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‘PREFACE

This textbook is designed for students in applied science and tech-
nology, who normally take a brief, one-year college gourse ig general
chemistry. About ten years ago, the authors felt the need of a book
that would adequately present such a brief course.  To meet this need,
they prepared a mimeographed booklet, *“ Notes for Chemistry 3 and 4,”
and used it for several years in their classes. In expanded form, these
notes are now presented as a textbook.

In preparing a textbook in chemistry for students in agriculture,
engineering, home economics, and other applied sciences, the objective
should be clearly defined. Obviously, few of these students expect to
follow chemistry as a profession. Chemistry is, therefore, not to be
their major field, but it is to serve as a basis for understanding the
nature of the materials with which they are to work and the environ-
ment in which they live. To provide this basis, both the “pure
science”’ of chemistry and the applications are presented. Sections
on fuels, foods, fertilizers, explosives, plastics, ete., may be assigned
according to the special interests or needs of the class. A few of the
longer chapters, [or example, IX and XXVIII, may be presented in
two assignments. An effort has been made to correlate the practical
applications of materials with their fundamental propertics.

It is the conviction of thé authors, that textbooks.in general
chemistry contain far more material than can be adequately taught
in a one-year course. Too much material is likely .to be” confusing
rather than helpful to the average student. The choice and arrange-
ment of topics included in this book have been dictated largely by
teaching experience. For example, the chapters pertaining to the
metals appear approximately in the order in which the metallic ions
are studied in qualitative analysis. Some of the reactions of the
metallic ions in qualitative analysis are included in the chapters
relating to the metals and their compounds. In the authors’ classes,
about half of the laboratory work of the second semester is on qualita-
tive analysis. Students have a special interest in this work and,
from it, obtain a broader knowledge of inorganic chemistry.

The exercises are placed within, rather than at the end of, the
chapters. This arrangement helps the student to see the relationship
between the text material and the exercises. Courses in which this

vii



vili PREFACE

book is used should include a well-planned series of class or lecture
demonstrations and experiments to be performed individually by the
student in the laboratory.

Authors, publishers, and industrial concerns have kindly furnished
data and illustrative material. Appreciation is expressed also to
Profs. G. C. Chandlee and J. H. Olewine, Department of Chemistry;
R. C. Raymond, Department of Physics; F. G. Merkle, Department
of Agronomy, of The Pennsylvania State College; Dr. C. H. Jeglum,
Philadelphia Quartz Company, and Dr. K. M. Symmes, Hercules
Powder Company. These individuals kindly read the chapters relating
to their special fields of chemistry and offered helpful criticisms.
Acknowledgments for their suggestions are due also to the authors’
colleagues, Profs. H. H. Appledorn, G. K. Cohen, A. H. Holtzinger, and
L. R. Parks, who teach general chemistry, and to Arnold J. Currier, Jr.,
who carefully read the manuscript. The authors will gratefully
receive corrections and suggestions that will enhance the usefulness
of the book.

ArnoLp J. CURRIER

ArtHUR ROSE
StaTE CoLLEGE, PA.
March, 1948
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CHAPTER |
ELEMENTS AND COMPOUNDS

We live in a material world. Our existence depends upon the use
of essential materials such as foods and fuels. The engineer, the
farmer, the housewife, and the manufacturer all work with materials.
Chemistry is the science that is concerned with the study of the com-
position and the properties of these materials. Some knowledge of
chemistry, thercfore, is desirable in a general education and is essential
in certain technical fields, such as engineering, agriculture, and home
economics. For the profession of chemistry and chemical engineering,
several years of intensive training in chemistry are, of course, required.

1. Chemical Changes and Chemistry. Changes involving the
transformalion of one or more kinds of matter into entirely different
kinds are called chemical changes. Chemistry is the study of these
chemical changes and includes the study of methods for the purifica-
tion, separation, classification, and description of all the various kinds
of matter. The result of this study is, of course, very practical since
it gives the power to control natural or known changes, as well as the
ability to produce entirely new kinds of matter by chemical changes.
Chemical changes are also used to separate, to purify, and to increase
the supply of existing kinds of matter. Practically all the conveni-
ences and comforts of civilized life depend upon the possibility of
using chemical changes Lo make kinds of matter that do not naturally
occur on or in the earth.  Much of the world’s food supply is produced
with the aid of chemicals that stimulate growth or deter insect activi-
ties. In many cases foods are preserved (in cans or out) by chemicals
or chemical processes.  Cooking and digestion are essentially chemical
in nature. A large proportion of the clothing of today is made by
processes entirely chemical in nature, while other textiles are treated
with chemicals to clean, bleach, and dye them. The concrete, steel,
glass, plaster, and mortar, the roofing, and even the wood of modern
houses are in many cases made by chemical processes or treated with
chemicals during manufacture. The supplies of fuels and lubricants
essential for transportation by automobile, train, airplane, and ship are
increasingly dependent upon chemical changes.

1



) GENERAL AND APPLIED CHEMISTRY (Chap. |

Exercises

1. Name five kinds of matter which are well known or much used but which do
not occur naturally anywhere on earth.
2. Name five important chemical industries.

2. Chemical Changes. If a strip of the metal magnesium
is held by means of forceps in a bunsen burner flame, the metal
burns rapidly, gives off a very brilliant light, and is converted to a
white ashlike residue. (The eyes should be turned away from the
light.) In the process of burning, the magnesium combines with the
oxygen of the air, forming magnesium oxide. The chemical change
may be stated in a “word equation” as follows:

Magnesium 4+ oxygen forms magnesium oxide
metal nonmetal metallic oxide

Another interesting illustration is the combination (reaction) of
powdered iron with powdered sulfur. About 5.5 g. of powdered iron
is thoroughly mixed with about 3.2 g. powdered sulfur in a test tube.
Slightly heating the test tube near the top or bottom of the mixture is
sufficient to start the reaction, which is evident by the red glow
emitted. The brittle, dark gray product called ferrous sulfide can be
examined by breaking the test tube after it has cooled. The chemical
change or reaction can be expressed by a word equation as follows:

Iron 4+ sulfur forms ferrous sulfide
metal  nonmetal a sulfide

The weights, 5.5 g. iron and 3.2 g. sulfur, are the reacting weights based
upon the atomic weights discussed in Sec. 7. ‘

The burning of fuels, the corrosion of metals, the combustion of
gasoline in a motor, the processes of photosynthesis, digestion, and
fermentation, the rusting of iron, the souring of milk, the action of
baking powder, the action on a photographic film during exposure,
developing, and printing are all examples of chemical changes. In
a chemical change, there is a change in the composition or identity of
the substance used.

3. Physical Changes. A piece of platinum wire held in a bunsen
burner flame appears to glow brightly. In contrast with copper or
magnesium, however, it is not changed in the heating process. When
cooled, the platinum is found to have retained its original appearance.
Another more familiar illustration is the conversion of ice to water
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and then to steam by application of heat, or the reverse process, the
tonversion of steam to water and to ice by removal of heat. These
physical changes may be indicated as follows:

Add heat

Ice 2 water 2 steam
solid liquid gas

Remove heat

Although the physical state is changed from ice to water and then to
steam (or vice versa), there is no change in the composition or chemical
identity of the water. In other words, we may have water in the
solid, the liquid, or the gaseous state.

Chemical changes may be distinguished from physical changes.
In physical changes, no new or different kind of matter is produced.
Examples of physical changes are the melting of a solid, the change
of a liquid into its vapor (evaporation or boiling), and all other changes
of state, as well as the processes of dissolving, pulverizing, crystallizing,
distilling, and extracting. Chemical changes and physical changes
often occur together, and of course there are some changes that are
difficult to classify as either chemical or physical.

4. Substances, Mixtures, Elements, Compounds. Most
materials found in nature or produced by chemical processes are
mixtures of two or more substances. For example, concrete is a
mixture of cement and stone. A substance is a particular kind of
maller, such as salt, sugar, sulfur, or iron. A method can usually be
found to separate the substances in a mixture, and thus it becomes
possible to study each one separately in its pure state. Chemists
have purified, studied, named, and described more or less completely
about 300,000 different kinds of substances. The results are recorded
in chemical journals and reference books. Practically all of this work
has been done during the past 200 years and, of course, is still being
continued. Very early during this work, as the number of substances
purified became larger and larger, it became evident that many of them
could be (1) changed (decomposed) inlo two or more other subslances or
(2) made (synthesized) by combining two or more other substances.

Substances possessing either or both of these characteristics were
called compound substances, or chemical compounds, or, simply, com-
pounds. There were, however, a very few substances (only a few
dozen at first) that did not possess either of the above characteristics.
These simple substances, or elements, could be neither decomposed into,
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nor made by combination of, other substances. Iron and sulfur are
examples of well-known elements: salt and sugar are examples of
compounds.

It is important to note that the above discussion is expressed in the
past tense because during the present century methods have been dis-
covered for decomposing and synthesizing elements. An element may
be defined as a subslance that can be neither decomposed nor made by
combination from other substances by ordinary chemical methods. FEven
at the present time, elements cannot be decomposed or synthesized
except by certain very special types of recently developed transmuta-
tion processes. These processes have been used on a large scale in the
production of the atomic bomb. Transmutation processes involve
changes within the interior parts or nuclei of the atoms of the elements
concerned, while ordinary chemical changes involve only changes in the
exterior parts of atoms.

5. Atoms, Molecules, and Atomic Theory. The idea that all
matter is composed of extremely small indivisible particles or atoms
is very old. Greek and even earlier philosophers developed this idea
to a limited extent, but in no case was there any attempt to present
experiments supporting their ideas or theories. The modern atomic
theory has developed from the atomic theory of John Dalton, first
stated by him shortly after 1800. The essential points, revised in
accordance with modern discoveries, are given in the following section.

6. The Modern Atomic Theory. Aloms. All substances are
composed of very small particles called afoms.

Aloms and Elemenls. All the atoms of each element are almost
exactly alike, while the atoms of different elements are distinctly
different. (Atoms of a given element may vary in weight.)

Molecules of an Element. Atoms of the same element may unite
with one another to form molecules of the element. A sample of the
element oxygen (oxygen gas) is composed of oxygen atoms joined in
pairs to form oxygen, O, molecules. Some gases, e.g., helium, He,
contain only 1 atom in the molecule.

Molecules of Compounds. Atoms of different elements may unite
with one another to form a molecule of some compound. A molecule
may contain 2, 3, or more atoms, but for any given compound the
number of atoms in the molecule is always the same; for example,
carbon dioxide, CO,, contains 3 atoms.

Molecules and Chemical Change. Chemical changes consist of the
reaction of molecules or uncombined atoms of various kinds with one
another to form molecules or uncombined atoms different from those
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originally present. Heat, light, electricity, or other forms of energy
may or may not be necessary to start and maintain such changes.

7. Elements, Symbols, and Atomic Weights. A few of the
most common chemical elements are oxygen, nitrogen, hydrogen,
carbon, sulfur, iron, and copper. Each element has a characteristic
symbol, such as H for hydrogen, O for oxygen, C for carbon, which is
used not only as an abbreviation for the name of the element but also
in chemical calculations to represent a definile weight of the element.
To each element there is assigned an afomic weight, which is the relalive
wetght of ils alom compared wilh the weight of the oxygen atom (16).
A full discussion of the method of obtaining these weights and their
meaning and significance would require much of our time and is
relatively unimportant at this point. It is necessary, however, to be
able to use them. Atomic weights are not to be memorized but are
obtained by reference to a table (see inside front cover).

