases, may prove fatal. Some of these material sear
specificaly pasonous as well asirritating. In lower concentrations, repeated skin contact may
result in inflammation.

Concentrated aqueous solutions of acislare not in themselves flammable. The potential hazard
isthe danger of their mixture with other chemicals or combustible materiakghich may result
infire or explosion. Acids also react with many metals resulting in the liberation of hydrogen,
a highly flammable gas, which upon ignition in air may cause an explosion. Some of the acids
are strong oxidizing agents and can react destructively and violently when in contact Wit
organic or other oxidizable materials.

Personrel exposure requiring immediate action usually involves direct contact of the acid with
the body or eyes of the individual, inhalation of acid vapors or decomposition products, @n
ingestion of acid The initial treatment in all cases of local contact isimmediate removal of the
acid with alarge amount of water. This treatment must be prahged until all traces of acid have
been removed, usually a minimum washing time of 15 minutes.
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Alkalies

Alkalies (bases) are corrosive caustic sulisnces that dissociate in water and yield hydroxyl ions
(OH). Alkalies include: ammonia, ammonium hydroxide; calcium hydroxide and oxide
potassium, potassium hydroxide and carbagte; sodium, sodium hydroxide; carbonate, peroxide
and silicate; and trisodium phosphate.

The alkalies, whether in solid form or concentrated liquid salion, are more destructive to tissue
than most acids. Alkali dus, mists, and sprays may cause irritation of the eyes and respiratory
tract and lesions of the nasal septum. Strongl&alies combine with tissue, causing severe burns,
frequently deep ulceration, and ultimate scarring. Severe busiresult not only from contact with
solid akalies, but also from solutions of these compowfs. Potassium and sodium hydroxide are
the most active materials in this group. Even dilute solutions of the stronger alkalies tend t
soften the epidermis (skin) and emulsify or dissolve the skin fats. Exposure to atmosphere
contaminated with alkalies may result in damage to the upper sgiratory tract and to lung tissue,
depending upon the severity of the exposure. The effects of inhalation may vary from rdil
irritation of the nasal mucous membranes to severe inflammation of the lungs.

Ingestion causes severe damage to mucous membranes or deeper tissues with which contact is
made. Perforation of these tissues may follow, or there may be severe and extensive sca
formation. Death may result if penetration into vital areas occurs.

Even though akaliesare not flammable and will not support combustion, much heat is evolved

when the solid material is dissolved in water. Therefore, cold water mube used to dissolve
solid alkalies, otherwise the solution may boil, and splatter corrosive liquid over awide area.

General Safety Precautions

Corrosives are available in numerous forms and varying concentrations. Some forms @n
concentrations are more hazardous than others, but the potential for serious accidents exsst
regardless of the substance in question.

Many of the safety precautions neceszy for safe handling and storage are equally applicable to
acids and dkalies. Some otthe more common precautions are contained in this section. These
precautionsare not all inclusive, nor are they meant to be. Specific corrosives may reqeir
specific precautions, and Material Safety Data Sheets (M SDSnust be consulted in all cases.
The MSDS will be discussed later in this module.

Safety in handling hazardous chemicals depends to a great extent upon effective emplaye
education, proper safety practices, intelligent supervision, and the use of safe equipment
Workers should be thoroughly infamed of the hazards that may result from improper handling.
Each employee should know what to do in an emergency and should be fully informed aldou
proper first-aid measures. Hazards from spills and leaks should be minimized an adequate
supply of water for washing-down. Drainage of hardurfaced or diked areas should be directed
to minimize the exposure of personnel and equipent. Adequate ventilation should be provided
in areas where chemical mist or dust is present.
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Alkalies are much more injurioa to the eyes than acids because strong acids tend to precipitate
aprotein barrier, which prevents furter penetration into the tissue. The alkalies do not do this.
They continue to soak into the tissue as long as they are allowed to remain in contact with the
eye. The end result of acorrosive bur to the eye (alkali or acid) is usually a scar on the cornea
and possible permanent damage.

Speed in removing corrosives is of primary importance. If the chemical enters the eyes, the
should be copioudly irrigated with water for at least 15 minutes, and a physician shoulaeb
consulted immediately. In case of contact with skin or mucous membranes, the safety shower
should be used immediately. Clothing can beemoved under the shower. Contaminated skin
areas should be washed with very large quantities of watdor 1 to 2 hours, or until medical help
arrives. The ready availability of water, particularly safety showers and eye-washing baths
greatly minimizes the possibility of ssere, extensive damage. Contaminated clothing and shoes
should be thoroughly washed and decontaminated before re-use.

The use of personal protective equipment is not intended as a substitute for adequate conkro
measures, but becaug corrosives can cause extensive damage to the body this equipment must
be available as needed. Durig handling operations where spills or splashes are possible, whole
body protection (eyes, head, body, hands, and feet) may be necessary. All personal protective
equipment should be carefully claned and stored following use, and any equipment that cannot
be decontaminated should be discarded.

For the protection of thesyes, chemical safety goggles should be worn. Face shields should be
worn if complete face protection is necessary. Eyewash fountains and safety showers must be
availableat any location where eye and/or skin contact may occur. Protection against mist or
dust can be provided by proper respiratory protective equipment. The wearing of protecdv
clothing is aso advisable to avoid skin contact. Thismay corss of rubber gloves, aprons, shoes
or boots, and cotton coverals which fit snugly. Safety shoes or boots made of rubber
chlorobutadiene, or other chemical-resistant materials with built-in steel toecaps ar
recommended for workers handling drums or in process areas where leakage may occur
Containers should be stored in rooms with trapped floor drains. Curbs or a drained gutter
covered with an appropriate grill, should be coreucted at door openings where floor drains are
not provided.

Tanks should be entered for cleaning or repairing only after these have been drained, flushe
thoroughly with water, ventilated, and sampled. Workers entering tanks should be monitored
by someone on the outside of the tank. A supplied-air respirator or self-contained breatigin
apparatus, together with rescue harness and lifeline, should be on hand for rescue purposes.

Remova from expaure is the primary, and most important, step where exposure by inhalation
isinvolved. Theindividua should be made as warm and comfortabls possible, and a physician
should be called immediately.
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Ingestion, the least common mode of contaminatigrrequires immediate medical attention. Any
attempt at first aid beyond drinking large quantities of water should be made only uponeth
advice of a physician.

If body burns are severeor extensive, or if the eyes are in any way involved, a physician should
be consulted as soon as possible after first aid is rendered. No attempt should be made t
neutralize the corosive prior to treatment with water. Any treatment, in addition to the use of
water, should be undertaken only with the advice of the physician.

When corrosives are shipped in small containers such as glass or polyethylene bottles, the
should be well protected, whether individually packaged or seval are packaged in a single case.
After careful inspection, the corrosives may be stored in these container§ the containers are
maintained in a upright position and under cover. The containers should be kept off the floor
on materids that are corrosive resistant, or protected with corrosive-resistant covering® t
facilitate flushing and other cleanup procedures in the event of leakage or spills.

All drums should be stored on individual racks or securely blocked on skids, with the closur
(plug) up to prevent leakage. Drums containing corrosives induid form should be vented when
received, and at least weekly thereafter, to relieve accumulated internal pressure.

Cylindersshould be stored in an upright position, preferably in individual racks and witheth
valve protective cap in place. Inall cases, to avoid error, empty and full containers should be
stored in different locations.

Under no circumstance should corrosives be transferred from the original labeled container to
anunmarked container. All containers must be labeled clearly, concisely, and in simple, easily
understood terms. Inspection of containers before handling will disclose conditions sucls a
breakage, leakage, and impropest positioned closures which could readily cause a leak or spill.

In handling bottles, barrels, or drums containing corrosives, the following guidelines muse b
followed.

1. Carefully inspect containers prior to handling.
2. Use personal protective equipment.

3. Use equipment specifically designed for the purpose of transporting an
dispensing the chemical in question.

4. Label all containers into which the chemical is transferred.
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Properties of corrosives make several considerations mandatprin the selection of a storage site.

1. The building, or area within the building selected, should be of fire-resistan
construction.

2. Thefloors should be composed of chemical-resistant brick or treated concrete,
be washable, and be provided with adequate drainage.

3. A wdll-lit and ventilated area in which there are adequataubl ets for water should
be provided.

4, A relatively cool and dry environment should be matained, preventing extremes
of temperature and humidity.

5. Electrical fixtures should be protected aginst corrosive mists, and wiring should
be enclosed and covered with corrosive-resistant material.

The nature of the corrosre will determine the manner in which it is stored. Most acids should,
to some extent, be isolated, some fronall other chemicals, some from certain other acids and
oxidizable materials such as oil and grease, and some from combustible materials.

Generally, adequate natural vetilation is sufficient in areas where corrosives are stored, that is,
where the containers remain unopened. Where acid is used in work areas where dust or mists
may arise (such asin pocessing equipment or tanks), some form of mechanical exhaust system
must be provided.

Transporting containers within the plant and dispensing at various points throughout the plant
are two high-risk procedures that may cause an accident. Proper equipment can be reaglil
obtained, whichprecludes the necessity of using makeshift or otherwise dangerous methods of
transportation.

Handtrucks or power trucks used for transporting contaans should have lifting parts, or clamps
specially designed for that purpose. If bottles must be transported in the plant or laboratgry
they should be enclosed in safety bottle carriers that prevent breakage if the bottle is struck or
dropped. All ®ntainers (especially acid) must be opened slowly and cautiously because of the
possible buildup of pessure within the container. Corrosives may be dispensed from drums by
meansof siphons, drum transfer pumps, or bygravity with the use of a special fitting, such as
a self-closing faucet. Under no circumstances should bottles or drums be subjected tor al
pressure to expel the contents.
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One find, and extremely important, consideration is the type of container or receptacle et
which corrasives are to be dispensed. The use of an inappropriate or makeshift receptacle can
negate the value of all precautionary measures.

