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PREFACE TO THE FIRST EDITION

THE justification for a book of this character is to be

found in the realization that many of the mathematical

applications of our fundamental conceptions in chemistry,

even upon the most elementary points, remain uncompre-
hended by students several years advanced in the study of

the science. The great attention given to the study of

Physical Chemistry, and the far-reaching importance

attached to the interpretation of chemical phenomena in

the light of modern theories, make it absolutely essential

that more time be given in the college courses on General

Chemistry to these mathematical demonstrations.

Unless a clear and concise exposition of the methods of

calculation is presented in the very first course of college

work, the progress of the student is greatly hindered. On
the other hand, too great a mass of mathematical data

may impede rather than promote this progress. The aim,

therefore, has been to limit these calculations to those

subjects generally regarded as fundamental, and in which

the student should receive the most complete and thorough
drill. Such may rightfully constitute our "Arithmetic of

Chemistry." Of the many important subjects omitted,

the greater number possess a theoretical bearing which

brings them more properly into those courses following

General and Analytical Chemistry or into the study of

Physical Chemistry itself.

The absence of mathematical training as a basis for the

study of chemistry constitutes a widely prevailing defect

in the education of chemists at the present day. The
vii
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appearance of works on General Chemistry from the stand-

point of Physical Chemistry, with their extensive adoption
in our American colleges and universities, is strongly indic-

ative of the mathematical trend in modern chemical

instruction. Under this influence the presentation of the

methods of chemical calculations in their simplest possible

form should facilitate and extend the use of these modern

texts and at the same time operate favorably in the eradi-

cation of former defects. Primarily, however, this ele-

mentary presentation is intended to accompany the

laboratory work in General Chemistry and to help the

student to a better understanding -of the many possible

conditions that may arise in the course of experimental
work. The ideal plan, therefore, should be to associate

these problems and their solutions with the actual labora-

tory practice. In the study of the last two, and possibly

three, chapters only a very few correlated experiments

may be found to fit properly into the laboratory courses

on General Chemistry; but the important bearing of the

topics here outlined upon the thorough grounding of the

student's ideas of chemical reactions will make it impera-
tive that a number of the more simple illustrations be

given by way of lecture experiments. Especially is this

true of those reactions relating to combinations between

gases by volume.

For the greater part of material presented no originality

is claimed, but gratitude is freely expressed to the authors

of the many valuable and admirable treatises on Stoi-

chiometry. In the manner of presentation a somewhat

different plan has been followed from that usually found

in books of this nature. This consists in a gradual intro-

duction of each new condition properly falling under the

consideration of some one subject, and the final develop-

ment of the subject in its entirety from all the conditions
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thus considered. By this method it is thought to obviate

the dogmatic manner of presenting mathematical facts

and to make the student realize immediately the connec-

tion between all of our fundamental laws of energy and

matter. With this train of thought connecting each and

every point to that preceding, it is believed that the

student will gain a better and firmer hold upon the entire

subject-matter rather than upon the isolated points.

This book in itself comprises no more than is presented

by the author to students in their first year of chemistry
at the university. The problems at the end of each chap-
ter serve as a guide and basis of selection for examinations

throughout the course. Great emphasis, in fact, is laid

upon this side of the student's development as the highest

and most beneficial for his future advancement.

In general the field of use for a book of this type will be

among colleges and universities. It is, however, sincerely

hoped that at least the first portion of the book may have

a helpful and profitable bearing upon the instruction of

chemistry in the high schools.

For the many valuable suggestions and the interest with

which criticism has been freely extended in the revision of

the manuscript, the author expresses his sincere apprecia-

tion and lasting indebtedness to Professor Charles Loring
Jackson of Harvard University, Professor Alexander Smith

of the University of Chicago, and Professor S. Lawrence

Bigelow of the University of Michigan.

WILLIAM J. HALE.

ANN ARBOR, May, 1909.



PREFACE TO THE SECOND AND THIRD
EDITIONS

WITH a new and larger edition it has seemed best to

make all possible minor changes in both text and problems.

The work of revision has been greatly facilitated through

the kind suggestions of those who have found the book help-

ful, and of others who have shown especial interest in

this exposition of the subject. For all of which grateful

appreciation is heartily expressed.

THE AUTHOR
ANN ARBOR, January, 1910.

October, 1911.
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CHEMICAL CALCULATIONS.

CHAPTER I.

UNITS OF MEASUREMENT.

THE fundamental units employed in chemical calcula-

tions will be defined at the outset to insure their clear and

consistent use.

Time. As the unit of time we have adopted the

second, g^-i^ part of the mean solar day, or that period

elapsing between the successive daily transits of the sun

across a meridian.

Distance or Length. The meter as the standard of

length is fixed as that distance between two marks on a

platinum-iridium bar preserved in Paris when this bar is

at the temperature of C. It is approximately one

forty-millionth of a meridian, or one ten-millionth of the

earth's quadrant'' from pole to equator. Larger values

in multiples of the meter by ten, one hundred and one

thousand are named by use of the Greek prefixes, deca-

meter, hectometer and kilometer (km.), while submul-

tiples by the same values receive names from the Latin

prefixes, decimeter (dcm.), centimeter (cm.) and milli-

meter (mm.). The one one-hundredth part of the meter,

the centimeter, is usually defined as the unit of length.

As still smaller values we employ the micron (//), the one

one-thousandth of a millimeter, and the millimicron

the one one-thousandth of a micron.

1



2 CHEMICAL. CALCULATIONS

; l

Volume ;

aiid Mass/ The cubic decimeter or liter is

the standard of volume. The standard of mass is the

kilogram, or a mass of platinum-iridium in block form,

preserved in Paris, and originally intended to have the

same mass as a cubic decimeter of water at its greatest

density, 4 C. It is, however, slightly less than a cubic

decimeter of water which at 4 C. weighs 1.000013 kilo-

grams. Both the liter and kilogram are somewhat large

for general scientific purposes. It is customary, therefore,

to use the one one-thousandth part of each, the cubic

centimeter (cm.
3 or c.c.) as the unit of volume and the

gram (g.) as the unit of mass. The mass of 1 c.c. of water

at 4 C. is considered as 1 gram. The slight discrepancy
between this value and the true one need be considered

only in the most exact calculations.

Through a combination of the fundamental units just

mentioned we arrive at a standard system in terms of

which so many of our important units of measurement

may be defined. This system of units, known as the

centimeter-gram-second (C.G.S.) system, has met with

universal adoption throughout the scientific world. Its

applications may be noted in the following paragraph.
Force and Energy. When a body moves at a uniform

rate through a unit of distance, the centimeter, in a unit

of time, the second, it is said to have a unit of velocity

(abbreviated cm. /sec.). When the change in velocity

during one second is one centimeter per second we have

a unit of acceleration. That force which will give to unit

mass unit acceleration is called the unit of force or dyne.

Now the same force operating upon different bodies does

not produce in each the same acceleration. When, how-

ever, the same acceleration is attained in the several

cases the bodies must have equal masses. The work

done by the force of one dyne in producing a displace-
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ment in its own direction of one centimeter is called the

unit of work or erg. When a body gains or loses energy
the amount of energy may be measured in units of work,
and when the work done upon a body imparts to it a

certain velocity, the body, by virtue of this, is said to

possess kinetic energy. The amount of energy so pos-
MV2

sessed may be expressed by the formula, E = -
,
in

which E represents the energy, M the mass and V the

velocity. Mass, then, is in itself but a " measure of the

kinetic energy which a body possesses when it has a

definite velocity." Ostwald.

Standards of Temperature and Pressure.

The accuracy with which measurements are conducted

requires certain definite and constant conditions of tem-

perature and pressure, the effect of changes in which will

be studied in a later chapter. The standards adopted with

these factors will receive only brief mention at this

point.

Temperature. The freezing-point of pure water is

taken as the normal temperature and made upon the

Celsius or centigrade thermometer. The boiling-point of

pure water at 760 mm. pressure is registered at 100 on

this scale, and the intervening range of temperature
between the freezing- and boiling-points of water is di-

vided into one hundred equal parts or degrees centigrade.

As pressure exerts a considerable influence upon the

boiling-points of liquids, all temperatures are deferred to

the normal condition of pressure.

Pressure. The 'standard condition of pressure, the

normal pressure, is taken as. that pressure which the

atmosphere exerts at sea level in a latitude of 45. This
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pressure is sufficient to sustain a column of mercury, at

C., 76 cm. (760 mm.) in height. In a column of this

height and 1 sq. cm. cross section there are exactly 76 c.c.

of mercury, and since, volume for volume, mercury is

13.596 times as heavy as water and 1 c.c. of it therefore

weighs this number of grams, we have at once the value

76 X 13.596 = 1033.2 grams as the weight of the atmos-

phere per square centimeter. By reference to a barometer

the actual weight of the atmosphere in' millimeters of

mercury is observed under the various conditions. These

barometric readings are usually made at other tempera-

tures than C.; the correct readings, therefore, for milli-

meters of mercury at C. must be calculated by use of a

proper table showing the expansion of mercury with tem-

perature (Appendix I). Gases measured in vessels in-

verted over a liquid will of course have the same pressure

as the atmosphere (recorded by the barometer) when the

levels of the liquid in the vessel and outside of it are equal.

The temperature of the gases and liquid should of course

be alike.



CHAPTER II.

DENSITY AND SPECIFIC GRAVITY.

THE term density is used to designate the mass in unit

of volume. As this is a constant for any substance under

given conditions of temperature and pressure, we may call

it the absolute density. It is expressed simply as D = M/V,
where D, M and V represent respectively density, mass

and volume. When the absolute density of one substance

is referred to that of another, i.e., a relation between these

two densities determined upon the basis of one of them as

a standard, we have a value known as the specific or rela-

tive density, or what hasJbeen more commonly called the

specific gravity. The relative density of a substance is not

affected by the force of gravity, since any change in this

force will operate equally upon the absolute densities of

all substances as well as upon the standard. The relative

density or specific gravity may be defined simply as the

ratio between the weight of any substance and that of an

equal volume of the standard substance when this latter

is considered as unity. As a standard for the specific

gravity of liquids and solids, the most natural choice is

distilled water, which is considered at the point of its

greatest density, namely 4 C. Determinations made at

other than this temperature (e.g. 15) are usually referred

to the density of water at 4 C., and expressed thus:

sp. gr. at 15/4.
In the case of gases, the values obtained for the absolute

densities, the number of units of mass per unit of volume,
are exceedingly small. By reason of this it is more cus-

5



6 CHEMICAL CALCULATIONS

ternary to multiply these values by 1000 or, what is the

same thing, to determine the number of units of mass in

1 liter instead of 1 c.c. Though the densities of gases

referred to some standard such as air are known as relative

densities, the term vapor density meets with constant use

when the relative density is determined for a liquid or

solid in the state of vapor. Since the composition of the

atmosphere is somewhat variable, the relative densities

upon this standard cannot possess much accuracy. The

employment of a pure gaseous substance, such as hydrogen,

gives much better results. As the lightest gas, all other

densities referred to it assume values greater than unity.

The absolute density of hydrogen, the weight in grams of

1 liter at and 760 mm., is 0.08987. The weight of an

equal volume, 1 liter, of oxygen under the same conditions

is 1.429 grams; hence with reference to hydrogen as unity,

oxygen will be found to have a relative density of 15.90,

i.e., 1.429 is 15.90 times 0.08987, or, by simple proportion:

0.08987: 1.429 = 1: x, or x = 15.90.

The Oxygen Standard. The intimate relation (to be

noted later) between the molecular weight of a substance

and the volume which this weight occupies in the state of

vapor has led us to refer all densities of gaseous substances

to the density of that substance which is to serve as the

basis for molecular weights. Formerly hydrogen, as the

lightest substance, served this purpose, and consequently

the close relationship between densities and molecular

weights was apparent.

In recent times oxygen, with the value 32, has been

adopted as the basis of molecular weights by reason of

the great importance of this element in its numerous

combinations with other elements and for reasons that

will be made clear after further considerations. The
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absolute density of oxygen, therefore, is now taken as the

standard of gas densities and made equal to unity. Upon
this basis the close relationship between the densities of

gases and their corresponding molecular weights will be

as well attained as originally, when hydrogen was the

standard. The relative densities of a number of sub-

stances, however, will fall below unity. Thus the relative

density of hydrogen becomes on this scale 0.0629, a value

easily derived from the simple proportion:

1.429 : 0.08987 - I: x.

In order to avoid these small values some chemists prefer

to assign to oxygen the absolute density of 16 instead of

unity. From the relations already noted between oxygen
on the one hand and hydrogen, as the lightest substance,

on the other, we readily see that the relative densities of

all other substances are thus brought to values greater

than unity. By the adoption of 32 instead of 16, as this

basis of densities, the relative densities may be made to

coincide at once with the molecular weights.*

Under all conditions the measure of the volumes of

gases is conducted at definite temperatures and pressures.

The influence* of change in these factors will be discussed

in the succeeding chapters. Whatever the volume of a

gas may be, its relative density will be determined from

the ratio of the observed weight per volume to the weight
y*

*
Strictly speaking, an exact agreement on this basis between

relative densities and molecular weights is found true only in the

case of perfect gases (cf. footnote, p. 34). In the study of actual

weights of equal volumes of gases it seems preferable, therefore,

to base the comparison upon the weight of the standard as unity.

The significance of the theoretical or calculated values, upon the

basis of 32 as the chemical unit, will be noted in succeeding

chapters.
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of an equal volume of oxygen under like conditions, when
this ratio is brought over to the basis of oxygen as unity.

Example 1. The actual weight of 1 liter of carbon dioxide, at

standard conditions, is 1.977 grams. One liter of oxygen weighs

1.429 grams. What is the relative density of carbon dioxide?

The ratio between these two densities is now to be

referred to the density of oxygen as unity. That is, the

1 429 1
ratio

'

is to be made equal to the ratio -
,
where x is

i.y it x

the relative density of carbon dioxide. We thus have

1.429 1 ,= -
, or, as more commonly expressed,

i.y 1 i x

1.429 : 1.977 = l:z.

From which x is found to be 1.384.

PROBLEMS.

1. A piece of metal weighing 30 grams displaced 20 c.c. of

water (i.e., its own volume). What is the relative density of

this metal referred to water? Ans. 1.5.

2. A vessel weighing 6.448 grams weighed 7.963 grams when
filled with water and 8.266 grams when filled with a salt solu-

tion. What is the relative density of this solution referred to

water? (The temperature constant throughout.)^
Ans. 1.2.

3. The weight of 1 liter of aqueous vapor at and 760 mm.
is 0.8045 gram. What is its relative density? Ans. 0.5630.

4. Calculate the relative density of mercury vapor, 1 liter of

which at standard conditions (0 and 760 mm.) weighs 8.87

grams. Ans. 6.207.

5. Calculate the relative density of hydrogen chloride, 5 liters

of which under standard conditions weigh 8.205 grams.
Ans. 1.148.

6. Calculate the relative density of chlorine, 100 c.c. of which

at standard conditions weigh 0.322 gram. Ans. 2.253.



CHAPTER III.

THE EFFECT OF PRESSURE UPON GASES.
THE LAW OF BOYLE.

The Relation of Volume to Pressure. When a gas is

subjected to increase of pressure the volume decreases.

On release of the pressure the volume increases, regain-

ing its former volume only at the original pressure. The
Law of Boyle states this as follows: At constant tem-

perature the product of the volume of a gas (V) by its

pressure (P) is a constant, or P X V = K. Thus a

volume of gas (1) at a pressure of one atmosphere (1)

will be reduced when under a pressure of two atmos-

pheres to one-half of its original volume, or, in the equa-
tion P X V = K, the values 1X1 = 1 will become
2 X

-J-

= 1. This constancy, however, applies to all

gases, and hence the product PV in one case will be equal
to the product P'V' for any other case when either P or V
or both change, the temperature considered constant

throughout; hence the equation PV = P'V'.

In dividing this equation, PV = P'V', through by the

quantity PV and canceling like terms in numerator and
PV P'V' V P'

denominator, we obtain ^7-
=

^^-or^-,
=

p-
. The two

fractional quantities may be expressed also by the propor-
tion V : V = P' : P. This is exactly what is indicated

above, where a volume of gas under a definite pressure

will have its volume halved under double this pressure,

etc., or at constant temperature the volume of a gas is

inversely proportional to its pressure (a general form for

9
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the statement of Boyle's Law). Strictly speaking, the

Law of Boyle holds true only for a perfect gas. For prac-

tical purposes the law gives a sufficiently accurate means

of studying volume and pressure relations.

In order to ascertain what a given volume of gas may
become at some new pressure, the temperature constant

throughout, we have only to apply the formula PV = P'V,
in which we may designate the new values by the prime
marks.

Example 2. 200 c.c. of hydrogen measured at 750 mm.

pressure will occupy what volume at the standard pressure

(760 mm.), temperature a constant?

PV = P'V, or V' = V (P/F). Substituting here the

respective values P' = 760, P = 750 and V = 200, we
obtain the expressionV = 200 X 750/760, which is easily

solved to a value of 197.3.

In general terms, we shall say that a change in the volume

of any gas by change in pressure is readily calculated from

the values given, by multiplying the volume by the fraction

formed from the original pressure as numerator and new

pressure as denominator. If this new pressure is greater

than the original, then the fraction will have a value less

than unity and the new volume (the product of fraction

by original volume) will be proportionately less; con-

versely, if the new pressure is smaller than the original

pressure, the fraction (formed from the pressures) be-

comes larger than unity in value, and the new volume

must increase over that of the original. It comes, there-

fore, to the same end if one ask himself the question:
"

Is the new pressure greater or less than the original?
"

If greater, then the fraction formed from the pressures

must be so arranged that the new volume of the gas will

be smaller, i.e., the fraction must have as its numerator
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the smaller of the two pressure values, and as its denomi-

nator the larger. This fraction less than unity in value

will, as was just shown, reduce the volume which it mul-

tiplies in the correct proportion. If the new pressure is

smaller than the original, the diminution in pressure must

be accompanied by an expansion in volume, and, accord-

ingly, the fraction formed from the pressures, which we

may conveniently call the pressure-fraction, takes the

larger value in the numerator and smaller value in the

denominator. From the product of this fraction, greater

than unity, by the original volume we obtain the new and

correspondingly increased volume.

The Relation of Pressure to Volume. Just as change
in pressure produces a change in volume, so also a change
in volume will produce a change in the pressure of a gas.

The effect of this change in volume upon the pressure is

readily determined from the equation PV = P'V, and
takes the form of expression:

P' = p (V/V).

As the new volume V' increases or decreases with reference

to the original, the volume-fraction becomes respectively
less or greater than unity in value.

Examples. A 'volume of gas measuring 100 c.c. at 750

mm. was expanded to 500 c.c. at constant temperature. What
was the pressure of the gas at this final volume?

In order to arrange the fraction (formed from the

volumes) in such a way as to give a value less than unity
and one that will reduce the given pressure in the ratio

indicated by Boyle's Law, it is necessary here to place the

smaller number in the numerator. The product of this

volume-fraction by the original pressure P, or 750 mm.,
gives the new pressure sought: 750 X 100/500 = 150.
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The Relation of Density to Pressure. The absolute

density of a gas, the mass per liter, may be seen now to

vary with the pressure to which the gas is subjected.

With reference to the formula D = M/V, we are aware

that the weight or mass is unaffected by any changes
in temperature or pressure. The volume (V), however, is

altered by either or both of these influences. Thus with

an increase of pressure it decreases and hence the absolute

density must increase. In other words, both the absolute

density and the pressure of a definite quantity of gas vary

inversely with the volume when the temperature is con-

stant, and hence are directly proportional to each other.

Therefore, in the equation PV = P'V we may substitute

D for P throughout and obtain

DV = D'V, or D7 = D (V/V).

Example 4- 100 c.c. of hydrogen, the absolute density of

which (the weight of 1 liter) is 0.08987, will have what density

when expanded to 200 c.c. in volume at a constant tem-

perature?

Here the increase in volume means a decrease in the

pressure and hence in the density. The fraction formed

from the volumes, the volume-fraction, must be arranged
so as to produce this decrease corresponding to Boyle's
Law and, therefore, the numerator must contain the

smaller of the two values. When this quantity 100/200
is multiplied by the density 0.08987, we obtain the new

density 0.0449.

This is identical with saying that at this new and larger

volume the actual weight of the gas has not changed, or

the original weight of the 100 c.c., 0.008987 gram, has

remained a constant. The mass per volume, however,
has been changed, in that this weight of gas is now spread
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out over twice the original volume. The actual weight
of 100 c.c. of the rarefied gas is just one-half of the weight
of the total volume, 200 c.c., or 0.00449 gram. As a

basis for calculations of this nature, that general property
of homogeneous substances is of course understood: The

weight of any fractional part of a volume bears the

same ratio to the total weight as this fractional volume

itself does to the total volume.

It should be remembered in this connection that the

relative density of a solid or liquid may vary with the

temperature or pressure (p. 5), since the effect of change
in these factors upon the volume of a substance and upon
that of the standard chosen may not be the same. The

relative density of a gas, however, is constant, since

changes in these factors affect all gases alike.

PROBLEMS.

7. 512 c.c. of hydrogen at a pressure of 744 mm. will occupy
what volume at a pressure of 790.5 mm., the temperature
constant? Ans. 481 c.c.

8. 240 c.c. of gas at a pressure of 740 mm. were admitted into

an empty vessel of 800 c.c. capacity. What was the pressure of

the gas at this new volume, temperature constant?

Ans. 222 mm.

9. 500 c.c. of oxygen, absolute density 1.429, were com-

pressed to a volume of 125 c.c. at constant temperature. What
was the density of the gas at this final volume? What would
be the weight of 50 c.c. of the compressed gas?

Ans. 5.716, 0.2858 gram.

10. A volume of gas measuring 600 c.c. at 760 mm. pres-
sure was expanded to a volume of 1000 c.c. at constant tem-

perature. What was the final pressure of the gas, and what
fractional change in its absolute density must have followed

this expansion? Ans. 456 mm.
Density I of former value.
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11. 500 c.c. of a gas, the absolute density of which is 6,

must be reduced to a density of 0.75 at constant temperature.
What will be the volume of this rarefied gas? Calculate also

the weight of 400 c.c. of the rarefied gas.

Ans. 4000 c.c.
; 0.3 gram.

12. A volume of gas weighing 5 grams was expanded, at a

constant temperature, till the pressure was reduced to one-half

of its former value. 500 c.c. of the rarefied gas weighed 1.25

grams. What was the original volume of the gas? Calculate

also the original density assuming the original observations

made at standard conditions. Ans. 1000 c.c.

Density 5.



CHAPTER IV.

THE EFFECT OF TEMPERATURE UPON GASES.
THE LAW OF CHARLES.

WITH pressure constant the volume of a gas is found to

vary with the temperature. The Law of Charles (known
also as Gay-Lussac's Law), states this as follows: Under
constant pressure the volume of a gas varies directly with

the temperature upon the absolute scale.

The Determination of the Coefficient of Expansion.

The standard condition of temperature, C., becomes on

the absolute scale 273. This is calculated from the fact

that, given any volume of gas at C., the effect of cooling

upon this gas will bring about a diminution in its volume

by 1/273 for each degree centigrade below the centigrade

zero, consequently at 273 C. the volume will have been

diminished by 273/273 of itself, or by its entirety. This

point, therefore, is regarded as the zero point or lowest

point at which a gas may possibly come under considera-

tion. At or below this point no gas could exist as such.

Though this temperature has not as yet been reached,

it follows that all gases will be liquefied above it. A
volume of gas measuring 273 c.c. at C. would lose per

degree of cooling 1/273 of itself, or a single unit of volume.

At one degree of temperature above the absolute zero

(designated as 1 A.) the gas, having cooled through 272

and lost 272/273 of its volume at C., would consequently

occupy but 1 c.c. At 2 A. its volume would be 2 c.c.,

having lost here 271/273 of its volume at C. At

273 A. its volume would be again 273 c.c.; in fact through-
15
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out the entire range, A. to 273 A., a unit of volume

corresponds to a unit of temperature, and the one is there-

fore directly proportional to the other, i.e., the volume
varies directly with the temperature. Upon passing the

point 273 A. the same principle holds. For each degree
of temperature there is an expansion in volume corre-

sponding to 1/273 of the volume at 273 A. or C. At
283 A. the volume of a gas measuring 273 c.c. at 273 A.

will have increased by 10/273 of this volume and measure

283 c.c. The rate of expansion above C. is identical

with that of cooling below this temperature. This ratio

between the increase in volume per degree and the total

volume of a gas at C. called the coefficient of expan-
sion and often expressed decimally as 0.00367 in place of

the fraction 1/273 was determined by measuring the

expansion of gases from C. upward and this upon
the centigrade scale; consequently the determination of

the zero point on the absolute scale is made in centigrade

units, and each degree of temperature centigrade must

be equivalent to one degree on the absolute scale. If

273 A. is the zero of centigrade, then 283 A. is equal to

10 C. and so on. In order to preserve this direct pro-

portionality between volume and temperature we have

only to convert the centigrade temperatures into their

corresponding values upon the absolute scale. By reason

of the equivalence in the units we add 273 to the read-

ings above C. and subtract readings below C. from

273; the results represent absolute temperatures (desig-

nated by T in contradistinction to t for the centigrade

temperatures).