Exercise

3. (a) Using the table at the front of this book, find the symbols and atomic
weights of 10 commmon clements.  (b) How many elements are listed in the table?

For purposes of calculation, the symbol H represents 1.008 parts
by weight of hydrogen; O, 16 parts by weight of oxygen; C, 12 parts
by weight of carbon; 2C, twice 12 or 24 parts by weight of carbon;
and O,, twice 16 or 32 parts by weight of oxygen. The unit of weight
generally used is the gram. Any unit of weight, however, can be
employed, provided it is used consistently throughout a given calcula-
tion. In elementary chemistry courses, it is customary to neglect the
fractions given in the atomic weight table and use the nearest whole
number.

8. Compounds and Chemical Formulas. A few common
chemical compounds are water, sulfuric acid, sugar, and salt. Every
chemical compound may be represented by a chemical formula; e.g.,
H,0 for water, H,SO,4 for sulfuric acid, NaCl for common salt (sodium
chloride), C;sHg0;; for sugar. The formula not only is used as an
abbreviation for the name of the compound, but represents a definite
weight of the compound—the formula weight—or the so-called molecu-
lar weigh.

9. Formula Weights, Molecular Weights, the Mole. For-
mula weights are obtained from formulas by adding the atomic
weights represented by a formula. Thus, the formula weight of
water, H;O, is 18. There are represented two atomic weights
of H and one atomic weight of O. The formula weight of
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H,S0, is 98; of NaCl, 58; of sugar, 342. Each one of the formula
weights (molecular weights) is called a mole. Thus, 18 g. H.O is }
gram mole of water; 18 1b. H;O is 1 pound mole.

The formula of slaked lime or calcium hydroxide is Ca(OH),.
There are represented one atomic weight of calcium, two atomic
weights of oxygen, and two atomic weights of hydrogen. The formula
weight is 74. The numerical statement for the calculation of the
formula weight of Ca(OH), can be shown as follows:

Gl e 40 X1 =40
O e 16 X 2 = 32
P 1 X2= 2

Formula weight = 74

Exercises

4. Calculate the formula weights of (a) carbon dioxide, CO.; (b) water, H,O;
(¢) copper sulfate, CuSOy; (d) calcium carbonate, CaCOs.

5. Calculate the formula weights of (a) oxygen, O.; (b) sodium hydroxide,
NaOH; (¢) sodium peroxide, Nay0,; (d) glycerin, C;H;(OH)s.

6. Calculate the number of gram moles of each of the following: (a) 320 g. O.;
(b) 4 g. NaOII; (¢) 7.8 g. Na,0.; (d) 1800 g. H.0; (e) 8.8 g. CO..

10. Calculation of Percentage Composition from Formulas.
The formula NaCl represents one formula weight of salt (58 parts
by weight) formed by the union of one atomic weight of sodium (23
parts by weight of sodium) with one atomic weight of chlorine (35
parts by weight of chlorine). From this, it follows that

At. wt. of sodium 23

Formula weight of sodium chloride X 100 = 58 X 100
= 9, sodium in sodium chloride
At. wt. of chlorine 35 ‘
Forniila weight of sodium chioride < 100 = 5g X 100

= 9, chlorine in sodium chloride

The percentage of oxygen in calcium hydroxide, Ca(OH),, may
be calculated as follows:

324, X 100 = 9, oxygen in calcium hydroxide

Exercises

7. Show how to calculate the percentage composition of (percentage of each
element in) (a) HgO; (b) NaOH; (¢c) Na,0;; (d) CO:; () H.COs.

8. Show how to calculate the percentage composition of (a) CuSO,;
(b) AI(OH)s; (¢) C:H:OH; (d) C1:H2,00:1.
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11. The Metric System. The following units of the metric sys-
tem with the English equivalents are commonly used in scientific
work and should be memorized:

1 kilogram = 1,000 grams (g.) = 2.2 pounds
1 gram = 1,000 milligrams (mg.)
1 liter = 1,000 milliliters (ml.) = 1.057 quarts
= 1,000 cubic centimeters (cc.) (approximately)
1 meter = 100 centimeters = 39.37 inches
1,000 millimeters (mm.)

Exercises

9. Convert 250 g. to (a) milligrams, (b) kilograms.
10. How many kilograms are there (a) in 220 1b., (b) in 10 1b.?
11. 2,500 ml. is equal to (a) how many liters, (b) how many quarts?
12. The height of the mercury column in a barometer is 760 mm. at sea level.
This is equivalent to (a) how many centimeters, (b) how many inches?

SUGGESTED READING

The reading of selected articles in the chemical literature will be found very
interesting and instructive. References are listed at the end of most of the
chapters. A librarian will help locate the articles listed. The abbreviation,
J. Chem. Education, refers to the Journal of Chemical Education; Ind. Eng. Chem.
refers to the periodical, Industrial and Engineering Chemistry. Bound volumes
of these journals are found in college and university libraries and in the larger city
libraries.

Cowarp, The Early Years of the Atomic Theory as Illustrated by Dalton’s Own
Note Books and Lecture Diagrams, Iis Apparatus, J. Chem. Educalion, 4, 22
(1927).

HavLvorsoN, Chemistry in the Service of Agriculture, J. Chem. Education, 15, 578
(1938).



CHAPTER I

FORMULAS AND EQUATIONS
COMBINING PROPORTIONS BY WEIGHT

Having considered briefly the formulas of certain compounds,
we are naturally interested in knowing how chemical formulas are
obtained and how they are used to express chemical changes. In this
chapter, we are to study these questions by reference to a number of
illustrations some of which are included in the laboratory work.

1. Methods of Obtaining Chemical Formulas. The number
of atoms in the formula of a compound is determined by calculations
based upon a chemical analysis giving the percentage of the reacting
weights of cach element in the compound.

Exercises

1. Magnesium oxide contains 60 per cent magnesium and 40 per cent oxygen.
What is its formula?

First: Divide the weight or the percentage of each element in the compound
by the atomic weight of this element.

e Me_ 80,5 25,4
At. wt. Mg~ 24 °7 55

%0 _40_,. 25
At. wt. O 16 = 95

Second: Compare the numbers obtained in the first step to find the relative
number of atomic weights of each element. In this case there are justsas many
atomic weights of magnesium (2.5) as there are atomic weights of oxygen. The
formula is MgO.

2. Ferric oxide contains 70 per cent Fe and 30 per cent O.  What is its formula?

% ¥e _70 _ ., 125 ~
At. wt. Fe_56_1“') 1'25"‘1 1X2=2
%0 _30 _ 1.87 _ ~
Atwt.O 16~ '8 gy =15 15X2=3

The formula is Fe,Os.
3. Derive the formula of an oxide of nitrogen containing 63.6 per cent nitrogen
and 34.6 per cent oxygen.
4. Derive the formulas of the following compounds:
(a) 42.85 per cent carbon, 57.15 per cent oxygen. N
(b) 27.1 per cent sodium, 16.4 per cent nitrogen. 56.5 per cent oxygen.
8
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(€) 25.4 per cent sodium, 39.2 per cent chlorine, 35.4 per cent oxygen.
. (d) 57.86 per cent platinum, 42.14 per cent chlorine.
5. For four different oxides of lead, the percentage compositions are given
below. Derive the formula of each.

l
1 i 2 3 4
Pb, % 92.8 ! 86.6 89.65 90.65
0, % 7.2 i 13.3 10.35 9.35

2. Empirical Formulas and Molecular Formulas. It is
to be observed that the above method gives only the relative number
of atoms in the formula and not the total number. For instance, with
reference to Exercise 1, the formulas Mg.0, or Mg;O; also represent
equal numbers of atomic weights of Mg and O, and it might be that one
of these formulas represents the actual composition of magnesium
oxide. Thus, the method does not distinguish between the formulas,
MgO, Mg.0,, Mg;0;, etc. In practice, the results of such a calculation
are always expressed by the simplest possible formula, which is called
the empirical formula. Additional experiments and calculations
(molecular weight determinations)! are required to obtain the molec-
ular formula that gives the total number as well as the relative number
of atoms in the molecule. The molecular weight of a gas or a volatile
liquid may be determined merely by finding the weight of 22.4 1. of the
gas or vapor of the liquid at standard conditions (O°C. and 760 mm.
pressure). The molecular weight of certain substances in solution may
be determined by a study of the boiling point, freezing point, or vapor
pressure. The molecular weights of solids and pure liquids may some-
times be determined by X ray or otherspecial methods. Insome cases,
however, it has been impossible to determine molecular weights by any
method. Insuch cases, there is no alternative but to use the empirical
formula.

3. Molecules and Formulas of Compounds. KEach differ-
ent compound is composed of certain elements, and the chemical
formula indicates the number and kind of atoms in the compound.
Since each kind of atom has a characteristic weight (atomic weight),
these weights taken together according to the number of atoms uniting
to form the compound determine the definite composition of the
compound.

1 For a further discussion of the determination of molecular weights, refer to
Chap. XIIL
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4. Law of Constant Composition. A given chemical com-
pound always contains the same elemenls in a definile proportion by
weight. The importance of this law should be quite obvious to the
student from the preceding discussions and calculations. It is the
foundation upon which all quantitative chemical relationships are
based. If the law were not true, chemistry would not be an exact
science as it is today. The introduction of the chemical balance by
the French chemist Lavoisier laid the foundations for understanding
the exact weight relationships in chemical reactions. The balance is
still an indispensable tool in quantitative chemical work. For this
reason, beginning students in general chemistry should, if possible,
perform experiments involving the ‘use of suitable inexpensive bal-
ances in order to gain a real appreciation and understanding of the
weight relationships in chemical reactions.

5. Atoms, Molecules, and Equations. A chemical equation
indicates the composition of the substances used and formed in a
chemical reaction. From the equation one may calculate the relative
weights of the various substances used and produced by the reaction.
For example, when sodium peroxide, Na;0,, is placed in water, H,0,
two products, sodium hydroxide, NaOH, and oxygen, O,, are formed.
The equation, with the relative reacling weights, for this reaction is
indicated as follows:

Sodium peroxide + water forms sodium hydroxide + oxygen

2Na;0, + 2H.0 - 4NaOH + 0.
2(78) + 2(18) — 4(40) + 32
156 + 36 - 160 + 32

The equation indicates (1) that 2 molecules of sodium peroxide (each
containing 2 atoms of sodium and 2 atoms of oxygen) react with 2
molecules of water to form 4 molecules of sodium hydroxidé¢ and 1
molecule of oxygen, (2) that 156 parts by weight of sodium peroxide
react with 36 parts by weight of water to form 160 parts by weight of
sodium hydroxide plus 32 parts by weight of oxygen.

The same equation could be written in a more complete form in
order to show more readily the total number of molecules (and atoms)
involved in the reaction:

NaOH
Nazoz + Hzo N NaOH + 1)
Na,O, + H.O ~NaOH ?

NaOH

[t is to be noted that the total number of atoms of sodium, oxygen,
and hydrogen is the same on both sides of the equation, namely, 4
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atoms of sodium, 6 atoms of oxygen, and 4 atoms of hydrogen. In
other words, the equation is balanced. It must be kept in mind,
however, that a chemical equation for a reaction must always be a
true statement of the composition of all substances used and formed in
the reaction. The reaction indicated above will be demonstrated in
the study of oxygen.