These receptacles may be used for temporargtorage or merely as a means of transporting from
storageareato place of use. In any event, an appropriate receptacle meets several conditions.

1. It is designed for the application.
2. It is used for no other purpose than that for which it is intended.
3. It is maintained in a safe, clean, and dry condition.

Summary

The important information in this chapter is summarized below.

Corrosives Summary
e The hazards of acids:

High concentrations can destroy body tissue, eyes being especi il
susceptible with permanent damage or loss of sight.

Inhalation of acidic vapors can irritate the respiratory system.

Ingestion can destroy the stomach and throat lining, and if
concentration is strong enough, ingestion can be fatal.

Aqueous solutions can become explosive if combined with otie
chemicals or combustible materials

If reacting with metal, hydrogen gas may be a byproduct, whiclsi
very explosive.
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Corrosives Summary (Cont.)
¢ Thehazards of akalies:
Alkalies are more destructive than the acids.

Alkali dusts, mists, and sprays can cause irritation of nasal passages
eyes, and respiratory tract.

When in contact with the tissue, strong alkalies will cause ulcers, severe
burns, and eventual scarring.

Ingestion causes perforations of the mucous membrane and deepe
tissues; death may result if penetration isin vital areas.

e Precautions when using corrosives:
An adequate supply of washdown water must be available.
Proper ventilation in corrosive work area must be provided.
Proper drainage must be provided such that exposure is limited.

Face shields and safety glasses that protect the eyes from splashes ah
extensive vapor should be worn.

Proper personnel safety equipment should be worn when appropriet
(chemical gloves, respirators, coveralls, etc.)

* Precautions when storing corrosives:

The building, or area within the building selected, should be of fire
resistant construction.

The floors should be composed of chemical-resistant brick or treatle
concrete, be washable, and be provided with adequate drainage.

A well-lit and ventilated area in which there are adequate outlets fo
water should be provided.

A relativdy cool and dry environment should be maintained, preventing
extremes of temperature and humidity.

Electrical fixtures should be protected againgtorrosive mists, and wiring
should be enclosed and covered with corrosive-resistant material.
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TOXIC COMPOUNDS

The various chemicals found in industry as well astheme are useful when
properlyapplied. If the user is uninformed about correct applications
storage, and potential hazards, these chemicals become threats to safety
This chapter gives an overview of handling chemicals and resourcds o
information about these chemicals.

EO 1.3 LIST the gaeral safety precautions regarding toxic
compounds.

EO 14 LIST thecriteria used to determine if a compouh
isa health hazard.

EO 15 STATE the methods by which toxicompounds may
enter the body.

EO 1.6 SUMM ARIZE the purpose and general contents of
the following:

a. Material Safety Data Sheets (M SDS)
b. Toxic Substance List

Toxic Compounds

Because the types of toxic compounds fond in industry number in the thousands, and because
specific hazards, controls, and corrective measures may vary withe substance, no attempt will
be made in this section to address specific compoundd nstead, information of a general nature
will be presented on bxic materials. Material Safety Data Sheets (MSDS) are required for all
potentially hazardous and toxt materials and should be consulted for specific descriptions and
precautions concerning the substance in question.

There are some general precautions that should be universally employed regarding taxi
compounds. Many of these precautions are consistent with thosér@ady mentioned concerning
corrosives. Proper ventilation, appropriate hygienic practices, housekeeping, protecgv
clothing, and training for safe handling and stogge will diminish many of the hazards that exist.

The toxicity of amaterialis not synonymous with its health hazard.Toxicityis the capacity of
amaterial to produce injury or harm to aliving organism.
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Hazardis the possibility that a méerial will cause injury when a specific quantity is used under
gpecific conditions. Severa key elements are considered when evaluating a health hazard.

. Toxicity of the materials used

. Physical properties of these materials

. Absorption probabilities of these materials by individuals
. Extent and intensity of exposure to these materials

. Control measures used

Toxicity isrelative. It refersto aharmful effect on some biologmaechanism. The term toxicity
is commonly used in comparing one chemical agent with another, but such comparisos i
meaninglessif the biologic mechanism, and the conditions under which the harmful effect
occur, are not specified.

Although the toxiceffects of many chemical agents used in industry are well known, the toxic
effects of many other ommonly used chemical agents are not as well defined. The toxicity of
a material is not a physical constant (such as boiling point, melting point, or temperature)
therefore, only a general statement can be made concerning the harmful nature of a give

chemical agent.

Many chemical agents are nonselective in their action on tissue or cells, they may exest
harmful effect on al living matter. Other chemical agents may act only on specific cells
Another agent may be harmful only to certain species; other speciesay have built-in protective
devices.

The degree to which a substance will affect livig cells can be measured only after recognizable
changes have occurred following absorption. Some changes (impaired judgment, delaye
reaction time) may be produced at levels too low to cause actual cell damage. Toxicitg i
dependent upon the dose, rate, method, and site of absorption, antlany other factors including
general state of health, individual differences, tolerance, diet, and temperature.

In general, industrial poisonings usually result from inhalation, ingestion, and absorption.

. The inhalation and absorption of toxic agents by the lungs dependent upon the
solubility in body fluids, the diffusion through the lungs, the volumefo
inhaaion, the volume of blood in the lungs, and the concentration gradient of
vapors between the inhaled air and the blood.

. Ingestion of the toxic agent can occur to some extent; however, there wadl
generdly be considerable inhaation othe material where such conditions exist.
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. Absorption through the skin can occur upon exposure to some toxic agents
Some liquids and vapors are known to pass through the skin in concentrations
high enough such that respiratory protection is not adequate. For example
hydrogen cyanide (HCN) is known to pass through the unbroken skin
Considerationshould be given to the type of work clothes being worn; if they
become saturated with solvents, they will act as a reservoir tbathe the body
continually with the harmful material.

Most volétile (easily vaporized) organic compounds are eliminated from the body in a matter
of hours a, at most, days. Many of the poisonous elements, however, can be stored for long
periodsof time in various partsof the body. Chronic (long term) toxicity damage is unlikely
to have an even distribution throughout theddy. In toxicity studies with radioactive isotopes,
the organ which suffers the most severe damage and appears to contribute most to the toxi
effect on the body asa whole, is called the critical organ. The particular organ that shows the
largest amount of damage is the one that is chosen for estimating the effect.

Industrial poisoning may be clasified as either acute or chronic. The classification is based on
the rate of intake of harmful materials, rate of onset of symptoms, and the duratiorf o
symptoms.

Acute poisoning is characterized by rapid absorption of the material and sudden, seveer
exposure. For example, inhaling high levels of carbomonoxide or swallowing a large quantity
of cyanide compound will produce acute poisoningGenerally, acute poisoning results from
a single dosewhich is rapidly absorbed and damages one or more of the vital physiologica
processes. The development of cancer long after recovery from acute radiation damags i
called a delayed acute effect.

Chronic poisoning is characterized by absorption of a harmful material in small doses ovar
long period of time; each dose, if take alone, would barely be effective. In chronic poisoning,
the harmful materials remain in the tigies, continually injuring a body process. The symptoms
in chronic poisoning are usualy different from the symptoms seen in acute poisoning byeh
same toxic agent.

The Occupational Safety and Hedh Act of 1970 requires that the Health and Human Services
publish at leastannually, alist of al known toxic substances by generic family, or other useful
grouping, and theconcentrations at which such toxicity is known to occur. Under the OSHA
Act, the Secretary of Labor mustissue regulations requiring employers to monitor employee
exposure to toxic materials and to keep records of any such exposure.