With this one volume, 273 c.c. as above chosen, the

absolute temperature coincides numerically throughout
with the volume in cubic centimeters, and simplifies the

calculations to adding or subtracting single units. Had
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any other volume of gas at C. been considered, the

same ratio between volume and temperature would be

found a direct proportionality but the variations would

not be in single units. The equation which represents

this change in volume V under a definite change in tem-

perature t (centigrade) may be simply expressed as

V = V (1 + at), where a is the coefficient of expansion

per degree (1/273) and t the number of degrees centigrade

through which it operates. Thus for a definite rise in

temperature, t, the total expansion will be equal to that

fractional part of the original volume as is indicated by
the quantity at, i.e., (1/273 X t) V; and any new volume

V must be equal to the original volume V.plus the total

expansion :

V = V + (1/273 X Vor

V' = V (1 4- Z/273) or

V = V(l + at).

It is regarded as more helpful in this work to arrange the

original and new values as members of a simple propor-

tion, in which, of course, only the absolute temperatures
are considered: V : V = T' : T. The application of the

Law of Charles to various cases may be illustrated now

by examples.

The Relation of Volume to Temperature.

Example 5. A volume of gas measuring 200 c.c. at 20 C.

will have what volume at the standard condition, C.

From the direct proportionality between volume and

absolute temperature we have

V : V = T : T', or V = V (T'/T),

where T and T' represent, respectively, the original and

new temperatures expressed in absolute units. In the
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example above, T = 20 + 273 = 293; the new tem-

perature is 273. The change in volume of this gas must

follow according to the proportion:

200 : x = 293 : 273, or x = 200 (273/293), or x = 186.35

Here we see the original volume is to be multiplied by a

fraction formed from the two temperatures, the tempera-

ture-fraction, and again we may apply the question as in

the consideration of Boyle's Law: "Is the new volume to

be smaller or greater than the original volume?" If

greater, then the larger number (the degrees in absolute

units) must be set over the smaller in order that the frac-

tional quantity, when multiplied by the original volume,

may increase that volume in the proportion indicated by
these temperature values. If the new volume is to be

smaller, then the numerator must contain the smaller of

the two numbers and the product accordingly will be

proportionately less.

The Relation of Temperature to Volume.

Example 6. A volume of gas measuring 100 c.c. at 17 C.

was expanded by warming to a volume of 250 c.c. at constant

pressure. To what temperature must the gas have been heated

to bring about this expansion?

From the Law of Charles we draw up the equation
T' = T (V'/V). In conformity with the direct propor-

tionality between volume and absolute temperature, the

new temperature (T') must be greater than the original

temperature. The volume-fraction thus arranged to

bring about this proportional increase when multiplied

by the original temperature (T = 273 + 17 = 290)
becomes 250/100, and the final temperature accordingly

is T' = 290 (250/100) or 725. 725 A. is equal to 452 C.
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The Relation of Density to Temperature. In con-

sideration of the change in absolute density under

change of temperature, with pressure a constant, we see

from the formula D = M/V that, as the volume increases,

the fraction M/V (the expression for the density) must

become less and less. With the volume of a gas the

denominator of this fractional quantity becoming less,

we obtain a larger quotient or a larger value for the den-

sity. Now as this change in volume is directly propor-

tional to a change in absolute temperature, the density of

a gas will decrease with an increase in its absolute tem-

perature and increase with a decrease in this factor,

that is, under constant pressure the absolute density of a

definite quantity of gas is inversely proportional to its

absolute temperature or D : D' = T' : T.

Example 7. A volume of hydrogen at C., with the abso-

lute density 0.08987, will have what density when expanded by

heating to 10 C. at constant pressure?

From the equation above we have D' = D (T/T
X

).

This signifies that the density given must be multiplied

by a fraction formed from the two temperatures (the

temperature-fraction). We should now ask the question

whether, from the inverse proportionality just mentioned,

the new density (D') will be greater or less than the

original density (D). Here the new temperature is

higher, consequently the new density will be lower, there-

fore the smaller number must be placed in the numerator

and the value for D' can be readily calculated:
.

D' = D (273/283), or 0.08987 (273/283), or 0.0867.
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PROBLEMS.

13. What will be the volume of 250 c.c. of hydrogen meas-

ured at 30 when cooled to 10 at constant pressure?
Ans. 217 c.c.

14. A rubber balloon containing 400 c.c. of oxygen measured

at - 20 is subjected to a temperature of 120. What is the

increase in volume of the balloon, the atmospheric pressure
constant throughout? Ans. 221.3 c.c.

15. A volume of gas measuring 500 c.c. at was expanded
by heating to 600 c.c., at constant atmospheric pressure. What
was the temperature which the gas attained? Ans. 54.6.

16. The absolute density of oxygen is 1.429. What would
be the weight of one liter of oxygen collected at 40 and 760 mm.
pressure? Ans. 1.246.

17. A volume of gas with the absolute density 4 and measur-

ing 250 c.c. at was expanded by warming, under constant

pressure, to a volume of 600 c.c. What increase in temperature
was required, and what would be the weight of 300 c.c. of the

rarefied gas? Ans. 382.2; 0.5 gram.



CHAPTER V.

THE COMBINED EFFECT OF TEMPERATURE AND
PRESSURE UPON GASES. PARTIAL PRESSURES.

WHEN a volume of gas is subjected to change in both

temperature and pressure the relation of the original

volume to the new volume must be in accordance with

the two principles already enunciated:

V : V = P : P' and V7
: V = T 7

: T
or V7

/V = P/P' and V'/V = T'/T

or V7 = V (P/P
7

) and V7 = V (T
7

/T).

Considered separately, we know that the original volume

under change in pressure must adjust itself in accordance

with the ratio denoted by Boyle's Law and attain that

value which is expressed by the product of the pressure-

fraction by the original volume, V (P/P
7

). The

operation of a change in temperature will modify the

original volume in accordance with the Law of Charles,

and the resulting value will be expressed, as the formula

above indicates, by the product of the original volume

by the temperature-fraction, V (T
7

/T).

If the original volume, already modified to accord with

a change in pressure, is to come in turn under the influence

of a change in temperature, which is separate and inde-

pendent of the pressure, we shall be able to express the

result by substituting this already modified value of the

original volume, V (P/P
7
), for that volume denoted by

V in the equation, V7 = V (T
7

/T), representing the effect

of an alteration in temperature. In other words, the vol-

21
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ume Vin the equation V7 = V (T
7

/T) may be regarded as

already affected by some change in pressure, a change
which can have altered it only in accordance with the

Law of Boyle and brought it to its new value through the

expression V (P/P'). It follows, therefore, that by sub-

stituting V (P/P') for V in the equation V7 = V (T'/T)

we shall obtain the value which results from the action of

both these agencies, pressure and temperature, upon the

gas. Whether we consider the action of pressure before

or after that of temperature, the final product will be the

same. Thus, when the expression V7 = V (T
7

/T) is made

to include the effect of a change in pressure upon the

original volume V, we have the form

V = V(P/F) (T'/T),orV =
v(J,

.

J);
whereas the expression denoting the influence of pressure

alone, V7 = V (P/P
X

), when made to include the effect of

a change in temperature upon the volume V, gives the

same form

V = V (T'/T) <P/P'), or V = V

Though the Law of Boyle holds only when temperature
is a constant and the Law of Charles only when pressure

is a constant, the simultaneous validity of the two laws is

here assumed. This is more clearly understood when

variations in temperature and pressure are studied under

constant volume. Thus a volume of gas V, at tempera-
ture T, and under a constant pressure P, when warmed to

the temperature T7
, gives a new volume V7

, according to

the equation V7 = V (T
7

/T). In order to bring back this

increased volume to its original volume V, under constant

temperature, a pressure P7 must be now applied. This

pressure will be derivable from the original pressure in

accordance with the Law of Boyle; and from the new vol-
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ume V7

,
or V (T'/T), we can only obtain the original or

smaller volume V at the condition of this greater pressure

P'; hence the equation P'V = V (T'/T) P, or that equa-
tion which denotes the inverse proportionality between

volume and pressure. With the volume V, thus brought
back to volume V, through this increase in pressure, the

variations between temperature and pressure at this con-

stant volume can be derived. The elimination of the

common factor V from the equation above gives us

P' = P (T
X

/T), or P'/P = T'/T.

This signifies that at constant volume the change in

pressure is directly proportional to the change in tem-

perature expressed upon the absolute scale, and is there-

fore exactly analogous to the change in volume by
change in temperature at constant pressure; the two

thereby stand in harmony with the Law of Charles.

The influence of temperature may be as well considered

along with alterations in pressure as with volume, since

the alterations are exactly analogous and are derived

from identical expressions. Consequently the variations

in the two factors, pressure and volume, may simulta-

neously include the effect of temperature and take that

form which indicates the direct proportionality of each

of these factors to the absolute temperatures:

T'/T = P'/P X V'/V.

As more generally expressed, the equation is

V'/V = P/P' X T'/T, or

(L.1YVP' T/
This is, as seen, the product of the original volume by
both the pressure-fraction and temperature-fraction con-

jointly. Hence we may consider the original volume as

having come under the action of two forces simultane-



24 CHEMICAL CALCULATIONS

ously; the new volume, therefore, is that volume produced

by the resultant of these two forces.*

The Relation of Volume to Temperature and Pressure.

Example 8. Given 100 c.c. of a gas at 10 and 750 mm.

pressure, what will be its volume at standard conditions (0

and 760 mm.)?

The change from the original to the new values may be

indicated thus: 283 -> 273, and 750 mm. -> 760 mm.
With respect to these alterations in temperature and pres-

sure the questions may now be asked in regard to the

magnitude of the new volume brought about by each of

these influences. From the change in temperature the new
volume must be smaller, as the gas in cooling undergoes
a contraction (direct proportionality), hence 273/283 will

represent the temperature-fraction. From the change in

pressure the new volume must be smaller, since the new

pressure is larger and the volume therefore will be dimin-

ished (inverse proportionality), hence 750/760 will repre-

sent the pressure-fraction. Bringing these two influences

together, the product of the two by the original volume

will give the combined effect of the two changes upon this

volume:

V' = 100 (273/283) X (750/760), or V7 = 95.2 c.c.

* If in this connection the form of equation V' =V (1 -f at) is used,
we shall arrive at a similar expression for change in pressure at con-

stant volume: Pr = P (1 + at). The combined effect of a change in

volume and change in pressure is then represented by P'V' = PV
(1 + at). By substituting here for t its value on the absolute scale,

T 273^ we obtain

P'V - PV IV
\273

or P'V- T
'

~' J

273
' ~273

The expression PV/273 is found to be a constant for a given quantity of

gas under all values of temperature, pressure and volume, and is usu-

ally expressed by R ;
hence the general gas equation, PV = RT, which

signifies "that the pressure-volume product of a definite quantity of

any definite gas is proportional to its absolute temperature."
A. A. FOTES.
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With these two fractions each less than unity in value,

the original volume is materially diminished under the

new conditions.

The Relation of Temperature to Volume and Pressure.

Example 9. At what temperature will a gas 200 c.c. in

volume, at 20 and 750 mm., occupy a volume of 300 c.c.

when the pressure is 740 mm.?

Here the volumes and pressures are known, and the

undetermined quantity is one of temperature. The

general formula must be arranged so that the undeter-

mined quantity is on one side of the equation:

V'/V = P/P' X T'/T

when divided through by P/P
7

gives

T'/T = V'/VX P'/P,

hence the new temperature T' is expressed by the equation

/V P'\v = T{W P/*

The entire matter may be simplified and made more

apparent if we recall the reasoning advanced in the pre-

ceding cases; namely, the unknown quantity is derivable

from the known quantity by multiplying this latter by
the fractions formed from the related terms, when these

terms are arranged so as to give a quotient that will

express the magnitude of the term sought (the unknown

quantity) over that of the one already existent.

At 20 C., or 293 A., the volume of gas in the problem
above was 200 -c.c. At the new temperature it is to be

300 c.c., hence this temperature must be larger, else no

expansion could occur (direct proportionality); therefore

T' = 293 (300/200). Again, the pressure-fraction must
be arranged so that its quotient will acquire a value

less than unity, i.e., 740/750, since the effect of
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pressure must necessarily decrease the temperature here

required (direct proportionality) (cf. p. 23). The com-

bined influence will be expressed by the product of the

two fractions by the original temperature:

T' = 293 (300/200) X (740/750)

or T' = 433.6 A. = 160.6 C.

The Relation of Pressure to Volume and Temperature.

Example 10. 100 c.c. of a gas at 20 and 740 mm. will

exert what pressure when occupying 120 c.c. at 40?

Arrange the related terms in fractions in accordance

with the questions as to whether the new pressure is to be

greater or less than the original, 740 mm., and multiply
both by this value. The temperature-fraction becomes

313/293, since at higher temperature the pressure must

be greater (direct proportionality); the volume-fraction

becomes 100/120, since at increased volume the pressure
must be less (inverse proportionality), therefore by
arranging all these factors we have:

P' = 740 (100/120) X (313/293), or P' = 658.7 mm.

This is in accord with the general equation which may be

drawn up for changes in both volume and temperature

upon the pressure of a gas:

D

l^'T
When the volume is a constant the equation takes the

form indicated on p, 23:

P' = P/^

The Relation of Density to Temperature and Pres-

sure. The variation in the absolute density of a gas

through the simultaneous variations in temperature and
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pressure follows readily from what has been stated in

regard to variation in volume under these same influences.

In the study of absolute density, D = M/V, the inverse

proportionality between the absolute density and the

volume of a gas permits, in the general equation denoting
the influence of temperature and pressure changes in this

connection, of the substitution of the term D' (the new

density) and D (the original density) for V and V re-

spectively. The general equation V'/V = P/P' X T'/T
then becomes D/D' = P/P' X T'/T or, as transposed to

indicate the alteration in temperature and pressure upon
the original density:

P T

This is in keeping with what has been already observed,

i.e., the absolute density of a definite quantity of gas

varies directly with the pressure and indirectly with the

absolute temperature.

Example 11. A volume of oxygen at 20 and 750 mm. pres-

sure has what absolute density under these conditions?

The absolute density of oxygen at and 760 mm.

pressure is 1.429. The new density will be less under

the conditions named, since both the pressure-fraction

750/760, and temperature-fraction 273/293, will reduce

the original value according to the equation:

D' = 1.429 (273/293) (750/760), or D' = 1.314.

PARTIAL PRESSURES.

Whether we have to deal with a simple gas or a mixture

of several gaseous components, the Law of Boyle is equally

applicable. Each component of a gaseous mixture exerts

a definite individual pressure, the same that it would exert

were it alone present in this volume. According to the

Law of Dalton, the sum of these individual pressures,
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partial pressures, of the several components is equal to the

total pressure of the mixture. When two gases of equal

volume at the same conditions are brought together and

communication made between the two vessels, we find

that the gas from each vessel diffuses into the other vessel

and becomes uniformly distributed throughout this double

volume (the two vessels). In other words, each gas be-

haves as if it alone were present in the total space included

in the two vessels. Under double the original volume each

gas can exert but one-half of its original pressure. The

sum of the pressures of the two gases, however, must be

again equal to unity or that pressure which each originally

exerted. Consequently the total pressure of a gaseous

mixture may be regarded as the sum of the individual or

partial pressures of the several components.
When aqueous vapor is present in a volume of gas we

have again the consideration of gaseous mixtures. Water

gives off a varying amount of its vapor, independent of

any other gaseous substance that may be present in the

space about it, but always dependent upon the tempera-
ture. At any one temperature we assume an equilibrium

between the two tendencies, that of the molecules of

the vapor to condense as liquid, and that of the molecules

of the latter to fly off as vapor; in other words, we have a

condition of saturation with aqueous vapor.

The density or concentration of aqueous vapor (the aque-

ous tension) as attained at each condition of equilibrium

is definite for that temperature at which the equilibrium

exists. This density of the vapor is determined most easily

by measuring the pressure which it exerts, the vapor

pressure. If a little water is admitted into the vacuum
at the top of a barometric column of mercury, the vapor
evolved will exert a pressure which increases with a rise in

the temperature of the surrounding medium. At 100 the
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pressure of this vapor will have just sufficed to displace all

of the mercury (sustained by the atmosphere at sea level),

and consequently will have reached a pressure exactly bal-

ancing one atmosphere. This temperature is the boiling-

point of the liquid or that point at which bubbles of vapor
form in the liquid itself. At higher elevations than sea

level, i.e., under reduced atmospheric pressures, this

attainment of the external pressure by the vapor of the

liquid (the boiling-point) will take place at lower tempera-
tures. As the temperature falls the aqueous vapor above

the mercury in the barometric tube just mentioned will

decrease in concentration and exert less pressure; conse-

quently mercury will be forced into the tube by the pres-

sure of atmosphere from without. The difference in height

of the mercury in this tube and that in a barometer, where

no moisture is present, will give the height of mercury, or

pressure, corresponding to that of the aqueous vapor at

the recorded temperature.

When any gas is measured over water at atmospheric

pressure, and a temperature constant for both gas and

liquid, we obtain the partial pressure of the dry gas in the

mixture by subtracting from this barometric reading the

pressure which aqueous vapor exerts at the observed tem-

perature. (The values for a range of temperatures are

found in Appendix II.)

Example 12. 100 c.c. of a gas at 10 and 750 mm., measured

over water, will have what volume under standard conditions?

At 10 the pressure of aqueous vapor is 9.2 mm. (see

Appendix II), therefore the barometric reading, 750 mm.,

represents the sum of the pressures of the aqueous vapor
and that of the dry gas, and, as standard conditions are

desired, the volume of the gas should be determined in the

dry state. Accordingly 750 mm. 9.2 mm. = 740.8 mm.,
the pressure of the dry gas. The problem then resolves
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itself into one exactly as in Ex. 8, page 24. The volume

of a gas at 740.8 mm., when calculated at a pressure of

760 mm., or a greater pressure, must be necessarily

diminished; therefore 740.8/760 is the pressure-fraction.

The temperature-fraction is 273/283, consequently the

new volume will be derived from the equation

V = 100 X 740.8/760 X 273/283, or V = 94.03 c.c.

PROBLEMS.

18. 500 c.c. of hydrogen at 25 and 745 mm. pressure will have

what volume at 15 and 755 mm. pressure? Ans. 476.8 c.c.

19. A vessel of 2000 c.c. capacity held 5 grams of a vapor
at the standard conditions of temperature and pressure. What

weight of this vapor at 10 and 750 mm. pressure can be held in

this vessel, the capacity considered constant?

Ans. 4.76 grams.
Note. This volume of vapor (x), at and 760 mm., with the

weight (10), when raised to the new volume (?/), will still have the same

weight. Consequently the vessel can be made to contain only that

part of the original weight which is denoted by the fraction x/y.

20. 10 liters of a gas measured at 20 and 750 mm. pressure

weighed 14 grams. What weight of this gas could be contained

in a smaller vessel holding 4 liters at 10 and 760 mm. pressure?
Ans. 5.87 grams.

21. What volume will 1000 c.c. of gas at 30 and 740 mm.

pressure occupy when reduced to standard conditions?

Ans. 877.3 c.c.

22. 1000 c.c. of a gas measured at 10 and 750 mm. pressure
was increased to 1120 c.c. by warming. The final pressure read

740 mm. What was the final tejnperature of the gas?
Ans. 39.7.

23. A volume of gas measured at 10 and 750 mm. pres-

sure will have what pressure at 20, the volume a constant?

Ans. 776.5 mm.

24. A volume of gas measuring 1000 c.c. at 15 and
745 mm. pressure was warmed to 32. What increase in the

pressure of the gas would be recorded, the volume a constant?

Ans. 44 mm.



TEMPERATURE AND PRESSURE UPON GASES 31

25. What decrease in temperature will be necessary to reduce

400 c.c. of a gas, at 20 and 765 mm., to a volume of 300 c.c. at

750mm.? Ans. 77.56.

26. What increase in temperature will be necessary to bring
a volume of gas, measuring 560 c.c. at 10 and 745 mm. pres-

sure, to a volume of 600 c.c. at this same pressure?
Ans. 20.2.

27. A volume of hydrogen measuring 500 c.c. at 25 and

730 mm. was reduced in volume to 400 c.c at 0. What was

the final pressure of the gas? Ans. 836 mm.

28. What increase in pressure is necessary to force 100 c.c. of

hydrogen, at 10 and 740 mm., into a vessel of 80 c.c. capacity,

when the temperature of this vesselis constant at 0?
Ans. 152.3 mm.

29. What is the absolute density of hydrogen at 20 and

740 mm. pressure? Ans. 0.08153.

30. What is the absolute density of air at 10 and 750 mm.

pressure? The absolute density at the standard conditions is

1.293. Ans. 1.231.

31. 400 c.c. of gas, with the absolute density 6 and measured

at 25 and 750 mm. pressure, is to be brought to a temperature
of 10 and a pressure of 760 mm. What weight of this final gas
can be contained in a vessel of 100 c.c. capacity?

Ans. 0.64 gram.

32. 10 grams of a gas, measured at 48 and 600 mm. pres-

sure, was expanded by heating to 177 and reducing the pressure

to 480 mm. Of this rarefied gas 250 c.c. weighed 0.5 gram.
What was the original volume of gas and what was the density of

the gas at its original and final volume?
Ans. 2000 c.c.

Original density
= 5.

Final density
= 2.

33. 150 c.c. of air measured over water at 18 and 746 mm.

pressure will have what volume at standard conditions?

Ans. 135.3 c.c.

34. 1 liter of oxygen at standard conditions weighs 1.429

grams. 440 c.c. of this gas measured over water at 24 and

742 mm. pressure will contain what weight of the dry gas?
Ans. 0.547 gram.
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35. 545 c.c. of nitrogen as measured over water at 22 and
748 mm. pressure contain what weight of the dry gas (density =

1.2507)? Ans. 0.6045 gram.

36. 2.2 grams of oxygen will occupy what volume at 20 and
770 mm. pressure when transferred to a vessel inverted over

water? Ans. 1667 c.c.

37. 1 gram of hydrogen (density
= 0.08987) measured at

standard conditions will occupy what volume when transferred

to a vessel over water at and 760 mm. pressure?
Ans. 11,195 c.c.

38. 400 c.c. of oxygen at standard conditions will have what
volume when measured over water at 20 and 755 mm. pressure?

Ans. 442.3 c.c.

39. 100 c.c. of a gas, measured over water at 25 and 745 mm.
pressure, will have what volume when deprived of moisture?

The atmospheric conditions constant. Ans. 96.8 c.c.

40. 1000 c.c. of oxygen, measured over water at 10 and
750 mm. pressure, will have what volume at 10 and 770 mm.
pressure when deprived of its moisture? Ans. 894.1 c.c.

41. 500 c.c. of a gas contained in a tube inverted over

water, and measured at 10 and 765 mm. pressure, will have

what volume under a change in the atmospheric conditions to

20 and 745 mm. pressure? Ans. 537.7 c.c.

42. What decrease in pressure will be necessary to raise a

volume of gas measuring over water 400 c.c., at 22.5 and
748 mm. pressure, to a volume of 440 c.c. under the same
conditions? Ans. 66.2 mm.

Note. The actual atmospheric pressure of the moist gas required
for the new conditions will be obtained by adding the tension of aque-
ous vapor to the value for P'.

43. What increase in atmospheric pressure will be necessary
to reduce 200 c.c. of a gas, measured in a tube over water at 10

and 720 mm., to a volume of 100 c.c. at 20 in this same tube?
Ans. 769.2mm.

Note. The calculated pressure for the dry gas must be increased

by the tension of aqueous vapor at the new conditions in order to

obtain the actual pressure that would be recorded (cf. Prob. 42).



CHAPTER VI.

AVOGADRO'S HYPOTHESIS AND SOME OF ITS

APPLICATIONS.

THE hypothesis of Avogadro is the outcome of the Law
of Combining Volumes (Gay-Lussac), and assumes that, if

the Laws of Boyle and Charles are strictly true, there

must be a uniform distribution of molecules in all volumes

of gases at the same conditions of temperature and pres-

sure. More generally the hypothesis takes the following

form: Under the same conditions of temperature and

pressure equal volumes of all substances in the state of

vapor contain an equal number of molecules. By mole-

cules are meant the smallest parts in which a substance

maintains its identity. The complete chemical combina-

tion between the molecules of equal or multiple volumes

of gases to form definitely related volumes of gaseous

products, with no molecules of either constituent remain-

ing free or uncombined, presupposes this even distribution

of molecules.

Now the weight of a given volume of gas when compared
with the weight of an equal volume of another gas, under

the same conditions, will represent not alone the ratio

between the sum of the weights of all the molecules in one

volume and that of the other, but also the ratio between

the weight of an individual molecule of one gas and that

of the other. This follows, of course, from the fact that

the numerical ratio between the weights of each equal
volume is not altered through division by a common factor,

the unknown yet equal number of molecules in both
33
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volumes. In determining the relative weights of mole-

cules it is therefore of no importance as to what particular

volume of gas is weighed, so long as the weight is to be

compared with the weight of an exactly equal volume of

some other gas at the same conditions of temperature and

pressure. Any known volumes of gases upon which accu-

rate data are at hand may serve for this purpose when

they are reduced to the same conditions (cf. Chap. V) and

comparison made between equal volumes of each.

The Relation of Density to Molecular Weight. This

comparison in the weights of equal volumes of gases is,

after all, nothing more or less than the comparison in gas

densities. Thus the absolute density of hydrogen, 0.08987,

when compared with that of oxygen, 1.429, is found to be

about 1/16 of the latter, or, if the density of hydrogen
is considered as unity, the density of oxygen becomes

15.90:

0.08987 : 1.429 = 1 : 15.90.

The relative weight of a molecule of oxygen, its molecu-

lar weight, would be, accordingly, 15.90 times the

molecular weight of hydrogen. But from accurate deter-

minations of the atomic weights of these elements the

molecular weight of oxygen is found to be only 15.88

times that of hydrogen.*

* The determination of the atomic weights of all the elements gives
us the most accurate means of obtaining the true molecular weights.