6. Weight Relations in Chemical Reactions. Because each
compound contains a definite proportion of each constituent element
by weight, it is possible to calculate the weights of substances used
and formed in a chemical reaction, provided the equation for the
reaction is known. Consider, for example, the reaction of calcium
oxide or quicklime with water forming calcium hydroxide or hydrated
lime.! The equation with the formula weights for this reaction is as
follows:

CaO + H,0 — Ca(OH),
56 18 74

The formula weights that represent the relative combining or reacting
weights may be expressed in any desired units, e.g., in grams, pounds,
or tons. The weight relationships may be expressed as follows: one
formula weight of calcium oxide (56) reacts with one formula weight
of water (18), forming one formula weight (74) of calcium hydroxide.

Exercises

6. Calculate (a) the weight in pounds of water required to react with 280 lbh.
calcium oxide, (b) the weight, in pounds, of calcium hydroxide that is formed.
The problem is calculated as follows:

(a) 36 lb. CaO reacts with 18 Ib. H.O.

1 1b. CaO reacts with 185¢ 1b. 11,0.

280 lb. CaO reacts with 1856 X 280 = 90 lb. water.
(b) 56 Ib. CaO forms 74 1b. Ca(OH).,.

11b. CaO forms 7454 Ib. Ca(OH),.

280 1b. CaO forms 7456 X 280 = 370 Ib. Ca(OH)..

7. Calculate (a) the weight of calcium oxide, (b) the weight of water, required
to make 1 ton (2,000 lb.) of calcium hydroxide (hydrated lime).
SucGEsTION: Begin with the following statement:

74 1b. Ca(OH); requires 56 1Ib. CaO

8. Calculate (a) the weight of water that will react with 7.8 g. sodium peroxide,
Na;0;, (b) the weight of sodium hydroxide that is formed.

9. Calculate (a) the weight of sodium peroxide required to produce 4 g. oxygen,
(b) the weight of water required.

! For a more detailed study of the manufacture of lime, refer to Chap. XXIX.
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7. Law of Conservation of Mass. This law, made known by
Lavoisier in 1785 and confirmed by other investigators, may be stated
as follows: In a chemical reaction, the total weight of the substances used
is equal fo the lotal weight of the substances formed. Referring to the
reaction of calcium oxide with water (IL. 6), 56 lb. calcium oxide plus
18 lb. water equals the weight of calcium hydroxide formed (74 1b).

Exercises

10. Illustrate the law of conservation of mass with reference to the reaction of
sodium peroxide, Na,0., with water, H»0, forming sodium hydroxide, NaOII, and
oxygen, O,.

11. (a) Account for the loss in weight of coal when it is burned. (b) Does the
law of conservation of mass apply in this case? ‘

12. 10 g. iron and 10 g. sulfur are mixed together and heated, forming ferrous
sulfide. Calculate (a) which element is present in excess, (b) the weight of the
excess (unreacted portion) of this element, (¢) the weight of ferrous sulfide that is
formed. (The equation is Fe + S — FeS.)



CHAPTER it
OXYGEN, VALENCE

Oxygen is the first of the elements to be considered because it
constitutes about 50 per cent of all terrestrial matter and because
it is essential for the existence of all life.

1. Uses of Oxygen. In the natural decay of dead animal and veg-
etable matter, oxygen is an important element.  The physician admin-

Fic. 1. Use of oxygen in the hospital. (Linde Air Products Co.)

isters oxygen to the pneumonia patient to aid in respiration. The
aviator must carry a supply of oxygen when flying at high altitudes.
In the welding and cutting of metals, oxygen is mixed with acetylene
gas to produce the intensely hot flame required. A large number
of elements in combination with oxygen form compounds called
ozides, many of which are very useful substances.

2. History of Oxygen. Joseph Priestley, an Englishman, is
generally given the credit for the discovery of oxygen (1774) by the
decomposition of mercuric oxide. Other investigators (Mayow,

13
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Scheele, Lavoisier, and others) had studied it in the earlier years of the
eighteenth century. In addition to his scientific work, Priestley devot-
ed much of his time to writing in the fields of philosophy and religion.
His later years were spent at the beautiful home that he built at
Northumberland, Pa., where a museum was erected to preserve
some of his books and apparatus (Fig. 2).

Fic. 2. Some of Joseph Priestley’s apparatus, including a chemical balance.
(Courtesy of Dr. Frank C. Whilmore)

3. Industrial Preparation of Oxygen. Pure oxygen is usually
prepared by the liquefaction of air, followed by fractional distillation
of the liquid air to separate the nitrogen from the oxygen. The pure
oxygen obtained is usually compressed into small steel cylinders at a
pressure of about 1,800 lb. per sq. in.

4, Laboratory Preparation of Oxygen. Oxygen may be
prepared in small quantities by the electrolysis of water (see Chap. V)
or by the thermal decomposition of certain compounds, e.g., potassium
chlorate, mercuric oxide, or lead dioxide. Sodium peroxide reacts
with water and forms oxygen and sodium hydroxide. The equations
for these reactions are shown in Sec. 6, in skeleton and in balanced
form. The test for oxygen is done by the so-called splint test. If a
glowing splint of wood is placed in an atmosphere containing a high
percentage of oxygen gas, the splint bursts into flame.
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5. Chemical Formula for Oxygen. The formula O, is used
to represent oxygen in the free state because it can be shown that the
oxygen atoms are united in pairs to form oxygen molecules. One may
write O for oxygen in an unbalanced or skeleton equation (see below),
but in the final or balanced equation oxygen must be written Q.. This
does not apply to oxygen in compounds, but only to the element in
the free state.

6. Equations. Skelelon Equations and Balanced Equations. The
formation of a balanced chemical equation involves two steps: (1)
writing the correct skeleton equation and (2) balancing the skeleton
equation.

The first groups of equations encountered are those representing
the various methods for preparing oxygen gas in the laboratory, and
these may be used as illustrative examples. The skeleton equations
are given in the left-hand column and the balanced equations in the
right-hand column of Table I. The skeleton equation merely gives
the formulas (or symbols) of the substances used and produced. The
balanced equations are not to be memorized but can be obtained
from the skeleton equations by the process of balancing the skeleton
equations.

TasLE 1

EqQuATioNs FOR THE PREPARATION OF OXYGEN
Skeleton Equalions Balanced FKqualions
1. The effect of heat* on potassium chlorate:

Mn02 Mn02
KCI10; — KCI + O 2KCI10; —  2KCI + 30,
(catalyst) t (catalyst)

2. The effect of heat* on mercuric oxide:

HO —- Hg +O 2HgO — 2Hg + O,
mercuric  mercury
oxide

3. The effect of heat* on lead dioxide (lead peroxide):

PbO, - PO + O 2Pb0O, — 2PbO + O.
lead lead
dioxide monoxide
(litharge)
4. The reaction of water with sodium peroxide:
Nazoz + Hzo had NaOH +O 2N3.202 -+ 2H20 — 4NaOH -+ Oz
sodium sodium
peroxide hydroxide

* It is not necessary to indicate the heat in the chemical equation.
t For a definition of the term calalyst, see Sec. 17.
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Meaning of the Balanced Equation. A balanced equation is
intended to give a statement of all the molecules and atoms present
before and after a chemical change. The first equation in Table I fails
to give a complete statement since 3 oxygen atoms are indicated on the
left-hand side of the arrow but only 1 oxygen atom appears on the
right.

Procedure for Balancing and Completing a Skeleton Equation. The
skeleton equation is converted into the balanced equation in the fol-
lowing manner:

a. Note that, if the skeleton equation is changed to

KCIO; — KCI + 30

the equation will balance because there are as many atoms of each
element on the right of the arrow as on the left. This equation is still
incomplete because it indicates that the oxygen produced consists of
individual oxygen atoms uncombined with one another. Actually
it is known that the oxygen atoms are joined in pairs to form molecules
containing 2 oxygen atoms in each molecule. This necessitates a
further step:
b. Doubling the entire equation gives

2KCI10; — 2KCI + 60
which may be written
2KCIO; — 2KCI + 30.

to give the complete equation for the reaction.
To summarize, the equation goes through the following stages:

1) KCIO; —» KCI + O (skeleton equation)
@ KCIO, --» KCI + 30
(3) 2KClO; —» 2KClI + 60
1) 2KCIO; — 2KCI + 30, (balanced equation)

'
The second of the equations listed in Table I is balanced in the
same way, but the process is even simpler:

HgO — Hg + O (skeleton equation)
2HgO — 2Hg + O, (balanced equation)

The third equation in Table I is balanced in a similar manner:

PbO, — PbO + O (skeleton equation)
2Pb0O,; — 2PbO 4+ O, (balanced equation)

The fourth equation in Table I is slightly more complicated (11 5):

Na,O, + H,O0 — NaOH + O (skeleton equation)
Na,0, + H,0 — 2NaOH + O
2Na,O; + 2H,0 — 4NaOH + O, (balanced equation)
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Obviously, after some practice the various steps can be combined
and the final equation written in one step.

7. Importance of Correct Formulas and Correct Skeleton
Equation. It cannot be too strongly emphasized that the correct
formulas of all starting materials and products must be known before
attempting to balance an equation. Thus the skeleton equation
must be memorized before attempting to balance it. Chemists and
advanced students can often work out a correct skeleton equation,
but this is possible only because they have learned a considerable
number of skeleton equations some of which are closely related to the
one being worked out. In fact, after a little study, beginning students
can do this for certain types of chemical changes. Such procedures
are always subject to error. In the future, absolutely certain methods
of predicting the results of experiments may be developed, but at
present the writing of correct equations requires a knowledge of skele-
ton equations or the experiments upon which these equations arc based.

Exercise

1. Copy the skeleton equations in Table I. Close the book and balance the
equations as correctly as possible without reference to the book. Then compare
your balanced equations with those in the book.

8. Directions for Study. It is of greatest importance that all
exercises be carried out in a thorough and conscientious manner since a
working knowledge of equations is a necessary requirement for effec-
tive and satisfactory progress in the study of chemistry.

9. Physical Properties of Oxygen. In chemical work, an ele-
ment or compound is described by listing its physical and chemical
properties. The meaning of these terms can be made clear by
examples. Thus, the element oxygen may be described by indicating
that it has the following physical properties:

a. It is a gas at ordinary temperature and pressure.

b. It is colorless, odorless, and tasteless.

c. It is somewhat but not largely soluble in water.

d. It is slightly heavier than air.

In a great many cases, physical properties can be expressed in
numerical form. For instance, the solubility of oxygen in water is
about 3 volumes of oxygen in 100 volumes of water (at ordinary tem-
perature and pressure). Such numerical values are obtained from
reference books when needed.

It is to be noted that none of the above physical properties involve
any chemical changes. Physical properties include only those charac-
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teristics and qualities of a substance which do not involve any chemi-
cal change of the substance. ’

It is to be clearly recognized that the above facts refer only to
oxygen in the free state, when uncombined with other elements.
When oxygen is united with other elements as in KClO; or HgO, none
of the above properties are noticeable. An element exhibits its own
properties only when it is uncombined with other elements. In
compounds, the properties of the element are generally not in evi-
dence, each compound having its own individual properties. This
point may be illustrated by comparing the properties of oxygen with
the properties of some of its compounds.