The purpose of The Toxic Substances List is to identify "all known toxic substancedh i
accordance with definitions that mg be used by all sections of our society to describe toxicity.
An excerpt of thislist isillustrated in Figure.11t must be emphatically stated that the presence
of a substanceon the list does not automatically mean that it isto be avoided. A listing does
mean, however, that the substance has the documentedotential of being hazardous if misused,
and, therefore, care must be exercised to prevent tragic consequences.
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TABLE Z-1-CONTINUED TABLE Z-1-CONTINUED
a 3b a b
SUBSTANCE p/m mg./M SUBSTANCE p/m mg./M
RONNEL 15 O—TOLUIDINE—=SKIN S 22
ROTENONE (COMMERCIAL? 5 TOXAPHENE SEE CHLORINATED
SELENIUM COMPQUNDS (AS Se) 0.2 CAMPHENE
SELENIUM HEXAFLOURIDE 0.05 0.4 TRIBUTYL PHOSPHATE S
SILVER, METAL, AND SOLUBLE 1,1,1=TRICHLOROETHANE, SEE
COMPOUNDS 0.01 METHYL CHLOROFORM
SODIUM FLUOROACETATE (1080)- 1,1,2=TRICHLOROETHANE-SKIN 10 45
SKIN 0.05 TITANIUMDIOXIDE 15
SODIUM HYDROXIDE 2 TRICHLOROMETHANE, SEE CHLOROFORM
STIBINE 0.1 0.5 TRICHLORANAPTHALENE—SKIN 5
STODDARD SOLVENT 500 2,900 1,2,3-TRICHLOROPROPANE 50 300
STRYCHNINE 0.15 1,1,2=TRICHLORO  1,2,2-TRIFLUORETHANE| 1,000 7,600
SULFUR DIOXIDE 5 13 TRIETHYLAMINE 25 100
SULFUR HEXAFLUORIDE 1,000 6,000 TRIFLUGROMONOBROMOMETHANE 1,000 6,100
SULFURIC ACID 1 2,4,6-TRINITROPHENOL SEE PICRIC
SULFUR MONOCHLORIDE 1 6 ACID
SULFUR PENTAFLUORIDE 0.025 0.25 2,4,6—TRINITROPHENYLMETHYL—
SULFURYL FLUORIDE 5 20 NITRAMINE. SEE TETRYL
SYSTOX, SEE DEMETON® TRINITROTOLUENE—SKIN 1.5
2,4,57 10 TRIORTHOCRESYL PHOSPHATE 0.1
TANTALUM 5 TRIPHENYL PHOSPHATE 3
TEDP—-SKIN 0.2 TURPENTINE 100 560
TELLURIUM 0.1 URANIUM (SOLUBLE COMPOUNDS) 0.05
TELLURIUM HEXAFLUORIDE 0.02 0.2 URANIUM (INSOLUBLE COMPOUNDS) 0.25
TEPP—SKIN 0.05 C VANADIUM
C TERPHENYLS 1 9 V2 05 DUST 0.5
1,1,1,2—TETRACHLORO-2,2— V3 05 FUME 0.1
DIFLUOROETHANE 500 4,170 VINYL BENZENE SEE STYRENE
1,1,2,2—TETRACHLORO-2,2— VINYLCYANIDE SEE ACRYLONITRILE
DIFLUOROETHANE 500 4,170 VINYL TOLUENE 100 480
1,1,2,2—TETRACHLOROETHANE— WARFARIN 0.1
SKIN S5 35 XYLENE (XYLOL) 100 435
TETRACHLOROMETHANE, SEE CARBON XYLIDINE—=SKIN 5 25
TETRACHLORIDE YTTRIUM 1
TETRACHLORONAPHTHALENE—SKIN 2 ZINC CHLORIDE FUME 1
TETRAETHYL LEAD (AS Pb)-SKIN 0.075 ZINC OXIDE FUME 5
TETRAHYDROFURAN 200 590 ZIRCONIUM COMPOUNDS (AS Zr) 5
TETRAMETHYL LEAD (AS Pb)—SKIN 0.075
¥E¥Eﬁm|EL%Y¢ETSHUAC'\%NONlTRﬂLE SKIN 0'51] g TTHIS STANDARD APPLIES IN COTTON YARN MANUFACTURING
TETRYL (2,4,6—TRINITROPHENYL—METHYL— UNTIL COMPLIANCE WITH § 1910.1043 (c) AND (e) IS ACHIEVED
NITRAMI’NE’)—SKIN 1.5 a PARTS OF VAPOR OR GAS PER MILLIOIj PARTS OF
THALLIUM (SOLUBLE COMPOUNDS)— CONgéhéISI\éAUTREED AIR BY VOLUME AT 25° C AND 760mm
Hg
THI??EZHH AS T o b APPROXIMATE MILLIGRAMS OF PARTICULATE PER CUBIC
METER OF AIR
THNO;EI:B(E)SRGAMC CMPDS, EXCEPT 2 (NO FOOTNOTE "C" IS USED TO AVOID CONFUSION WITH
TIN (ORGANIC CMPDS) 0.1 CEILING VALUE NOTATIONS)
C TOLUENE=2.4—DIISOCYANATE 0.02 0.14 d AN ATMOSPHERIC CONCENTRATION OF NOT MORE THAN
’ ! 0.02 P.P.M. OR PERSONAL PROTECTION MAY BE NECESSARY
TO AVOID HEADACHE
TABLE Z-2
ACCEPTABLE MAXIMUM PEAK ABOVE THE
B-HOUR ACCEPTABLE ACCEPTANCE CEILING CONCENTRATION FOR
MATERIAL TIME WEIGHTED CEILING AN 8—HOUR SHIFT
AVERAGE CONCENTRATION
CONCENTRATION MAXIMUM DURATION
BENZENE (Z37.40—1969) 10 P.P.M. 25 P.P.M. 50 P.P.M. 10 MINUTES
BERYLLIUM AND BERYLLIUM
COMPOUNDS (Z37.29-1970) 2u G./M3 5u G./M3 251 G./M3 30 MINUTES
CADMIUM FUME (Z37.5-1970 0.1 MG/M3 0.3 MG/M3
CADMIUM DUST (Z37.5-1970 0.2 MG/M3 0.6 MG/M3
CARBON DISULFIDE (Z37.3-1968) |20 P.P.M. 30 P.P.M. 100 P.P.M. 30 MINUTES
CARBON TETRACHLORIDE 10 P.P.M. 25 P.P.M. 200 P.P.M. 5 MINUTES IN ANY 4
(237.17-1967) HOURS
CHROMIC ACID AND CHROMATES 1 MG/10M?3
(237.7-1971)

Figure1 Excerpt of Toxic Substance List
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TOXIC COMPOUNDS DOE-HDBK-1015/2-93 Hazards of Chemicals and Gases

The absence of a substance from the list does not necessarily indicate that a substance istno
toxic. Some hazardous substances may notjualify for the list because the dose that causes the
toxic effect is not known.

Other chemicals associated witlskin sensitization and carcinogenicity (ability to cause cancer)
may be omitted from the list, because these effects have not been reproduced in experimental
animals or because the human data is not definitive.

It is not the purpose of the list to quantifytte hazard by way of the toxic concentration or dose
that is presenied with each of the substances listed. Hazard evaluation involves far more than
the recognition d a toxic substance and a knowledge of its relative toxic potency. It involves
amessurement of the quantity that is available for absorption by the user, the amount of time
that is available for absorption, the frequency with which the posure occurs, the physical form
of the substances, and the presence of other substances, additives, or contaminants (toxic o
non-toxic).

The purpose of the Material Safety Data Sheet (MSDYS) is tensure the individuals working
with chemicals and in the vicinity of chemicals have specific information on these chemicals
This form identifies the chemical by its technical and common name and lists éh
physical/chemical charactestics and fire, explosion, and reactivity hazards. The second page
specifieshealth hazards and recommends first aid procedures. The safe handling and control
measures are also supplied. The MSDS is a very helpful document, and personnel worlgn
around chemicals should make it a practice to review these sheets frequently for their ow
safety. Figures 2 and 3 are copies of the MSDS.

The Code of Federal Regulations recommends that the hazards of all chemicals produced and
imported be evaluated and the information concerning the hazards be transmitted toeh
employers and empoyees. The MSDS, labels on containers, and employee training should be
part of a comprehensive hazards communication program.
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Hazards of Chemicals and Gases DOE-HDBK-1015/2-93 TOXIC COMPOUNDS

Material Safety Data Sheet U.S. Department of Labor {é
May be used to comply with Occupational Safety and Health Administration
0SHA’s Hozord Communication Standard, (Non—Mandatory Form)
29 CFR 1910.1200. Standard must be Form Approved
consulted for specific requirements. OMB No. 1218-0072
IDENTITY (As Used on Label and List) Note:  Blank spaces are not permitted. If any item is not applicable, or no

information is available, the space must be marked to indicate that.
Section |
Manufacturer's Name Emergency Telephone Number
ADDRESS (Number, Street, City, State, and ZIP Code) |Telephone Number for Information

Date Prepared
Signature of Preparer (optional)
Section Il - Hazardous Ingredisnts/Idenfity Information
Hazardous Components (Specify Chemical Identify: Cornmon Nume(s)) OSHA PEL ACGIH TLV getpoeﬁ:m\é‘n@e‘és 9 (optional)
Section Il - Physical/Chemical Characterisfics
Boiling Point Specific Gravity (HZO:W)
Vapor Pressure (mm Hg.) Melting Point
i = Evaporation Rate

Vapor Density (AIR=1) (Bu?% o ey
Solubility in Water
Appearance and Odor
Section IV - Fire and Explosion Hazard Data
Flash Point (Method Used) Flaramable Limits LEL UEL
Extinguishing Media
Special Fire Fighting Procedures
Unusudl Fire and Explosion Hazards
(Repmduce \ochy) OSHA 174 Sept 1985

Figure2 Typical Material Safety Data Sheet (Sections I-1V)
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Section V - Reactivity Date
Stability Unstable Conditions to Avoid

Stable

Incompatibility (Materials to Avoid)

Hazardous Decomposition or Byproducts

Hazardous May Occur Conditions to Avoid
Pol ti
cymenzaten Wil Not Occur

Section VI - Health Hazard Data

Route(s) of Entry: Inhalation? Skin? Ingestion?
Health Hozards (Acute and Chronic)

Carcinogenicity: NTP? IARC Monographs? OSHA Requlated?

Signs and Symptoms of Exposure

Medical Conditions
Generally Aggravated by Exposure

Emergency and First Aid Procedures

Section VIl - Precaufions for Safe Handling and Use
Steps to Be Taken in Case Material is Released or Spilled

Waste Disposal Method

Precautions to Be Taken in Handling and Storing

Other Precautions

Section VIl = Confrol Measures
Respiratory Protection (Specify Type)

Ventilation | Local Exhaust Special
Mechanical (Generdl) Other
Protective Gloves Eye Protection

Other Protective Clothing or Equipment

Work /Hygienic Practices

Page 2 * (]GRO 1986-491-529/45775

Figure 3 Typical Material Safety Data Sheet (Sections V-VII1)
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Summary

The important information in this chapter is summarized below.