Density determinations involve numerous complications, and are there-

fore liable to errors, but nevertheless they give us a very fair approach
to the true values. The various degrees of cohesion between the

molecules of gases bring into existence a greater or less deviation from
the uniform packing of these molecules as assumed by Avogadro's
hypothesis for a perfect gas. Thus with oxygen we have a slightly

greater packing than with hydrogen, as is shown by the increase of

the relative density 15.90 over the calculated value 15.88. In order

that our calculations may be free of these slight discrepancies, densi-

ties may be given as calculated back from the correct molecular weights,
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The relation in the absolute densities applies equally

well to the relative densities of gases providing, of course,

that they are referred to the same standard. Thus the

relative densities of hydrogen and oxygen upon air as a

standard are 0.0696 and 1.105 respectively. The com-

parison of these values gives the same relative weights

of the molecules of hydrogen and oxygen as shown

above.

We have several cases which show that a volume of

hydrogen may enter into combination with an exactly

equal volume of another gas, and the resulting gaseous

compound occupy the volume originally held by the two

gases severally, i.e., the sum of the two gaseous volumes

now makes up the volume of the compound. Since

temperature and pressure remain the same throughout,

the number of molecules in the volume of the resulting

compound must be twice the number of molecules in

either volume of gaseous constituent. As each of the

molecules in the compound contains hydrogen in chemical

combination, we clearly see that there are now twice as

many hydrogen parts present as there were in the original

volume of hydrogen. Since weight for weight there can

be no change in the amount of hydrogen present in the

two cases, we naturally infer that the original molecule of

hydrogen contained two smaller parts or units, atoms,

and that it was these atoms which were concerned in

the chemical combination. Never have we been able to

get the element hydrogen to spread out over more than

twice its original volume when entering into chemical

combination, therefore we assume that the hydrogen as

we know it contains at least two atoms to its molecule.

and consequently the value for oxygen will henceforth be taken as

15.88 instead of 15.90, when referred to hydrogen as unity.
Unless otherwise stated, the densities hereafter considered are the

calculated weights of 1 liter of gas at standard conditions.
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We have a number of elements the molecules of which

under certain conditions are shown in like manner to

possess two atoms (i.e., diatomic), e.g., oxygen (O 2 ),

chlorine (C1 2 ), bromine (Br2 ), iodine" (I2), and nitrogen (N 2 ),

whereas the molecule of mercury in the vapor state is

monatomic (Hg).

As already stated, from the comparison in the weights
of equal volumes of gases, we may derive the relative

weights of the several kinds of molecules. With the

hypothesis now that the molecules themselves are com-

posed of atoms, we must interpret these relative values as

those which stand for the ratios between the sums of the

weights of the atoms in the molecules, i.e., the molecular

weights. A comparison between the relative weight of a

molecule of hydrogen and a molecule of oxygen gives us

the ratio 1 : 15.88. Since both hydrogen and oxygen
molecules contain two atoms each, this same ratio stands

likewise for that between the weights of the hydrogen and

oxygen atoms. In order, therefore, to include the relative

weights of the atoms in the molecular weights and thus be

able to compare the relative weights of the molecules upon
their smallest units as a basis, it is only natural that we

regard the ratio 1 : 15.88 as the ratio between the relative

weights of the hydrogen and oxygen atoms. The molecu-

lar weights of hydrogen and oxygen then become 2 and

31.76 respectively, values which indicate, of course, that

they are made up of the sums of the respective atomic

weights in each molecule. All of this presupposes that

hydrogen, with the smallest atomic weight, should be re-

garded as unity for the convenience of these comparisons.

The importance of the element oxygen with its great

number of well-defined compounds and the comparative

ease with which these compounds may be utilized, through

analyses, for the determination of the relative weights of
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molecules of other elements, has led to its universal adop-
tion as the standard of molecular weights. In order that

the values upon this scale may not depart far from those

already determined upon the basis of hydrogen as unity,

the former value for oxygen, 31.76, was increased to 32, a

whole number, and thus the atomic weights of all the

elements allowed to retain a value greater than unity.

With oxygen changed from 31.76 to 32, we may readily

derive the corresponding value for the molecular weight
of hydrogen from the simple proportion:

31.76 : 2 = 32 : x,

which gives the value 2.016. From the molecular weight
of oxygen (32) the relative weight of the atom must be-

come 16, while the relative weight of the hydrogen atom

will be 1.008. An imaginary gas with the atomic weight

1/16 of the atomic weight of oxygen (16) may be regarded,

therefore, as the basis or unit weight of these values.

These numerical values refer to no particular standard of

weights, but when expressed in grams it is customary to

call them gram-molecular weights; thus 32 grams is the

G.M.W. of oxygen.
As already stated, the comparison of the densities of all

substances in the state of vapor gives at once the relative

weights of their molecules. In order, then, to obtain the

molecular weight of any substance upon the basis of oxy-

gen as 32 it becomes necessary to effect a comparison
between its absolute density and that of oxygen on this

basis. The calculated absolute density of chlorine is

3.166 (actual value = 3.22). The absolute density of

oxygen, 1.429, will bear the same relation to this value

for chlorine as the weight 32 bears to the molecular weight

of chlorine, 70.92:

1.429 : 3.166 = 32 : x, or x = 70.92.
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When the relative density of a gaseous substance is

given, i.e., the value obtained by referring the absolute

density to that of oxygen as unity, the proportion above

will of course take the form:

1 : Rel. density of gas = 32 : x.

This proportion shows that the molecular weight (x) is

merely the product of the relative density by 32. This

is the logical outcome of making oxygen the standard

both of gas densities and molecular weights. Since as the

basis of relative densities the weight of a unit volume of

oxygen is considered unity and as the basis of molecular

weights it is considered 32, we naturally need only multiply

any particular relative density by 32 in order to obtain

the molecular weight of this substance.

If, on the other hand, the relative density of a gas is

given in terms of some other density besides oxygen as a

standard, the molecular weight of this standard substance

must of course replace 32 in the proportion above. For-

merly the relative densities were determined upon the

basis of hydrogen as unity. The proportion indicating

the molecular weight upon this basis is as follows:

1 : Rel. density (H = l)
= 2.016 : x.

Consequently the molecular weight may be derived from

the relative density (H = l) by multiplying this value

by 2.016.

The Calculation of Relative Densities upon Different

Standards. To convert the relative density of a gas

upon the hydrogen standard over to the standard of oxy-

gen, or vice versa, we shall need to refer this value to the

ratio between the absolute densities of the two standards,

namely 0.08987 and 1.429, in an inverse order. As the

means and extremes of the proportion we must have

the product of the relative density of a substance by the



AVOGADRO'S HYPOTHESIS 39

absolute density of the corresponding standard, a product

always equal to the absolute density of the substance in

question; and hence a constant for the proportion. Thus:

Abs. density 1

oxygen

(1.429)

Abs. density

hydrogen

(0.08987)

Rel. density

substance

(H = l)

Rel. density

substance

(O =
1).

Example 13. The calculated relative density of chlorine

(H =
1) is 35.23. What is the relative density of this gas

referred to oxygen?

According to the proportion : 1.429:0.08987 = 35.23 :x,

the value of x, or relative density, (O = 1), is calculated

as 2.216. When this is multiplied by 32 we obtain the

molecular weight of chlorine, 70.92.

Quite often the vapor density of a substance is deter-

mined upon air as a standard. The ratio 1.429 : 1.293 is

the ratio between the absolute densities of oxygen and air

respectively, hence the calculated molecular weight of air

referred to oxygen as 32 will be derived from the propor-
tion: 1.429 : 1.293 = 32 : x. From this the value 28.955

is found; a value which signifies that if air were a com-

pound its molecular weight would be 28.955.

The molecular weight of a substance may be calculated,

therefore, from its vapor density referred to air if we
substitute this value, 28.955, for 32 in the proportion on

page 38, and the relative vapor densities are made one

member of the proportion.

Example 14. The calculated vapor density of mercury is

6.908 referred to air. What is its molecular weight?

The proportion 1 : 6.908 = 28.955 : x gives 200 as the

molecular weight of mercury. The conversion of any

vapor density (air
=

1) to the basis (O =
1) is exactly

analogous to the case of hydrogen and oxygen above.

The absolute density of air is 1.293.
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The Gram-Molecular Volume. If the actual weight of

1 c.c. of a gas is known in grams and this value is divided

into the molecular weight also expressed in grams, the

quotient will indicate the exact number of cubic centi-

meters of the gas in question that will be required to give

this weight or the gram-molecular weight (G.M.W.). In

other words, the quotient expresses the volume in cubic

centimeters which contains the gram-molecular weight.

For example, 32 = G.M.W. of oxygen; 0.001429 gram
is the weight of 1 c.c. of oxygen, therefore

qo
22,390 (approximately),

0.001429

the number of cubic centimeters of oxygen, at and

760 mm., necessary to give its G.M.W.

Again, the G.M.W. of hydrogen is 2.016 and the weight
of 1 c.c. is 0.00008987 gram, therefore

2>016
22,400 (approximately),

0.00008987

the number of cubic centimeters of hydrogen at and

760 mm. necessary to give its G.M.W.

This volume occupied by the G.M.W. of a substance

is known as the gram-molecular volume (G.M.V.). Its

calculation from the density of a gas gives values which

diverge slightly from the average obtained for the more

nearly perfect gases (i.e., 22,400 c.c.) according as the

degree of packing of the molecules in each diverges from

that in the latter. We deduce, therefore, the simple

statement that the weight of 22,400 c.c. of a gaseous sub-

stance, at and 760 mm., will give, when expressed in

grams, the gram-molecular weight of that substance.

From the weight of any given volume of a gas the weight

of 22,400 c.c. may be calculated by simple proportion;
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hence a ready means is given for determining molecular

weights in general.

Example 15. What is the molecular weight of a gas, 5600 c.c.

of which at standard conditions weigh 5 grams?

The value 22,400 is a standard, and the volume here to

be compared with it (5600) must form the same ratio

thereto as the relative weights of the two volumes :

5600:22,400 = 5 : *, or
Jgl

.
|.

From which the molecular weight of this gas (x) is found

to be 20.

With this definite relation established between the

volume 22,400 c.c., calculated at and 760 mm., and that

weight in grams which stands for the molecular weight
of an element or compound, we may derive the fractional

volume of this G.M.V. which any corresponding fractional

part of the G.M.W. of a substance may occupy, and, vice

versa, any fractional weight of the G.M.W. which any
fractional part of this G.M.V. of the substance in state of

vapor may have. In other words, the same fractional

parts of the G.M.V. and the G.M.W. are directly pro-

portional to each other.

Example 16. 16 grams of oxygen will occupy what vol-

ume at and 760 mm. pressure?

Since 32 grams occupy 22,400 c.c. at these conditions,

the volume occupied by 16 grams will be 16/32 of 22,400

or 11,200 c.c.
, or, by simple proportion, 32 : 16 = 22,400 : x,

or x = 11,200 c.c.

To apply the effect of temperature and pressure changes
let it be desired to find the volume which 2 grams of

nitrogen will occupy at 20 and 750 mm. The molecular

weight of nitrogen is 28. 22,400 : x = 28: 2, or x = 1600 c.c.

This volume corrected for temperature and pressure be-



42 CHEMICAL CALCULATIONS

comes increased at 20 by 293/273 of itself, and, at 750 mm.,

by 760/750 of itself, and hence the corrected volume will

be 1600
(|fx),

or 1739.2 c.c.

Vice versa, the weight of any volume of a substance in

the state of vapor may be determined if the gram-molecu-
lar weight of the compound is known.

Example 17. What is the weight of 5600 c.c. of hydrogen
chloride measured at and 760 mm.?

The molecular weight of hydrogen chloride is 35.46 +
1.01, or 36.47. Therefore

22,400 : 5600 = 36.47 : x, or x = 9.118 grams.

Calculation of Densities of Gases from the Molecular

Weights. From these relations the determination of the

density of any volume of vapor is reduced to the simple

task of ascertaining from the molecular weight of the

substance and this volume 22,400 c.c., what the weight
of a unit volume (1 liter for gases) will be at standard con-

ditions. The determination of the relative density of one

gaseous substance upon any other as a standard resolves

itself, therefore, into a comparison of the gram-molecular

weights of the two gases, i.e., the comparison of the

weights of these equal volumes, the G.M.V. With air,

the weight of 22,400 c.c. has been given as 28.955 grams

(this may be construed as the hypothetical gram-molecular

weight of air).

Example 18. What is the relative density of chlorine re-

ferred to (a) air? to (6) oxygen?

(a) The gram-molecular weight of chlorine is 70.92, the

weight of 22,400 c.c. The weight of 22,400 c.c. of air is

28.955 grams. Therefore the ratio 70.92/28.955 when made

equal to the ratio x/l (where the weight of an equal volume
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of air is unity) gives us the proportion : 70.92: 28.955 = x : 1,

or the relative density of chlorine as 2.449 (air =1).
(6) When referred to oxygen the relative density of

chlorine is determined in an exactly similar manner. The
G.M.W. of oxygen, 32, replaces the weight of 22,400 c.c.

of air in the example above. The process is of course the

reverse of that in which the molecular weight of a sub-

stance is derived by multiplying its relative density (O = 1)

by the value 32, the basis of molecular weights (O = 32)

(cf. p. 38).

PROBLEMS.

44. The relative density of carbon dioxide (H=l) is 21.83.

What is the relative density of this gas upon the oxygen stand-

ard? Ans. 1.373.

45. The relative density of chlorine (air
=

1) is 2.449. What
is its relative density upon the oxygen standard?

Ans. 2.216.

46. The vapor density of phosphorus trichloride (air
=

l)

is 4.745. What is its molecular weight? Ans. 137.38.

Note. Though Ex. 14 may be followed it is much more simple
to calculate the weight of 1 liter of the vapor, which is 4.745 times the

weight of 1 liter of air (1.293 grams), and with this weight of 1 liter

to apply Ex. 15.

47. What is the molecular weight of mercuric chloride, the

vapor density of which is 9.354 referred to air?

Ans. 270.84.

48. The vapor density of water is 0.622 (air
=

l). What
is its molecular weight? Ans. 18.016.

49. What is the molecular weight of sulphur dioxide, the

relative density of which is 2.002 (0= 1)? Ans, 64.07.

50. What is the molecular weight of a gas, 2 liters of which at

standard conditions weigh 12 grams? Ans. 134.4.

51. The weight of 3840 c.c. of a certain vapor, at standard

conditions, is 24 grams. What is the molecular weight of the

substance? Ans. 140.
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52. 3180 c.c. of a gas measured at 24 and 750.2 mm. pressure

weighed 6 grams. What is the molecular weight? Ans. 48.

53. 8019 c.c. of a gas measured over water at 20 and
742.4 mm. pressure weighed 14 grams when deprived of aque-
ous vapor. Calculate the molecular weight. Ans. 44.

54. 5647 c.c. of a gas measured over water at 24 and

754.2 mm. pressure weighed 6.254 grams when deprived of aque-
ous vapor. Calculate its molecular weight. Ans. 28.02.

55. What volume will 49.63 grams of chlorine (mol. wt. =
70.92) occupy at standard conditions? Ans. 15,680 c.c.

56. What is the volume occupied by 8.8 grams of carbon

dioxide (moL wt. = 44) at 12 and 752 mm. pressure?
Ans. 4726 c.c.

57. 10 grams of carbon dioxide (mol. wt. =
44) will occupy

what volume when contained in a vessel over water at 20 and
742.4 mm. pressure? Ans. 5728 c.c.

58. 1 gram of oxygen will occupy what volume over water

at 30 and 756.5 mm. pressure? Ans. 814.3 c.c.

59. 8 grams of hydrogen (mol. wt. =
2.016) are to be ad-

mitted into a balloon at a temperature of 20 and a pressure of

740 mm. What must be the capacity of the balloon?

Ans. 97,980 c.c.

60. Of what capacity is that vessel which contains 4 grams
of oxygen (mol. wt. = 32) at the temperature of 18 and pres-
sure of 748.4 mm.? Ans. 3031 c.c.

61. 10.08 grams of hydrogen (mol. wt. = 2.016) at and
760 mm. pressure are to be forced into a vessel of 11.2 liters

capacity. Under what pressure will the hydrogen be at this

same temperature? Ans. 10 atmospheres.

62. At what temperature will 8 grams of oxygen (mol. wt. =
32) under a pressure of 760 mm. occupy a volume of 11.2 liters at

this same pressure? Ans. 273.

63. A vessel holding 30.8 grams of carbon dioxide (mol.

wt. = 44) at 10 and 740 mm. pressure is to be brought to a

temperature of 50 and a pressure of 750 mm. What weight
and volume of carbon dioxide will be lost?

Ans. 2105 c.c. gas at latter conditions; 3.449 grams.
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64. What is the weight of 6.594 liters of oxygen (mol. wt. =
32) at 40 and 740 mm. pressure? Ans. 8 grams.

65. What is the absolute density of hydrogen sulphide (mol.
wt. =

34.09). Ans. 1.52.

66. What is the relative density of hydrogen sulphide (mol.
wt. = 34.09) referred to air and also to oxygen?

Ans. 1.177 (air
=

1).

1.065 (0 = 1).

67. What is the relative density of hydrogen chloride (mol.
wt. = 36.47) referred to hydrogen, air, oxygen and chlorine?

Ans. 18.05 (H =
1).

1.259 (air
=

1).

1.139 (0 = 1).

0.514 (Cl
=

1).

68. 8 grams of oxygen were mixed with 10.08 grams of

hydrogen (mol. wt. = 2.016). Both gases were measured at the

standard conditions. What was the relative density of this

mixture (O = 1)? Ans. 0.1076.

69. A gas with the relative density 1.5 (O = l) was reduced

from standard conditions to 20 and 740 mm. pressure so that

it might have a volume measuring 6172.3 c.c. What is the

weight of this volume of the gas? Ans. 12 grams.

70. A volume of gas, with the relative density 0.8757 (0 = 1),

was found to measure 1560 c.c. when transferred to a vessel

over water at 18 and 742.4 mm. What is the weight of the

dry gas here concerned? Ans. 1.75 grams.



CHAPTER VII.

THE LAW OF DEFINITE PROPORTIONS.

WHEN two or more elements unite in chemical combi-

nation, a definite ratio is found to exist between the quan-
tities of each element present and also between each of

these several quantities and that of the molecular weight
of the compound itself. In other words, upon the basis

of 100 as the molecular weight, the amount by weight,

here the percentage, of each element in the compound is

constant and must bear a constant and unalterable ratio

to the percentage by weight of any other element present.

The molecular weight of a compound represents the

sum of the atomic weights that go to form it. The atomic

or unit weight, i.e., the symbol weight, is regarded as the

smallest weight in which an element can be present in a

molecular weight of any of its volatile compounds. A
formula, therefore, is merely the expression in symbols

which, under the existing conditions, denotes the number

of atomic weights of the several elements in one molecu-

lar weight; this is better called the molecular formula (cf.

Chap. VIII). The multiples of these atomic weights

which occur in the molecular weight of a compound are

always expressed by integers which are usually small.

The Percentage Composition of a Compound. The

percentage composition of a compound may be deter-

mined by analytical or synthetical means. Thus, for

example, 10 grams of magnesium unite with 6.58 grams
of oxygen (when heated in an atmosphere of oxygen),
and the resulting magnesium oxide weighs 16.58 grams.

46
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Of the 16.58 grams magnesium oxide, 10 grams are of

course magnesium, or the fractional quantity 10/16.58 rep-

resents the weightxof magnesium in magnesium oxide;

the fraction 6.5$/ 16.58 will represent, then, the propor-

tional amount of oxygen present in the compound. These

same definite ratios hold for all quantities of magnesium

oxide; hence, if 100 grams are taken as a basis, 10/16.58

of 100, or 60.3, will give the amount of magnesium in

the 100 grams, i.e., the percentage of this element in the

compound. Similarly, 6.58/16.58 of 100, or 39.7, is the

percentage of oxygen present. By reference to simple

proportion upon the basis of 100 as the total weight,

these same percentage amounts are readily determined:

MgO : Mg = 100 : x

16.58 : 10 = 100 : x, or 60.3 per cent

MgO : O = 100 : x

16.58 : 6.58 = 100 : x, or 39.7 per cent.

Now the formula of magnesium oxide is MgO, in which

one atomic weight of magnesium (24.32) is combined with

one atomic weight of oxygen (16). From the Law of

Definite Proportions we know the ratios Mg/MgO and

O/MgO are constant and, when expressed in numerical

values of the several atomic weights concerned, become

respectively:

Mg or
24.32 24.32

and
Q 16

MgO 24.32 + 16

The constant ratio 24.32/40.32 stands for the amount of

magnesium in magnesium oxide in all amounts of the

latter, and upon a percentage basis will be represented by
this same fractional part of 100, i.e., 24.32/40.32 of 100,

or 60.3 per cent. Similarly, for the amount of oxygen in
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magnesium oxide when expressed on a percentage basis,

16/40.32 of 100, or 39.7 per cent, will be obtained. These

values are identical (cf. preceding paragraph) with those

obtained in the synthesis of this compound where a defi-

nite weight of magnesium was converted into the oxide.

In accordance with the Law of Definite .Proportions, the

same relations must hold for all determinations in this

compound.
The general expression for problems of this type when

the relative molecular weights are referred through simple

proportion to a basis of 100 is as follows:

MgO : Mg = 100 : x

40.32 : 24.32 = 100 : (60.3)

and

MgO : O = 100 : x

40.32 : 16 = 100 : (39.7).

In the simple compound water, with the formula H20,

the quantity of hydrogen in one molecular weight is rep-

resented by two atomic weights of this element. This

aggregate of atomic weights, which represents the quan-

tity in which any element, or group of elements, is present

in a molecular weight of some compound, may be regarded

as the formula-quantity for the particular element, or ele-

ments, concerned in the total molecular weight. Thus

2 H stands for the formula-quantity of hydrogen (2) in

water (18), and the ratio 2 H/H2O or 2/ 18 or 1 /9 represents

this constant proportion between the formula-quantity of

hydrogen and the molecular weight of water when con-

cerned, of course, in this compound.* As there is but one

* The molecular weight of a substance is, after all, a formula-

quantity for that particular group of elements when associated in this

compound. The ratio between the two is always expressed by unity.
Thus 18 is the formula-quantity of water in its molecular weight as

steam, whereas in the form of ice the formula-quantity, just as the

molecular weight, must be increased to 3 (?) times this number if the

molecule is to be regarded as (H20) 3
.
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atomic weight of oxygen in the molecular weight of water,

the second ratio is simply O/H 2O or 16/18 or 8/9.

Hence in water 1 part by weight of hydrogen (1/9) is

combined with 8 parts by weight of oxygen (8/9). Ex-

pressed in percentage composition we have:

H 2

18.02

2H
2.02

100 : x

100 : 11.2 per cent hydrogen

and

H 9 :
= 100 : 88.8 per cent oxygen,

the same ratio, 1 : 8, holding true, of course, for the

percentages.
In the compound sodium sulphate, Na 2S04 ,

we may
express the constant ratios: 2Na/Na2SO4 , S/Na2SO4 ,

and

4O/Na2
SO4 , by percentages of the molecular weight,

142.07, or (46.0 + 32.07 + 64), as follows:

Na 2S04

142.07
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The formula of sodium chloride, Nad, indicates that

1 atomic weight of sodium (23.00) is combined with

1 atomic weight of chlorine (35.46) to give a molecular

weight of 58.46. The ratio Cl/NaCl or 35.46/58.46

expresses the relation between the formula-quantity of

chlorine and the molecular weight of the salt, and all

weights of these substances when jointly involved in the

compound salt must be in accord with this ratio. When
this ratio is converted to a percentage basis we obtain the

value 60.6 as the percentage of chlorine in all amounts of

salt: 58.46 : 35.46 = 100 : 60.6. If, then, 60.6 per cent of

any weight of salt is chlorine, 50 grams X 60.6 per cent or

30.3 grams is the amount of chlorine present in the

known weight of salt.

Without resort to the percentage composition of a com-

pound the constant ratio between the formula-quantity
of any element present and the total molecular weight

may be used directly for the determination of the amount
of this element in any weight of compound. In the

example just given, 35.46/58.46 represents the propor-
tional amount of chlorine in salt. Without reference,

then, to 100 as a basis, this same proportional part of the

weight of salt taken must give the required value foi

chlorine; thus 50 grams X 35.46/58.46 = 30.3 grams or

weight of chlorine present; or, as is more customary, we

may express the same by simple proportion: Since 58.46

grams of salt contain 35.46 grams of chlorine, 50 grams of

salt can contain only that proportional part of its own

weight which 35.46 is of 58.46; the ratio 58.46 : 35.46 at

once becomes equal to the ratio 50 : x; thus

58.46 : 35.46 = 50 : x, or x = 30.3 grams.

These proportions are most easily formed when we
bear in mind that only one set of related terms, e.g., the
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formula-quantities, constitute one member of the propor-

tion, whereas the other set of related terms, the actual

weights (here with one unknown factor), constitute the

other member.

Example 20. Calculate the weight of sodium chloride

that can be prepared from 30.3 grams of chlorine.

The amount of salt that can be prepared from this

definite weight of chlorine (30.3 grams) will be represented

by the same ratio, Cl/NaCl, as under the preceding

example (Ex. 19); but, for the purposes of multiplication

into known values, it is necessary to use the inverted

form NaCl/Cl or 58.46/35.46, with the large value in the

numerator so that a proportional increase in the values

affected by this ratio may be obtained. The same end

may be reached by the use of simple proportion, where

the unknown term increases over the known in direct

ratio to the corresponding formula-quantities:

35.46 : 58.46 = 30.3 : x, or x >= 50 grams.