10. Chemical Properties of Oxygen. The complete descrip-
tion of any substance always includes its chemical properties. Chemi-
cal properties are simply the chemical changes that a substance will
undergo. The chemical propertics of oxygen may be summarized by
stating that oxygen has a marked tendency to combine with other
elements and with compounds, especially when heated. Specific
examples of the chemical propertics of oxygen are that it unites with
hot sulfur to form sulfur dioxide, and also with hot phosphorus to
form phosphorus pentoxide. Iron burns at high temperatures to form
a black oxide of iron, and rusts at ordinary temperatures to form a red
oxide. Carbon forms carbon dioxide if it burns with a plentiful
supply of oxygen, and carbon monoxide is formed if there is a deficient
supply of oxygen or air. These and other examples are summarized
by the following equations:

Acipic Oxipes (Ox1pEs oF NONMETALS)
S

02 — S0, (gas)

C+ 0O,— CO. (gas)

2C + 0O, —>2CO (gas)
4P + 50, — 2P,0; (white solid) '

Basic Oxipes (OxipEs oF METALS)

2Mg + O; — 2MgO (white solid)

2Ca + O, — 2Ca0 (white solid)

3Fe + 20, — Fe;0, (black solid)
(burning)

4Fe + 30, — 2Fe.0; (red solid)
(rusting)

2Na + O; — Na,0, (light yellow solid)

Exercise

2. For each of the above equations, indicate the name of the oxide formed.

11. Acidic Oxides and Basic Oxides. An acidic oxide is an
oxide that, when combined with water, forms an acid. A basic oxide is
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an oxide that, when combined with water, forms a base or hydroxide.
A considerable number of oxides cannot be easily tested as acidic or
basic, because they do not combine directly with water. Those
oxides that do combine directly with water may be classified by testing
the resulting solution with litmus paper, which turns red in an acid
solution, blue in a basic solution. The reactions of oxides with water
are represented by the following equations:

SO; + H.0 — H,S0; (sulfurous acid)
P205 + 3H20 —> 2H3PO4 (phosph()ric ﬂCid)
CO, 4+ H,0 — H,CO; (carbonic acid)

CaO + H;0 — Ca(OH). (calcium hydroxide)
MgO 4+ H,0 — Mg(OH), (magnesium hydroxide)
BaO 4+ H,0 — Ba(OH), (barium hydroxide)

12. Metals and Nonmetals. Elements may be divided into
two major classes: mefals (metallic elements) and nonmetals (nonmetal-
lic elements). Metals can usually be recognized by their metallic
luster, relatively great density, and high conductivity of heat and
electricity. They also combine with oxygen to form basic oxides while
nonmetals form acidic oxides.

Exercise

3. List separately the metals and nonmetals in the oxides of Sec. 11.

13. Acids. An acid may be described as a compound whose
waler solution tastes sour and turns litmus red. All acids contain
hydrogen and a nonmetal, and often oxygen as well.  The symbol for
hydrogen conventionally appears first in the formula. Examples
of acids are sulfurous acid, H,SO;; phosphoric acid, H;PO4; carbonic
acid, H,COs. _

14. Bases or Hydroxides. A soluble base or hydroxide may be
described as a compound whose water solution tastes bitter, feels
slippery, and turns litmus blue. Many bases are not soluble in water.
The formula of a base contains a metal and the hydroxide (OH) group
orradical. Examplesaresodiumhydroxide, NaOH;calcium hydroxide,
Ca(OH),; magnesium hydroxide, Mg(OH),; aluminum hydroxide,
AL(OH);.

15. Kinds of Chemical Changes. The brief study of oxygen
already made has introduced several varieties of chemical change.
Decomposition is the change of one substance into two or more other
substances. Combinalion is the union of two or more substances into
one substance. Oxidation is a change in which oxygen combines with
some other substance. Combustion is a change accompanied by
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liberation of light and heat. Reduction is a change in which a com-
pound loses some or all of its oxygen. The terms oxidation and
reduction are also used in a broader sense, which will be discussed later
(XI. 10).

Exercise

4. Give one example of each of the above kinds of chemical change and write
the equation for this change.

16. Oxidation. Oxidationisclosely related tocombustion. Some-
times it takes place with extreme rapidity, as in the explosion of a flash-
light powder or a flashlight bulb; in other cases, the action is very slow
as in the rusting of iron, in the slow rotting of wood, or in animal respi-
ration. Almost all combustion reactions are cases of rapid oxidation.

17. Catalysts and Catalysis. In the preparation of oxygen from
potassium chlorate (Table I), it is found by experiments that the
reaction proceeds much more rapidly if a small amount of a catalyst
(MnO; or Fe;0;) is previously mixed with the potassium chlorate.
It can also be shown experimentally that the oxygen comes from the
potassiumn chlorate and not from the catalyst. A calalyst (calalytic
agent or conlacl agent) is any substance that changes the rale of a chemical
reaction, withoult undergoing permanent change in ils composition. 1If
the rate of the reaction is increased, as in the case of the decomposition
of potassium chlorate catalyzed by manganese dioxide, the manganese
dioxide is known as a positive calalysf. Substances are sometimes used
as negalive calalysts or inhibitors to decrease the rate of reactions:
for example, certain rust inhibitors are added to antifreeze liquids
used in automobile radiators.

It is not to be assumed that a catalyst for one chemical reaction
will catalyze all other reactions. A catalyst is specific in its action.
i.e.,effective for a certain reaction or at most for a few similar reactions.

18. Ozone. When subjected to certain types of electric discharge,
ordinary oxygen gas changes into ozone. This is a different form of
pure oxygen composed of molecules each containing 3 oxygen atoms,
0;. The different type of molecule results in markedly different
properties such as a sharp odor and great chemical activity. Ozone
changes rapidly into ordinary oxygen on standing.

Exercise

5. Write the equation for the change of ozone, Os, to ordinary oxygen, O;.

19. Valence. The formulas of the oxides of elements indicate
varying numbers of atoms; e.g., H,O, HgO, Fe,0;, CO,, etc. It appears
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that the elements have the property of combining in varying pro-
portions. Other compounds, e.g., chlorides of elements, exhibit a
similar relationship as illustrated by HCI, HgCl,, FeCl;, CCl,. The
term valence is used in connection with this combining capacity of the
elements. The valence of an element is the number of atoms of hydrogen
or of chlorine that will combine with one atom of that element.

20. Radical. Elements often react together as groups known as
radicals; e.g., S04, NO;, OH, CO;, POy, are radicals in the compounds
H,S0,, HNO;, NaOH, H,CO;, H;PO,. A radical is a group of aloms
that acts as a single alom.

21. Valence Number. In order to write formulas correctly,
it is necessary to memorize the valence numbers of the common ele-
ments and radicals. The valence numbers quite generally used are
listed in Table II. A discussion of the fundamental theory of valence
is presented in Chap. IX.

TasLe 11
VALENCE NUMBERS
Radicals, e.g., in Na,SO,, KCIO;

1+ 2 34 A+ 54 1- 2 3—
H+ Mg2* Al3+ | Citer4= | N (variable) | OH~ | O PO,3-
Na* Ca?* B3+ Sittor 4+-| P (variable) ‘

K+ Bazt As (variable)| Cl PS04 | AsOg
Agt Znzt ClO;= | COu*
Cu* NO;-
NH,* Cu?t
Hgt Hg2*

Fer+ Fes*

Sp2t Sntt

Phzt * | Phit

Exercises

6. Without reference to Table [I, write empirical formulas for the oxides of Na,
Mg, Al, Sn, P.

7. Without reference to Table II, write empirical formulas for compounds of
the SO, (sulfate) radical with Ag, Ca, Mg, Al, Fe.

Note: The total + valence numbers in a correct formula always equal the total

— valence numbers; e.g., in Fe,(S04)s, 2(34); 3(2—), or Fe,#+(S04)s%.

8. Write skeleton and balanced equations for the reaction of oxygen with
(a) zinc, (b) calcium, (¢) lead, (d) tin. If an element has several valences, write an
equation to correspond to each valence.

9. If 12.2 g. potassium chlorate is decomposed by heat, calculate (a) the weight
in grams of oxygen produced and (b) the weight in grams of potassium chloride
formed.
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10. Calculate (a) the weight of Fe;0, formed by the combustion of 535 g. iron in
excess of oxygen and (b) the weight of oxygen used in this reaction. .

11. What percentage of the total oxygen content is released in the decomposi-
tion (by heat) of each of the following compounds: (a) potassium chlorate, (b)
mercuric oxide, (c) lead dioxide?
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CHAPTER IV
GASES. THE KINETIC THEORY

The practical use of gases in industry is so extensive that it is
important for us to consider some of their properties and the laws that
relate to these properties. The study of oxygen, a typical gas, has
just been concluded. A few of the practical uses of gases are listed
below.

1. Gases in Industry. Oxygen. Compressed oxygen is stored
in steel cylinders at very high pressure and used in the cutting and
welding of metals and for hospital purposes. (Why is oxygen stored
under high pressure?)

Compressed air is required in the operation of air brakes, rock drills,
and riveting machines and in the excavation of tunnels.  Certain types
of agricultural sprayers also make use of compressed air.

Steam. All the various types of steam engines depend for their
operation upon the power generated by steam under high pressure.

Fuel gases, e.g., coal gas, natural gas, and waler gas, are usually
delivered under pressure to the place of consumption.

Refrigeraling Gases. For kitchen refrigerators, for meat-packing
plants, and for fruit cold-storage rooms, various gases are used, e.g.,
ammonia, carbon dioxide, Freon, and sulfur dioxide. The choice of a
suitable gas for a given type of refrigerator depends upon the tempera-
ture and pressure required for liquefaction (e.g., critical temperature
and pressure) and other factors. A more complete discussion of
refrigeration is included in the study of ammonia.

2. Properties. Gases have many properties that are distinctly
different from those of liquids and solids. One of them is that the
volumes of all gas samples change in alimost exactly the same way with
pressure and with temperature changes regardless of the chemical
composition or purity of the gas. The following statements (gas
laws) are generally true for all gas samples if the pressure is not
extremely high and if the temperature is not too near the temperature
of liquefaction.

3. Variation of Volume with Pressure. Boyle’s law states
that the volume of a sample of gas varies inversely with the pressure, if
the temperature remains constanl. Thus, increase in pressure causes

23
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decrease in volume of the gas sample, and vice versa. (Refer to Sec.
7 for details of pressure measurement.) :
1
Ve« =
p
4. Variation of Volume with Temperature. Charles’s law
states that the volume of a saumple of gas varies directly with the absolule
lemperature, if the pressure remains constanf. Thus, increase in tem-
perature causes increase in volume of the gas sample, and vice versa
or,

V « T (abs.)

Absolute temperatures are obtained by adding 273* to the centigrade
temperature; thus,

T° abs. = +°C. 4 273

(See Appendix, Table I1.)

5. Partial Pressures. Dalton’s law of partial pressures states
that the sum of the individual or partial pressures of the various gases
in a mixture of gases is equal to the tolal pressure of the mixture, or,

P=p1+p2+p3"'

If oxygen is collected by water displacement, the gas in the bottle is
not pure oxygen but a mixture of oxygen and water vapor. The

P P =Barometric pressure
Py=Partial pressure of
oxygen 1n the jar
DP2=FPartial pressure of,
water vapor in the jar

P:pl +P,

Fic. 1. Application of Dalton’s law in the case of oxygen in a jar inverted over
water.

total pressure of such a sample is the sum of the individual pressures
of the oxygen and the water vapor. To obtain the pressure of the
oxygen alone, it is necessary to subtract the pressure of the water
vapor from the total pressure.

* The number 273 is based on the fact that, when a known volume of a gasat 0°C.
is heated 1°C., it expands 1474 of its volume; heated to 10°C., it expands 19473 of
its volume; etc. The fraction 14 is known as the coefficient of exrpansion of a gas.
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6. Diffusion. Graham’s law of diffusion states that the rale of
diffusion of a gas is inversely proportional to the square root of its den-
sity, or,

1

roe ——
\/d
Thus, the lighter a gas is, the greater its speed in passing through a
porous wall.