Toxic Compounds Summary
* The general safety precautions regarding toxic compounds:

Proper ventilation

Appropriate hygienic practices
Housekeeping

Protective clothing

Training

e The criteriaused to determine if a compound is a health hazard:

Toxicity of the materials used

The physical properties

The absorption probabilities of these materials by individuals
The extent and intensity of exposure to these materials

The control measures used

¢ The methods by which toxic compounds may enter the body:

Ingestion
Inhalation
Absorption

e The purpose and general content®f the Material Safety Data Sheets (MSDYS) is to
ensure the individuals working with and in the vicinity of chemicals have spegifi
information of thee chemicals. This form identifies the chemical, by technical and
common name, lists the physical/chemical characteristics, any fire or explosio
hazard as well as reactivity hazards. The second page wildpecify health hazards
and recommend first aidprocedures. The safe handling and control measures are
also supplied.

e The purpose and general contents of the Toxic Substance List is to identify 'lal
known toxic substances" in accordance with definitions that may be used bylal
sections of our society to describe toxicity. This form identifies known taxi
chemicals which tave been proven in lab tests or have definite human data. It lists
the chemical name, level of concentration at which it is hazardous, concentratio
limits for set time exposures both weighted averages and ceiling limits.
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COMPRESSED GASES

Gases are commonly used throughout diastry. These gases come in several
forms and areoften as dangerous as they are useful. This chapter provides
background knowledge of these gases.

EO 1.7 DEFINE thefollowing terms:
a. Compressed gas C. Liquified gases
b. Non-liquified gases d. Dissolved gases
EO 1.8 STATE thefive major families of gases.
EO 19 STATE the general safety precautionsregarding

the use, handling, and storage of gases.

EO 1.10 STATE the safety precautions for working wit
cryogenic liquids.

EO 111 LIST the physical properties and specila
precautions for the following gases:

a. Hydrogen
b. Oxygen
C. Nitrogen

Compressed Gases

Gases in compressed form serve countless indispensable roles in modern technology. Oxygen
isused extensively to produce stronger anatheaper steels. Acetylene welding and brazing of
certain metals has been common for many years. Other compressed, flammable gases such as
hydrogen are equally necessary for thevelding of certain metals. Some metals and alloys (such
as stainless steel, titanium, and zirconium) can bevelded only under an inert gas atmosphere.
Carbon dioxicke is used extensively in fire extinguishers for chemical and electrical fires. Inthe
nuclear industry, uses of compressed gases range from the addition of nuclear grade hydrogen
to reactor plant systems to propane and butane for heating components or spaces.

Gasesare compressed for practicalreasons of transportation, storage and use. The definition
of compressed gasuy the Interstate CommerceCommission (ICC) reads. "... any material or
mixture having in the coitainer an absolute pressure exceeding 40 psi (pounds per square inch)
at 70°F, or regardless of the pressure at 70F, having an absolute pressure exceeding 140 psi
at 130°F; or any flammable material having a vapor pressure exceeding 40 psi at 108."
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Because we often deal in gage pressures, andlasol ute pressure is equal to atmospheric pressure
(14.7 ps at sealevel) plusthe presure that would be read on an ordinary gage, we can simplify
the above definition. Accordingly, a compressed gas is one that gives a pressure reading of:

1. either 25 psig (pounds per square inch gage) at 70F; or 125 psig at 130F; or

2. if the contained substance is flammable, 25 psig at 100-.

This simplified definition and the range of boiling points among gases classify gases into dw
major groups that differ in physical state when contained.

1. Non-liquified gaseswhich are gases that do not liquify in containers at ambient
temperatures and under pressures attained in commercially used containers that
range to 2000 to 2500 psig.

2. Liquified gaseswhich are gasss that do become liquids to a very large extent in
containers at ordinary ambient temperatures and at pressures from 25ot
2500 psig.

The firg group, commonly called non-liquified gases, have relatively low boiling points
approximately -150 F or lower.

Nondiquified gases do, however, become liquids if cooled to temperatures below their boiling
points. Thosethat liquify at "cryogenic" temperaturéérom absolute zero [-459.7 F] to around
-240°F) are known as cryogenic fluids.

The second group, or liquified gases, have boiling points relatively near atmospheri
temperatures (from about -13CF to 30°F). The liquified gases solidify at cryogem
temperatures.

Oxygen, helium and nirogen are examples of gases in wide use both as non-liquified gases and
cryogenic fluids. With respective boiling points of -297F, -425°F, and -320°F, they are
charged into high pessure steel cylinders at more than 2000 psig at 70 for shipment and use
as non-liquified gases. However, when shipped as cryogenic fluids, they are cooled dowa t
liquid form and charged into special insulated containers that keep them below their boign
points and are contained at pressures normally less than 75 psig.

A third physical state in the container is represented by only one widely used gas, acetylene
Acetylere is sometimes referred to as alissolved gas A dissolved gasis defined as a gas that
is dissolved into a solution.
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The industry recommends that free acetylene should not ordinarily be handled at pressare

greater than 15 psig because, if handled at higher pressures without special equipment, itrca

decompose with explosive violence. Consguently, acetylene cylinders are packed with an inert

porous material that is satirated with acetone. Acetylene charged into the cylinder dissolvesin
the acetoneand in solution will not decompose at or below the maximum authorized shipping
pressure of 250 psig at 70F.

Compressed or liquified gases are also often described according to loosely-knit families t
which they belong through common origins, propertiegr uses. The major families of gases are
atmospheric gases, fuel gases, refrigerant gases, aerosol gases, and poison gases.

Atmospheric gases comprise one family. Its most abundant member is nitrogen, constitugn
78 percent of air by volume; oxygen, constituting 21 peeot of air by volume, is its second most
abundant member. M@t of the remaining 1 percent of the atmosphere consists of a sub-family
of gases, the inert gases, that share the property of chemicahertness. Inert gases are chiefly
argon, with minute quantities of helium, neon, krypton, xenon and radon. The last fourear
frequently called the rare gases due to their scarcity. Hydrogen also occurs minutely ingh
atmosphere, as do a large variety of trace constituents, small amounts of carbon dioxide, @n
large amounts of water vapor.

Another family of gses are the fuel gases. Fuel gases burned in air or with oxygen to produce
heat make up a large family related through their major use. Its members are notablyeth

hydrocarbons including liquefid petroleum (LP) gases, propane, butane, methane, and welding
gases such as acetylene and hydrogen.

An opposite application relates members of another large family, the refrigerant gasesA
refrigerant gasliquifies easily under pressure and works by being compressed to aliquid which
then absorbs large amounts of heat as it circulates through coils where it vaporizes back ant
gaseous form. Examples of refrigerant gases include ammonia and the fluorocarbons (freon).

Aerosol propdlant gases make up a family aso related by use through the introductiorf o
pressure-packaged products used in the form of a spray or a foam. Propellant gases hav
moderate vapor pressures at room temperatures (70 psig down to 35 psig, and even lowaen |
some cases). It is usually agreed that a good propellant should also be nontoxic, chemicall
stable, noncorrosive, and inexpensive. The fluorochons (freon) and nitrous oxide are the most
commonly used propellant gases.

Gases considered to be members of the poison gas family are generally those that the ICC has
classified as poison gases to ensure public safetyniinterstate shipments. Two examples of these
gases are hydrogen cyanide and phosgene.
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Basic Safety Precautions Regarding Compressed Gases

Compressedand liquified gases are widely useful due to properties including high heat output
in combustion for some gases, high reactivity in cheroél processing with other gases, extremely
low temperatures aailable from some gases, and the economy of handling them all in compact
form at high pressure or low temperature. These same properties, however, also represen
hazards if the gases are not handled with full knowledge and care.

Practically all gases can act as simple asphyxiants by displacing the oxygen in air. The chie
precaution taken against this potential hazard is adequate ventilation of al enclosed areas i
which unsafe concentrations may build up. A second precaution isteaid entering unventilated
areas that might contain highconcentrations of gas without first putting on breathing apparatus
with a self-contained or hose-line air supply. A numbef gases have characteristic odors which
can warn of their presencein air. @ers, however, like the atmospheric gases, have no odor or
color. Warning labels are required for compressed and ligtied gas shipping containers. Similar
warning signs areplaced at the approaches to areas in which the gases are regularly stored and
used.

Some gases can aso have atoxic effect on the human system, either inhalation, through hig
vapor concentrations, or by liquited gas coming in contact with the skin or the eyes. Adequate
ventilationof enclosed areas serves as the chief precaution against high concentrations of gas.
In addition, for unusually toxic gases, automatic devices cahe purchased or built to monitor
the gas concentration constantly and set off alarms if the concentration approaches a dange
point. Precautions against skin or eye contact withiquified gases that are toxic or very cold,
or both, include thorough knowledge and training for all personnel handling such gaseseth
development of proper procedures and equipment for handling them, and specia protecav
clothing and equipment (for example, protective garments, gloves, and face shields).

With flammable gases, it is necessary to guard against the possibility of fire or explosion
Ventilation, in aldition to safe procedures and equipment to detect possible leaks, represents a
primary precaution against these hazards. If fire breaksut, suitable fire extinguishing apparatus
and preparation will limit damage. Care must also taken to keep any flammable gas fno
reaching any source ofignition or heat (such as sparking electrical equipment, sparks struck by
ordinary tools, boiler rooms, or open flames).

Oxygen poses a combustible hazard of a special kind. Although oxygen does not ignité, i
lowersthe ignition point of flammable suliances and greatly accelerates combustion. It should
not be allowed closer than 10 feet to any flammable substance, including grease and oil,dn
should be stored no closer than 10 feet to cylinders or tanks containing flammable gases.
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Proper storage and handling of containers avoids many possible incidents. Hazards resulgin
from the rupture of a cylinder or other vessel containing gas at high pressure are protedte
againgt by careful and scure handling of containers at all times. For example, cylinders should
never be struck nor allowedo fall, because if the cylinder is charged to a high pressure and the
cylinder valve is broken off, itcould become a projectile. Cylinders should not be dragged or
rolled acrcss the floor; they should be moved by a hand truck. Also, when they are upright on
ahand truck,floor, or vehicle, they should be chained securely to keep them from falling over.
Moreover, cylinders should not bdneated to the point at which any part of their outside surface
exceeds a temperature of 125F, and they should never be heated with a torch or other ope
flame. Similar precautions are taken with larger shipping and storage containers. Initia
protection against the possibilityof vessel rupture is provided by the demanding requirements
and recommendations that compressed gas containers fulfill in their construction, testing@n
retesting.