The Relation of Formula-Quantities to Each Other.

The ratio between any two formula-quantities occurring

in one molecular weight may be used, of course, inde-

pendently of the molecular weight, and when the ratio

between certain groups of elements in a formula is to be

determined the same principle will be found to apply
as between single elements. The symbols representing

these groups serve as usual for the calculation of the

correct formula-quantities. In analyses of minerals the

determination of these formula-quantities for various

groups of oxides, etc., aids materially in the general classi-

fication; thus in the mineral feldspar, A1K (Si 3O8), or

Al 2
K

2 (Si 3O8) 2 ,
when intended for resolution into the con-

stituent groups, becomes A1
2 3 . K2O . 6 Si0 2 ,

from which
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the percentage of any one of the oxides present may be

calculated from the corresponding formula-quantity.

Example 21 . What weight of aluminium is present in a

sample of pure cryolite, A12F6 . 6 NaF, which analyzed for 10

grams of sodium?

The ratio between the formula-quantity of each of the

two substances concerned is 2 Al/6 Na, or 2 (27.1)/6 (23),

or 54.2/138. As this is a constant we need only refer the

ratio directly to the equivalent ratio when based upon
sodium as 10 grams, 54.2/138 = x/ 10, or, as has been

the practice, 138 : 54.2 = 10 : x, from which we ob-

tain the value 3.93 grams for x, the weight of aluminium

present.

The Relation of Formula-Quantities to Percentage Com-

position. When data are given in percentages and it

is desired to ascertain the percentage amount of some other

element or group of elements present in the same com-

pound, the calculations are made directly upon these per-

centages. They occupy, of course, the identical relation

to each other as do the actual weights themselves, but

with the condition that a constant value of 100 serves as a

basis for the entire molecular weight.

Example 22. What percentage of potassium oxide, K20, is

present in a sample of feldspar, AlK(Si3O8), which analyzed

for 12.2 per cent potassium?

The ratio between the potassium and its corresponding

amount of potassium oxide possible of existence in this

same molecule is expressed by 2 K/K2O. With this defi-

nite quantity of oxygen in the molecule now to be asso-

ciated with the potassium, there naturally will be an

increase in the percentage amount of the group K2 over

that of the potassium alone. The ratio between these

percentage amounts must be in accordance with the corre-
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spending formula-quantities, 2 K and K
20, upon which

their weight and consequent percentage is dependent;
therefore the ratio 2 K/K 2O must be equal to the ratio

12.2% /x%. From the equation 2 K/K2 or 78.2/94.2=
12.2 /x we obtain, as the value of x, 14.7 per cent, i.e.,

14.7 per cent of a compound of the composition noted,

and analyzing for 12.2 per cent potassium, may be con-

sidered as potassium oxide.

Percentage Composition as a Basis for Percentage

Purity. Upon this method of comparison it is a very

simple task to calculate the percentage purity or per-

centage amount of some compound in one of its samples
submitted to an analysis; and this too upon the data

secured in the determination of only one of its constituent

elements.

Example 23. A sample of salt analyzed for 50 per cent

chlorine. Assuming all of the chlorine to have been present as

sodium chloride, what was the percentage of salt in the sample?

The ratio Cl/NaCl must be equal to the ratio between the

corresponding percentage amounts of these quantities,

50%/z%. Cl/NaCl = 35.46 : 58.46 = 50/z or, by simple

proportion, 35.46 : 58.46 = 50 : x. From this, x is found

to be 82.4 in place of the theoretical 100. This is, there-

fore, the percentage purity of the sample. When analyti-

cal data are not given in percentages, the weight of both

sample and final product must be known in order to deter-

mine the percentage amount of any constituent present.

The percentage purity of a compound may be deter-

mined also by calculating the weight of substance theo-

retically possible from the results at hand (cf. Ex. 20)

and then determining what percentage the weight of

sample bears to this calculated value.

The Interrelationship of two Formula-Quantities through

a Common Quantity. When the results of an analysis
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are given in terms of some compound other than that

involved in the investigation it is necessary to calculate

these results through the element common to both com-

pounds.

Example 24. A sample of feldspar, KAlSi3 8 , weighing

0.2507 gram gave upon analysis 0.0658 gram of potassium

sulphate, K2S04 . What was the percentage of potassium oxide

present in the sample?

We have here two distinct ratios: K2S04/2 K, which

answers for the definite quantity of potassium present in

this weight of potassium sulphate, and also 2 K/K 2

for the quantity of oxide possible from a definite weight
of potassium (cf. Ex. 22). Since the ratios involve the

same definite quantities of potassium throughout, they

may be considered as equivalent in respect to this ele-

ment, and when brought together may be cleared of this

common term, 2 K, as indicated when K 2S04 /2 K is

involved with 2 K/K 20. By multiplication we should

have K
2S04/K20, or that ratio with which the corre-

sponding ratio between the actual weights of these

substances, involving the same weight of potassium,

must accord. From the known weight of potassium sul-

phate, the actual weight of potassium oxide is easily

calculated: K2S04/K2O or 174.27/94.27 = 0.0658/z, i.e.,

174.27 : 94.27 = 0.0658 : x, or x, the weight of potassium
oxide in the sample, is equal to 0.0356 gram. From this

weight of oxide and the original weight of the sample the

percentage amount of potassium oxide in the compound

may be calculated: 0.2507 : 0.0356 = 100 : x, orx = 14.2

per cent. Without the simplification noted it would

have been necessary first to determine the actual weight

of potassium present in the potassium sulphate, and

second, from the weight of potassium, the consequent

weight of oxide.



THE LAW OF DEFINITE PROPORTIONS 55

This cancellation or elimination of a common term

between two ratios may be illustrated by a second example
somewhat more complicated.

Example 25, What percentage of potassium chloride can

be regarded as present in a sample of potassium chlorplatin-

ate, K2PtCl6,
which analyzed for 43.6 per cent chlorine?

The ratio of the formula-quantity of chlorine to that of

potassium is 6 Cl/2 K. Now the ratio between potassium
and potassium chloride in one molecular weight of potas-

sium chloride is K/KC1. By examination of the formula

of potassium chlorplatinate it is seen that two molecules

of potassium chloride are involved in each molecule of

chlorplatinate. This latter ratio then becomes 2 K/2 KC1
when considered in the molecule of chlorplatinate. By
this manner the same formula-quantity of potassium
is considered in both ratios (6 Cl/2 K and 2 K/2 KC1);

consequently this equivalent quantity may be eliminated

from each (cf. Ex. 24), and the final ratio 6 Cl/2 KC1 ob-

tained for the corresponding weights of chlorine and potas-
sium chloride possible in a molecule of chlorplatinate.

Though a fractional quantity of the total chlorine is

brought into consideration as potassium chloride, this in

no way disturbs the definite relation between the total

chlorine and the total potassium even when considered

as chloride. The ratio may be simplified, if desired,

to 3 C1/KC1, and is equal to the ratio between the cor-

responding percentage amounts of these substances,

43.6% \x%. From the equation

3 C1/KC1 = 106.38 : 74.56 = 43.6/z

we obtain 30.56 as the percentage amount of potassium
chloride possible in the sample.
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PROBLEMS.

71. Determine the percentage composition of calcium car-

bonate, CaC03 . Am. Ca, 40.05% ; C, 11.99% ; O, 47.96%.

72. Determine the percentage composition of sodium nitrite,

NaN0 2 . Ans, Na, 33.33%; N, 20.30%; 0, 46.37%.

73. Determine the percentage composition of potassium

chlorate, KC1O3 . Ans. K, 31.90%; Cl, 28.93%; O, 39.17%.

74. Determine the percentage composition of crystallized

sodium sulphate, Na2SO 4 . 10 H 2O.

Ans. Na, 14.28%; S, 9.95%; 0, 69.51%; H, 6.26%.

75. Determine the percentage composition of sulphuric acid,

H2SO 4 . Ans. H, 2.05%; 8,32.70%; O, 65.25%.

76. Determine the percentage of sulphur trioxide, S03 ,
in

sulphuric acid. Ans. 81.64 per cent.

77* Determine the percentage of water in crystallized sodium

carbonate, Na3C03 . 10 H20. Ans. 62.95 per cent.

78. Determine the percentage composition of ordinary alum,

K,Al t(S0 4) 4 .24H.O.
Ans. K, 8.24%; Al, 5.71%; S, 13.52%; 0, 67.43%; H, 5.10%.

79. What weight of sodium is present in 50 grams of sodium

nitrate, NaNOs? Ans. 13.53 grams.

80. What weight of sodium is present in 100 grams of sodium

hydrogen carbonate, NaHCO3? Ans. 27.38 grams.

81. What weight of oxygen is present in 200 grams of potas-

sium chlorate, KC103? Ans. 78.34 grams.

82. What weight of oxygen is present in 200 grams of mer-

curic oxide, HgO? Ans. 14.815 grams.

83. What weight of mercuric oxide, HgO, will contain 30

grams of oxygen? Ans. 405 grams.

84. What weight of potassium chlorate will contain 30 grams
of oxygen? Ans. 76.6 grams.

85. What weight of sulphuric acid can be prepared from

100 grams of sulphur? Ans. 305.9 grams.

86. Calculate the weight of potassium in a sample of pure

sylvite, KC1, which analyzed for 2.230 grams of chlorine.

Ans. 2.459 grams.
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87. What weight of copper is present in a sample of pure

copper sulphate, CuS0 4 . 5 H20, which analyzed for 30.2 grams
of sulphur trioxide, S03? Ans. 23.97 grams.

88. Calculate the percentage purity of a sample of horn-

silver, AgCl, which analyzed for 74.2 per cent silver.

Ans, 98.61 per cent.

89. Calculate the percentage purity of a sample of marble,
CaC0 3,

which analyzed for 39.6 per cent calcium.

Ans. 98.88 per cent.

90. Calculate the percentage of potassium chloride in a sample
of carnallite, KC1 . MgCl2 . 6 H20, which analyzed for 37.72 per
cent chlorine. Ans. 26.44 per cent.

Note. Theory calls for 26.83 per cent KC1. Therefore the devia-

tion, 0.39, between the percentage values means an error of 1.5 per cent
from the theory (26.83). Halogen determinations are usually quite
accurate. If the analysis is at all good, the salt falls a little short of

purity.

91. Calculate the percentage of calcium oxide, CaO, present
in a sample of marble, CaC0 3,

which analyzed for 43.8 per cent

carbon dioxide. Ans. 55.84 per cent.

Sample practically pure; theory, 56.04 per cent.

92. A sample of sodium chromate, Na2CrO4 , weighing 1.6780

grams, gave upon analysis 1.4620 grams of sodium sulphate,
Na2SO4 . What was the percentage of sodium oxide, Na20, in

the sample? Ans. 38.01 per cent.

Theory, 38.25 per cent.

93. Calculate the percentage purity of a quantity of potas-
sium ferrocyanide, K 4Fe(CN) 6 ,

0.5793 gram of which gave upon
analysis 0.4650 gram of potassium sulphate, K2SO 4 .

Ans. 8^.8 per cent.

Note. From this weight of K
2SO< determine the actual weight,

and finally the percentage, of potassium in the sample and then apply
Ex. 23.

94. What is the percentage of potassium sulphate, KzS0 4 ,
in

a sample of common alum, K2SO 4 . A12(S0 4) 3 . 24 H20, which

analyzed for 33.51 per cent sulphur trioxide, S0 3?

Ans. 18.23 per cent K2S0 4 .

Sample practically pure ; theory, 18.36 per cent K3S04.
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95. What is the percentage of copper carbonate, CuG03 ,
in

a sample of malachite, Cu(OH) 2 . CuC0 3 ,
which analyzed for 57.1

per cent copper? Ans. 55.49 per cent CuCO3.

The salt is probably pure ; theory, 55.87 per cent CuC03 .

96. A sample of carnallite, KC1 . MgCl 2 . 6 H 20, analyzed for

35.34 per cent chlorine. What is the percentage of magnesium
chloride present? Ans. 31.64 per cent MgCl2 .

Note. Theory: 34.27 per cent MgCl2 . Therefore 92.31 per cent

pure.

97. A sample of crystallized ferrous-ammonium sulphate,
FeSO4

. (NH 4)2S04
. 6H 2O, analyzed for 8.66 per cent ammonia,

NH3 . What is the percentage of ferrous sulphate, FeS0 4 ,

present? Ans. 38.60 per cent FeSO 4 .

Theory, 38.74 per cent FeS0 4 .

98. A sample of gahnite, Zn(A102) 2 or ZnO . A1 2O3, weighing
0.1909 gram, gave on analysis 0.1664 gram of zinc sulphate,
ZnSO 4 . What was the percentage of alumina, A12 S,

in the

sample? Ans. 55.18 per cent.

If analysis is correct, the sample is slightly impure.

Theory, 55.67 per cent.



CHAPTER VIII.

THE DERIVATION OF CHEMICAL FORMULA.

Molecular Formulae from Molecular Weight and Per-

centage Composition. The formula of a compound,

designated by symbols which stand individually for one

atomic weight of an element, is derived from data afforded

by analysis or synthesis. In reverse to the determination

of the percentage composition, as described in the preced-

ing chapter, we can derive the true molecular formula

when given the correct molecular weight of a compound
and the percentage amount of each element present.

The proportional parts of the molecular weight indicated

by the several percentages are of course the quantities

(formula-quantities) of the respective elements in one

molecular weight of the compound, and necessarily must

be multiples of the corresponding atomic weights by unity

or a small integer.

Example 26. The molecular weight of water is 18.016. The'

amount of hydrogen present is 11.2 per cent and that of oxygen
88.8 per cent. What is the molecular formula?
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The values 2.016 and 16 represent respectively the sum of

the atomic weights of hydrogen and oxygen which are

present in the molecular weight of water. They are,

therefore, the formula-quantities of these elements in

this compound. With 1.008 and 16 as the atomic weights
of hydrogen and oxygen respectively, it is only a simple

step to determine the number of hydrogen units (2) and

oxygen units (1) which are necessary to make up the

formula-quantity of each element in this molecule and

consequently, together, the molecular weight of water;

hence the formula H20.

The correct molecular weight of a compound is rarely

ever at hand for the determination of chemical formulae.

The usual procedure lies, then, in the determination of

the formulae from the percentage composition or other

data, and in the final adjustment of these to accord with

the molecular weights which may have been determined

only with approximate exactness.

Empirical Formulae from Percentage Composition.

Upon the percentage basis the molecular weight is re-

garded as brought over to the value 100; this number,

however, gives in itself no clue to the probable molecular

weight. In Example 26 we were given the correct molec-

ular weight; consequently, the proportional parts of this

total weight, as indicated by the percentage amounts,

agree always with the exact quantity of each element

present in one molecular weight of the compound. Now,

upon the adoption of 100 as the molecular weight, each

percentage amount becomes the accepted value for the

formula-quantity of that particular element in the molec-

ular weight. In dividing each of these values through by
the atomic weight of the corresponding element, we obtain

not whole numbers, indicating the number of atomic

weights of the respective elements present, but fractions
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or factors of these whole numbers, all of which are

related to the true numbers in the same ratio as the

adopted value, 100, is related to the true molecular

weight.

Since a chemical formula calls for simple multiples of

the atomic weights concerned, we need only raise the

entire range of factors by some term which will bring
each and all into whole numbers. When the smallest

factor is made the divisor, then all of the other factors

divided through by it must necessarily give quotients
which are equal to or greater than this smallest factor as

unity. In bringing the correct molecular weight over to

100 as a basis, this smallest factor was of course reduced

from unity, or a multiple of it, in the same proportion as

were all of the other factors. The quotients, then, upon
the basis of this small factor as unity, will possess values

close to their former and correct numbers. If the smallest

factor had been reduced from unity itself, then the quo-
tients will represent the correct formula, a molecular

formula, of the compound. If, however, the original

value of this smallest factor was a simple multiple of unity

(e.g., 3), then the quotients will vary from their true values

in a molecular formula by just this same fractional amount
that unity is of the simple multiple. (If 3 were the mul-

tiple, then the quotients would stand at one-third of their

original values.) This simplest expression of a formula in

symbols is known as an empirical formula, and the sum of

the atomic weights therein represented, though a formula

weight, is not necessarily the molecular weight.

From the empirical formula the true percentage com-

position of a compound is always derivable. Its formula

weight, however, may not be coincident with the molecular

weight, and, if so, the correct molecular formula can be

derived only when the molecular weight, or at least a fair
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approach to this, is known. The molecular formula, there-

fore, is always a multiple of the empirical formula by some
small integer.

Example 27. A substance by analysis was found to contain

32.32 per cent sodium, 22.44 per cent sulphur, and 45.24 per
cent oxygen. What is the formula of the compound?

The method of solution will be made most apparent
when we set down the percentages and refer these to the

respective atomic weights of the elements present, as

indicated below:
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Na2S04

142.07

Na2SO4

142.07

Na2S04

142.07

2Na
46

4O

> = 100 : x, or 32.38 per cent sodium.

: x, or 22.57 per cent sulphur.

= 100 : x, or 45.05 per cent oxygen.
100 per cent.

The percentage amounts actually found by analysis

approach very closely to these theoretical values based

upon the formula Na2SO4 ; consequently we may conclude

that this formula represents the constitution of the com-

pound. The molecular weight of sodium sulphate is

found to be close to 142; hence the formula Na 2S04

(with the formula' weight 2 (23) + 32.07 + 4 (16) or

142.07) satisfies also the requirements for a molecular

formula.

Accuracy in analytical data is dependent upon purity
of material and method of operation. In all of our

results we may expect a certain degree of variation from

the theoretical values, but the limits of error in the deter-

mination of chemical formula? should not greatly exceed

two-tenths of 1 per cent. Much depends, however, upon
the particular element considered. For example, in the

case of hydrogen the error often may be as much as four-

tenths of 1 per cent above the theoretical, due to insuffi-

cient removal of moisture from the sample or to a faulty

combustion. In the case of oxygen the data are rarely

ever determined directly, but by difference; thus in

Example 27 the sum of the percentage amounts for

sodium and sulphur was subtracted from the total 100

per cent, and the difference considered as the value for

oxygen, a value altogether dependent upon the accuracy
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of the other data. From these considerations the chemist

finds it greatly expedient, in problems of this nature, to

consider each analysis separately and to determine what

one is likely to be most free of^error. The factor, there-

fore, which corresponds to the percentage amount of this

one element is the best to select as a basis for the reduction

of all the other factors to unit values. Let us suppose,

in Example 27, that the value for sodium was known to

be more accurately determined. The factor here is 1.406,

and, if we base all the other data upon this one, i.e.,

by dividing each factor by 1 .406, we shall obtain the values,

1, 0.498 and 2.010, for sodium, sulphur and oxygen respec-

tively. These may be brought to unit values by multi-

plication by a small integer, here by 2, and we obtain

finally 2, 0.996 and 4.02, values v/hich approach the

respective integers 2, 1 and 4 somewhat more closely than

in the previous calculation. This, of course, is due to the

close agreement between the theoretical and found per-

centage values for sodium. It is now seen why the factor

for oxygen is rarely selected as a basis for formula deter-

minations.

Example 28. Determine the formula for that substance

which presented, by analysis, the following percentage com-

position: carbon, 39.78 per cent, hydrogen, 6.97 per cent and

oxygen, 53.25 per cent. Above 230 the vapor of this sub-

stance gave a constant relative density, 2.09 (air
=

1), calcu-

lated to standard conditions.

From the relative density it is only a simple step to

calculate the molecular weight (cf. Ex. 14) :

1 : 2.09 = 28.955 : x,

where x, the molecular weight, is found to be 60.52.

The following table of percentages and corresponding

atomic weights is easily constructed as under Example 27:
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Substance.
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examine the analytical data upon some mineral on which

the results are given in percentage amounts of the several

groups present. Feldspar belongs to this class of sub-

stances, and in its analyses certain values will be found

for silicon dioxide (Si0 2 ), aluminium oxide (A1 2O 3 ) and

potassium oxide (K 2O); but associated with these there

may occur other oxides which are isormorphous with one

or more of the above. Consequently the factor for these

isomorphous substances, found, of course, as heretofore

described, by the relation of percentage composition to

atomic weight or groups of atomic weights representing the

substance, must be reckoned together as one factor and

hence as one group, in order to determine the extent to

which this particular group of isomorphous substances

may be present in the complete formula. If, perchance,
a portion of the data were not given in terms of the

proper isomorphous compound, but in some part of it, for

instance, the percentage of potassium instead of potassium

oxide, we should require only a single calculation to con-

vert the data into the correct form (cf. Ex. 22) :

2 K : K2
= per cent given : per cent sought.

Example 29. A sample of the mineral orthoclase (a feld-

spar) gave by analysis the following percentage composition:

Si0
2 ,

65.69 per cent, A1
2 3 ,

17.97 per cent, (CaO, 1.34 per

cent, K
20, 13.99 per cent, Na

20, 1.01 per cent, isomor-

phous). What is its formula?

By drawing up a table of these percentages and referring

each to the formula weight of the respective groups, we

may expect to obtain factors which in this case do not

refer to the simplest relation between the elements, but

rather between the groups of elements.

The factors for K 2O, Na
2O and CaO, since these oxides

are isomorphous and mutually may replace each other in
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the molecule, must be added together and considered as

some generic formula such as R 2O, when in the final

adjustment of the number of each group present in the

formula they will figure as an individual group of uniform

composition.
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tion, the actual weight of any element found by analysis
to be present in a known weight of compound may be

referred directly to the formula-quantity of this element

in the total molecular weight of that compound. Since

these analytical data are dependent upon the number of

atomic weights of each element present in one molecular

weight, the ratio between the weight of each element in a

known weight of compound containing, for example, two

constituents, must be equal to the ratio between a certain

unknown number of atomic weights of the one element

and that of the other, i.e., to the ratio between the cor-

responding formula-quantities.

Example 30. Determine the formula of an iron oxide pro-

duced in the oxidation of 22.4 grams of iron to a final weight of

32 grams.

Here 32 22.4 = 9.6 grams of oxygen taken up. The
ratio between the weight of each of these two constituents

in this sample of oxide, i.e., 22.4/9.6, must be equal to the

ratio between the formula-quantity of each corresponding
element in the molecular weight.

Since the number of atomic weights of each element,

grouped in its formula-quantity, is here unknown, only
the algebraic expression Fe^Oj/ can be written for the

complete formula; x and y representing, of course, these

unknown integers. Given, then, the atomic weights of

these two elements, iron (55.85) and oxygen (16), we may
easily draw up the ratio between the formula-quantity of

each in the compound. This ratio involves an unknown
factor (an integer) in each term, but as a ratio it must be

always equal to any other ratio that can be drawn up
from data on the weights of these same particular sub-

stances in a definite weight of the compound. Thus the

ratio Fex/Oy ,
as determined in the analysis of the oxide

given above, is represented by 22.4/9.6, and consequently,
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if the analyses are correct, these two ratios must be

identical:

Fe^ = 22.4 55.85 x = 22.4

Oy

'' ''

9.6
'

16 y
'' ~~

9.6
"

The exact numerical relation between x and y may be

readily calculated by bringing the numerical values to one

side of the equation (i.e., by multiplying the equation

through by 16/55.85), when we obtain

x_
22.4 X 16 358.4

y
"

9.6 X 55.85
"

536.4
'

a result likewise obtained through the simple proportion:
55.85 x : 16 y = 22.4 : 9.6

(55.85 X 9.6) x = (16 X 22.4) y

x/y = 358.4/536.2.

In one equation involving two unknown terms we can

only expect to determine the simplest ratio between them.

The ratio 358.4/536.4 when reduced by division of each

term by the smaller (358.4), gives us 1/1.49, and this in

turn, through multiplication of each term by 2, is brought

very close to 2/3, which, as the ratio between the smallest

integers, indicates the value of x and y respectively;

hence the formula of the compound, Fe 2 3 .

Whether the molecular formula calls for this simplest

form or some multiple of it by a simple integer cannot be

determined without knowledge of the molecular weight
of the compound.
The application of this method to compounds contain-

ing three or more elements introduces, of course, this

corresponding number of unknown terms (the number
of atomic weights of each element present), and lends

itself less readily to a simple solution. When, however,
two or more groups of elements, as radicals, etc., are

present, the method may be applied to the determination

of the number of each of the two groups in the molecule.
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Example 31 . What is the formula of that oxy-halogen salt

of potassium, (~KCl)yOX) 13.9 grams of which lost 6.4 grams of

oxygen upon heating, and gave a residue of 7.5 grams (13.96.4)
of potassium chloride, KC1?

The ratio between the weight of oxygen driven off and

the residue of potassium chloride left is 6.4/7.5, which, of

course, is equal to the ratio between the formula-quantity

of each:

Ox =
6.4 or (16) s

=
6.4

(KCl) y 7.5' (39.1 + 35.46) y 7.5*

or

x_ (6.4) (74.56) 476.2

y
=

(7.5) (16) 120
'

From this we obtain x/y = 3.97/1 or, by simplest integers,

z= 4 and y= 1. The formula of the compound (KC\) yOx.

now becomes (KC1) 1
O 4; i.e., KC1O4 .

Formulae Containing Water of Crystallization. Again
we have a good illustration of examples of this kind in

the consideration of those salts which contain water of

crystallization, definite in amount under certain defi-

nite and fixed conditions.

Example 32. 7.15 grams of crystallized sodium carbonate,

NaaCOg . x H2O, lost all of its water of crystallization when

gently heated. The weight of the residue was 2.655 grams.