7. Measuring the Pressure of a Sample Gas. A basic method
for measuring the pressure of a sample of gas is to determine the
height of the mercury that the gascous pressure will support. This
may be illustrated by describing the method used to determine the
pressure of the atmosphere. This is done by completely filling a
barometer tube with mercury and then placing the tube, open end
down, in another open vessel of mercury. When the stopper is
removed from the mouth of the tube, the mercury will fall until the
pressure of the remaining colummn of mercury is just equal to the
pressure exerted by the surrounding air on the surface
of the mercury in the open vessel. Such an arrange-
ment is called a baromeler. There is a vacuum above -
the mercury inside the barometer tube and therefore
no pressure on this surface of mercury.

At sea level, the pressure of the atmosphere is
sufficient to support a column of mercury about 29.9
in. (760 mm.) high. At other locations, the air pres-
sure is less in proportion to the altitude above sea
level, and so the height of the mercury column of the
barometer will, accordingly, be less in the same pro-
portion. In any one location, the pressure of the
mercury column of the barometer will vary in a similar
manner. For altitudes up to several thousand feet,
the barometric column drops about 1 in. for cach Fi. 2. Mercu-
1,000 ft. of increase in altitude. At higher altitudes, rial barometer.
ranging into the stratosphere, the variation is more complex.

The pressure of the gas in a closed pipe or tank may be measured
by a similar method. In this case, the open vessel at the base of the
barometer must be replaced by a closed one and a connection made
from this closed vessel to the pipe or tank. The gas in the pipe or
tank then excrts its pressure on the surface of the mercury, and a
column of mercury, of height proportional to the pressure, will be
supported. Such an arrangement is called a manometer. If the pipe
or tank is connected to a vacuum pump and if some of the gas is

760 mm.
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removed and its pressure thus decreased, the height of the mercury
column will decrease. At all times the height of the mercury column
is a measure of the gas pressure in the attached container.

Spring gauges are used in many instances to measure gaseous pres-
sure, but they must always have their scales properly marked by a
process that involves comparison of the spring gauge with a barometer
or manometer, or a similar device.

. 4
waanae A rroadels (o)

d i3
Fic. 57 Fressure reguiaior ana gauges.

None of the methods described above is satisfactory for the meas-
urement of the pressure of gas samples collected in bottles inverted
over mercury, water, or some other confining liquid. Such samples
will always be under approximately atmospheric pressure. The exact
pressure can be determined by adjusting the bottle until the level of
the confining liquid inside the bottle is the same as the outside level.
The pressure inside will then be identical with the pressure of the air
outside, and the latter can be measured by means of a barometer.

For the above reasons, the pressure of an ordinary sample of gas
is usually expressed in millimeters of mercury or inches of mercury.
The standard pressure is the normal air pressure at sea level or 760
mm. mercury. This is 29.9 in, mercury, 1 atm. of pressure, or
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approximately 14.7 lb. per sq. in. A highly compressed gas exerting
100 times the standard pressure would be referred to as being at a
pressure of 100 atm.

Exercises

1. Express in atmospheres a pressure of (a) 1,520 mm., (b) 132.3 Ib. per sq. in.

2. Express in millimeters a pressure of (a) 3 atm., (b) 0.1 atm.

3. Chlorine gas is converted to a liquid at 18°C. and at a pressure of 6.5 atm.,
and is shipped in tank cars. What would be the pressure in pounds per square
inch in the tank cars?

4. What is the partial pressure of oxygen gas collected over water at a total
pressure of 740 mm. when the water-vapor pressure is 15 mm.?

5. Will the pressure of a sample of gas collected over water be greater or less
than if the same sample were collected dry?

8. Gas Calculations. It is often necessary to know how much
the volume of a given sample of gas would increase or decrease if its
temperature and pressure were changed to some new values. The
new volume can usually be calculated simply by use of the relation:

New original (one temperature) (one pressure)
- el & X
volume volume (other temperature) ~° (other pressure)

The following example will indicate how Boyle’s, Charles’s, and
Dalton’s laws and simple reasoning may be used in calculating the
new volume.

Example. A quantity of oxygen collected in a bottle over water measured
500 cc. at 25°C. and 755 mm. Calculate the volume of the oxygen at S.T.P.

(S.T.P. means standard temperature and pressure of 273° abs. or 0°C., and 760 mm.
S.C., or standard conditions, has the same meaning.)

TaABuLATION OF DATA

.t New
Original . .
" condi- Reasoning
conditions .
tions
Volume 500 cc. V cc.
Temperature 25°C. 0°C. Decrease in temperature causes de-
298° abs. 273° abs. | crease in volume; therefore, multi-
ply 500 cc. by fraction 273444
Pressure 755 — 23.5 mm. | 760 mm. | Increase in pressure causes decrease
or in volume; therefore, multiply 500
731.5 mm. | cc. by fraction 731.5/760
Numerical statement:
500 cc. X 273 X -‘—3—1——7 = V at 0°C. and 760 mm.

298 760
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It is to be observed that three steps are used in solving this
problem: :

The first step is a systematic tabulation of the information given.
The values of volume, temperature, and pressure are indicated for the
original and the new conditions. The new volume is, of course,
unknown and indicated merely by V. The centigrade temperature is
converted to the absolute scale.

Since the oxygen was collected over water, it is mixed with water
vapor. Therefore, the pressure of vapor (23.5 mm. at 25°C.) is sub-
tracted from the total pressure (755 mm.) in order to get the actual
pressure of the oxygen (731.5 mm.). The vapor pressure of water
has a definite fixed value for each temperature and a table of such
values is found in the Appendix of this book, in handbooks, and in
laboratory manuals. This water-vapor correction must always be
made when the gas is collected over water, but not otherwise.

The second step involves a decision as to which temperature and
which pressure are to be used in the numerator of the fractions in the
-aleulation.  This is determined by reasoning based on Boyle’s and
Charles’s laws, as indicated in the example. If the reasoning con-
cerning the temperature change indicates that the new volume will
be smaller than the original, then the original volume must be multi-
plied by a fraction that has the smaller number above and the larger
number below. Thus, in the example, the fraction 273544 is used
rather than 29845, The same idca holds true for the pressure change.
[t is especially to be noted that the pressure change is entirely ignored
in the reasoning concerning temperature and vice versa.

The third step consists of writing in statement form the value of
the new volume. In general, it is not necessary at this point to do the
numerical calculation unless some use is to be made of theganswer,
since the purpose in stating these problems is to learn how the gas
laws are applied and to follow through the reasoning involved. It
is not advisable to employ the equations usually given in textbooks.
Substitution of data in a formula or equation may become merely a
mechanical process and does not ensure a thorough understanding
of the gas laws and their applications.

To understand thoroughly the above type of calculation it is neces-
sary to work out a number of problems such as the following. In
these exercises, temperature must be converted to absolute scale, but
pressure and volume may be used in any units provided the same
units are used throughout each exercise. Thus, it is incorrect to
express original pressure in millimeters and new pressure in atmos-
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pheres; if the original volume is tabulated as cubic centimeters (cc.),
the new volume must necessarily be in the same unit.

Exercises

6. Show how to calculate the volume at standard conditions of 90 cc. gas
collected over water at 17°C. and 740 mm.

7. Show how to calculate the volume of 150 cc. gas at 240°C. and 289 mm. if
the temperature is changed to 26°C. and the pressure to 730 mm.

8. Show how to calculate the volun:e of 100 cc. gas at 17°C. and 770 mm., if

conditions are changed to 0°C. and 760 mm.
9. Calculate the volume, at standard conditions, of 187 cc. hydrogen collected

over water at 25°C. and 715 mm. pressure.

10. Calculate the volume at standard conditions of 560 cc. gas collected over
water at 15°C. and 750 mm. pressure. If 1 1. of the gas weighs 0.09 g. at S.C.,
find the weight of the above sample of gas. (11. = 1,000 cc.)

9. Deviations from the Gas Laws. Careful experiments have
shown that gases do not follow the gas laws exactly. The differences
or deviations are very slight unless the gas is under high pressure or
is near liquefaction conditions.  Under such conditions, the deviations
are important and must be considered in engineering problems involv-
ing gases. The deviations from Boyle’s law are of two kinds: (1)
at low pressures, gases are more compressible than Boyle’s law pre-
dicts; (2) at high pressures, they are less compressible.

10. Perfect Gas. An imaginary gas that shows no deviations
is referred to as a perfect or ideal gas. Boyle’s and Charles’s laws
are often called perfecl-gas laws.

11. Liquefaction of Gases, Critical Temperature, Critical
Pressure. At ordinary pressure a gas may be liquefied by sufficient
cooling. A gas may be liquefied also by sufficient increase in pressure
if, and only if, it is below a definite temperature. This temperature
(the critical temperature) varies considerably for different gases. For
oxygen it is —119°C., for hydrogen —240°C., for carbon dioxide
+31°C., for water vapor +374°C. Crilical lemperalure is the tem-
perature above which a gas cannot be liquefied by pressure alone.
Crilical pressure is the pressure necessary Lo liquefy a gas at the critical
temperature.

Exercise

11. The critical temperature of carbon dioxide is 31°C. What does this mean?

12. Basic Principles of the Kinetic Theory of Gases. All the
properties of gases can be explained if one assumes that gases are
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composed of small particles called molecules and that these molecules
behave as follows:

a. The molecules are in rapid motion.

b. The molecules are very small and very numerous.

c. The energy of attraction between molecules is very small com-
pared with the energy of motion.

d. Collisions between molecules take place without loss of energy.

e. Molecules are small in comparison with the distances between
them.

f. Increase in temperature causes increase in speed of the molecules.

g. Gaseous pressure is due to the bombardment of the molecules
on the walls of the container.

It is to be observed that none of the basic ideas of the kinetic
theory (molecular hypothesis) admit of proof by direct observation.
Since molecules cannot be observed, no direct test of the theory is
possible. The theory does, however, explain a great many properties
of gases and, as long as it does so, it is a satisfactory theory.

13. Explanation of the Properties of Gases by Means of the
Kinetic Theory. «. To explain gaseous pressure, it is assumed that
the molecules are in rapid motion and that their bombardment of the
walls of the container causes the gaseous pressure.

b. To explain the uniformity of pressure in all directions and on
all surfaces at all times, it is assumed that the molecules are very
small and very numerous (about 6 X 1023 per cubic foot).

¢. To explain the great compressibility of gases, it is assumed that
the molecules are small compared with the distance between
them.

d. To explain the ability of a gas to fill any container, it is assumed
not only that the molecules are in motion but that their energy of
attraction is very small compared with the energy of motfon and,
therefore, there is little cohesion between molecules.

e. To explain the absence of settling in a gas, it is assumed that
molecular collisions take place without loss of energy (elastic collisions).
Thus, the speed and energy lost by 1 molecule in a collision must be
gained by another molccule, and the average speed and total energy
remain unchanged.

f. To explain the behavior of gases when heated (Charles’s law),
it is assumed that the increase in temperature causes an increase in
the speed of the molecules. Thus, if a sample of gas is heated in a
closed container, the molecules will travel back and forth between the
walls more rapidly, will strike the walls more often and with more
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energy, and as a result the pressure in the container will increase.
If the pressure, i.e., the number of collisions with the walls, is to be
kept constant, the size (volume) of the container must be increased
so that the molecules have farther to travel between collisions with
the walls, This is, of course, a statement of Charles’s law: the volume
of a gas increases if temperature is increased and pressure held
constant.

g. The liquefaction of gases on cooling is due to a gradual decrease
in energy of motion until the attractive forces between molecules can
increase cohesion. Kase of mixing of gases is due to the motion of
molecules and the large free space between them.