Cryogenic Liquids

Most cryogenic liquids are colorless, odorless, and tasteless when parized to agas. Asliquids,
most have no color (except liquid oxygen which is light blue). However, whenever the dol
liquid and vapor are exposed to the atmosphere a warning appears. As the boil-off gase
condensemoisture in the air, a fog forms that extends over an arearger than the vaporizing
gas. Mayy cryogenic liquids are inert gases, and may inert an enclosed space. Inert gases will
not support life.

Both the liquid and its boil-off vapor can rapidly freeze human tissue and can cause man
commonmaterials such as carbon steel, plastic, and rubber to become brittle or fracture under
stress. Liquidsin containers and piping at tempetures at or below the boiling point of liquified
air (-318°F) can cause the surrounding air to condense to aliquid.

Extremely cold liquified gases (heum, hydrogen, and neon) can even solidify air or other gases
to which they are directly &posed. In some cases, plugs of ice or foreign material will develop
in cryogenic container vents and openings and cause the vessel to rupture. If a plug forms
contact the supplier immediately. Do not attempt to remove the plug; move the vessel &
remote location.

All cryogenic liquids produce large volumesf gas when they vaporize. For example, 1 volume
of saturated liquid nitrogen at 1 atmosphere vapares to 696.5 volumes of nitrogen gas at room
temperature at 1 atmosphere.

When vaporized in a sealed container, cryogenic liquids produce enormous pressures. 1If
volume of liquid helium at 1 atmosphere is warmed to room temperature and vaporized &
totally enclosedcontainer, it has the potential to generate a pressure of more than 14,500 psig.
Because of this high pressure, cryogenic containers are usualy proteel with two pressure-relief
devices, apressure-relief valve and a frangible (easily broken) disk.

CH-05 Page 20 Rev. 0



Hazards of Chemicals and Gases DOE-HDBK-1015/2-93 COMPRESSED GASES

Many safety precautions that must be taken wh compressed gases also apply to liquified gases.
However, some additional precautins are necessary because of the special properties exhibited
by fluids at cryogenic temperatures.

The properties of cryogenic liquids affect their safe handling and use. Table 1 presant
information to help déermine safe handling procedures. None of the gases listed are corrosive
at ambient temperatures, and only carbon monoxide is toxic.

. Always handle cryogenicilquids carefully. They can cause frostbite on skin and
exposed eye tissue. When spilled, they tend to spread, covering a surfec
completely and cooling alarge area. The vapors ertted by these liquids are also
extremely cold and can damage tissues. The vapor boil-off may inert éh
immediate vicinity.

. Stand clear of boiling or splashindgiquid and its vapors. Boiling and splashing
occurs when awarm container is charged or when wen objects are inserted into
a liquid. These operations should always be performed slowly to miningz
bailing and splashing. If cold liquid or vapor comes in contact with the skin or
eyes, first aid should be given immediately.

. Never allow an unprotected part of the body to touch uninsulated pipesro
vesselsthat contain cryogenic fluids. The extremely cold metal will cause¢h
flesh to stick fast to the surface and tear when withdrawn. Touching eve
nonmetallic materials at low temperatures is dangerous.

Tongs, or asmilar device, should be used to withdraw objects immersed in a cryogenic liquid.
Materias that are soft and pliable at room tempetare become hard and brittle at extremely low
temperatures and will break easily.

Workers handling cryogenic liquids should use eye and hand protection to protect agains
splashing and cold-contact burns. Safety glasses are also recommended. If severe spraying or
splashing islikely, a face shield or chemical goggles should be worn. Protective gloves should
always be worn when anythig that comes in contact with cold liquids and their vaporsis being
handled. Gloves should be loose fitting so that #y can be removed quickly if liquids are spilled
into them. Trousers should remain outside of boots or work shoes.
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TABLE 1
Safety Propertiesof Cryogenic Fluids
Xenon| Krypton| Methane| Oxygen| Argon| Carbon | Nitrogen| Neon | Hydrogen| Helium
(Xe) (Kr) (CH) Q) (Ar) | Monoxide| (N, (Ne) (H) (He)
(CO)

Boiling Point, 1 atm
°F -163 -244 -259 -297 -303 -313 -321 -411 -423 -425
°C -108 -153 -161 -183 -186 -192 -196 -246 -253 -268
Melting Point, 1 atm
°F -169 -251 -296 -362 -309 -341 -346 -416 -435 N/A
°C -112 -157 -182 -219 -189 -207 -210 -249 -259
Density, boiling point,
1 atm Ibjcu ft 191 151 26 71 87 49 50 75 4.4 7.8
Heat of vaporization | 46 219 92 70 08 85 | 37 193 10
boiling point Btu/lb
Volume expansion
ratio, liqudat 1am | goq | 6o 625 88l | 841 | N/A 697 | 1447| 850 754
boiling point to gas af
60° F, 1 atm
Flammable No No Yes N/A No Yes No No Yes No
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Treating Cold-Contact Burns

Workerswill rarely come in contact witha cryogenic liquid if proper handling procedures are
used. Inthe unlikely event of contact with aliquid or cold gag, cold-contact "burn" may occur.
Actually, the Sin or tissue freezes. Medical assistance should be obtained as soon as possible.
In the interim, the emergency measures presented in Table 2 are recommended.

TABLE 2
Emergency M easures for Treating Cold-Contact Burns

. Remove any clothingthat may restrict circulation to the frozen area. Do not rub
frozen parts, as tissue damage may result.

. As soon as practical, immerse the effected part in warm water (not less tha
105°F or more than 115 F, or 40°C to 46°C). Never use dry heat. The victim
should be in awarm room, if possible.

. If the exposurehas been massive and the general body temperature is depressed,
the patient should be totally immersed in awarm-watdsath. Treatment for shock
should be provided.

. Frozen tissues are painless and appear waxy and yellow. They will swell and be

painful and prone to infection when thawed. Do not rewarm rapidlyThawing
may require 15 to 60 minutes and should continue until the pale bluent of the
skin tuns pink or red. Morphine or tranquilizers may be required to control the
pain during thawing and should be administered under professional medica
supervision.

. If the frozen part of the body thaw®efore the doctor arrives, cover the area with
dry sterile dressings and a large, bulky protective covering.

. Alcoholicbeverages and smoking decreasélood flow to the frozen tissues and
should be prohibited. Warm drinks and food may be administered.

Some liquifiedgases require special precautions. For example, when liquid oxygen is handled,
all combustible materids, especialy oibr gases, should be kept away. Smoking or open flames
should never be permitted where liquid oxygen is stored or handled. NO SMOKING sign

should be posted conspicuously in such areas.
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Liquid oxygen, or oxygen-rich air atmospheres, should not come in contact with organi
materials or flammable substances. Some orgac materials (oil, asphalt, kerosene, cloth, or dirt
containing oil or grease) react violetly with oxygen, and may be ignited by a hot spark. Liquid
oxygen mayform mixtures that are shock sensitive with fuels, oils, or grease. If liquid oxygen
spills on asphalt, or on another surface contaminated/ith combustibles (for example, oil-soaked
concrete or gravel), no me should walk on, and no equipment should pass over, the areafor at
least 30 minutes after all frost or fog has disappeared.

Any clothing that has been splashed or soaked with liquid oxygen, or exposed to a g
gaseous-oxygen atmosphere, should be changed immedial@ The contaminated systems should
be aired for at least an hour so that they are completely freaf excess oxygen. Workers exposed
to high-oxygen atmospheres should leave the area and avoid all sources of ignition untileth
clothing and the exposed area have beermompletely ventilated. Clothing saturated with oxygen
isreadily ignitable and will burn vigorously.

Specific Properties of Selected | ndustrial Gases

Anyone who uses gases must have a thorough knowledge of their chemical properties t
maintain a controlled operation. If the gas is flammable, its flammable range and ignitio
temperature must be known.

The lower flammable limit is the smallest percent of the gaaiair which can ignite when exposed
to the ignition temperature. The upper flammable limit is the point above which the mixture is
too rich in fuel to ignite. The range between these two limits is the flammable, or explosive
range. The most violent explosion will occur at concentrations about the middle of e¢h
flammable range. Sources of heat that may cause temperatures that exceed the ignifio
temperature must be avoided, as well as gas-air mixtures that are within the flammable range.

The physiological effects of the gas must be known, not onltypes of reactions, but also severity
of reactions. All employees who handle gas should be familiar with igéfects, and recommended
control measures.

The chemical reactivity of the gas must be known. This includes a knowledge of the materials
that are resstant to its chemical effects, the materialwith which it reacts, and how it reacts with
such materials. Some gases become unstable at high pressures, and others become ner
corrosive at high temperatures.

The term Threshold Limit Vaue (TLV) is sometimes used and is defined as: The highes
time-weighted average concentration of an air contaminant which if breathed for a norina
working day is unlikely to result in health injury to the avage person, either at the time, or after
years of exposure.
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The following discussion addresses some of the more commonly used gases, and describes the
specific chemical properties and characteristics that are important for accident prevention.

Hydrogen

Hydrogen (H.,) is the lightest of all elements. Its presence cannot be detected by any ofeh
senses. It is flammable in oxygen or air, and has a flammable range of from 4.1 percerd t
74.2 percent by volume in air. A mixture of 10 to 65 percent hydrogen by volume in air Wil
explodeif iguited. Pure hydrogen burns quietly in air with an almost invisible flame, and when
burned with pure oxygen, aery high temperature may be reached. Hydrogen will burn readily
in chlorine gas, and under proper conditions, will combine with nitrogen, forming anmonia.