What is the formula of the crystallized salt?

Here 7.15 2.655 = 4.495 grams, or the weight of

water in this weight of salt. The ratio between the weight

of water actually associated with the weight of anhydrous

salt (that portion of the crystallized salt left after the

elimination of the water) is 4.495/2.655. This ratio there-

fore must be equal to the ratio between the formula-quan-

tity of water and the formula-quantity of the anhydrous

salt in the molecular weight of the crystallized salt. In

that the water of crystallization is usually determined
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with reference to one molecule of the anhydrous salt, one

of the unknown terms in the ratio between the formula-

quantities drops out (i.e., equals unity) and we have only
the determination of the unknown number of molecular

weights (x) of water present. Thus:

x (H20) = 4.495

Na2CO 3 2.655
'

By substituting the atomic weights indicated, we obtain

x (18.02) 4.495

106 2.655'

which, when solved for x, gives the value 10 as the number
of molecules of water associated with one molecule of the

anhydrous salt to form a molecule of crystallized sodium

carbonate, Na2CO 3 . 10 H2O.

The calculation may be conducted by simple proportion
as follows:

Na2CO 3 : x (H20) = wt. anhydrous salt : wt. H2O.

106 : x (18.02) = 2.655 : 4.495.

The expression x (18.02) is found equal to 179.5, hence the

integral value for x will be 10 and accord with the formula

above.

Formulae from the Relation between Formula-Quan-
tities and Their Corresponding Weights. This constancy
in the ratios between the quantities of all the elements

either singly or collectively in a chemical compound was

comprehended, of course, in the Law of Definite Pro-

portions; and the proportions in which the elements enter

into chemical combination are seen, accordingly, to be

functions of the corresponding atomic weights. In any
known amount of substance there is always a definite

ratio between the actual weight of some one element, or

group of elements, present and the corresponding formula-
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quantity. Furthermore, this ratio is always identical with

every other ratio between the weight of any other element

in this same sample and its corresponding formula-quan-

tity.* The ratio can be unity only when we are dealing

with a gram-molecular weight of the substance. Thus,
in 18 grams of water, the weight of oxygen (16 grams)
bears the ratio of unity to the formula-quantity of this

element in the molecular weight, and also the same ratio,

unity, exists between the weight of hydrogen (2 grams)
and its formula-quantity.

As is often the case, no one correct formula-quantity

is at hand. Under such circumstances it is only possible

to refer any and all of the known weights of the elements

in a given sample of compound directly to their corre-

sponding atomic weights. In order to maintain through-

out the same constant ratio between these values

actual weights and atomic weights it is necessary to

select the ratio between the actual weight of some one

element in the sample and the atomic weight correspond-

ing thereto as the standard ratio. By means of this ratio

the actual weight of any other element present in the

sample may be brought over immediately (simple pro-

portion) to a value which holds the same relation to its

true formula-quantity as the single atomic weight of the

first element will be found to have toward its formula-

* The equivalence in the ratios between any two formula-quantities,

as x and y, and the corresponding weights, as w^ and w2t
which repre-

sent them respectively in any given sample, is usually expressed as

x/y = wjwv By multiplying through by y/w l
we immediately

obtain the expression x/w l
= y/w2 for this equivalence in the ratios

between each formula-quantity and the weight representing it in some

sample. The two expressions take the following forms through

simple proportion: x : y = w
l

: w2
and x : w

l
= y : w v each of which

follows algebraically from the other, i.e., the ratio between the first

and second terms of a proportion, when equal to the ratio between the

third and fourth terms, signifies also this equivalence in the ratios

between the first and third terms and the second and fourth terms.
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quantity. In this latter case, with the formula-quantity

always a multiple of the atomic weight by a small integer,

the process of determining the true formula-quantity is

comparatively a simple one. The integer selected, how-

ever, must also bring each and all of the other values,

similarly found, to multiples of their individual atomic

weights. In other words, we determine the least common

multiple for the entire range of values, such that each in

order will be raised to a multiple, by unity or a small

integer, of its atomic weight. Finally, the quotients of

these so derived formula-quantities by the corresponding
atomic weights will give the units of each element neces-

sary in the simplest formula; one which can be raised

later to any desired multiple, depending, of course, upon
the molecular weight in question.

Example 33. Derive the formula of iron oxide from the data

in Example 30 : 22.4 grams of iron gave 32 grams of oxide.

The weight of oxygen entering into the compound is

9.6 grams. Accordingly, the ratio 9.6/16, between weight
of oxygen present in the sample and the atomic weight
of this element, may be taken as the standard ratio.

By means of this ratio the weight of iron present is now

brought over to a value always equivalent to oxygen as

16 in this compound.* Thus, 9.6 : 16 = 22.4 :x, where

* In the combinations between hydrogen and oxygen no com-

pound has been found to contain more than two atomic weights of

hydrogen with one of oxygen in a single molecular weight. Con-

sequently the lowest weight of oxygen corresponding to the lowest

weight of hydrogen (1.008, its atomic weight) will be one-half of

16, or 8. This weight of oxygen, the smallest equivalent to one
atomic weight of hydrogen, is often used as a basis for the conver-

sion of known weights or percentages of other elements (associated
with oxygen) to the scale of atomic weights. Though it brings into

the calculations numbers somewhat smaller (by one-half) than other-

wise obtained through the use of the actual atomic weight, 16, the

process of determining the least common multiple is in no way
simplified.
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this value for iron is found to be 37.2. By referring these

values now to the respective atomic weights we have:
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The value of oxygen is made equal to the atomic weight

of this element, and the ratio 45.06 : 16 is used to reduce

all of the other values proportionately, e.g.:

with sulphur 45.24 : 16 = 22.44 : x, or x = 7.94 and

with sodium 45.24 : 16 = 32.32 : x, or x = 11.43.

These final values represent correctly the relative amounts

of each element. One, oxygen, was made to coincide

with its corresponding atomic weight, hence each of the

other values will represent a weight of that respective ele-

ment in this compound equivalent to oxygen as 16; and,

as this is the unit value for oxygen, the entire range of

values can be raised only through multiplication by simple

integers until the lowest possible formula-quantity for

each is obtained. The integer 4, found by trial, here

raises all to values that are multiples of the corresponding

atomic weights. These formula-quantities when divided

by the respective atomic weights give at once the number
of atomic weights of each element in the molecule, hence

the formula Na 2S04 .

The Derivation of Formulae of a Known Type from a

Single Analytical Value. If it is known to what general

class (oxides, chlorides, sulphates, etc.) a particular sub-

stance of simple type (not involving replacements) belongs,

its complete analysis is not necessary for the determination

of the formula. For instance, the percentage of copper
in a sample known to be a copper chloride will be suffi-

cient to this end. This follows by reason of the fact that

the percentage amount of any element found comes from

the ratio between its formula-quantity in the molecule

and the total molecular weight, a ratio represented,

we shall say, by the expression, mol. wi./x (at. wt.).

Upon analysis certain definite numerical values fall to

this ratio j in percentages, for example, we have the
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ratio 100/per cent element found. We thus form the

equation:

100 _ mol. wt.

% element found x (at. wt. element)

Example 85. A sample of a chloride of copper gave upon

analysis 47. 9 per cent copper. What is the formula of the com-

pound?

The ratio between the known and theoretical values

now becomes

100/47.9 = mol. wt./z (63.57),

or 100 : 47.9 = mol. wt. : x (63.57).

As x is always a small integer it may be neglected for

the first calculation: 100 : 47.9 = mol. wt. : 63.57. From
this we obtain a value 132.71, as the molecular weight,

in which one atomic weight of copper must be present

to the extent of 47.9 per cent. The difference, therefore,

or 69.14 (i.e., 132.71 - 63.57 = 69.14), must represent the

atomic weights of chlorine associated with this one atomic

weight of copper. The quotient of 69.14 by 35.46, the

atomic weight of chlorine, gives 1.95, or practically 2, and

we at once draw up the formula CuCl 2 (63.57 + 2 (35.46)
= 134.49), with the molecular weight of which the an-

alytical data are well in agreement; hence the correct

formula.

If there had been obtained some fractional quantity as a

quotient (in place of 2 above), this quantity, together with

the value for copper as unity, may be raised by multiplica-

tion to integral values which indicate the probable formula.

This, of course, is identical with multiplying the molecular

weight found by x (the smallest integrals in their order)

until a value is obtained that can be made up of atomic
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weights without fractional parts. This try-out of a for-

mula is nothing more than the reverse of the method
outlined in Example 23, wherein was shown the means of

determining the amount of any salt present in any one of

its samples when given the percentage of some one element

in the salt. In place of the molecular weight there given
we have here only to set down, in order, the trial values

for this molecular weight which correspond to the possible

formula. Thus :

( Percentage amount ) ( i nn
| _ ( Formula-quantity )

f
( Molecular weight )

(
of copper }

'

\ ) ( copper )

'

j calculated.
J

47.9 : x = 63.57 :

When the value calculated for x, from any trial molecular

weight, approaches closely to 100 we are assured of the

correct value for this molecular weight and consequently
of the correct formula.

PROBLEMS.

99. What is the formula of that substance which gave; by
analysis, 26.9 per cent sodium, 16.58 per cent nitrogen, 56.52

per cent oxygen? Ans. NaNO3.

100. What is the formula of that substance which gave, by
analysis, 26.6 per cent potassium, 35.22 per cent chromium,
38.18 per cent oxygen? Ans. K2Cr2 7 .

101. What is the formula of that substance which gave, by
analysis, 24.65 per cent potassium, 34.85 per cent manganese,
40.5 per cent oxygen? Ans. KMnO4 .

102. Derive the formula of that substance with the observed
relative density 0.8853(0= 1) and, by analysis, the composition:
85.41 per cent carbon and 14.64 per cent hydrogen. Ans. C2H 4 .

103. Derive the formula of that substance with the observed

density 1.189 and, by analysis, the composition: 92.1 per cent

carbon, 7.85 per cent hydrogen. Ans. C2H2 .
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104. Derive the formula of that compound of hydrogen and

oxygen which gave, by analysis, 5.93 per cent hydrogen. A
determination of its molecular weight gave the value 31.8.

Ans. H2O2 .

105. Derive the formulae of that oxide of nitrogen which

gave, by analysis, 30.4 per cent nitrogen. In the solid state it

was found to have a molecular weight of 92.4, whereas the
actual density of its vapor above 140 was only 2.013.

( Solid, N2 4.

lGas,N02 .

106. Derive the formula of that acid which gave, by analysis,
26.5 per cent carbon, 2.2 per cent hydrogen and the rest oxygen.
The molecular weight was determined approximately as 90.4.

Ans. H2C2 4 .

107. Derive the formula of the mineral chalcopyrite, a speci-
men of which gave, by analysis, the following percentage compo-
sition: 34.40 per cent copper, 30.47 per cent iron and 35.87

per cent sulphur. Ans. CuFeS2 .

108. Derive the formula of the mineral dolomite which gave,
by analysis, the following percentage composition :

CaO 31.37 per cent ) .

MgO 21.23 per cent j
Amorphous

CO2 47.67 per cent

100.27

Ans. (CaO,MgO)(C02)

or (Ca,Mg) C03 .

109. By analysis a specimen of melanterite gave the fol-

lowing:

FeO 20.37 per cent ) .

MgO 4.60 per cent j
Amorphous

S03 29.80 per cent

H2 45.07 per cent

99.84

Derive the formula.

Ans. (FeO,MgO)(S0 3).7H2

or (Fe,Mg)S0 4 .7H20.
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110. By analysis a specimen of xenotime gave the follow-

ing:

PA
Y2 3

Ce2 3

Fe 2 3

32.45 per cent

54.13 per cent

11.03 per cent

2.06 per cent
isomorphous

99.67

Derive the formula.

Ans. (Y2 3,Ce 2O3,Fe2 3) - (P2O5)

or ([Y,Ce,Fe]A) (P2O5)

111. By analysis a specimen of columbite gave the following:

Nb2 5

Ta2 5
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114. Derive the formula of the oxide formed in the com-
bustion of 2.61 grams of aluminium with oxygen to a final

weight of 5.01 grams. Ans. A12 3 .

115. Derive the formula of the oxide produced by the com-
bustion of 43.45 grams of lead with 4.48 grams of oxygen.

Ans. Pb 3 4 .

116. Derive the formula of the oxide produced by the burn-

ing of 2.5 grams of phosphorus in oxygen to a final weight of

5.7 grams. Ans. P2 5 .

117. Derive the formula of the nitrate, 19.7 grams of which
were prepared from 10.4 grams of bismuth.

Ans. Bi(N0 3) 3 .

118. Derive the formula of the nitrate, 17 grams of which

gave a residue of 13.8 grams of sodium nitrite, NaNO2 , upon
heating. Ans. NaN03 .

119. Derive the formula of that chlorate, 4.165 grams of

which lost 1.3 grams of oxygen upon heating and gave a resi-

due of barium chloride, BaCl2 . Ans. Ba(C103) 2 .

120. Derive the formula of mercuric cyanide, 5.4 grams of

which lost 1.1 grams of cyanogen upon heating.
Ans. HgC2N2 .

121. Derive the formula of the double salt of ammonium
sulphate and copper sulphate, 4.12 grams of which lost 1.81

grams of ammonium sulphate upon heating.
Ans. (NH 4) 2S0 4 . CuSO 4 .

122. Derive the formula of crystallized sodium sulphate, 8.16

grams of which lost 4.51 grams of water upon dehydration.
Ans. Na2S0 4 . 10 H 20.

123. Derive the formula of crystallized copper sulphate,
7.84 grams of which lost 2.79 grams of water upon dehydration.

Ans. CuS04 . 5 H20.

124. Derive the formula of crystallized aluminium sulphate,
9.54 grams of which lost 4.61 grams of water upon dehydration.

Ans. A12(S0 4) 3 . 18 H20.

125. Derive the formula of aluminium hydroxide, 4.75 grams
of which lost 1.64 grams of water and left a residue of A12O3 .

Ans. A1(OH) 8 .
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126. Derive the formula of that nitrate which gave, by
analysis, 62.45 per cent lead, 8.68 per cent nitrogen, 28.85

per cent oxygen. Ans. Pb(NO3) 2 .

127. Derive the formula of that substance which gave, by
analysis, 52.02 per cent carbon, 13.2 per cent hydrogen, 34.68

per cent oxygen. Ans. C2H60.

128. Derive the formula of that acetate which gave, by analy-

sis, 63.61 per cent lead, 14.62 per cent carbon, 1.98 per cent

hydrogen, 19.79 per cent oxygen. Ans. Pb(C2H 3 2) 2 .

129. A salt of mercury known to be a chloride analyzed for

26.15 per cent chlorine. What is the formula? Ans. HgCl2.

130. A salt known to be a nitrate analyzed for 62.4 per cent

lead. What is the formula? Ans. Pb(N0 3) 2.

131. An oxide of iron gave, by analysis, 69.80 per cent iron.

What is the formula? Ans. Fe2 3.

132. An oxide of barium gave, by analysis, 81 per cent

barium. What is the formula? Ans. BaO2.

133. Derive the formula of the crystallized salt which, by
analysis, gave the percentage composition: 19.98 per cent iron,

11.47 per cent sulphur, 5.24 per cent hydrogen, 63.31 per cent

oxygen. 10 grams of this crystallized salt lost 4.5 grams of

water upon dehydration. Ans. FeS0 4 . 7 H20.

134. The percentage composition of a certain salt is: 15.6

per cent chromium, 14.41 per cent sulphur, 4.79 per cent hydro-

gen, 65.2 per cent oxygen. 10 grams of the crystallized salt

lost 4 grams of water upon dehydration and gave a residue of

Cr2(S0 4) 3 . What is the formula? Ans. Cr2(S0 4) 3 . 15 H2O
135. The percentage composition of a certain salt is: 27.51

per cent calcium, 22.15 per cent sulphur, 1.02 per cent hydrogen,
49.32 per cent oxygen. 10 grams of this crystallized salt lost

0.6 gram of water upon dehydration. What is the formula?

Ans. (CaS0 4) 2 . H2O.

136. 2.5 grams of a crystallized salt known to be a sulphate
of iron, and containing 20 per cent of iron, lost 1.13 grams of

water upon dehydration. What is the formula?

Ans. FeSO 4 . 7 HaO.



CHAPTER IX.

CALCULATIONS DEPENDING UPON CHEMICAL
EQUATIONS.

IN calculations which depend upon chemical reactions,

the equations representing these reactions must first be

constructed. In all chemical equations the number of
t

atomic weights of any one element concerned remains a

constant; the relative amount of each element, therefore,

will be alike for both sides of the equation. Naturally
the valence of each element in the reaction under consid-

eration must be known, as upon these factors the balancing
of equations is dependent. This valence or measure by
which each atom of any element can enter into combina-

tion determines, accordingly, the number of other atoms or

groups of atoms necessary for consideration in any reac-

tion. When, however, an element undergoes a change of

valence the arrangement of these atom groupings must be

made to accord with this change (cf. Chap. XII). The

representation of all substances in the molecular form

constituting here a molecular equation has the great

advantage of indicating the corresponding volume rela-

tions between the gaseous substances by reason of the like

molecular volumes of all substances in the state of vapor.

Reaction-Quantities. The action of metallic sodium

upon water is shown in the following equation :

2 Na + 2 H2O = 2 NaOH + H2

2 mol. + 2 mol. = 2 mol. + 1 mol.

Relative

parts

by weight.

2 (23.00)+ 2 (18.02) = 2 (40.01)+ 2.02

46.00 + 36.04 = 80.02 + 2.02

82.04 = 82.04

82
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In this simple equation each of the quantities repre-

sented is definite and bears that relation to every other

quantity as is indicated by the corresponding group of

atomic weights present in each. These quantities may
be considered as the reaction-quantities, atomic or

molecular quantities definite for any given reaction and

always proportional to each other, such that, when in-

volved together, the ratio between them will be exactly

equal to the ratio between the actual weights, of whatever

denomination, which may represent them. This propor-

tionality, relative, of course, to the construction of the

equation itself, follows naturally from the Law of Definite

Proportions. The reaction equation only indicates the

apportionment of the various atomic or molecular group-

ings for the several compounds possible under the observed

conditions. The formula-quantities going to make up any
number of molecules of a compound indicated, still bear a

definite ratio to every other formula-quantity, with the

result, of course, that the weight which represents any of

these reaction-quantities in a given equation must also

bear a similar and definite proportion to each other, no

matter whether they are upon the same or opposite sides

of the equation. The reaction-quantity of sodium in the

equation above is represented by two molecular weights;

the reaction-quantity of sodium hydroxide, corresponding

to this value for sodium, is also represented by two molec-

ular weights. As both involve the same quantity of

sodium they may be regarded also as equivalent

quantities. The ratio between them, 2 Na/2 NaOH, is

more simply expressed in the unimolecular form,

Na/NaOH.
The reaction-quantity of hydrogen directly proportional

to the reaction-quantity of sodium in this equation is rep-

resented by one molecular weight, or H
2
. The ratio
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2 Na/H2 is definite, therefore, for all possible values for

these substances in this reaction.

Example 36. What weight of sodium hydroxide and of

hydrogen can be procured by the action of 50 grams of sodium

upon water?

From the equation just studied, the ratio 2 Na/2 NaOH,
or Na/NaOH, i.e., 23/40.01, is constant for all proportional

amounts of these two substances. Therefore the ratio

50 /x, between this known weight of the metal (50 grams)
and its proportional value in hydroxide (x), must be

equal to the ratio above (the related terms in these ratios

are of course placed similarly), and we shall have

23/40.01 = 5Q/x.

By simple proportion this may be expressed as

23 : 40.01 = 50 : x.

From these expressions the value of x (the weight of

sodium hydroxide) is found to be 86.98 grams.
In an exactly similar manner the ratio between the

reaction-quantities of sodium and hydrogen, 2 Na/H 2 ,
or

Na/H, or 23/1.01 may be made equal to the ratio between

the known or unknown weights of these substances con-

cerned in the reaction. Between the weight of sodium

(50 grams) and its unknown proportional weight of

hydrogen (x) we have the ratio 50 /a;; this is therefore

immediately referred to the ratio between the correspond-

ing proportional quantities above, Na/H or 23/1.01.

Thus, 23/1.01 = 50/z, or 23 : 1.01 = 50 : x, from which

the value for x is found to be 2.2 grams.
In general we may state that when any substance is

concerned in a chemical reaction, the amount of any other

substance, resulting directly or indirectly through this

reaction, bears to the former a definite ratio and one always
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equal to the ratio between the corresponding reaction-

quantities of the substances in the equation.

Example 37. What weight of magnesium will be required

for the liberation of 10 grams of hydrogen from water or an acid?

We may first consider the decomposition of water by
magnesium as shown in the following:

Mg +H2 =MgO +H2

1 mol. + 1 mol.= 1 mol.+ 1 mol.

Parts by weight. {24.32 +18.02 = 40.32 + 2.02

and again, the reaction of magnesium upon an acid such

as hydrochloric acid:

Mg +2 HC1 = MgCl 2 + H2

1 mol. + 2 mol. =* I mol. + 1 mol.

Parts by weight. {24.32 + 2 (36.47) = 95.24 + 2.02

In each case we find that the molecule of magnesium
containing one atomic weight displaces, and is equi-
valent to, one molecule of hydrogen containing two
atomic weights. The quantities Mg and H

2 are there-

fore directly proportional to each other in both equations,
and the constant ratio Mg/H 2 ,

or 24.32/2.02, must be equal
to the ratio between the corresponding weights of these

elements here concerned, i.e., x/10. From the equation

24.32/2.02 = x/ 10, or the simple proportion 24.32 : 2.02
= x : 10, we calculate the value of x to be 120.4 grams

(magnesium).
In the more complicated reactions the relations between

the several quantities on the two sides of an equation are

often difficult to ascertain. To say nothing of reversible

actions and the possibilities for dependent or secondary
reactions to take place between certain of the quantities,

we have assumed and must continue to assume that the

reaction in question takes place along the lines indicated
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in that equation best substantiated by the facts under the

observed conditions.

Example 88. What weight of sulphur dioxide, S02 ,
can be

obtained by the action of 10 grams of copper upon concentrated

sulphuric acid?

Copper acts upon sulphuric acid (cone.), to give sulphur

dioxide, water and copper sulphate. Notwithstanding
the slight amount of cuprous sulphide formed here through
a secondary reaction, we shall represent the action by a

single equation:

Cu + 2 H
2S04

= CuS04 + 2 H 2 + S0 2

63.57 64.07

The reaction-quantities, Cu and S02 ,
are directly pro-

portional; the ratio between them, Cu/S0 2 ,
or 63.57/64.07,

is constant for all amounts here involved, and conse-

quently equal to the ratio, 10 /x, representing these sub-

stances respectively in this example. From the equation

63.57/64.07 = 10/z the value of x is calculated as 10.08,

the weight in grams of sulphur dioxide.

Calculation of Volume Relations Introduced by Chem-
ical Equations. In the consideration of gaseous sub-

stances formed in these reactions, their gram-molecular

quantities may be referred at once to the gram-molec-
ular volumes as a basis (cf. Ex. 16). For example, to

recall the illustrations at the beginning of this chapter,

two gram-molecular weights of sodium displace one gram-
molecular weight of hydrogen, which under standard

conditions occupies 22,400 c.c. Whatever be the weight
of hydrogen evolved, the ratio between the G.M.W. and

this weight will be identical with that between the G.M.V.

and the volume of hydrogen corresponding to the known

weight above (cf. Ex. 15).
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Example 39. Calculate the volume of hydrogen, at 10 and

750 mm., that will be evolved by the action of 100 grams of zinc

upon an acid.

The nature or strength of the acid here is of no concern,

for, so long as the zinc is used up, the proportional amount
of hydrogen must be displaced, and from this weight of

hydrogen displaced its volume may be easily calculated.

With sulphuric acid the reaction may be represented as

follows :

Zn + H2S04
= ZnSO4 + H2

65.37 + 98.09 = 161.44 + 2.02.

The reaction-quantities Zn and H2 establish the ratio

Zn/H2 ,
or 65.37/2.02, as constant for all proportional

amounts of these elements
;
hence the equation 65.37/2.02

=
100/z. From this the value of x is calculated as 3.09

grams.
A gram-molecular weight of hydrogen, 2.02, occupies

22,400 c.c. at standard conditions. As previously stated

the volume occupied by any other weight of the gas will

stand in the same proportion to this gram-molecular
volume as does its weight to the gram-molecular weight.

Thus the ratio 2.02/3.09, between the known weights, will

be exactly equal to the ratio between the corresponding

volumes, 2.02/3.09 = 22,400/z. By simple proportion

we should have 2.02: 3.09 = 22,400: x; or, with reference to

the fractional part of the volume occupied by 2.02 grams
of the gas, we know that 3.09 grams must occupy 3.09/2.02

times this known volume, i.e.,

3>09 * 22
'
400

or 34 261 c.c.
2.02

The value of x, as here calculated, must be adjusted now
to the observed conditions of temperature and pressure.

For this we need but a moment's glance to see that the

corrected volume, x', will be expressed by the equation
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The reverse process that of determining the amount
of any substance which will give a definite volume of gas

measured at certain definite conditions is made clear

when the weight of this gas is ascertained (cf. Ex. 17).

So also the consideration of aqueous vapor, when present,

brings into these calculations only those methods already

outlined in previous examples.

Calculations with Reference to Degree of Purity.