Exercises

12. Use the kinetic theory to explain why a tin can collapses if the air is pumped
out of it with a vacuum pump. Do not use the words pressure or vacuum in your
explanation, but consider only the molecular action on the inner and outer surfaces
of the can. (A diagram is helpful.)

13. A tin can containing a small quantity of boiling water collapses after its
opening is closed, and the can is suddenly cooled. Explain by molecular action.

14. If an automobile tire is inflated to a pressure of 30 lb. per sq. in. at 20°C.,
what will be the pressure if it is heated to 50°C. by driving the car? (Assume that
the volume of the tire remains constant.)

15. The internal diameter of an air pump is 2 in., the stroke is 10 in.  Air going
into the pump is at 18°C. and 1 atm. After 200 strokes of the pump, what pres-
sure, in pounds per square inch, of air is produced in an attached tank of 2.000 cu. in.
capacity, if the compression raises the air temperature to 27°C.?  (Draw a sketch.
Assume that the air already in the tank is at 1 atm.)

14. Kinetic Theory and Liquids and Solids. The Kkinetic
thecory may be easily related to liquids. Basic principles a, b, d, and
fin Sec. 12 are valid for the molecules of a liquid but ¢, e, and g are
not valid since cohesion between molecules, incompressibility, and
inability to fill a container completely are outstanding properties of
all liquids. The kinetic theory is not ordinarily applied to solids
since, in this case, the freedom of motion of the molecules is known to
be so greatly restricted by the attraction of neighboring molecules
that, in general, a molecule merely moves back and forth with a
vibratory motion.

15. Boyle’s Law and the Kinetic Theory. Boyle’s law is
explained by noting that, if a sample of gas is in a closed container
and if the size of the container (volume) is decreased, all the molecules
will have shorter distances to travel between collisions with the walls;
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therefore, in a given time there will be more collisions with the walls
and a higher pressure.

SUGGESTED READING

TmmM, The Kinetic Molecular Theory and Its Relation to Heat Phenomena,
J. Chem. Education, 12, 31 (1935).
WarrHus, The Lowest Temperatures, J. Chem. Educalion, 13, 172 (1936).



CHAPTER V
HYDROGEN. EQUIVALENT WEIGHT

Hydrogen is of great industrial importance in the production of
ammonia, in the hydrogenation (hardening) of vegetable oils, and in
the cutting and welding of certain metals and alloys. The properties
of hydrogen are of considerable interest, and some of them will now
be considered. The various methods of preparing hydrogen will then
be presented. In this connection we shall learn more about acids,
bases, and salts, and the important concept known as equivalent
weight.,

1. Occurrence. Although hydrogen is rarely found naturally in
the free state, it is an important constituent of many common sub-
stances, e.g., water, acids, hydrocarbons, and carbohydrates. Hydro-
gen means ‘water former.”

2. Physical Properties. Probably the outstanding physical
property of hydrogen is its low density (0.09 g. per liter at standard
conditions). Not only is it much lighter than air, but it is the lightest
known substance. Hydrogen is also, next to helium, the most diffi-
cult substance to liquefy, a temperature of about —240°C. being
required at 12.8 atm. pressurc. Hydrogen also has another unusual
property—that of dissolving extensively in certain metals, notably
palladium and other related clements.  Thus, 1 volume of palladium
powder will dissolve 500 volumes of hydrogen at ordinary temperature
and pressure.  Hydrogen is an odorless, colorless, tasteless gas, with
a relatively low solubility in water.

3. Chemical Formula for Ordinary Hydrogen Gas. The
formula is written H, to signify that hydrogen gas is composed of
molecules containing 2 atoms cach. In every complete and balanced
equation involving hydrogen, the formula I1, is used. As in the case
of oxygen, this applies only to hydrogen in the free state. The for-
mulas of hydrogen compounds may contain 1, 2, or more II atoms, as
in HCI, 11,8, NH;, CH;.  Atomic hydrogen (see Sec. 4) has the simple
formula H.

4. Chemical Properties. Union with Oxygen to Form Waler.
This may take place quietly as in a flame, or violently when a mixture
of hydrogen and oxygen (or air) is ignited.

2H, + O; — 2H,0
33
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The equation is the same whether hydrogen burns or explodes or
whether it unites with oxygen of the air or pure oxygen. This reac-
tion occurs with the evolution of considerable heat and is therefore
called an exothermic reaction. When the production or use of heat by
a chemical reaction is of interest or importance, a thermochemical
equation may be written instead of the ordinary chemical equation.

2H; + O, — 2H,0 -+ 115,600 cal. (thermochemical equation)

In many cases, the exact number of calories of heat is not important
and the symbol delta, A, is used instead. In case several different
thermochemical equations are encountered, the symbols A, A,, etc.,
are used to distinguish the various quantities of heat concerned.
g . . N

I'hus, the above thermochemical equation may be written,

2H; 4+ O, - 2H,0 + A, (thermochemical equation)

Formation of Atomic Hydrogen. At 3000°C. hydrogen molecules
decompose, so that, by passing ordinary hydrogen gas through an
electric arc, atomic hydrogen is produced.

H2+Az—"2H

This is an endothermic reaction because it uses heat. The same reac-
tion may occur when ordinary hydrogen gas comes in contact with
certain catalysts and is related to the actlivity of these catalysts.
When atomic hydrogen is used in a suitable torch, combination of
hydrogen atoms occurs, and more heat is given off than is produced
by the combustion of the same amount of molecular hydrogen.
Advantage is taken of this fact in the atomic hydrogen electric-arc-
welding process.

oH — Hy + A, { thermochemical equation for combination

of atomic hydrogen in atomic arc welding

Another advantage of the atomic hydrogen welding torch is that
oxygen is not present at the point of the weld and, therefore, the metal
does not undergo oxidation.

Exercises

1. Why isit correct to write 2H rather than H, in the above equation?
2. Is the above reaction exothermic or endothermic?

Reducing Action of Hydrogen. Hydrogen has the property of react-
ing with certain oxygen compounds such as oxides in such a way that
the compound loses its oxygen, and water is formed by the union
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of the hydrogen and the oxygen. Thus, hydrogen passed over hot
copper oxide results in the production of copper and water.

CuO 4+ H; — Cu + H.0

The hydrogen causes the reduction of the copper oxide and is, therefore,
called a reducing agent. Hydrogen will not reduce oxides of metals
more active than iron. In every case, heating is necessary to cause
the reaction to occur with noticeable speed.

Exercise
3. Write balanced equations for the reduction of the following oxides, assuming
that the free metal is formed in every case: (a) Fe;04, (b) Fe 03, (¢) PbO,, (d) SnO,
(e) Ag:0.

Synthesis of Ammonia. Probably the most important chemical
property of hydrogen, from an industrial point of view, is its ability
(when under pressure and in the pressure of suitable catalysts) to
unite with the element nitrogen to form ammonia.

Ng + 3H2 hd QNH-;

The perfecting of the processes for the large-scale production of ammo-
nia by this method has had a most profound effect on whole nations.
Nitrogen compounds, essential for fertilizers and explosives and
formerly available in large quantities only through importation of
saltpeter from Chile, can now be made anywhere in the world from the
nitrogen of the air by using the above reaction.

Hydrogenation Processes. Hydrogen also has the property of
uniting with the complicated compounds of carbon present in coal,
crude oil, liquid vegetable oils or fats, and many related substances.
Such reactions generally require the use of pressure and a suitable
catalyst, and are called hydrogenation processes. The most commonly
used catalyst is finely divided nickel.

5. Uses of Hydrogen. A survey of the properties of hydrogen
immediately suggests its use for inflating balloons, for scientific experi-
ments at very low temperatures, and for welding and similar processes
requiring a high-temperature flame. However, the oxyacetylene
flame is much more commonly used than the hydrogen flame, the
latter being used only for special applications such as atomic-arc
welding. As far as the amount of hydrogen used is concerned, all
these uses are comparatively unimportant when compared with the use
of hydrogen for the production of ammonia and for the hydrogenation
of liquid vegetable oils to solid fats (Crisco), or the hydrogenation of
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low-grade coal and oil to produce gasolinelike liquids, in industrial
regions where gasoline and crude oil are not abundant.

6. Industrial Methods for Producing Hydrogen. A common
method is the water-gas process in which steam is allowed to react
with carbon at a very high temperature (1000°C.). Often natural
gas consisting chiefly of methane, CH,, is substituted for carbon.
The processes are represented by the following equations:

¢C + H0-CO+ H, (water gas process)
CH4 + Hzo — CO + 3H2

The CO and H, are usually separated by taking advantage of the fact
that, under suitable conditions, the reaction

CcO + H2O ""002 + Hg

steam

can be made to proceed necarly to completion. The carbon dioxide
is highly soluble in water under pressure, and thus the hydrogen can be
separated from the carbon dioxide.

Hydrogen is sometimes produced industrially by the electrolysis
of water or brine solution, also by the reaction of steam with red-hot
iron (see below), or, for military purposes, by the reaction of water
with an iron silicon alloy.

7. Laboratory Preparation of Hydrogen. Eleclrolysis of Waler.
ITydrogen may be prepared from water by electrolysis if the water
contains a small quantity of some acid, base, or salt to make it conduct
electricity.

2H,0 — 2H; 4+ O,

All of the hydrogen is liberated at the negative electrode (cathode)
and all of the oxygen at the positive electrode (anode). The propor-
tions by volume are always 2 volumes of hydrogen to 1 volume of
oxygen.

Reaction of Metals with Cold Water. Only the most active metals
react with cold water to produce hydrogen and a metallic hydroxide
or base (V. 9). Examples:

2K + 2H,0 - 2KOH + H,

2Na + 2H20 — 2NaOH + H2
Ca + 2H,0 — Ca(OH); + H,

A simple experiment for demonstrating the reaction of sodium
with water can be done by making use of the apparatus shown in
Fig. 2. A glass tube (1 by 20 cm.) is suspended in a 250-cc. beaker
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containing water. A small piece of sodium about 0.5 cm. in diameter,
when dropped into the tube, reacts rapidly with the water. A lighted
match placed at the upper end of the tube ignites the hydrogen, which
burns with a yellow flame due to contamination by the sodium. A
few drops of litmus solution or red litmus paper added to the water
shows that a base (alkali) has been formed.

DI

= -Burni;
Oxygen--{» = /b’ydrogen ()’ ﬁydré,;gen
=
oo] =
= = l |
_3‘1‘ & H  F——={ ]
2 -
2] -]
2 &= Sodium., Water
I = Cathodle Ll i

L AY

Fic. 1. Electrolysis of water. Fia. 2. Reaction of sodium with
water.

Reaction of Melals with Steam. Some of the metals more active
than hydrogen displace hydrogen from hot water or superheated
steam. The other product is a metallic oxide. Examples:

Mg + H.O0 - MgO + H.

3Fe 4+ 4H,0 — Fe;04 + 4H.,
Th less the activity of the metal, the slower the reaction and the
higher the temperature required. Metals less active than hydrogen
do not react with water.