Some chemical reactions produce hydrogen as a byproduct. Aead-acid battery will produce
hydrogen when it is being charged. Metallic sodium and potassium are examples of s@m
chemicalsthat react violently when exposed to water, producing hydrogen, which may flam
spontaneoudly due to the heat of the reaction. Many electrogting processes produce hydrogen.
Some chemicals used to remove scale from the water side of boilers give off hydrogen
Whatever the opeation, it is important to know whether hydrogen will be produced, and if so,
precautionsmust be taken to prevent its accumulation and ignition. The precautions to &k
include adequate ventilatio to prevent its accumulation and the elimination of possible sources
of ignition. Hydrogen is classified as an asphyxiant.

Nitrogen

Nitrogen (N,) makes up more than 78 percent of the earth's atmosphere. It will not burm o
support combustion. It canot be detected by any of the senses and it is not toxic. Although it
is often referred to as an inert gas because it does natxidize readily, it nevertheless forms many

compounds. It isfrequently used to inert systems that contain, or have contained, flammabl

liquidsor gases. Inerting a Ssystem means replacing the oxygen with an inert gas in ordes t

reduce the possibility of fire or explosion.

Nitrogenis fairly soluble inthe blood, and a considerable amount will dissolve in the blood of
aperson when the air pressure isincreased, as in diving, eson, and some tunnel work. If these
employees are not properly decompessed, the dissolved nitrogen escapes from the blood in the
form of small bubbles in the bloodstream causing intense pain and is often fatal. This disorder
is commonly known as the bends.

If alarge amount of nitrogen were released into the air of an enclosed space, it coutduse a
serious oxygen deficiency. Nitrogen is an asphyxiant.
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Oxygen

Oxygen (O,) supports combustion, but does not burn. Even so, it must be considereal
potentialy hazardous elementrom a fire hazard standpoint. The results of an enriched oxygen
atmosphere include a lowered ignition temperature, an increased flammable range, ancha
acceleration of the burning rate. Oxygemeadily combines with other elements and compounds,
with spontaneous ignition in some cases. When oxygen comes in caatt with oil, grease, or fuel
oils, it may ignite violently. Every possible precaution must be taken to prevent i
combination.

Oxygen sustains life, but if pure oxygen were inhaled continuously for extended periodsgth
reactions in the body would be too rapid and would cause harmful effects. Oxygen shall
alwaysbe referred to as oxygen, and not air, to prevent confusion. It should never be used to
run pneumatic equipment because of the possibility of coming in contact with oil that mag b
insde the equipment Finally, oxygen valves should be operated slowly. Abruptly starting and
stopping oxygen flow may ignite contaminants in the system.

Sour ces of I gnition

All known sources of ignition must be eliminated in areas that contain, or may contain
flammable gases. This includes areas where gases are being manufactured or used in sam
process and in areas where they are stored.

One potential source of ignition is electrical equipment. When used or installed in hazardou
locations, this equipment must be explosion-proof and properly installed.

Electrical equipment includes not oty the more obvious equipment such as motors, generators,
motor controls, switches, and lighting fixtures, buélso the not so obvious equipment such as
alarm systems, remote controls, telephones and other communication systems.

The use of unapproved portable electric tools and equipment should be strictly prohibited i
hazardous locations. When temporary lighting is used, it must be an approved type and i
excellent repair.

All possible sources of static electricity should be anticipated to prevent its buildup dn
discharge. Several methods of control may be used. It is necessary that conductive parts of a
system be bonded (described in the following chapter) together to eliminate the differenae i
potential between the parts, and the whole system grounded to eliminate the differenca i
potential between the system and ground.
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When some gases come in contact with certain other substances, spontaneous ignition ma
occur. One of the beter known of these reactions is that of oxygen with oil. Another reaction
isthe posgble ignition of hydrogen due to the heat of the reaction which liberated it, suck a
sodium in water. Additional sources of ignition are as follows.

The spontaneous ignition that may occur in oily rags and other materials.

Smoking isapincipal cause of fire, and calls for strict prohibition in hazardous
areas.

Other sources of ignition include sparks or flame-producing operations such as
grinding or welding, and equipment such as heaters or boilers.

Ferrous handtools can produce a spark when struck against, or by a suitasl
object, and may cause ignition of some gas-air mixtures.

Other possible sources of ignition are internal combustion engines and battery-
powered electric vehicles.

The most disastrous accidents imolving industrial gases have been caused by ignition of gas-air
mixtures. Fires cannd occur without three essential factors being present in the right quantity,
at one place, and at he same time. These factors are fuel, heat, and oxygen (which is normally
supplied by air). When they are presenin the same place, in the right amounts, and at the same
time, there will be afire. To prevent afire, it is necessario keep only one of these factors away
from the other two. Air isnecessary folife and cannot normally be eliminated, but the fuel and
heat can be kept separated. Proper operational and maintenance procedures will help prevent
a flammable gasfrom escaping into the air, but because this is always a possibility, it is mos
important to eliminate the source of ignition.

Summary

The important information in this chapter is summarized below.

* Thefollowing terms are defined:

Compressed Gases Summary

Compressed gas is defined as any material or mixture having in the container ar
absolute pressure exceeding 40 psi (pounds per square inch) at 7@, or
regardless of the pressure at 70F, having an absolute pressure exceeding 140 psi
at 130°F; or any lammable material having a vapor pressure exceeding 40 psi at‘

100°F.
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Compressed Gases Summary (Cont.)
Non-liquified gases are gases that do not liquify in containers at ambién
temperaturesand under pressures attained in commercially used containers thg
range to 2000 to 2500 psig.
Liquified gases are gases which do become liquids to a very large extenni
containers at ordinary ambient temperatures, and at pressures from 250t
2500 psig.
Dissolved gases are gases dissolved into a solution.
The major families of gases are:
atmospheric gases aerosol gases
fuel gases pOoison gases
refrigerant gases
The general safety precautions for gases.

Ensure there is adequate ventilation of enclosed areas.

Avoid entering unventilated areas that might contain high concentrations of g4
without first putting on breathing apparatus with a self-contained or hose-line ali

supply.

Take precautionsagainst skin or eye contact with liquified gases that are toxic
very cold, or both.

The proper storage and handling of containers avoids many possible incidents.
The safety precautions for working with cryogenic liquids are:
Stand clear of boiling or splashing liquid and its vapors.

Never allow an unprotected parbf the body to touch uninsulated pipes or vessels
that contain cryogenic fluids.

Use tongs, or asimilar device, to withdraw objgts immersed in a cryogenic liquid.

Use appropriate eye and hand protection.

CH-05
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Compressed Gases Summary (Cont.)
The physical properties and special precautions for hydrogen include the following:

It isthe lightest of all elements

It cannot be detected by any of the senses

It has a flammable range of from 4.1 percent to 74.2 percent by volume in air
It burns with an aimost invisible flame

Hydrogen is classified as an asphyxiant, and special precautions, such as adequate
ventilation and the elimination of possible sources of ignition, should be taken to
prevent hydrogen accumulation.

The physical properties and special precautions for nitrogen include the following

It makes up more than 78 percent of the earth's atmosphere

It will not burn or support combustion

It cannot be detected by any of the senses

It is used to inert systems that contain, or have contained, flammable liquids or
gases

It isfairly soluble in the blood and if the dissolved nitrogen escapes from the
blood in the form of small bubbles in the bloodstream, intense pain occurs and
effects are often fatal

Nitrogen is an asphyxiant and it could cause a serious oxygen deficiency. Special
precautions, such as adequate ventilation, should be taken to prevent nitrogen
accumulation.

The physical properties and special precautions for oxygen include the following:

It supports combustion, but does not burn

Ignition temperature of a combustible material is lower in enriched oxygen
It readily combines with other elements and compounds, with spontaneous
ignition in some cases

When oxygen comes in contact with oil, grease, or fuel oils, it may ignite violentlyf
Every possible precaution must be taken to prevent this combination. If pure
oxygen were inhaled continuously for extended periods the reactions in the body
would be too rapid and cause harmful effects. Finally, oxygen valves should be
operated slowly. Abruptly starting and stopping oxygen flow may ignite
contaminants in the system.
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FLAMMABLE AND COMBUSTIBLE LIQUIDS

One of the most devastating industrial ac@udts is an explosion resulting in fire.
Carelessnessis often the root cause. Improper handling and storage canals
lead to disastrous results. This chapter introduces precautions taken to a@voi
accidents with flammable and combustible liquids.

EO 1.12

EO 1.13

EO 1.14

EO 1.15

EO 1.16

DEFINE thefollowing terms:

a. Flammable liquid
b. Combustible liquid

STATE general safety precautions regarding the use
handling, andstor age of flammable and combustible liquids.

STATEthereasonsfor and techniques used in bonding and
grounding of flammable liquid containers.

LIST four sources of ignition of flammable liquids.

STATE the health hazard associated with flammable and/or
combustible liquids.

Flammable And Combustible Liquids Definitions

As defined by OSHA, DOT, and the National Fire Probéion Association StandardFlammable
and Combustible Liquids CodeNFPA 30, aflammable ligiid is one having a flash point below

100°F, and havinga vapor pressure not exceeding 40 psia at 100F. Combustible liquidsre
those with flash points at orabove 100°F, but below 200 F. Although combustible liquids do
not ignite aseasily as flammable liquids, they must be handled with caution because of thei
ability to ignite under certain conditions. Flammable and combustible liquids are furthe
subdivided by NFPA 30 into classes as follows.

e Classl - Those liquids having flash points below 10TF.
IA - Those liquids having flash points below 73F and having a boiling poin
below 100°F.
IB - Thoseliquids having flash pointdelow 73°F and having a boiling point at
or above 100°F.
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IC - Those liquids having flash points at or above 73 and below 100 F.
e Classll - Those liquids having flash points at or above 100~ and below 140 F.
e Classlll - Those liquids having flash points above 14TF.