Oftentimes the purity of materials employed in chemical

operations does not come up to the standard or 100 per

cent. In such cases, where the deviation from the theo-

retical is known, the results found must be recalculated

with reference to the standard purity. For instance, if

the magnesium considered in Example 37 had been of

only 80 per cent purity (contaminated, we shall say, with

20 per cent of inert or extraneous matter), then our

results, wrongly based upon a valuation of 100 instead of

the actual 80, must be raised in accordance with the ratio

existing between the actual and theoretical value, i.e.,

according to the ratio 80/100. The result in the exam-

ple cited would be changed through the simple pro-

portion: 120.4 : x = 80 : 100; or 150.5 grams would be the

weight of magnesium (80 per cent) necessary to give

10 grams of hydrogen.

Conversely, if it were desired to ascertain what weight

of hydrogen could be obtained from this weight (150.5

grams) of magnesium (80 per cent pure), then the result

upon the basis of 150.5 grams of pure magnesium would

need to be lowered in the same proportion: 100 : 80.

The same end is attained by bringing into the original

calculation just 80 per cent of the weight of magnesium

(80 per cent pure), i.e., 120.4 grams in this example.

These calculations afford, therefore, a simple means for

estimating the degree of purity of a definite weight of a
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substance when the amount of some constituent con-

cerned in one of its reactions is referred to the correspond-

ing theoretical value.

Example 40. A specimen of marble weighing 5 grams
evolved 2.1 grams of carbon dioxide (corresponding to a theo-

retical volume of 1162.5 c.c. at 20 and 750 mm.) when acted

upon by an acid. Estimate the degree of purity, assuming that

all of the carbonate was present as calcium carbonate.

The reaction with hydrochloric acid is here given:

CaC03 + 2 HC1 = CaCl2 + H2O + CO2 .

100.09 44

From this equation the proportionality between the

reaction-quantities CaC03 (100.09) and C0 2 (44) leads to

the equation j^~
= ~~' wnere x

)
2-2 grams, is the weight

of carbon dioxide theoretically possible from this weight

of pure calcium carbonate. The specimen is accordingly

only ^2 >
or 95.45 per cent, pure (2.2 : 2.1 = 100 : x). Calcu-

lating from the standpoint of the carbon dioxide, we natu-

44 21
rally reach the same value : nn AQ

=
;
or x, 4.772

luu.uy x

grams, is the theoretical amount of calcium carbonate re-

quired for the production of 2.1 grams of carbon dioxide.

4772
This weight is

,
or 95.45 per cent, of the weight of the

oUUU

specimen; consequently, just this fraction of the specimen
can be considered calcium carbonate, i.e., its degree of

purity is 95.45 per cent.

Calculation of Products Resulting from Mixtures.

The definite weights of various substances brought

together for chemical combination are rarely ever present

in the exact proportions indicated by the equation

representing the particular reaction.
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Thus, in the interaction between a metal and an acid,

as already noted, the acid is taken in excess of the theo-

retical amount proportional to the definite weight of

metal concerned. Such an excess is easily removed
from the final product by volatilization. In cases where

this cannot be accomplished without decomposition of

some product sought, other means (crystallization, etc.)

are employed. In order to ascertain the exact amount
of any substance formed through one of these inter-

actions it is necessary first to determine what particular

component or components can be acted upon to com-

pletion by the others present. This, of course, presupposes
the tendency for the reaction to run to completeness in

some one direction, and implies the elimination of those

products which may lead to a reversal of these conditions.

Example 4! What weight of sodium sulphate may be

expected to result from the interaction of 10 grams of sodium,
11 grams of sulphur and 40 grams of oxygen?

The equation representing the possible combination of

these elements to this end is as follows :

2 Na + S + 2 O 2
= Na2S0 4

46 + 32.07 + 64 = 142.07

Weights given. {10
1 1 40.

The actual weights of the several substances here

entering into combination as sodium sulphate must

stand in the same relation to each other as do the cor-

responding reaction-quantities. There is then an equiva-
lence in the ratios between each reaction-quantity and the

corresponding weight that represents it in the reaction

(see footnote, page 72).

If these conditions are fulfilled in the example, we
shall have an equality in the ratios, 46/10, 32.07/11
and 64/40. A single glance, however, disproves this
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point. It then becomes necessary to determine by trial

which one of these ratios, between a reaction-quantity

and its corresponding weight as given in the example, is

the correct ratio to select as the basis of calculation. For

example, upon the basis of 64/40, we must have:

64 46 32.07

40 a; y

spective values for sodium and sulphur, actually exceed

the amounts at hand. Upon the basis 32.07/11, we have:

32J07 = 46 = 64^ where (153) and y, (22), are the
11 x y

respective values for sodium and oxygen. In this latter

case only the sodium is higher than the weight stipu-

lated. Finally, upon the basis 46/10, we have the equa-

tion = 5^ = , and from this both x, (6.97), the
10 x y

weight of sulphur, and y, (13.9), the weight of oxygen,
fall below the amounts given; hence 46/10 is the proper
ratio upon which to base the calculation. The sum of

the respective weights thus obtained, 30.87 grams, (10 +
6.97 + 13.97), gives the highest weight of sodium sulphate

possible from the data in the problem.
In general we select as the basis of calculation for any

given reaction only that ratio which brings into consid-

eration those values for the various substances involved

as do not exceed the amounts present. More simply

stated, perhaps, we base our calculations upon that weight
of a particular substance at hand which gives, with its

corresponding reaction-quantity as denominator, the

smallest numerical factor. Thus the total weight of this

particular substance determines the theoretically propor-

tional weights of the other substances.

Under conditions where reversible reactions are likely,

for example the preparation of sodium sulphate by the
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action of sulphuric acid upon common salt, as shown in

the equation:

2 NaCl + H 2S0 4
= Na2S0 4 + 2 HC1,

we determine in similar manner the weight of sodium

sulphate possible from any known weight of salt (if the sul-

phuric acid is in excess) or from the weight of sulphuric

acid (if the salt is in excess). The presence of hydro-
chloric acid as the reversing agent must be removed in

either case if we wish to obtain the calculated results.

Calculation of Ratios between Reaction-Quantities in

Dependent Equations. When an element or group of

elements enters into a series of successive reactions and

the equation for each reaction can be constructed, we

may draw up a proportionality between the reaction-

quantities in any two of the equations providing that

some quantity is common to both. In like manner this

proportionality may be extended step by step over any
number of dependent equations (cf. Ex. 24).

Example 4> What weight of bromine can be liberated

from a concentrated solution of potassium bromide (excess)

by the addition of 12 grams of hydrochloric acid (containing

39.1 per cent HC1) and an excess of manganese dioxide?

The two equations representing the action are as fol-

lows:

(a) MnO2 + 4 HC1 = MnCl 2 + C12 + 2 H 2O
(b) 2 KBr + C1 2 =2 KC1 + Br2 .

It is observed that the reaction-quantity C1 2 is common
to both (a) and (6), consequently the reaction-quantities

directly proportional to this quantity in either equation
will be also directly proportional to each other. The

ratio 4 HC1/C1 2 from equation (a) and the ratio Cl 2/Br2

from equation (b) give us, accordingly, the ratio 4 HCl/Br2

for the proportionality between the reaction-quantities
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required for this example. From the equivalence between

this ratio and the ratio of the weights corresponding

thereto, we have 4 HCl/Br2 ,
or 4(36.47) /2(79.92), or

145.88/159.84 = 12 /x, which, solved for x, gives a value

of 13.1 grams. This weight of bromine, 13.1 grams, is

based upon the hydrochloric acid as 100 per cent hydro-

gen chloride. The concentrated acid at our command,
the acid stated in the example, contained only 39.1 per

cent hydrogen chloride. It remains then to calculate the

weight of bromine which a 39.1 per cent acid can give.

By reference to Example 40, the method is outlined to

be simply one of proportion, according to which we shall

have 100 : 39.1 = 13.1 : x,

or z = 5.13 grams, the weight of bromine evolved by 12

grams of 39.1 per cent hydrochloric acid. This same

result is easily obtained by determining first the weight
of hydrogen chloride in the 12 grams of 39.1 per cent acid,

(12 X 39.1 per cent = 4.69), and working the example
with this value for the hydrogen chloride.

The elimination of a quantity occurring in two depend-
ent equations may necessitate a readjustment of one or

both of the equations containing it before the quantity
becomes alike in each.

Example 48. What weight of iron sulphide will be required

to furnish sufficient hydrogen sulphide for the reduction of 10

grams of sulphur dioxide to sulphur?

The two equations here required are as follows :

(a) FeS + 2 HC1 = FeCl 2 + H2S

(6) 2 H 2S + S0 2
=2 H 2O + 3 S.

The reaction in equation (6) depends upon the hydro-

gen sulphide that is evolved in (a) ; consequently this sub-

stance must constitute the common reaction-quantity.

In order to make this quantity alike for the two equations
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and thus eliminate it from the calculations, it is only neces-

sary to multiply equation (a) by 2, when we obtain (a') :

(a') 2 FeS + 4 HC1 = 2 FeCl 2 + 2 H 2S.

The comparison of any of the reaction-quantities in the

two equations (a') and (6) with reference to hydrogen sul-

phide is now made simple. In the example given, iron

sulphide and sulphur dioxide are found to be related

through the ratios 2 FeS/ 2 H 2S and 2 H
2S/S0 2 ,

or directly

as 2 FeS/S02 . The calculation is conducted, therefore,

as follows :

2 FeS/S02 ,
or 2 (87.92) /64.07, or 175.84/64.07 = z/10.

From which x, the weight of iron sulphide, is found to be

27.44 grams.
Without this elimination of the quantity common to both

equations, the calculation, of course, can be made directly

toward ascertaining the weight representing this quan-

tity in the first equation, and then finally, from this weight,

the weight representing any other reaction-quantity pro-

portional to it in the second equation. Such calculations,

here involving the weight of hydrogen sulphide, are indeed

roundabout and entirely unnecessary.

Calculation of Ratios between Reaction-Quantities in

Independent Equations. In the study of dependent

equations the reaction-quantities may be regarded as

related to each other, through this common reaction-quan-

tity, as are the members of a single equation. The reac-

tion-quantities of the second equation are, so to speak,

brought into existence through the agency of this com-

mon quantity. In the study of independent equations,

where there is present no one quantity which has a direct

bearing upon any other equation, we have simply a fur-

ther application of this same principle; namely, the com-

parison of all the possible reaction-quantities in the
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separate equations so long as some quantity can be made
common to each. Quantities so compared will be directly

proportional to each other, but only in respect to this

common reaction-quantity. As an illustration, the fol-

lowing equations are cited:

(a) Na2C0 3 + 2 HC1 = 2 Nad + H 2 + C02

(6) NaHC0 3 + HC1 = Nad + H2O + CO2 .

In these independent equations there are a number of

substances represented for which the reaction-quantities

could be adjusted alike for both; thus the reaction-quan-

tity C0 2 is a common one. Upon this fact we may draw

up the ratio Na 2C0 3/NaHC0 3 to express the proportion-

ality between the relative amounts of normal carbonate and

primary carbonate necessary to give an equal amount of

carbon dioxide, i.e., the relation is based upon the carbon-

dioxide content. In order to obtain a comparison with

reference to the salt, equation (6) must be doubled to

(&'):

(&') 2 NaHC0 3 + 2 HC1 = 2 Nad + 2 H2 + 2 C02 .

The ratio Na2CO 3 /2 NaHC0 3 then expresses the relation

between the relative amounts of each carbonate neces-

sary to give equal amounts of salt with hydrochloric acid.

Or, since sodium is always a constant quantity in salt,

we may say that the ratio above is that based upon a like

content of sodium in each carbonate.

In addition to the carbonate discussed in the preceding

paragraph, we may also compare the reaction-quantities

for the carbon dioxide present. Between equations (a)

and (6), where this is a common quantity, we have the

ratio 2 HC1/HC1 representing the relative amounts of acid

necessary in the respective cases to give equal amounts

of carbon dioxide. Between equations (a) and (&') we
have the ratio C0 2 /2 CO 2 representing the relative
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amounts of carbon dioxide evolved from equal amounts

of sodium when contained respectively in normal car-

bonate or primary carbonate, as indicated by the ratio

Na 2CO 3/2 NaHCO3 ,
or the ratio 2 NaCl/2 NaCl, in each of

which the sodium content is the same for both terms of

the ratio. This latter point may be illustrated by the

equation :

2 NaHC0 3
= Na2C0 3 + CO 2 + H 20.

Here it is shown that two molecules of the primary car-

bonate break down into one molecule of the normal car-

bonate with the loss of one molecule of carbon dioxide.

The ratio 2 NaHC0 3/CO 2 represents the relative amounts

of these substances concerned in the action of heat upon
the primary carbonate. This, in fact, is a case where the

entire quantity of a substance, (CO 2 ), available in a com-

pound need not be concerned in a ratio for the study of

that compound, but only that portion of it separately in-

volved as a reaction-quantity and made directly propor-

tional, therefore, to some other reaction-quantity.

Example 44. What relative weights of mercuric oxide and

barium peroxide are required in the preparation of equal

amounts of oxygen?

The molecular equations with oxygen as the common

quantity adjusted alike in both are as follows:

2 HgO = 2 Hg + 2

2 BaO2
= 2 BaO + O 2 .

The ratio 2 HgO/2 Ba0 2 ,
or HgO/Ba0 2 ,

or 216/169.37,

determines accordingly the relation between the corres-

ponding weights of these two substances in this problem.
If we take one, e.g., the mercuric oxide, as 100 we re-

duce the second to a comparatively simple value:

216
=
100

a

169.37 x
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This gives 78.4 as the value of x, or that weight in

grams of barium peroxide equal to 100 grams of mercuric

oxide in the preparation of oxygen.
Calculation of Reaction-Quantities from the Weights

of Substances Involved. The direct proportionality

which exists between the reaction-quantities of a given

equation requires, as we have seen, the same proportion-

ality between the corresponding weights which represent

them in this particular reaction. This permits of an

equivalence in the ratios between each reaction-quantity
and its corresponding weight (cf. Ex. 41 and footnote,

page 72).

In the construction of chemical equations from the

actual weights of substances therein concerned, we must

bear in mind the possibility of deviations in these weights
from those demanded in the reactions. These deviations

may be due to any number of causes and rapidly increase

with the instability of the compounds considered as well

as with the tendencies for secondary reactions. Conse-

quently the determination of the correct reaction-quan-
tities for these equations must be made a special study in

each individual case.

Example 46. A solution of 10 grams of crystallized sodium

thiosulphate, Na2S2 3 . 5 H2O decolorized 5.1 grams of iodine.

What molecular quantity of this salt was associated with one

molecule of iodine in this reaction?

From the equivalence in ratios between the reaction-

quantities and the actual weights involved we have :

JL Jl . JL_ 253.84

10" 5.1
'
Cr

10" 5.1

This gives to x the value 497.7, the reaction-quantity of

the thiosulphate associated with one molecular weight of
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iodine. The molecular weight of sodium thiosulphate,
Na2S 2O 3 . 5 H 20, is 248.2, consequently we have here

497.7/248.2 or approximately 2 molecules of this salt in

its reaction-quantity, i.e., the equation constructed upon
the iodine involved as just one molecule will be

2 Na2S 2 3 . 5 H 2O + I 2
= (2 Nal + Na2S4 6).

Complex Reaction-Quantities. There are a number of

equations in which the reaction-quantities upon one side

are incorporated into one single reaction-quantity upon
the other side. The same principles hold here as in the

cases just discussed, but the study of this larger quantity
is nothing more or less than the study of the formula-

quantities present in it. The consideration of the so-called

molecular compounds, as are the double salts and salts

containing water of crystallization, illustrates this point.

Example 46. 100 grams of copper sulphate will give what

weight of blue vitriol (CuS04 . 5 H20)?

From the equation,

CuS04 + 5 H2
= CuSO4 . 5 H2

159.64 + 90.1 = 249.74,
the ratio

GuSO4 159.64*
f\f

CuS04 .5H 2O' 249.74

is a constant, and denotes the direct proportionality
between these two reaction-quantities. The ratio between

the actual weights, 100 and x, when put equal to the ratio

between the molecular quantities, gives us

159.64 100

249.74 x '

where x, with the value 156.4 grams, is the weight of blue

vitriol. As the percentage composition of the anhydrous

copper sulphate is a constant, we may just as well calcu-

late what weight of pure copper, Cu, or sulphur, S, or even
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oxygen, 4 O, is necessary to give any definite weight of

anhydrous copper sulphate and finally blue vitriol; or,

vice versa, what weight of blue vitriol is obtainable from

any definite weight of one of these constituents.

As another illustration of this point we may take the

formation of ordinary alum:

K2SO4 . 6HP + A12(SO4) 3 . 18H2
O = I^SO, . A12(S04)3 . 24H,O

1 mol. + 1 mol. = 1 mol.

A molecular quantity of one sulphate unites with one of

another to form one molecular quantity of the double

sulphate. These quantities are all directly proportional

to each other, and from the equation we write the following

ratios:

K 2S04 .6H2

(W

K2SO4 . A1 2(S04 ) 3 . 24 H
2O

A1 2(SO4 ) 3 . 18 H 2O
K2S04 . A1

2(S04 ) 3 . 24 H 2O

( , K2S04 . 6 H 2
\c )

A12(SO4 ) 3
. 18 H 2O

These serve as the ratios for calculating, upon the molecu-

lar quantities involved, the amount of alum obtainable

from certain known amounts of (a) crystallized potassium

sulphate; (6) crystallized aluminium sulphate; and also

(c) the amount of crystallized aluminium sulphate neces-

sary for combination with one molecule of the crystallized

potassium sulphate, or vice versa. Though somewhat

more complicated molecular aggregates may be present,

the ratios between the several factors are always constant.

Example 47. How much alum can be prepared from 100

grams of anhydrous potassium sulphate?

The ratio

K2S04 174.27

K2S04 . A1
2(S04 ) 3 . 24 H 2

'
r
949.16
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is placed equal to the ratio 100/z, and the equation solved

in the usual manner. The value of x, the weight of alum,
is found to be 544.6 grams.

PROBLEMS.

137. What weight of potassium hydroxide may be prepared

by the action of 100 grams of potassium upon water?

Ans. 143.5 grams.

138. What weight of potassium will be required in the prep-
aration of 20 grams of potassium carbonate, K2CO3 ?

Ans. 11.3 grams.

139. What weight of magnesium chloride, MgCl2 , may be

obtained by the action of hydrochloric acid upon 10 grams of

magnesium carbonate, MgC0 3 ? What weight of carbon dioxide

will be liberated? Ans. 11.3 grams MgCl,.
5.2 grams C03 .

140. Recalculate Problem 139 on the supposition that the

magnesium carbonate contained 10 per cent of insoluble matter.

Ans. 10.16 grams MgCla .

4.7 grams CO,.

141. What weight of sulphur dioxide, SO2 ,
can be obtained

by the action of an acid upon 250 grams of sodium sulphite,

Na2SO 3? Ans. 127 grams.

142. Recalculate Problem 141 on the supposition that 20

per cent of the sulphite had become oxidized to sulphate.
Ans. 101.6 grams.

143. Calculate the volume of carbon dioxide, at 22 and 740

mm. pressure, that will be liberated by the action of acid

upon 20 grams of calcium carbonate, CaCO3 . Ans. 4967 c.c.

144. What weight of magnesium will be required for the

liberation of 500 c.c. of hydrogen, at 20 and 740 mm. pressure,

when acted upon by an acid? Ans. 0.49 gram.

145. Calculate the volume of hydrogen, measured over water

at 17 and 742 mm. pressure, that can be liberated by the

action of 10 grams of sodium upon water. Ans. 5403 c.c.

146. What weight of aluminium will be required for the

liberation of 420 c.c. of hydrogen, measured over water at 18
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and 746.4 mm. pressure, when acted' upbri
J

16y hydrodHlofic'
acid? Ans. 0.306 gram.

147. What weight of ammonium nitrite, NH 4NO2 ,
will

evolve, when heated, 480 c.c. of nitrogen, measured over water
at 21 and 747.5 mm. pressure? Ans. 1.22 grams.

148. Determine the purity of a sample of anhydrous sodium

carbonate, Na2C03 ,
6 grams of which gave, when acted upon by

an acid, 1310 c.c. of carbon dioxide, at 10 and 750 mm. pressure.
Ans. 98.35 per cent pure.

149. Determine the purity of a sample of anhydrous sodium

carbonate, 3 grams of which gave, by treatment with sulphuric
acid and final ignition, 3.99 grams of sodium sulphate, Na2S0 4 .

Ans. 99.25 per cent pure.

150. A sample of iron wire weighing 2.4 grams was found to

give, when acted upon by excess of acid, a volume of hydrogen
measuring 1015.1 c.c., at 10 and 745 mm. pressure. What was
its degree of purity? The presence of any other substance

capable of liberating hydrogen from an acid is here disregarded.
Ans. 99.72 per cent pure.

151. A sample of silver nitrate weighing 2.40 grams was

brought into solution and treated with a soluble chloride

(excess). The weight of silver chloride, AgCl, precipitated was
2.01 grams. What was the purity of the sample?

Ans. 99.26 per cent pure.

152. What weight of zinc (98 per cent pure) will be required
for the liberation of the hydrogen from 10 grams of hydro-
chloric acid containing 39.1 per cent HC1? Ans. 3.576 grams.

153. What weight of sulphuric acid containing 27.32 per
cent H2S0 4 will be required for interaction with 2.17 grams of

iron wire (99 per cent pure)? Ans. 13.82 grams.

154. What volume of hydrogen, measured over water at 18
and 746.4 mm. pressure, will be liberated by the action of

aluminium upon 20 grams of sulphuric acid containing 41.5

per cent H2S0 4? Ans. 2100 c.c.

155. What weight of sulphuric acid (27.32 per cent H2S0 4)

will be required for interaction with a metal (Zn, Mg, etc.) in

order to give a volume of hydrogen measuring over water 1032-

c.c., at 16 and 742.5 mm. pressure? Ans. 15 grams.
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156. What weight 'of hydrochloric acid (23.82 per cent HC1)
will be required for interaction with iron sulphide, FeS, in order
to give a volume of hydrogen sulphide, measuring 613.1 c.c., at

20 and 745 mm. pressure?
Calculate also the weight of iron sulphide (98 per cent pure)

here consumed. Ans. 7.655 grams acid.

2.243 grams FeS (98 per cent).

157. When 100 grams of mercury and 20 grams of sulphur
are rubbed together what weight of mercuric sulphide, HgS,
may be formed? Ans. 116 grams.

Note. From the reaction-quantities involved it is seen that the

sulphur is in excess. This excess is easily removed by solution in

carbon disulphide.

158. A mixture of 10 grams of zinc dust and 2 grams of

sulphur was gently heated to point of reaction. What weight
of zinc sulphide, ZnS, was formed? Ans. 6.053 grams.

159. A mixture of 10 grams of iron and 8 grams of sulphur
was gently heated to point of reaction. What weight and
volume (at standard conditions) of hydrogen sulphide could be

obtained from the final product, FeS, by the action of an acid?

Ans. 6.104 grams, or 4010.5 c.c. H 2S.

160. A mixture of 4 grams of sodium oxide, Na20, and 6

grams of sulphur trioxide will give what weight of sodium

sulphate? Ans. 9.166 grams.

161. 3 grams of silver nitrate, AgN03,
and 1 gram of potas-

sium chloride, KC1, were brought together in aqueous solution.

What weight of silver chloride, AgCl, was precipitated?
Ans. 1.923 grams.

162. 8.2 grams of crystallized barium chloride, BaCl2 . 6 H 20,
and 7 grams of sulphuric acid (70 per cent H2S0 4) were brought
together in aqueous solution. What weight of barium sulphate,
BaS0 4 ,

was precipitated? Ans. 6.05 grams.

163. 10 grams of a mixture of marble (CaC03), magnesium,
and an inert substance were acted upon by excess of acid. The
carbon dioxide evolved (taken up in a solution of potassium

hydroxide) was found to weigh 1.318 grams. The volume of

the other gas, hydrogen, measured over water at 10 and



CHEMICAL EQUATIONS 103

750.2 mm. pressure, was 5874 c.c. Calculate the percentage
amount of each component in the mixture.

Ans. 30 per cent marble.

60 per cent magnesium.
10 per cent insoluble matter.

164. 15 grams of an alloy of zinc and copper (containing
10 per cent of copper) were placed in a vessel containing 100

grams of sulphuric acid (25 per cent H 2S0 4). What weight of

hydrogen was liberated? Ans. 0.417 gram.

165. 12 grams of an alloy of aluminium and zinc (containing

33J per cent of zinc) were placed in a vessel containing 180

grams of hydrochloric acid (35 per cent HC1). What volume of

hydrogen, at standard conditions, was liberated?

Ans. 11,290 c.c.

166. A specimen of silver, containing 3 per cent copper,

weighed 9.8 grams. After solution in nitric acid an excess of

sodium chloride was added to it. Calculate the weight of the

silver chloride precipitated. Ans. 12.632 grams.

167. 10 grams of phosphorus tribromide, PBr 3 ,
were mixed

with an excess of water and an excess of silver nitrate added to,

this solution. What weight of silver bromide was formed?

Calculate also the exact weight of silver nitrate required for

this removal of bromide. Ans. 20.81 grams AgBr.
18.82 grams AgN0 3 .

168. What volume of hydrogen sulphide, at standard con-

ditions, would be required for interaction with an excess of

iodine, in aqueous suspension, in order to furnish an amount
of hydriodic acid sufficient for the precipitation of 10 grams of

silver iodide from a solution of silver nitrate? Ans. 477 c.c.