Reaction of Metals with Acids. All metals more active than hydro-
gen react with acid solutions, producing hydrogen and a salt (V. 9),
the less active metals acting- only very slowly. The speed of the
reaction also varies with the acid used and with the state of sub-
division of the metal. Examples:

Mq + H2804 - MQSO4 + Hz
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The metals Zn, Fe, Al act similarly, giving ZnSO,, FeSO,, Alz(SO4)3,
/ﬂCIQ, FeClg, Alc‘s

Exercise

4. Write balanced equations for the reaction of Zn, Fe, and Al (a) with HCl and
(b) with H,SO4 (six equations in all).

Some acids, such as nitric acid, react with metals but ordinarily
do not produce hydrogen.

Reaction of Melals with Bases. Zinc and aluminum react with
strong solutions of sodium hydroxide or potassium hydroxide, pro-
ducing hydrogen.

Zn + 2NaOH — Na.ZnO, + H,

sodium zincate
2Al 4+ 2NaOH + 2H,0 — 2NaAlO, + 3H,

sodium
metaaluminate

8. Activity or Electromotive Series. The metals can be
arranged in a series in decreasing order of their relative tendency to
react with water and acids, displacing hydrogen, as follows:

K, Na, Ca, Mg, Al, Zn, Fe, Sn, Pb, H, Cu, Hg, Ag, Pt, Au
decreasing activity —

9. Bases, Acids, Salts. It has been shown in the preceding sec-
tions that active metals like sodium react with water, forming bases,
and that less active metals like zinc react with acids, forming salts.
We shall now examine a list of the more common bases, acids, and
salts and learn the names of these compounds. (Review valence in

Chap. II1.) '

Bases (Metal combined with the hydroxyl radical):

KOH................... C .. potassium hydroxide
NaOH......... S . ... . sodium hydroxide
Ca(OH),..... .... ... C e . . calcium hydroxide
NHOH.. .......... . e e ammonium hydroxide

Acids (Hydrogen combined with an acid radical):

HCL................. e e ... hydrochloric acid
HeSOu. .o sulfuric acid
HNO;. ........ ... ... ... ... ... . nitric acid
HC,H,;0; (or C,H,0, or CH, COOH) . acetic acid

H;PO:. ... ... . ... phosphoric acid
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Salls (Metal combined with an acid radical):

ZnCla. oo zinc chloride

MGSOy4. .. magnesium sulfate

Ca(NOs)z......covcvvvveveivvevovv o calcium nitrate

Zn(C,H;04)s. . ... .. e e . zinc acetate

Na,PO,..... e e e sodium phosphate
Exercise

5. Write the formulas of the sulfates of sodium, potassium, calcium, zine,
aluminum. Indicate the valence of each metal and radical.

10. Equivalent Weight. Definition. The equivalent weight
of an element is the weight that will displace 1.008 g. hydrogen or
combine with 35.45 g. chlorine. The term equivalent weight has numer-
ous applications in chemical work and will be referred to in the study
of normal solutions in Chap. VII.

A review of several reactions, with the atomic weights involved,
will now be presented. (To simplify the relations, the hydrogen is
expressed as atoms instead of molecules.)

Na + HCI —NaCl + H

23 g. 1.008 g.
Zn + 2HCl — ZnCly + H, H
65.3 g. 2(1.008) g.
Al + 3HCI —AICl; + H,H, H
27 g. 3(1.008) g.

From the definition of equivalent weight, it follows that

Gram atomic weight of metal used
Number of gram atomic weights of H displaced
= equivalent weight of the element

Thus, the equivalent weights are as follows:
q

%3_,31-_1\13 = 23 g. sodium
9_’5_3_25_@ = 32.6 g. zinc
2_7_%_;@ = 9.0 g. aluminum

It is to be noted that the numbers, 1, 2, 3, are the respective

1+ 2+ 3+

valence numbers in the three compounds, NaCl, ZnCl,, AICl;. These
relationships can be summarized in the following statement: The
equivalent weight equals the atomic weight divided by the valence number.
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Exercises

6. Show the relation between the equivalent weight of the metal and the
number of gram atomic weights of combined chlorine in the three chlorides shown
above.

7. (a) Show that the equivalent weight of oxygen is 8 g. in H,0, CaO, Al,O;,
8i0,, P:0;s.  (b) Calculate the equivalent weight of H, Ca, Al, Si, P, in these
oxides. Refer to table of atomic weights (front cover).

11. Experimental Determination of Equivalent Weight. In
laboratory work, it is desirable to determine the equivalent weight of
a metal, e.g., magnesium, by reaction with hydrochloric acid. Experi-
mental data and calculations for an approximate determination, taken
from a student’s notebook, are presented below. The various steps
should be carefully studied before beginning such an experiment.

Experimental Data:

Weight of metal used. .o e .. 0.1578 g.
Volume of hydrogen obtained. C .o 177 cc.
Temperature............. .. . - - 19°C.
Barometric pressure. . . ... cee e ... 738 mm.
Vapor pressure of water. . ... oo .o o o ... 163 mm.
Corrected or true pressure... .. e . 721.7 mm.

Results of Calculations from Erperimentat Data:

Volume of hydrogen at S.C..... . ..... .. . 157.1 ce.
Weight of hydrogen .. ... ... .. Coe . 0.014 g.
Equivalent weight of magnesium . .. e oo . 1136 8.
Error........ ..ot e e .. 0.8 g.
Percentage of experimental error. . . . . . C e 6.5%

Erxplanations of Calculations:
a. Correction of volume of hydrogen to standard conditions:

Original New
R [}
V 177 cec. V=27
T 19°C. 0°C.
292°abs. 273°abs.
P 721.7 mm. 760 mm.
L2183 12T
V=177 X 93 X =60 — 157.1 cc. H; at S.C.

b. Calculation of weight of hydrogen:

1,000 cc. or 1 1. H; at S.C. weighs 0.09 g.

157.1 cc. H, at S.C. weighs 157.1 X % = 0.014 g.
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¢. Calculation of equivalent weight of magnesium:
. The experiment and calculations up to this point show that 0.014 g. H, was dis-
placed by 0.1578 g. Mg, or that 1 g. H, would be displaced by 0.1578/0.014 g. Mg

. 0.1578
and that 1.008 g. H would be displaced by 1.008 X 0.014

the last expression gives the value 11.36 g., which is the equivalent weight of
magnesium according to this experiment.

d. Calculation of error and percentage of experimental error:

The error is the difference between the correct equivalent weight and the
weight found by the experiment. The equivalent weight of magnesium, as deter-
mined with refined apparatus and all possible precautions, always comes out very
close to 12.16, so this value is taken as the exact value. The percentage of experi-
mental error is obtained as follows:

g. Mg. Calculation of

error o100 = 98 v 100 = 6.5

. error = ———————
% exp. erro exact value 12.16

Norte: The average experimental error for several hundred determinations
made by students using very simple apparatus was less than 5 per cent.

Exercises

8. The equivalent weight of a metal is 9. What weight of this metal will be
needed to displace 3.024 g. H,?
9. Calculate the equivalent weight of a metal if 0.27 g. of it displaces 175 ce.
H, collected over water at 22°C. and 753 mm.
10. When 2.5 g. of a metal is dissolved in HCI, 857 cc. H; is evolved (measured
over water at 18°C. and 775 mm.). Calculate the equivalent weight of the metal.

SUGGESTED READING

BrownNLEE, Bulk Production of Hydrogen, Ind. Eng. Chem., 30, 1139 (1938).
WunrsteR, Hydrogenation of Fats, Ind. Eng. Chem., 32, 1193 (1910).



CHAPTER VI
WATER

Water is the most important liquid known to man. Human,
animal, and plant life cannot exist without water for very long and,
for this reason, the provision of an adequate supply of it is a common
problem in all countries. The human body contains about 70 per
cent of water and many foods contain 75 per cent or more of water.
The drying or dehydration of foods, therefore, is necessary when
economy of shipping space and weight have to be considered. Milk
powder, dried fruits, etc., are well known.

Numerous technical uses of water are familiar in engineering work,
e.g., in the production of steam for heat and power, as a medium for
transmitting hydraulic pressure, and as a cooling medium in internal-
combustion engines. In short, one may say that water is the great
natural medium of life and energy.

1. Composition of Water by Volume. In the study of hydro-
gen (V. 7), it was shown that, when water is decomposed by an electric
current (electrolysis), hydrogen and oxygen are set free in the propor-
tion of exactly 2 volumes of hydrogen to 1 volume of oxygen. If
hydrogen and oxygen are ignited by a spark in a closed glass tube over
mercury and the tube is kept at a temperature above 100°C., it is
always found that the relative volumes in the reaction are,

Hydrogen + oxygen forms steam s
2 vol. or 1 vol. or 2 vol. or
200 cc. 100 cc. 200 ce.

Any excess of hydrogen or of oxygen will be left uncombined in
the tube.

E .
Lxercise

1. If 50 cc. hydrogen and 100 cc. oxygen are mixed in a closed tube above 100°C.
and ignited by a spark, what volumes of gases will be found in the tube?

2. Composition of Water by Weight. It is important for the
student to learn that the composition of substances is determined
by very careful experimental work, usually performed by a number of
investigators. For example, Edward Morley, at Western Reserve

49



Sec. 3] WATER 43

University, did extensive work on the composition of water. He
burned hydrogen in oxygen and, by carefully weighing the hydrogen
and the oxygen used and the water formed, he obtained the following
data:!

Grams hydrogen used.................. ... ... .. ..... 3.7637

Grams oxygen used. . . ... ... ..o 29.8865

Grams water formed... . ... .. ... ... .. .. 33.6510
Exercise

2. From Morley’s results (above), calculate (a) the percentage of hydrogen in
water by weight, (b) the percentage of oxygen in water by weight, (c) the weight of
hydrogen that combined with 8 g. oxygen, (d) the weight of hydrogen that com-
bined with 16 g. oxygen. Derive the formula of water from the results in (a) and
(b).

Nore: The average combining ratio obtained by a number of investigators is
1.0078 g. hydrogen to 8 g. oxygen.

3. Purification of Water. Practically all natural water is impure
in a chemical sense; however, it need not be chemically pure in order
to be safe for drinking. 1t need only be free from harmful bacteria
and poisonous substances. Other types of impurities are not dangerous
to health. The impurities commonly present in natural water may be
classified as follows:

a. Suspended matter of all kinds, generally clay, mud, leaves, cte.

b. Dissolved solids, which usually consist. of mineral matter dis-
solved by water on passing through the ground. The hardness in
water is due to this type of impurity.

¢. Dissolved gases, almost always air.

d. Bacteria, which are included as a separate class because of their
importance in connection with drinking water supplies. Bacteria may
be found on particles of suspended matter.

Numerous methods are used for the purification of water. In
some cases, these methods actually remove the impurities from the
water, in other cases they destroy them by a chemical change. The
more important methods are as follows:

a. Filtration, which removes suspended matter but not dissolved
matter. Bacteria are never completely removed from water by filtra-
tion, although they may be removed in part by this process. It is
desirable to use sedimentation or coagulation as a preliminary opera-
tion preceding filtration (Fig. 1). ‘

t Am. Chem. J., 17, 267 (1895).
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b. Sedimentation or settling, which removes the larger particles of
suspended matter. Water-purification plants supplying water for
cities have large settling basins.

¢. Coagulation, which causes small particles of suspended matter
to become attached to larger particles so that the rate of settling of all
the particles is considerably increased. Coagulation is accomplished
by adding lime and an aluminum or iron sall to the impure water.
The lime forms calcium hydroxide, Ca(Oll),, which reacts with the
aluminum or iron salt to form a jellylike precipitate of aluminum

Manhole
inlet baffle

Row water inlet

-~
Filtered
water -
outlet Fine sand
’ Coarse sand
S'ng e

multinort valve
, Graded grave!