[11A - Those liquids having flash points at or above 140 and below 200 F.

[11B - Those liquids having flash points above 200F.

Flammable and combustibleilquids vaporize to form flammable mixtures when they are stored
in open containers, when theyieak or are spilled, or when heated. The hazard that exists from
these mixtures is largely dependent upon the flash point of the liquid, the concentration of the
mixture, and the potential of a source of ignition at a temperatuseifficient to cause the mixture
to burst into flame.

Sinceit isthe vapor-air mixture formed from the evaporation of thiguid that poses the hazard,
exposures of large liquid surface areas and sources of heat should be avoided or preveute
during handling or storage of these liquids.

Some of the commonly used terms associated with flammable and combustible liquidsear
provided below.

e Auto-Ignition Temperature -
The minimum temperatureat which a flammable mixture will ignite from its own
heat source or contact with a hated surface without necessity of a spark or flame.

Flash Point -
The minimum temperature at which a liquid gives off vapor in sufficien
concentrationto form an ignitible mixture with air near the surface of the liqui
(under controlled test conditions).

Flammable Limits -
The minimum concentration of vapor in air belowvhich propagation of flame does
not occur on contact with a source of ignition. This is known as the lowe
flammable limit (LFL). There is also a maximum concentration of vapor or gasin
air above which propagation of flame will not occur. This is called the uppe
flammable limit (UFL).

Flammable Range -
The difference between the lower and upper flammable limits, expressechi
percertage of vapor or gasin air by volume. Also known as the explosive range.

Propagation of Flame -
The spread of flame through the entire volume of the flammable mixture from
single source of ignition.
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o Volatility -
The tendency or ability of aliquid to vaporize.

Oxygen Limits -
The concentration of oxygen below which anormallflammable vapor mixture will
not ignite (normally 12 to 14 percent oxygen). An increase of pressurero
temperature will reduce the required lower oxygen limit, however.

Rate of Diffusion -
The tendency d one gas or vapor to disperse into or mix with another gasro
vapor. Dependent upon the density of the vapor or gas as compared to air.

Vapor Pressure -
The pressure exerted by avolatile quid under any of the conditions of equilibrium
that may exist between the vapors and the liquid.

Oxygen Deficiency -
The designation given to an atmosphere containing less than the percentagd o
oxygen normally found in air (<21%).

The volatility of liquids will increase as heat is applied to them. Accordingly, combustbl
liquids shouldbe treated as flammable when they are heated even though the liquid, when not
heated, is outside the flammable range.

The Department of Transportation (DOT) has modified the definition of flammable liquidsin
its Hazardous Maerials Regulation, 49 CFR parts 170 to 179. They are defined as any liquid
that gives off flammable vapors at or below atemperature of 86. This definition is important
because the DOT Flammable Liquid Label, illustrated in Figure 4, is one means by whic
containers of flammable liquids can be identified for shipping, receiving, and transportation.

FLAMMABLE

Figure4 DOT Flammable Liquid Labels
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Safety Precautions

Avoid accidental mixture of flammable and combustible liquids. A small amount of a highl
volatile substance may lower the flash point of a less volatile substance and form a neor
flammable mixture. In addition, the lower flgn point liquid can act as a fuse to ignite the higher
flash point material in the same manner asif it were aflammable mixture.

Fill and discharge lines and openings, as welbs control valves associated with flammable and
combustible systems, shall be identified by labels, color coding, or both, to prevent mixgn
different substances. All storage tanks shalbe clearly labeled with the name of its contents, and
productsstored within shall not be intermixed. Transfer lines from different types and classes
of flammable products should be kept separate, and preferably, different pumps shoulceb
provided for individual products.

For handlingquantities of flammable liquids up to five gallons, a portable FM (Factory Mutual
Engineering Corp.) or WL (Underwriters Laboratory) approved container should be used. The
container should be clearly identified by lettering or color code.

Smoking, the carrying ofstrike-anywhere matches, lighters, and other spark-producing devices
should not be permitted in a building or area where flammable liquids are stored, handled; o
used. The extent d the restricted area will depend on the type of products handled, the design
of the building, local codes, and local conditions.

Suitable NO SMOKING signs should be posted conspicuously in those buildings and aea
where smoking is prohibited.

Static eectricity is generated bythe contact and separation of dissimilar material. For example,
static electricity is generated when a fluid flows through a pipe or from an orifice ingtank.
Examples of several methods of generating static electricity ashown in Figure 5. The principal
hazards created by static electricity are fire and explasn, which are caused by spark discharges.

A point of great danger from a static spark is where aflammable vapas present in the air, such
asthe outlet of aflammable liquid fill pipe, at a delivery hose nozzle, near an open flammable
liquid container, and around a tank truck fill opening. In the presence of a mechanismifo
generatinga static charge, a spark between two bodies occurs when there is a poor €electrical
conductive path between them. Hence, grounding or bonding of flammable liquid containers
IS necessary to prevent static electricity from causing a spark.
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Figure5 Typical Static-producing Situations, Including Charge Separation in Pipe

The terms bonding and grounding have somtimes been used interchangeably because of a poor
understanding of the terms. As illustrated in Figure 6, bonding eliminates a differenca i
potential between objects. Grounding elimiates a difference in potential between an object and
ground. Bonding and grounding are effective only when the bonded objects are conductive.

When two objects are bonded, the charges flow freely between the bodies, and there i®n
difference in their charge. Therefore, the likelihood of sparking between them is eliminated.

Although bonding eliminates a difference in potential between the objects that are bonded, i
does not eliminate a difference in potential heveen these objects and the earth unless one of the
objectspossesses an adequate conductive path to earth. Therefore, bonding will not eliminate
the static charge, but will gualize the potential between the objects bonded so that a spark will
not occur between them.

An adequate ground will discharge a charged conductive body continusly and is recommended
as a safety measure whenever any doubt exists concerning a situation.
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CHARGED AND UNCHARGED BODIES INSULATED FROM GROUND

UNCHARGED BODY
INSULATED FROM

CHARGED BODY
INSULATED FROM

GROUND GROUND
CHARGE (Q) = 6 MICROCOULOMBS CHARGE (Q) = 0
CAPACITANCE (C) TO GROUND = 0.01 MICROFARAD CAPACITANCE (C) = 0.01 MICROFARAD
VOLTAGE (V) TO GROUND AND VOLTAGE TO GROUND (V) = 0

UNCHARCED BODY = 600 VOLTS

oS oo

BOTH INSULATED BODIES SHARE THE SAME CHARGE

BOTH BODIES BONDED
] TOGETHER WILL SHARE
T~/ THE CHARGE AND HAVE
BOND WIRE NO POTENTIAL
] DIFFERENCE

CHARGE (Q) ON BOTH BODIES = 6 MICROCOULOMBS
CAPACITANCE (C) TO GROUND FOR BOTH SIDES = 0.01 MICROFARAD
VOLTAGE (V) TO GROUND = 300 VOLTS

BOTH BODIES ARE GROUNDED AND HAVE NO CHARGE

BOTH BODIES BONDED
AND GROUNDED PERMIT
CHARGE TO FLOW TO

BOND WIRE

GROUND
CHARGE (Q) ON BOTH BODIES = 0 %TSEUND

CAPACITANCE (C) TO GROUND
VOLTAGE (V) TO GROUND = 0

0.02 MICROFARAD

S TGROUND

Figure 6 Bonding and Grounding
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a wire bond should be provided between the storage container and the container being filled

unless a metallic path between the container is otherwise present.
may be easily ingpected for mechanical damage anghould never be painted. Figure 7 illustrates

they are on concrete or on nonconductive supports. Ground was should be uninsulated so they
grounding above-ground storage tanks.

To avad a spark from discharge of static electricity during flammable liquid filling operations,
Above-groundtanks used for storageof flammable liquids do not have to be grounded unless

FLAMMABLE AND COMBUSTIBLE LIQUIDS
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Petroleum liquids are capable of building up electrical charges when they (a) flow thrdag
piping, (b) are agitated in a tank or a container, or (c) are subjected to vigorous mechanica
movement such as spraying or splashing. Proper bonding or grounding of the transfer system
usually dissipates this static charge to grounds it is generated. However, rapid flow ratesin
transfer lines can cause very high electrical potentials on the surface of liquids regardies$ o
vessal grounding. Ao, some petroleum liquids are poor conductors of electricity, particularly
the pure, refined products, and even though the transfer system igroperly grounded, a static
charge may build up on the surface of the liquid in the receiving container. The chag
accumulates because static electricity cannot flow through the liquid to the grounded méta
container as fast as it is being generated. Ithis accumulated charge builds up high enough, a
static spark withsufficient energy to ignite a flammable air-vapor mixture can occur when the
liquid level approaches a grounded probe or when a probe is lowered into atank for sampling

or gaging.

This high static charge is usually controlled by reducing the flovetes, avoiding violent splashing
with side-flow fill lines, and using relaxation time, which allows time for the static charge t
discharge.

When flammable liquids are transferred from one container to another, a means of bondjn
should be provided between the two conductive containers prior to pouring, as showmn i
Figure 8.

In areas where flammable liquids are stored or used, hose nozzles on steam lines usedrfo
cleaning should be bonded to the surface of the vessel or object being cleaned. Also, tleer
should be no insulated conductive ofgicts on which the steam could impinge and induce a static
charge accumulation.

Nonconductive materias, such as fabric, rubber, or plastic sheetingassing through or over rolls

will also create charges of static electricity.Static from these materials, as well as static from
the belts, can be discharged with grounded metal combs or tinsel collectors. Radioactiv
substances and static neutralizers usig electrical discharges are also employed for this purpose.