169. What weight of fluorspar, CaF 2 ,
would be required to

furnish sufficient hydrogen fluoride (by interaction with sul-

phuric acid) to convert 5 grams of quartz, SiO 2 ,
into silicon

fluoride, SiF 4 ? Ans. 12.95 grams.

170. Calculate the volume of chlorine, at standard condi-

tions, necessary to give, by interaction with water, an amount
of oxygen which will just suffice for the oxidation of 10 grams
of mercury to mercuric oxide, HgO. Ans. 1120 c.c.
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171. Calculate the volume of chlorine, at standard condi-

tions, necessary to give an amount of potassium chlorate (by
interaction with a hot solution of potassium hydroxide) which

would just suffice, in its decomposition into oxygen and potas-
sium chloride, for the oxidation of 5 grams of hydrogen to

water. Ans. 55,446 c.c.

172. 100 grams of iron pyrites, FeS2 ,
were roasted to ferric

oxide, Fe2O 3,
and sulphur dioxide. The sulphur dioxide was

then taken up by sodium peroxide, Na2O2 ,
to form sodium

sulphate, and this product treated with a solution of barium

chloride, BaCl2 . What weight of barium sulphate was pre-

cipitated? Ans. 389.1 grams.

173. 20 grams of nitrogen were carried through the follow-

ing series of reactions. Calculate the resulting volume of

nitrous oxide, N20, at standard conditions.

3 Mg + N2
= Mg3N2

Mg3N2 + 6 H2O = 3 Mg (OH), + 2 NH3

NH 3+HNO3
= NH 4N03

NH4N03
= N2 + 2 H2

Ans. 50,237 c.c.

174. Calculate the relative weights of sodium chlorate and

potassium chlorate necessary to give the same volume of oxygen.
Ans. 100 (NaC103): 115 (KC103).

175. Calculate the relative weights of potassium chlorate

and perchlorate, KC10 4 , necessary to give the same volume of

oxygen. Ans. 100 (KC103) : 84.8 (KC10 4).

176. Compare the weights of aluminium and zinc neces-

sary for the production of equal weights of hydrogen by inter-

action with an acid. Ans. 100 (Al) : 361.8 (Zn).

177. Compare the weight of calcium nitride, Ca3
N2 (in its

interaction with water), and the weight of ammonium chloride

(in its interaction with a base), necessary to give the same

weight of ammonia. Ans. 100 (Ca3N2) : 72.2 (NH 4C1).

178. What relative weights of cupric oxide, CuO, and

cuprous oxide, Cu20, are procurable from the same weight of

copper? Ans. 100 (CuO) : 89.95 (Cu20).
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179. In the interaction of methane, CH4 ,
and chlorine, 2

grams of the former required 17.7 grams of the latter. Calcu-

late the reaction-quantity of chlorine per molecule of methane.

Ans. 2 C12 .

180. 2 grams of hydrogen sulphide, H2S, decolorized 5.8

grams of potassium dichromate, K2Cr2 7 (in acid solution).
Calculate the reaction-quantity of the former required per
molecule of the latter. Ans. 3 H2S.

181. 2.4 grams of ammonia, NH3,
reduced 17 grams of hot

cupric oxide, CuO, to copper. Calculate the reaction-quantity
of cupric oxide required per molecule of ammonia.

Ans. 1$ CuO.

NOTE. In order to avoid fractional quantities we may here mul-

tiply by two and obtain 3 CuO per 2 NH3.

182. What weight of chrome-alum, K2S04 . Cr2 (S0 4) 3 .

24 H2O, may be obtained from 20 grams of crystallized potas-
sium sulphate, K2S0 4 . 6 H2O, and an excess of chromium

sulphate? Ans. 70.76 grams.

183. What weight of ammonium-magnesium phosphate,
NH 4MgP0 4 . 6 H20, could be formed from a solution containing
50 grams of crystallized magnesium sulphate, MgS0 4 . 7 H20,
and an excess of ammonia and sodium phosphate?

Ans. 49.79 grams.

184. What weight of iron-ammonium alum, (NH4) 2SO4 .

Fe2(S0 4) 3 . 24 H20, may be formed when 12 grams of ammo-
nium sulphate, (NH 4) 2SO4 ,

and 30 grams of ferric sulphate,
Fe 2(S0 4) 3, are brought together in concentrated aqueous
solution? Ans. 72.3 grams.



CHAPTER X.
'

':V

NORMAL SOLUTIONS.

IN reactions between substances in solution no atten-

tion thus far has been given to the actual amount of

substance contained in a definite volume of solvent.

In the action between an acid, furnishing hydrogen-

ion, and a base, furnishing hydroxide-ion, the point
of neutralization is reached when equal quantities of

these two kinds of ions chemically equivalent are

present, and the complete removal of both in the form

of the compound water as a slightly ionized substance

is effected. The detection of this point in solution is

readily accomplished through the use of an indicator, or

some substance which shows a change in color by the

merest trace of either the one or the other of these two

ions. The operation of ascertaining this end-point is

called titration. Naturally it may be applied to the

determination of other end-points, or points of comple-
tion of definite chemical reactions in solution, as well as

to this process of neutralization.

The neutralization of hydrochloric acid by sodium hy-
droxide is shown by the following equation:

Na* + OH* + H* + C1' = Na*+Cl' + H2O

23 + 17.01 1.01 +35.46 = 23 + 35.46
,18^?.

40.01 36.47 58.46 18.02*

A solution which contains 40.01 parts by weight of

sodium hydroxide will exactly neutralize one which con-

tains 36.47 parts by weight of hydrogen chloride. This

106
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follows from the fact that in the former there are 17.01

parts of ionizable hydroxyl and in the latter 1.01 parts of

ionizable hydrogen, the exact proportions of these two
substances necessary for the formation of water. When
equal volumes of these solutions neutralize each other,

then the concentration of ionizable hydrogen in the acid

solution is equal to the concentration of ionizable

hydroxyl in the solution of the base; i.e., the relative

amounts of each are directly proportional to 1.01 and
17.01 respectively. The liter has been adopted as the

standard volume for reactions in solution; when a gram-
molecular weight of a substance is contained in this vol-

ume we have what is called a gram-molecular solution or

more commonly a Molar Solution. Some definite tem-

perature, circa 20, is usually understood.

From the reaction between sodium hydroxide and

hydrochloric acid, and from the definitions just given, we
are aware that one liter of a molar solution of the former

will exactly neutralize one liter of a molar solution of

the latter; consequently any fractional part of the one

solution will neutralize this same fractional part of the

second solution.

In the neutralization of this same base by a dibasic

acid, such as suj^^c acid, the following equation comes

into consideral

2 Na*+ 2 OH' *2 H' + SO/ =2 Na'+ SO/ + 2 H
2O

2(23) +2(17.01) +2(1.01) +96.07 = 2(23) +96.07 + 2(18.02)

From this it is evident that a molar solution of sulphuric

acid, with 98.09 grams of the acid per liter, will contain

2.02 grams of ionizable hydrogen, a quantity that re-

quires 34.02 grams (2 X 17.01) of ionizable hydroxyl for

its complete neutralization. This quantity of hydroxyl
is furnished, as the equation indicates, through the use
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of two gram-molecular weights of sodium hydroxide. If

we were dealing with molar solutions of these substances,

two volumes of the sodium hydroxide solution would be

required for the neutralization of one volume of a molar

sulphuric acid solution.

By reason of this variation in the^number of ionizable

hydroxyl and hydrogen groups in the various substances,

it is found advisable to base our standard solutions upon
the exact number of these univalent groups which they

contain, rather than upon the entire molecular weight of

the substance itself. A solution which contains in one

liter exactly 1.01 grams of ionizable hydrogen is taken

as the standard for acids, while that which contains in

one liter exactly 17.01 grams of ionizable hydroxyl is

taken as the standard for bases. These two solutions

are, volume for volume, always equivalent and may be

termed Equivalent Normal Solutions or, as is more gen-

erally the case, Normal Solutions.

The molar solution of sodium hydroxide is identical, of

course, with its normal solution. The molar solution of

sulphuric acid contains twice as much ionizable hydrogen
as is required for its normal solution, a fact indicated

by the use of two volumes of the molar sodium hydroxide
solution above to neutralize only one ^fkiie of this acid.

We are therefore required to disscH Be-half of the

gram-molecular weight (98.09) of TB^uric acid, or

49.04 grams, in water and bring this to one liter in order

to obtain its true normal solution.

In the same manner a base such as barium hydroxide,

Ba(OH) 2 ,
with a molecular weight of 171.39, will con-

tain in its molar solution 171.39 grams of substance of

which 34.02 grams is ionizable hydroxyl. A definite

volume of this molar solution would neutralize two

volumes of a normal hydrochloric acid solution; conse-
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quently to obtain a solution of 17.01 grams of hydroxyl
to the liter (a normal solution) we should need to dis-

solve 171.39/2 grams of the substance in a liter of solu-

tion. A solution of this concentration is here unattain-

able, as the solubility falls below the value required. In

such cases various degrees of dilution are used, as will be

indicated below.

Solutions that furnish neither hydrogen- nor hydrox-
ide-ion are considered normal when they contain, per

liter, an equivalent of 1.01 grams of hydrogen or 17.01

grams of hydroxyl. This signifies that in the reactions

in which they are concerned they will have, per liter, the

power of combining with or displacing, either directly or

indirectly, these proportional amounts of hydrogen or

hydroxyl. Thus, in the action of hydrochloric acid upon
sodium carbonate:

Na2CO 3 + 2 HC1 = 2 Nad + H 2O + C0 2 ,

it is observed that one gram-molecular weight of the car-

bonate brings into the reaction 2.02 grams of hydrogen;

consequently one-half of its gram-molecular weight (106),

or 53 grams of sodium carbonate, is required in 1 liter

of its normal solution.

Normality Factors. For chemical purposes it is not

necessary to bri^^very solution to the same standard of

concentration, ^Tne normal solution. The variations

from the true normality may be readily expressed by
fractions, or factors, which designate at once the actual

concentration of the solutions in terms of the normal.

Thus a molar^solution of sulphuric acid contains ^twiee

what a normal solution should contain. Its normality,

therefore, is 2, and is expressed as 2 N. A solution con-

taining
1 0.365 gram of hydrogen chloride per 100 c.c. would

contain 3.65 grams per liter. This is 1/10 of what a
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normal solution contains; hence the solution is N/10 or

0.1 N, (deci-normal).

By another method of procedure, this solution, contain-

ing 0.365 gram of hydrogen chloride per 100 c.c., may be

compared directly with the amount required in a liter of

a normal solution, namely, 36.5 grams: 36.5: 0.365

1 : x. The factor (x) is here 0.01, hence this weight (0.365

gram) of hydrogen chloride would be contained in 1/100
of 1000 c.c., or 10 c.c. of the normal acid. As it actually
occurs in 100 c.c., then the solution in question is 10/100 N
or N/10; that is, 100 c.c. of this solution is necessarily

equivalent to 10 c.c. of the normal solution.

By reason of the equivalence between equal volumes of

normal solutions we can readily calculate the normality of

any solution if we are given the normality of that solution

which is to be titrated against it.

Example 48. 100 c.c. of N/2 sodium hydroxide solution

were required in the neutralization of 400 c.c. of an unknown
acid solution. Calculate the normality of this acid?

Here, of course, 100 c.c. of N/2 solution is the equivalent
of 50 c.c. of a normal solution; i.e., in 100 c.c. of N/2
sodium hydroxide solution we have 100/1000 or 1/10 of

17.01/2 grams, or 17.01/20 gram, of hydroxyl, which is

exactly the amount contained in 1/20 of a liter (50 c.c.)

of abnormal solution containing 17.01 grams per liter. In
order to find the normality of the unknown solution it will

be necessary to get some expression for it in terms of the

known or normal solution. For example, 400 c.c. of this

unknown solution neutralize 50 c.c. of the normal. By
reduction, 1 c.c. neutralizes 1/8 c.c. of the normal. The
relative volumes are equivalent; hence 1 liter of the

unknown solution must neutralize, and possess an equiva-
lent amount of substance to, that contained in one-eighth
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of a liter of normal sodium hydroxide solution. It is,

therefore, but 1/8 N, a fact indicated at once by the

factor obtained for the equivalent of that unit value 1 c.c.

above. If we had taken as the unit value 1 c.c. of the

known solution, we should have obtained 8 as a factor

denoting the number of cubic centimeters of the unknown
acid solution equivalent in value to 1 c.c. of the known.

This comes to the same end and indicates the strength of

1 c.c. of the unknown solution as 1/8 that of the normal.

Calculation of Normality by Simple Proportion. A
very simple method for calculations of this sort rests upon
the consideration of the proportionality which exists

between the normality factors and the volumes for these

equivalent solutions.

Example 49. 400 c.c. of N/8 acid solution neutralized 100

c.c. of an unknown alkaline solution. Calculate the normality

of the alkali.

(jNbw the volume of a solution when multiplied by its

normality factor gives, as we have seen, the 'equivalent

volume in terms of its normal solution)- As all of these

solutions are balanced or titrated to an end-point which

signifies that equivalent quantities of the various sub-

stances are present, we may at once place the two expres-

sions for the two solutions as equal to each other. Thus :

400 X 1/8 = 100 X x.

All of this is in exact accord with our premises which make
it necessary for equal volumes to neutralize equal volumes

when an equivalent amount of substance is present in each.

By separating these terms of the equation into means and

extremes of a simple proportion (for example by dividing

through by the quantity 100 X 1/8) we obtain

400 x_
100" 1/8'
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This is synonymous with saying that the normality factors

of the two equivalent solutions stand to each other in an

inverse proportion to the corresponding volumes required
in the titration:

100 : 400 = 1/8 : x.

By calculation x is found to be 1/2, i.e., the alkaline solu-

tion is 0.5 normal.

Calculation of the Weights of Substances Present, in

Standard Solutions. When the normality of an unknown
solution has been determined it is often desirable to find

the exact amount of substance in a given volume of this

solution. For example, in the last paragraph the normal-

ity of the alkaline solution was found to be N/ 2. If it is

now desired to learn the amount of sodium hydroxide

actually present in the 100 c.c. of solution, we need only

take the proportional amount of podium hydroxide in

a liter of N/2 solution (20 grams) as is indicated by the

fractional part which this volume is of 1000, 100/1000
or 1/10, i.e., 1/10 of 20 grams, or 2 grams. By simple

proportion a comparison of the volume relations with the

corresponding weights of the substances gives the follow-

ing:
1000 : 100 = 20 : x.

Standardization of Solutions by Gravimetric Means.

For our standard solutions, it is usually customary to

dissolve a certain calculated amount of substance in water

and bring the volume up to the desired mark by the

gradual addition of more water. As these solutions may
vary slightly from the true values, it is always desirable

to standardize them by purely chemical means, such as

titration against certain accurately prepared solutions, or

if possible by the formation of precipitates in a known

volume of their solution. These precipitates when dried
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and weighed serve as a means for the calculation of the

exact normality.

Example 50. 100 c.c. of a hydrochloric acid solution; made

up approximately to 1/5 N, gave, when treated with a slight

excess of a silver nitrate solution, 3.22 grams of silver chloride.

What is the normality of the acid?
^

From the equation:

AgN0 3 + HC1 = AgCl + HN0 3 ,

the proportionality between all amounts of hydrogen
chloride and silver chloride are indicated by the ratio:

AgCl : HC1

(107.88 + 35.46) : 36.47.

From this ratio the weight of hydrogen chloride, 0.8195

gram, corresponding to the weight of silver chloride, 3.22

grams, is easily calculated :

AgCl : HC1 = 3.22 : x

143.34 : 36.47 = 3.22 : 0.8195.

This weight of hydrogen chloride is found present in 100 c.c.

of solution. In one liter we shall have 8.19 grams, whereas

we should have 36.47 grams if it were a normal solution.

The fraction S. 195/36.47 represents then the normality,

expressed decimally as 0.2247 N, and gives to the solution

a value somewhat higher than that estimated, (N/5).
Standardization of Solutions by Volumetric Means. In

place of the method of precipitates another very instruct-

ive method is applicable in standardization; chiefly with

acids. This consists in measuring the volume of a gas

evolved by the action of some substance upon a known
volume of the acid solution.

Example 51. 250 c.c. of an acid solution gave, when acted

upon by zinc, 560 c.c. of hydrogen (calculated at standard con-

ditions of temperature and pressure). What is the normality

of the acid.
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560 c.c. of hydrogen from 250 c.c. of solution would

mean, of course, 2240 c.c. from one liter of the solution.

By definition a normal solution of an acid is one that

contains 1.01 grams of ionizable hydrogen per liter. The

gram-molecular weight (2.02) of hydrogen occupies a

volume of 22,400 c.c. at standard conditions. The
volume occupied by 1.01 grams therefore will be just

one-half this, or 11,200 c.c. Accordingly every liter of a

normal acid solution must contain that weight of hydro-

gen which when set free will occupy 11,200 c.c. under the

standard conditions of temperature and pressure.

It is only a simple step to calculate the volume of

hydrogen per liter when we have given the volume for

any fraction of a liter. In the problem above, 250 c.c.

of solution evolved 560 c.c. of hydrogen; consequently
1 liter will evolve 2240 c.c. of this gas: 250 : 1000 = 560 : x.

As a liter of normal acid should give 11,200 c.c., the

solution in question is less than normal, and in accord-

ance with the ratio

11,200 :2240 = 1 : x, or x =
1/5,

i.e., the acid is 0.2 N. In other words, the normality is

expressed by the fraction, or factor, which the volume of

hydrogen evolved per liter makes with the total volume

of hydrogen that can be evolved from a liter of the normal

acid.

If the hydrogen is measured at room temperature and

pressure, it is only necessary to calculate the volume it

would occupy at the standard conditions and thus make

possible the comparison between this and the standard

volume per liter. If this is not done, then the standard

volume per liter (11,200 c.c.) must be calculated to the

conditions of the experiment under which the gas is

measured.
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Similarly, the evolution of other gases by chemical

action, from known volumes of solutions, may serve for

the estimation of the normalities of these solutions. For

example, a solution of sodium carbonate may be treated

with an acid and the carbon dioxide set free measured.

The following equation is here involved:

Na 2CO 3 + H 2SO 4
= Na2S0 4 + C0 2 + H2O.

The direct proportionality between the reaction-quan-

tities concerned is expressed by the ratio C0 2/Na2CO 3

or 44/106. This shows that for every gram-molecular

weight of carbon dioxide (44) we must estimate the pres-

ence of one gram-molecular weight of sodium carbon-

ate (106). Now a normal solution of sodium carbonate

contains only one-half of the gram-molecular weight in

1 liter; a fact readily determined by its titration with a

normal solution of any acid. This is indicated in the

equation above, wherein we note that 2.02 grams of

ionizable hydrogen (2 H* + SO 4") are required for the

complete action, and consequently only one-half of the

gram-molecular weight of the carbonate, 53 grams, can

be equivalent to 1.01 grams of hydrogen. The amount
of carbon dioxide evolved from one gram-molecular

weight of the carbonate is one gram-molecular weight,

or a volume of 22,400 c.c.; hence from a normal solu-

tion with one-half the gram-molecular weight of car-

bonate, we should have, per liter, just 11,200 c.c. of

this gas.

When the volume of carbon dioxide evolved from a

definite volume of solution is known we need only to

calculate the volume of gas evolved, per liter, and com-

pare this volume at standard conditions with the stand-

ard volume, 11,200 c.c. The ratio to this value gives the

ratio to unit normality.
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Example 52. What is the normality of a sodium carbonate

solution, 125 c.c. of which evolved 350 c.c. of carbon dioxide

(at standard conditions) when treated with an excess of acid?

Since 125 c.c. of the solution gave 350 c.c. of the gas,

1000 c.c. will give 2800 c.c. as determined from the pro-

portion 125 : 1000 = 350 : x. A normal solution should

evolve 11,200 c.c. of this gas; consequently the solution

in question is only 2800/11,200 or 1/4 N.

The evolution of carbon dioxide in the equation above

may serve equally well in determining the normality of

the sulphuric acid used. Each liter of normal sulphuric

acid will liberate 11,200 c.c. of the gas. The ratio of

comparison, therefore, is carried out just as described in

the previous paragraph.

Comparison of Solutions with Standard. When a

solution is once standardized other solutions may be

standardized by comparison with it either directly or

indirectly. In the case of a second acid solution it is

necessary to ascertain what volumes of both this acid

and our standard acid are required for the neutralization

of equal volumes of some alkaline solution. These two

equivalent volumes are then compared just as in the

preceding examples.

Example 63. 10 c.c. of 1^> N hydrochloric acid neutralized

40 c.c. of an alkaline solution. 50 c.c. of an unknown sulphuric

acid solution neutralized 80 c.c. of this same alkaline solution.

Calculate the normality of the sulphuric acid.

50 c.c. of the sulphuric acid neutralized 80 c.c. of the

alkali; 25 c.c. of the acid would neutralize 40 c.c. of the

alkali. This is the same volume of alkali neutralized by
10 c.c. of 1.5 N hydrochloric acid; hence these two

volumes of the acid solutions must be equivalent:

10 c.c. X 1.5 N HC1 = 25 c.c. X (x) N H 2S0 4
.
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By proportion :

25 : 10 = 1.5 : x, or x = 3/5.

Hence the normality of the sulphuric acid is found to be

3/5, i.e., 0.6 N.

Adjustment of Solutions to a Desired Standard.

When a solution has been standardized and found to

vary somewhat from the estimated normality, it is cus-

tomary to calculate the amount of substance (if too

dilute) or wa^er (if too concentrated) that will bring the

solution to the desired normality. The latter, which con-

stitutes the more simple case, is illustrated in the follow-

ing example:

Example 64. A solution of hydrochloric acid was found to

have a normality of 1.05. What volume of water must be

added to 400 c.c. of this solution to make it exactly normal?

1 c.c. of 1.05 N hydrochloric acid is equivalent by
definition to 1.05 c.c. of a normal hydrochloric acid

solution. Therefore, to make this more concentrated

acid normal, we need only add water until 1.05 c.c. of

the diluted solution will be exactly equivalent to 1.05 c.c.

of a normal solution; in other words,

1.05 c.c. 1 c.c. = 0.05 c.c.,

or that volume of water required per cubic centimeter of

the 1.05 N acid. 400 c.c. will require 400 X 0.05 c.c., or

20 c.c. Therefore, when 400 c.c. of this 1.05 N acid are

diluted with 20 c.c. of water, the final 420 c.c. will be just

normal.

By comparison of the actual weights of hydrogen chlo-

ride in equal volumes of these acids and the direct pro-

portionality between these weights and the corresponding
volumes which are equivalent, volume for volume, we may
calculate the amount of dilution necessary to bring any
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known solution to a desired normality. Thus in 1 c.c. of

normal hydrochloric acid there is 0.0365 gram of hydro-

gen chloride, and in 1 c.c. of 1.05 N hydrochloric acid

there is 1.05 X 0.0365 gram of hydrogen chloride. There-

fore

0.0365 : (1.05 X 0.0365) = 400 : x, or x = 420.

This gives the volume to which 400 c.c. of 1.05 N acid

must be diluted.

When a solution is found too dilute, a similar calcula-

tion will give the amount of water that should be removed

from the volume in question. Without resorting to this

procedure, it is found better to add to the entire volume

that weight of substance (usually a well-defined salt)

necessary to make with this excess of water a solution of

the desired normality. Any change in volume due to

process of solution of the salt may be neglected.

The calculation of results through reactions which in-

volve solutions of definite concentration follows the general

outlines presented in Chapter IX. The amount of any
substance present in a required volume of a standard

solution is to be considered, of course, with reference to

its corresponding reaction-quantity.

The method of determining the amount of a substance

necessary to complete a given reaction with a known
amount of some other substance contained in a definite

volume of solution is called
" Volumetric Analysis." When

no reference is made to volume relations, but calculations

are made upon the weighed quantities which come under

consideration, we have the more common " Gravimetric

Analysis." These two form the basis of work in quanti-
tative chemical analysis.
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PROBLEMS.

185. 400 c.c. of N/4 potassium hydroxide solution were

required for the neutralization of 600 c.c. of an unknown acid

solution. Calculate the normality of this acid solution.

Ans. N/6.

186. 500 c.c. of N/10 acid solution were required for the

neutralization of 25 c.c. of a solution of sodium hydroxide.
Calculate the normality of this latter solution. Ans. 2 N.

187. 2^0 c.c. of N/20 acid solution were required for titra-

tion with 1^4 c.c. of a solution of barium hydroxide. Calcu-

late the normality factor of the barium hydroxide solution.

Ans. .0887 N.

188. What volume of N/10 acid solution will be required in

the titration of 440 c.c. of N/4 sodium hydroxide solution?

Ans. 1100 c.c.

NOTE: The method by simple proportion, with one of the
volumes as the unknown term, will be found to serve well in such

examples.

189. What volume of N/6 alkaline solution will be required
in the titration of 254 c.c. of N/10 acid solution?

Ans. 152.4 c.c.

190. Calculate the weight of hydrogen chloride present in

400 c.c. of a hydrochloric acid solution which required 320 c.c.

of N/4 alkaline solution for titration. Ans. 2.918 grams.

191. Calculate the weight of sulphuric acid present in

150 c.c. of a solution which required 48.1 c.c. of 0.78 N alkali

for titration. Ans. 1.84 grams.

192. An excess of silver nitrate solution was added to 350
c.c. of a solution of hydrochloric acid. The precipitate of silver

chloride weighed 7.54 grams. Calculate the normality of the

acid. Ans. 0.150%N.