Sump Deflector plote
Wear
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FFic. 1. Permutit Vertical Pressure Filter.  (Courlesy of the Permutit Contpany.,)

hydroxide or iron hydroxide. These jellylike (gelatinous) precipitates
have the property of causing coagulation.

d. Boiling, which usually removes dissolved gases and destroys
bacteria.  However, not all gases are removed and complete destruc-
tion of bacteria sometimes requires boiling for a considerable time.

e. Distillalion, which produces water free from nonvolatile impuri-
ties. Distilled water is used, for example, in storage batteries, because
it contains no mineral salts which might interfere with the proper
functioning of the battery.

f. Chemical treatment of many kinds, one of the most important
of which is treatment with chlorine or a similar chemical (iodine,
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bleaching powder, potassium permanganate, etc.) that destroys bac-
teria but has no effect on most other types of impurities. A variation
of this treatment is to spray the impure water into air, whereupon
the oxygen destroys the bacteria. A different type of chemical treat-
ment involves the addition of a water-softening substance such as
lime, soda, or borax. These substances precipitate the soluble mineral
salts, which can be removed by filtration. Reactions of this type are
described in Chap. XXIX.

Filtration, sedimentation, and even distillation and chemical
treatment take place regularly in nature. The production of rain
water by evaporation and condensation is essentially distillation.
Rain water is chemically pure except for dissolved air and possibly
a slight trace of impurity derived from dust. Natural waters are
slowly purified from harmful bacteria and organic matter, including
sewage, by the action of the oxygen of the air.

Exercise

3. Name five common sources of natural water and suggest a suitable method
for purification of the water from each source.

4. Vapor Pressure. Every liquid has a tendency to evaporate.
The vapor formed in this way is really a gas and therefore exerts a
gaseous pressurc. If the liquid is in a closed container, this gaseous
pressure riscs only to a certain maximum value, depending upon the
kind of liquid and the temperature. This maximum pressure is
called the vapor pressure of the liquid for the particular temperature.
The values for water are given in tables usually entitled aqueous
{ension or vapor pressure of waler (see Appendix). No further evapora-
tion takes place after the gaseous pressure of the vapor has attained
the value of the vapor pressure. If the container is opened, some of
the vapor will escape, the gaseous pressure of the remaining vapor will
decrease to less than the vapor pressure, and evaporation will again
take place. If compressed, some of the vapor will condense until its
gaseous pressure is again equal to the vapor pressure, whereupon the
condensation will stop. '

Vapor pressure is thus a measure of the tendency of a liquid to
evaporate. It may be defined as the highest pressure that the vapor of
a liquid can exert while it is in contact with the liquid al a given tempera-
ture. Numerous solids also have a tendency to evaporate. The
principles stated above can be applied in such cases. The vapor
pressure is independent of the amount of liquid or solid present.



46 GENERAL AND APPLIED CHEMISTRY [Chap. VI

5. Vapor Pressure, Temperature, and Boiling Point. The
vapor pressure of liquids always increases with temperature. The
increase is slight at low temperatures, but becomes rapid at high
temperatures. At certain temperatures the vapor pressure becomes
cqual to the total atmospheric pressure, and at this temperature the
liquid boils. Thus the hoiling point of a liquid is the temperature at
which its vapor pressure equals or just exceeds the total pressure of the
surrounding atmosphere. If the surrounding pressure is reduced, for
instance, by placing some liquid in a bottle and pumping out some or
all of the air in it, the liquid will boil at a temperature below its normal
boiling point. On the other hand, if increased air pressure is applied to
the surface of the liquid, its boiling point will be raised accordingly.
It is important to rcalize that a given liquid has a different boiling
point for each different pressure; when the pressure is fixed, the boiling
point is also fixed. Application of more heat to a boiling liquid does
not raise the temperature.

Exercises

4. What is the approximate vapor pressure of boiling water?

5. Is the temperature of boiling water always exactly 100°C. (212°F.)?

6. What pressure must exist in order for pure water to boil at exactly 100°C.»
at 35°C.? at 30°C.?

7. Explain the operation of the vacuum evaporator used in the sugar-refining
process, in terms of boiling point and vapor pressure.

8. Explain the operation of pressure cookers in terms of boiling point. and vapor
pressure. !

6. Chemical Properties of Water. The reactions of water
with metals, and with acidic and basic oxides, and the decomposition
of water by electrolysis have already been studied.

Exercises

9. Write equations for the reaction of water or steam with (a) sodium, (b)
potassium, (¢) calcium, (d) magnesium, (e) iron.

10. Write equations for the reaction of water with two basic oxides and with
three acidic oxides.

Water is not easily decomposed by heat. A temperature of 1000°C.
produces no appreciable decomposition. Water combines with many
salts to form hydrates.

7. Hydrates. If a solution of copper sulfate is allowed to evap-
orate until crystallization occurs, the crystals are found to have
the composition CuSO,(H;0);. This formula is usually written
CuSO,5H;0. Other common hydrates may be made in a similar
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manner and have compositions as follows: ZnSO,-7H,0; BaCl;-2H,;0;
MgS0,7H,0; CaSO,2H,0; and Nay;COs10H,0. A hydrate is a
compound formed by the union of water with a salt and from which
water is easily removed by heat. Some hydrates are liquids, but most
common ones are solids. It will be noted that the number of molecules
of water united with a molecule of salt varies in an irregular manner
and that ordinary rules of valence are of no use in attempting to
work out the correct formula for a hydrate. The water that is com-
bined with the salt is called waler of crystallizalion or water of hydration.
A salt without water of crystallization is referred to as an anhydrous
salf. An equation for the formation of a hydrate is written:

CIJSO4 + 5H20 = CUSO45H20

The effect of heat on a hydrate may be expressed by the reverse
of the equation just given. The loss of water from a hydrate or other
substance is known as dehydration. A practical illustration of the
reversible process of dehydration-hydration is the formation of plaster
of paris from gypsum by dehydration and the subsequent hardening
of the plaster by hydration. Plaster of paris is widely used for making
surgical casts for broken bones and for the formation of interior decora-
tive forms. The equation for this reaction is as follows:

dehydration
2(CaS0,2H:0) — (CaS0y):-H,0 + 3H:0
gypsum hydration plaster of paris
Exercises

11. Write equations for the effect of heat on each of the hydrates whose for-

mulas are given in the preceding paragraph.
12. Show how to calculate the percentage of water in two of the above

hydrates. .
13. Show how to calculate the percentage of water lost in the formation of

plaster of paris from gypsum.

The number of moles of water per mole of salt in a hydrate is
determined in the laboratory by the following method. A known
weight of the pure hydrate is heated to constant weight in a crucible.
The loss in weight (weight of water) is divided by the molecular weight
of water. The weight of the residue (weight of anhydrous salt) is
divided by the molecular weight of the anhydrous salt. These two
quotients reduced to lowest terms indicate the relative number of
moles of water per mole of anhydrous salt. This method is based
upon two assumptions: (1) that all of the water is driven off by heat
and (2) that the anhydrous salt is not decomposed by heat.
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Exercise

14. When 2.77 g. of a hydrate of barium chloride was heated to constant
weight in a crucible, there was a loss in weight of 0.42 g. (of water). Derive the
formula of the hydrate from these data. Show all calculations.

8. Efflorescence. Efflorescence is the loss of water from a hydrate
into the surrounding atmosphere at ordinary temperalure and pressure.
Not all hydrates undergo efflorescence. The water of crystallization
of a hydrate has a definite tendency to escape from the crystalline
hydrate into the surrounding atmosphere. This tendency of the water
of crystallization to evaporate is measured by the vapor pressure of
the hydrate. Some hydrates have relatively large, and others very
small, vapor pressures. A hydrate will effloresce only if its vapor pres-
sure is greater than the pressure of the water vapor in the surrounding
air. An anhydrous salt will spontancously take on water from the air
if the hydrate formed has a vapor pressure lower than the pressure of
the water vapor in the surrounding air. The vapor pressure of a hy-
drate is analogous to the vapor pressure of liquid water.

9. Deliquescence. Deliquescence is the absorption of waler by
a substance from the surrounding atmosphere. 1t may be regarded as
the reverse of efflorescence. Salts that are very soluble in water, e.g.,
calcium chloride, exhibit this property. The salt tends to dissolve in
the absorbed water and form a saturated solution, the vapor pressure
of which is lower than the vapor pressure of the water vapor in the
surrounding atmosphere. Practical use of this property is found in
the application of calcium chloride to dirt roads to prevent dust
formation.

10. Reversible Changes and Equilibrium. The evaporation
and condensation of water provide an example of a reversible physical
change. A reversible change is one that may take place ih both
the forward and the reverse direction. In the case of the evapora-
tion and condensation of water, both changes are always going on at
the same time. The explanation for this arises from the kinetic
molecular hypothesis. Any sample of liquid water is continuously
losing some of its more rapidly moving molecules to the surrounding
atmosphere, and is also continuously regaining water molecules from
the atmosphere. If the number of molecules leaving the liquid is
greater than the number returning, the process is called evaporation
because the condensation cannot be observed. If the number of
molecules returning to the liquid is greater, the process is called con-
densation because the evaporation cannot be observed. If the number
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of molecules returning equals the number leaving, neither evaporation
nor condensation can be observed and a state of cquilibrium exists.
This is the situation within a stoppered bottle partly filled with water.
Both evaporation and condensation are going on, but neither process
can be observed because the two opposing changes are going on at
equal rates. The three cases may be represented by diagrams (Fig. 2).

Evaporation Condensation Equilibrium

Fic. 2. Evaporation-condensation equilibrium.

The formation and decomposition of a hydrate provide an example
of a reversible chemical reaction (VIII, 2), and may be represented
by an equation with double arrows, as follows:!

CUSO4'5H20 = CUSO4 + 5Hzo

Obviously, the effect of heat must be greatly to increase the rate
of the forward action, so that it alone is noticeable. When the amount
of moisture in the air (pressure of water vapor in air) is relatively
small, the reverse reaction (<) is necessarily slow and only the forward
reaction is observed, i.e., the hydrate undergoes efflorescence. 1f the
air is moist or if the forward reaction is limited, the situation will be
reversed. If the hydrate is kept in a closed bottle, a state of equilib-
rium will soon be reached.

11. Characteristics of Equilibrium. Kquilibrium is charac-
terized by

a. Two opposing processes.

b. Equal rates for the two opposing processes so that no net change
is observable.

¢. A slight change in condition disturbs the equilibrium because
the change increases or decrcases the rate of one process more than
the other.

Exercises

15. What are the two changes going on at equal rates in a stoppered bottle
partly full of water?

1 Other hydrates, CuSQ;-3H,0 and CuSO4-H,0 are formed at definite vapor
pressures.
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16. Under what condition will water fail to evaporate from an open vessel?

17. Explain in terms of vapor pressure why water usually evaporates com-
pletely from an open vessel but not from a closed vessel. Give the same explana-
tion in terms of the kinetic theory.

18. What would happen to a small piece of ice if kept in a very large stoppered
bottle of dry air at 0°C.?

19. What determines the loss of moisture from foods stored in a refrigerator?
How can this loss be decreased ?

20. Explain why blue vitriol, CuSO45H,0, sometimes appears white. How
could this color change be prevented? (Refer to laboratory work.) :
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