Bonding and grounding systems should be checked regularlyf electrical continuity. Preferably
before each fill, the exposed part of the bonding and ground sfem should be inspected for parts
that have deteriorated because of corrosion or that have otherwise been damaged. Mgan
companies specify that bods and grounds be constructed of bare-braided flexible wire because
it facilitates inspection and prevents broken wires from being concealed.

Electricity becomes a source of ignition where flammable vapors exist if the proper typé o
electrical equipment for these atmospheres either has not been installed or has not bee
maintained.
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HOSE MAY BE EITHER CONDUCTING
OR NON-CONDUCTING

NOZZLE IN CONTACT
WITH CONTAINER — NO OTHER
BONDING NECESSARY

INSULATING SUPPORT CONDUCTING SUPPORT
106 OHM OR MORE LESS THAN 10® OHMS

BOND WIRE NECESSARY EXCEPT WHERE CONTAINERS ARE
INHERENTLY BONDED TOGETHER, OR ARRANGEMENT IS
SUCH THAT FILL STEM IS ALWAYS IN METALLIC CONTACT

WITH RECEIVING CONTAINER DURING TRANSFER.

N ——~——
B METAL STRIPS
FASTENED TO
FLOCR
V. \

|

Figure 8 Bonding During Container Filling
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A summary of reports of experimental evidence and practical experience in the petrolau
industry shows that no significantincrease in fire safety is gained by the use of spark-resistant
hand tools in the presence of gasoline and similar hydrocarbon vapg® However, some materials
such as carbon disulfide, aetylene, and ethyl ether have very low ignition energy requirements.
For these and similar materials, the use of special tools designed to minimize the dangef o
sparks in hazardous locations can be recognized as a conservative safety measure
L eather-faced, plastic, and wood tools aréree from the friction-spark hazard, although metallic
particles may possibly become embedded in them.

Flammableand combustibleliquids and their vapors may create health hazards from both skin
contact and inhalation of toxic vapors. Irritation results from the solvent action of man

flammable liquids on thenatural skin oils and tissue. A toxic hazard of varying degree existsin
practically all cases, depending on the concentration of the vapor.

M ost vapors from flammable and combustible
liquids are heavier than air and will flow ird

pits, tank openings, confined areas, and o

places in which they contaminate the normia
air, and cause a toxic as well as explosie

atmosphere. Oxygen deficiency occurs m

closed containers, such as a tank which ha

been closed for a long time, and in whib

rusting has consumed the oxygen. Al

containers should be aired and tested for toxic
and flammable atmosphere as well as th

oxygen level before entry.
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Storage

Class| and Class |1 liquids should not be kept o
or stored in a building except in approve
containers, as illustrated in Figure 9, withn % et el
either a storage cabinet or a storage room that @
does not have an opening that communicate
with the public portion of the building. Th
spring-loaded cover is designed to open n
order to relieve internal vapor pressure
Quantities stored in such locations should b
limited. They should notbe stored so as to limit use of exits, stairways, or areas normally used
for the safe egress of peope. Neither should they be stored close to stoves or heated pipes, nor
exposed to the rays of the sun or other sources of heat.

Figure 9 Storage Container With
Spring-loaded Cover
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Losses by evaporation of liquid stored in safety cans at ordinary temperatures are negligible
Storage of flammable and combustible liquids in open containers should not be permitted
Approved containers for flammable liquids should be closed after each use and when empty
Warninglabels should be removed from flammable liquid containers when empty (vapor free).
Bulk Class| liquids should be storedn an underground (buried) tank or outside a building. No
outlet from the tank should be inside a building unless it terminates in a special rooms a
illustrated in Figure 10.

APPROVED
VENTILATION
VENT
HEATING LOW-PRESSURE STEAM (UNDERGROUND
AUTOMATIC -
SPRINKLER OR HOT WATER STORAGE)
OR OTHER
APP'D AUTO \ CONCRETE ROOF \ \
SYSTEM [ s\ s s e s e o\ s o s o
4 .4 PN .4 P .4 .4 .4 .4 .4 -4 .4 .4 -4 .4 4 .4 .4 .4 -4 .
[of I I g
C 1 I [ 1 [
LIGHT APPROVED
APPROVED FOR HAZARDOUS LOCATION
EXTINGUISHER AIR ~
INTAKE VENT PIPE
8 IN. MINIMUM
71 717
STANDARD
FIRE DOOR
& | AUTOMATIC OR Va4
SELF CLOSING
.

APPROVED DISPENSING

PUMPS
| E

BONDING
LEADS
/%

:
=

4
.7 .
a /&

~

—— . N
PR IR IR TR R
-

METAL PLATE

ERICK STONE == FROM
L OR UNDERGROUND
= CONCRETE STORAGE TANK

DRAIN OR SCUPPER PERMITTED
(DRAIN' TO SAFE LOCATION)

Figure 10 A Flammable Liquids Mixing and Storage Room

Vehides used on plant property to transport flammable and combustible liquids in sede
containers should be designed to minimize damage to the containers.

When employees are filling tanks and otheccontainers, they should be sure to allow sufficient
vapor space (outage) above the liquid level in order to permit expansion of the liquid it
changing temperatures. For example, gasoline expais at the rate of about one percent for each
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14°F risein temperature. Outage space for gasoline of two percent of the capacity of the tank
or compartment is recommended, and permanent high-level markings should be installed.

Storage tanks stould be provided with vents. Vent pipes of underground tanks storing Class |
flammableliquids should terminate outside buildings, higher than the fill pipe opening, and not
less than 12 feet above the adjacent groundlevel. They should discharge vertically upward, and
belocated so that flammable vapors cannot enter building openings or be trapped under eaves
or other obstructions. Vent pipes from underground tanks storing Class |1 or Class |11 liquids
should terminate outside buildigs and higher than the fill pipe opening. Vent outlets should be
above normal snow level.

Additiona information concermg installation, protection, and spacing of storage tanks located
above ground, underground, or in areas subject to flooding is beyond the scope of this course.
If this information is desired, it may be found in the National Fire Protection Associatio

Standards.

Flammableor combustible liquids in sealed containers represent a potential hazard rather than
an active hazard -- the possibility of fire from withoutBy the same reasoning, inside storage
roomsare undesirable. If they must be used, they should be isolated as much as possible, and
located at or above ground level. They should not be located over basements and shall
preferably be along an exterior wall.

Every inside storage room shall be provided with either a gravity (low level intake) er
continuous mechanical exhaust ventilation system. Mechanical ventilation must be usefl i
Class | liquids are contained or dispensed inside the room.

Storage cabinets have specific limits on the amount and class of franable or combustible liquids
that may be stored in them. They must be constructed and sealed so as to be fire resistant
Cabinets shall be labeled conspicuously -- FLAMMABLE-KEEP FIRE AWAY. .

The most advisable storage facility is a separate building set some distance from normgall
occupied plant areas. The construction can beimilar to that specified for inside storage rooms.
The types and classes of flammable and combustible ligds stored will determine the best design
to be used.
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Summary

The important information from this chapter is summarized below.

Flammable and Combustible Liquids Summary
» Thefollowing terms are defined:

Flammeable liquid is one having a flash point below 100F, and having a vapo
pressure not exceeding 40 psia at 100F.

Combustibleliquids are liquids with flash points at or above 1007, but belowv
200°F.

» General safety precautions regarding the usdgandling, and storage of flammable and
combustible liquids include the following:

The vapor-air mixture formed from the evaporation of the liquid poses a hazard;
therefore, exposures of large liquid surface areas and sources of heat shalleb
avoided or prevented during handling or storage of these liquids.

Accidental mixture of flammable and combustible liquids shall be avoided.

Fill and discharge lines and openings, as well as control valves associated it
flammable and canbustible systems, shall be identified by labels, color coding, or
both to prevent mixing different substances.

All storage tanks shall be clearly labeled with the name of contents.

Transfer lines from different types and classes of flammable products shoulceb
kept separate, and preferably, different pumps should be provideibr individual
products.

When handling quantities of flammable liquids up to five gallonsg portable FM
(Factory Mutual Engineering Corp.) or UL (Underwriters Laboratory) approved
container should be used. The container should be clearly labeled.

Smoking, the carrying of strike-anywhere matches, lighters, and othe
spark-producing devices should not be permitted in a building or area wher
flammable liquids are stored, handled, or used.
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» Thereaons for and techniques used in bonding and grounding of flammable liquid

Flammable and Combustible Liquids Summary (Cont.)

containers are:
Static electricity is geneated by the contact and separation of dissimilar material.
The principal razards created by static electricity are those of fire and explosion,
which are caused by spark disharges. A spark between two bodies occurs when
there is a poor electrical conductive path between them. Bonding is donet
eliminate a difference in potential between objects. Grounaly is done to eliminate
adifference in potential between an object and ground.

Four sources of ignition concerning flammable liquids include the following:
All sources of static electricity (induce sparks)

Improper type of electrical equipment foritese atmospheres or poorly maintained
electrical equipment

Flame-producing operations (smoking, grinding or welding)
Improper hand tools that cause sparks
The health hazards associated with flammable and/or combustible liquids are:
Fire and explosions
Skin irritation from the solvent action of many flammable liquids

Vapors gather in low points or enclosed areas and cause a toxic environment
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end of text.
CONCLUDING MATERIAL
Review activities: Preparing activity:
DOE - ANL-W, BNL, EG& G Idaho, DOE - NE-73
EG& G Mound, EG& G Rocky Flats, Project Number 6910-0021

LLNL, LANL, MMES, ORAU, REECo,
WHC, WINCO, WEMCO, and WSRC.
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