193. A slight excess of barium chloride solution was added
to 400 c.c. of a solution of sulphuric acid. From the weight of

barium sulphate, BaSO4 , precipitated, 4.12 grams, calculate

the normality of the acid. Ans. 0.0882 N.
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194. 600 c.c. of a sulphuric acid solution, when acted upon
by an excess of zinc, evolved 1242 c.c. of hydrogen (at standard

conditions). Calculate the normality of the acid.

Ans. 0.1848 N.

195. 440 c.c. of an acid solution, when acted upon by an
excess of zinc, evolved 2430 c.c. of hydrogen, measured over

water at 21 and 747.5 mm. pressure. Calculate the nor-

/ mality of the acid. Ans. 0.4408 N.

196. Calculate the normality of an acid solution, 600 c.c.

of which, when acted upon by an excess of sodium carbonate,
evolved 2100 c.c. of carbon dioxide (calculated to standard

conditions). Ans. 0.3125 N.

197. Calculate the normality of a solution of potassium

carbonate, 200 c.c. of which, when treated with an excess of

/acid, evolved 4502 c.c. of carbon dioxide (calculated to

standard conditions). Ans. 2.01 N.

I 198. An excess of iron sulphide, FeS, was added to 500 c.c.

of a solution of sulphuric acid. The volume of hydrogen sul-

phide set free measured 4640 c.c. (at standard conditions).

Calculate the normality of the acid. Ans. 0.8285 N.

199. An excess of sodium sulphite, Na2S03;
was added to

400 c.c. of a solution of hydrochloric acid. The volume of

/ sulphur dioxide set free measured 5600 c.c. (at standard con-
'

ditions). Calculate the normality of the acid. Ans. 1.25 N.

200. 1400 c.c. of ammonia (calculated to standard condi-

tions) were passed into 500 c.c. of N/2 hydrochloric acid solu-

tion. Calculate the normality of the hydrochloric acid still

present. Ans. 3/8 N.

201. 210 c.c. of carbon dioxide (at standard conditions)

were passed into 250 c.c. of N/10 barium hydroxide solution.

/ Calculate the normality of the barium hydroxide solution still

present. Ans. N/40.

202. 50 c.c. of N/5 hydrochloric acid solution neutralized

40 c.c. of an unknown alkaline solution. 300 c.c. of a sul-

phuric acid solution neutralized 60 c.c. of this same alkaline

solution. Calculate the normality of the sulphuric acid.

Ans. 0.05 N.
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203. 200 c.c. of a barium hydroxide solution were required
in the titration of 40 c.c. of an acid solution. 100 c.c. of this

acid solution exactly neutralized 80 c.c. of N/2 alkaline solu-

tion. Calculate the normality of the barium hydroxide solu-

tion. Ans. 0.08 N.

204. A solution of hydrochloric acid is desired to be made
exactly normal. 40 c.c. of the solution neutralized 50 c.c.

'of 0.84 N sodium hydroxide solution. Calculate the volume of

water that must be added per 100 c.c. of the acid solution.

Ans. 5 c.c.

205. A solution of sodium hydroxide is desired to be made
exactly 0.5 N. 32 c.c. of the solution at hand were required
for the titration of 28 c.c. of 0.8 N hydrochloric acid. Calcu-

late the volume of water that must be added per 100 c.c. of the

alkaline solution. Ans. 40 c.c.

206. A solution of sodium carbonate is desired to be made
exactly 0.05 N. 24 c.c. of the solution at hand neutralized

/9.6 c.c. of 0.12 N hydrochloric acid solution. Calculate the

weight of anhydrous salt, Na2C03, that must be added per 100

c.c. of solution. Ans. 0.0106 gram.

207. What weight of iron will be required for interaction

with 400 c.c. of N/5 hydrochloric acid? Ans. 2.234 grams.

208. What weight of sodium carbonate will be required for

interaction with 600 c.c. of N/8 sulphuric acid? What volume
'

of carbon dioxide (at standard conditions) will be evolved?

Ans. 3.975 grams.
840 c.c. C02 .

209. What weight of sodium hydrogen carbonate, NaHC08,

will be required for interaction with 600 c.c. of N/8 sulphuric
acid? What volume of carbon dioxide (at standard conditions)
will be evolved? Ans. 6.3 grams.

1680 c.c. COa .

210. Calculate the weight of crystallized oxalic acid,

/C2H2 4 . 2 H 2O, required for a solution which is to be made up
to 500 c.c. in volume at N/2. Ans. 15.75 grams.

211. Calculate the volume of nitric oxide, NO (at standard

conditions) that could be evolved by the action of copper upon
1000 c.c. of a 7 N nitric acid solution. Ans. 39,200 c.c.



CHAPTER XI.

COMBINATIONS BETWEEN GASES BY VOLUME.

WHEN expressed in grams the molecular weights of all

substances in the state of vapor occupy a volume of

22,400 c.c. at the standard conditions of temperature and

pressure. In Chapter IX it was observed that a molecular

equation offered for this reason an insight into the volume

relations of the various substances concerned in a given

reaction.

Molecular Volumes. These volumes comply naturally

with the laws relating to gases, and, further, are subject to

the operation of those properties, characteristic of each

substance, which may here be brought into consideration

through the conditions of the experiment. Thus the con-

densation of a gas or vapor to the liquid or solid state, or

its solution in, or combination with, various substances

which may be present, will remove it completely from

further considerations.

As a simple illustration of these facts an excellent ex-

ample is found in the combination of hydrogen with

oxygen:
2 H 2 + 2

= 2 H20.

By molecules: 2 +1=2.
By gram-molecular
volumes:

2 (22,400) c.c. + 1 (22,400)c.c. = 2 (22,400) c.c. +
(22,400 c.c. contraction).

122



COMBINATIONS BETWEEN GASES BY VOLUME 123

Reduced through the

common term, 22,400:

2 vol. + 1 vol. = 2 vol. + (1 vol. contr.).

Each gram-molecular weight may be represented by
one volume, i.e., its gram-molecular volume. The coeffi-

cients or integers which designate the number of gram-
molecular weights will stand likewise for the number of

gram-molecular volumes involved in the reaction. The
combination of gases by volume expressed thus by simple
numbers has been developed experimentally and is com-

prehended in Gay-Lussac's well-known Law of Combining
Volumes.

In the reaction above we observe that 2 volumes of

hydrogen and 1 volume of oxygen unite to form 2 volumes

of aqueous vapor, the temperature of 100 or above,
and the observed pressure, remaining constant through-
out. This diminution in the total volume of the gaseous

components when transformed into aqueous vapor
has been considered in the study of Avogadro's hy-

pothesis.

If the temperature falls below 100 a further contraction

in volume occurs. Since this is due to the condensation

of aqueous vapor to the liquid state, and increases accord-

ingly with a lowering of temperature, there is left, eventu-

ally, no volume of gaseous product. The water formed

becomes associated with the liquid over which the gases

are measured, and consequently drops out of further

consideration through the equalization or adjustment of

the levels within and without the vessel to bring all to

uniform pressure. Of course a small amount of water

remains in the vapor state, even at a low temperature;
corrections for this are made by reference to a table of

aqueous vapor tensions (Appendix II).
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The volume of the dry gaseous product, which in this

case is theoretically nil, may be expressed in this manner :

2 H2 + O 2
= 2 H 2O.

Molecular volumes: 2 +1 = 2 + (1 vol.'contr.).

Molecular volumes

below 100: 2 +1 = + (3 vol. contr.).

The Relation of Molecular Volume to a Definite Volume-

Unit. In the study of these volume-changes in known
reactions it is always necessary to determine the exact

relation which any measured volume of vapor, under

consideration, bears to the corresponding molecular vol-

ume representing it in the molecular equation governing
the reaction.

The coefficients of the quantities in a molecular equation
determine the ratios between the volumes of these sub-

stances when in the state of vapor. The coefficient unity

stands, of course, for the unit of molecular volume (22,400

c.c.), a volume corresponding to a gram-molecular weight
of substance. Any fractional part of the gram-molecular

weight of a substance will occupy, therefore, under stand-

ard conditions, a volume denoted by this same fractional

part of the gram-molecular volume, 22,400 c.c. What-

ever may be this fractional part of the molecular quantity
of a substance under consideration in a reaction, all other

substances possible of interaction with this one must be

correspondingly reduced from their own molecular quan-
tities.

These coefficients, therefore, are constant for any known
molecular equation and stand for the ratio between the

volumes of the substances in state of vapor, be they

gram-molecular volumes or any definite fractional parts

of these. That volume which is represented by the co-

efficient unity in a molecular equation is indeed the unit
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upon which all of the other substances, in the state of

vapor, enter into the reaction. It may be regarded as the

Volume-Unit for the reaction given. If the coefficient

representing a certain substance in a molecular equation
is greater than unity, then, of course, from the actual

volume of vapor of the substance here concerned, the

true volume-unit for the equation can be derived only

by dividing this known volume by the corresponding
coefficient.

Calculation of the Volume-Unit from a Single Known
Volume. When once the volume-unit for a reaction is

established, the actual volumes of the several substances

here entering into combination are easily determined

from the product of the several coefficients in the molecu-

lar equation by the volume-unit.

Example 55. What volume of oxygen will be required to

burn 300 c.c. of hydrogen and what volume of aqueous vapor
will result, the temperature of 100 and the atmospheric

pressure remaining constant throughout?

2 H2 + 2
= 2 H20.

Molecular volumes:

2 +1 = 2 + (1 vol. contr.).

By placing the molecular volume coefficients out by
themselves, the relative volumes of the several sub-

stances are indicated. Since we can make our calcula-

tions only from the volumes actually given as data, we
refer the volume of hydrogen, 300 c.c., directly to the

coefficient 2. From this we derive the volume 150 c.c.

(300 -T- 2) as the value for the coefficient of unity, i.e.,

the volume-unit of the reaction. There remains now

only to substitute this value for each coefficient through-
out the entire molecular equation.
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2 H 2 + O 2
= 2 H

20.

Molecular volumes: 2+1 = 2 + (1 vol. contr.).

Volumes upon the unit 150 c.c.:

300 c.c. + 150 c.c. = 300 c.c + (150 c.c. contr.).

The solution of the problem is clearly seen. 150 c.c. of

oxygen are required for the combustion of the 300 c.c. of

hydrogen, while the volume of aqueous vapor that results

will measure 300 c.c.

Calculation of Volume-Unit from Known Mixtures of

Gases. Since the coefficients or integers represent the

ratios between the several volumes which enter into

chemical combination, it must be understood that these

combinations take place only in accordance with these

ratios, and that, if any substance is present in amount to

exceed the stipulated volume, this excess must remain

unaffected in the reaction; if present in amount less

than the stipulated volume, the entire reaction must run

upon a somewhat smaller scale, or volume-unit, for this

particular substance; with the result that the other sub-

stance or substances concerned will be in excess of the

corresponding volumes stipulated by the ratios, and

consequently a fraction of each of these will remain

unaffected.

Example 56. A mixture of 250 c.c. of hydrogen and 150 c.c.

of oxygen was submitted to the action of an electric spark.

What was the volume of the product after the explosion, the

temperature 100 and atmospheric pressure constant?

2 H2 + 2
= 2 H

2O.

Molecular volumes: 2 +1 = 2 +(1 vol. contr.).

In making hydrogen the basis for our calculations, we

derive from the volume 250 c.c. the value 125 c.c. as the

volume-unit. Substituting this value for unity in the

equation above we obtain the following:
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Volume
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Calculation of True Volume-Unit for a Reaction. In

general, we determine a volume-unit for a reaction from

each of the known volumes of substances present; this

of course by dividing each volume by the corresponding
coefficient which represents it in the molecular equation.

Upon comparison of the volume-units thus derived, the

smallest will stand for the true unit. In the example
above the volume-unit upon the hydrogen basis is 125 c.c.,

upon the oxygen basis it is 150 c.c; consequently the value

125 c.c. alone fulfills the requirements of the reaction.

Example 57. 100 c.c. of ammonia and 90 c.c. of oxygen
were exploded. What was the final volume of the product?
A temperature of 100 and atmospheric pressure constant.

The reaction proceeds in accordance with the equation:

4 NH 3 + 3 2
= 2 N 2 + 6 H20.

Molecular
f

. {4+3=2+ 6 (1 vol. expan.).volumes :
[

From the volume of ammonia:

100/4 = 25 c.c. = volume-unit.

From the volume of oxygen:

90/3 = 30 c.c. = volume-unit.

The smaller value, 25 c.c., must be, therefore, the

volume-unit for this reaction, while the oxygen will be

found slightly in excess of the required amount.

Substituting the value 25 c.c. for unity throughout, we
obtain

4 NH3 + 3
2
= 2 N 2 + 6 H 2O4+3 =2 + 6- (1vol. expan.).

Volume
relations :
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Therefore the volume of product will be equal to

50 c.c. + 150 c.c., or 200 c.c., plus the excess of oxygen,

15 c.c., remaining unacted upon, or 215 c.c. in all.

The determination of this volume-unit in combinations

between gases is at the basis of all these calculations. In

examples where the volume of only one substance is given

it is often difficult to ascertain the volumes of other sub-

stances that may enter into the specified reaction.

Calculation of Volume-Unit from Measured Volume-

Changes. Where calculations are based alone upon the

volumes of gases that enter into combination, the exact

proportion of each and every component of the mixture

must be known; otherwise the volume-units for the several

reactions cannot be determined. If one or more of these

factors are unknown, then a study of the various con-

tractions and expansions in the total volume of product
over that of the original mixture offers a direct method

for the solution. Heretofore we have concerned ourselves

only with the components that entered into a reaction.

The study of the products, however, offers far greater

possibilities for the reason that the numerous condensa-

tions and absorptions serve to estimate the volumes of

the many substances possible of formation. Through
these observations, and a study of the equations involved,

we may deduce all of the relations between the various

components that entered into a reaction.

These conclusions are made possible by the conditions

of a molecular equation, wherein only molecular volumes

and multiples of these are concerned. An expansion or

contraction in total volume of product over the original

volume must be represented, therefore, by a gain or loss

in a definite number of molecular volumes. This number

will be denoted by the difference between the sum of the

molecular volumes on one side of the equation and the
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sum of the molecular volumes on the other. If this

difference corresponds to a single molecular volume, i.e.,

a volume with coefficient unity, then the expansion or

contraction observed is in reality the exact measure of

the volume-unit for the reaction; whereas, if this difference

is greater or less than unity, the change in volume observed

must be reduced, through division by the coefficient for

this difference, when a volume is obtained corresponding
to a coefficient of unity, i.e., the volume-unit.

Example 58. 100 c.c. of a sample of air were mixed with

100 c.c. of hydrogen (an excess) and exploded. After the removal

of the aqueous vapor by absorption, the volume of dry gaseous

product read 140 c.c. Calculate the percentage of oxygen in

this sample of air, the room temperature and pressure remain-

ing a constant throughout.

2 H2 + 2
= 2 H20.

Molecular volumes
,

,

at 100: =2+(lvol.contr.).

Molecular volumes

at room tempera- 2+1=0 +(3vol.contr.).
ture:

If the conditions were such that all of the water remained

in state of vapor (100), the contraction observed, and rep-

resented by a coefficient of unity, would stand for the con-

traction of 1 volume-unit in the equation, and from this

value the volume of oxygen present 1 volume-unit

would be found equal in value to the contraction itself.

With the conditions otherwise and the loss of aqueous

vapor increasing the molecular volume contraction by 2

molecular volumes (2 volume-units), we note that the

observed contraction must be due to the loss of 3 volume-

units from the side of the products. The original mixture,
100 c.c. + 100 c.c., or 200 c.c., lost 60 c.c. in this reaction

(200 c.c. 140 c.c.); hence 60 c.c. represents the 3 volume-
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units, or 1 volume-unit will be equal to 20 c.c. From the

equation, the oxygen consumed is exactly 1 volume-unit

and hence 20 c.c. This indicates that 20 per cent of the

sample of air was oxygen.

Example 69. A volume of ammonia was mixed with a

large excess of oxygen and exploded. The expansion in volume

of product over the original mixture was 50 c.c. What was the

volume of ammonja? Temperature of 100 and atmospheric

pressure a constant.

The equation for this action has been given before :

4 NH3 + 3 2
= 2 N 2 + 6 H 2O.

Molecular f 4 +3 = 2+ 6.

volumes: } 7 vol. = 8 vol. (1 vol. expan.).

In this case the expansion is seen to be exactly equal to

a unit coefficient in volume; consequently 50 c.c. is the

volume-unit for the reaction. By substituting this value

in the molecular equation, the volume of ammonia (4 vol-

ume-units), which in its combustion can produce this

expansion of 50 c.c., is found equal to 4 X 50 c.c. or

200 c.c.

From a study of the volume of products, and the alter-

ations in this volume through elimination of certain of

the substances, we are able to determine the actual com-

position of unknown mixtures of gases.

Example 60. 200 c.c. of a mixture of nitrogen and methane

were exploded with 400 c.c. of oxygen. The volume of the dry

gaseous product measured 500 c.c. What was the percentage
of methane in the original mixture? The room temperature and

pressure a constant.

CH4 + 202
= C02 + 2 H20.

Molecular volumes : 1+2=1+ 2

Molecular volumes,

aqueous vapor 1 +2 =1 + (2 vol. contr.).

removed:



132 CHEMICAL CALCULATIONS

Here no change in volume results from the explosion when
the temperature is 100 or over. When the temperature
falls and the aqueous vapor is condensed we have a new
relation between the volumes of product and original

mixture such that a contraction corresponding to 2 volume-

units occurs. In the example the actual contraction due

to this removal of the water is 100 c.c., (200 +400 - 500).

From this we derive the value of a single volume-unit

as equal to 50 c.c. By reference then to the volume

equation above, 1 volume-unit, i.e., 50 c.c., represents

the amount of methane present in the original mixture,

of which it constitutes 25 per cent (by volume). The

nitrogen is considered as without action.

In practice the removal of aqueous vapor is usually not

carried out. Since at room temperatures the greater part
of this vapor condenses to the liquid state, the partial

pressure of this vapor at the observed conditions gives at

once a means of calculating the volume of dry gaseous

product. Some definite conditions of temperature and

pressure are of course taken as a basis. In this manner

a direct comparison between the volume of product and

that of the original mixture can be readily made.

Example 61. A mixture of 200 c.c. of ethylene and 800 c.c.

of oxygen (an excess), at 24 and 756.5 mm. pressure, was

exploded. After the explosion the volume of product read

649.1 c.c.; at 27 and this same pressure. Calculate the per-

centage purity of the ethylene by volume.

The reaction takes place according to the equation :

C 2
H4 + 3 2

= 2 C0 2+ 2 H
2
0.

Molecular volumes: 1+3 = 2+ 2

Molecular volumes,

aqueous vapor
removed:

1+3 = 2 + (2 vol.contr.)
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When allowance is made in this final volume of product
for the presence of aqueous vapor, which at 27 has a

tension of 26.5 mm., we have only to calculate the volume

which the gaseous product will occupy at the original con-

ditions, 24 and 756.5 mm. pressure, the basis thus selected

for comparison. The expression is

V = 620 c.c.

The original mixture, 200 c.c. + 800 c.c., or 1000 c.c.,

suffered therefore a contraction of 380 c.c. (1000 c.c.

620 c.c.). This contraction, due to the removal of the

aqueous vapor from the side of the products, corresponds
to 2 volume-units; consequently 1 volume-unit for this

reaction is equal to 190 c.c., and the volume of ethylene
concerned (1 volume-unit) is also 190 c.c. We may as-

sume, accordingly, the presence of 10 c.c. of some inert gas

(e.g. nitrogen) in the original volume (200 c.c.) of ethylene
taken. This signifies that the sample of ethylene was

only 95 per cent pure.

Considerations into which Different Volume-Units may
Enter. When a contraction arises from the combined

effect of two or more reactions it may be impossible to

derive any one of the volume-units, for, unless the rela-

tive volumes of the several gases going to produce the

contraction is known, we cannot properly apportion this

volume of contraction between the several equations.

In other words, the volume-unit may be different for

every equation that is brought into consideration. In

such cases as these it is necessary to bring the final

products under new conditions, whereby further conden-

sations or absorptions can take place, and the possibility

of involving separately only one product from one of the
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reactions at a time made likely. An individual reaction

thus concerned yields itself at once to the determination

of its specific volume-unit. By reference of this volume-

unit to the several reactions of a problem it is often pos-
sible to determine other volume-units. Still further con-

densations or absorptions through new conditions may be

necessary, however, to aid in determining the volume-units

of certain equations when a large number of substances

are present in the original mixture. When all of these

values are found the solution of the problem is compara-

tively simple.

Example 62. A mixture of nitrogen, hydrogen and carbon

monoxide, 450 c.c. in volume, was exploded with an excess of

oxygen, 250 c.c. After the explosion the volume of gaseous

product measured 500 c.c. With the removal of the aqueous

vapor the volume of product measured 400 c.c. What was the

volume of each component in the original mixture? A tem-

perature of 100 and atmospheric pressure considered constant.

The two equations are as follows:

2 H2 + 2
= 2 H

20.

Molecular volumes: 2 +1=2 + (1vol. contr.).

2 CO + 2
= 2 CO 2 .

Molecular volumes: 2 +1=2 + (1 vol. contr.).

In this problem the dry gaseous product measured

400 c.c., i.e., by loss of the aqueous vapor, a contraction of

100 c.c. was recorded. This contraction is due alone to the

reaction of hydrogen with oxygen, and stands for the loss

of 2 volume-units of aqueous vapor in the first volume

equation. Therefore 1 volume-unit in this equation is

equivalent to 50 c.c., and 2 volume-units, representing
the actual amount of hydrogen concerned in the reaction,

correspond to 100 c.c.
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In the combustion of hydrogen the contraction actually

possible corresponds to 1 volume-unit of the reaction.

This volume-unit has just been determined as 50 c.c.

The total contraction in the problem, due to the two

reactions and without elimination of aqueous vapor, is

recorded as 200 c.c.; hence the difference, 200 c.c. 50 c.c.,

or 150 c.c., represents the contraction due to the reaction

between carbon monoxide and oxygen. This contraction,

as shown in the second volume equation above, is equiva-
lent to 1 volume-unit. Accordingly the volume of the

carbon monoxide present 2 volume-units must have

been 2 X 150 c.c. or- 300 c.c. All told, we derive the

following composition for the original mixture: 100 c.c.

of hydrogen, 300 c.c. of carbon monoxide and 50 c.c. of

nitrogen (considered in these problems as an inert gas).

The Algebraic Method for the Calculation of Volume-

Units. More complicated examples may be given, but

throughout all the same principles hold. We must first

determine the volume-unit for each of the reactions under

consideration before we can calculate the several volumes

concerned in the problem. When a change in volume of

product is found to result, not from one single reaction,

but from a combination of several, and when also, through
new conditions presented, still further condensations occur,

which in turn are found to be due to a combination of

reactions, we find it necessary to give the volume-unit for

each reaction an algebraic symbol, and solve for the value

of each unit from the several equations that may be

constructed.

Example 63. A mixture of nitrogen; carbon monoxide,
methane and ammonia, amounting to 1250 c.c., was exploded
with an excess of oxygen (1100 c.c.), and the volume of product

found to measure 2450 c.c. A temperature of 100 and 760 mm.
constant throughout. After withdrawal of aqueous vapor by
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absorption, the volume of the dry gases at the recorded constant

conditions was 950 c.c. After removal of carbon dioxide (by

passing gases over lime) the volume read 600 c.c. What was

the volume of each component in the original mixture?

The equations for the three reactions are as follows:

2 CO + 2
= 2 CO 2

Molecular volumes : 2 +1 = 2 + (1 vol. contr.).

CH4+ 20 2=C0 2 + 2H 2O

Molecular volumes : 1 +2 =1 +2.
4NH3+3O 2=2N 2 + 6H2

Molecular volumes: 4 +3 =2 + 6 (1 vol. expan.).

An expansion follows the combustion of ammonia
with oxygen. A contraction due to the combustion of

carbon monoxide is not sufficient to make up for expan-
sion in the former case, since, the final volume, 2450 c.c.,

is 100 c.c. larger than the volume of the original mixture

of gases. As the contraction and expansion are each

represented by a volume-unit in their respective reac-

tions, we draw the conclusion that the volume-unit in the

ammonia reaction is larger by 100 c.c. than the volume-

unit in the carbon monoxide reaction. The withdrawal

of aqueous vapor is similarly distributed over two reac-

tions, as is also the withdrawal of carbon dioxide.

The data from this problem do not yield positive

information in regard to any single volume-unit of any
reaction. Combinations between the reactions are of

course easily intelligible. Thus the withdrawal of the

water removes 6 volume-units from the ammonia reac-

tion and 2
^
volume-units from the methane reaction.

With all the volume-units unknown we may profitably

study the combination of these units with the idea of

deriving some one of them and eventually all. For this
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purpose let x represent the volume-unit of the carbon

monoxide reaction, y the volume-unit of the methane

reaction, and z the 'volume-unit of the ammonia reac-

tion. From the preceding remarks and a study of the

reactions themselves we may now draw up the following

equations.

The expansion is due to the larger value of z compared
with x:

(a) z - x = 100.

The volume of aqueous vapor is represented by 1500 c.c.

(2450 c.c. 950 c.c.) ;
and is therefore expressed by

(b) 6 z + 2 y = 1500.

The volume of ca'rbon dioxide corresponds to 2 volume-

units of x and 1 volume-unit of y and is represented by
350 c.c. (950 c.c. - 600 c.c.).

(c) y + 2 x = 350.

By combining equations (6) and (c) to eliminate y}

(b) 6 z + 2 y = 1500.

Twice (c) or 4 x + 2 y = 700, and subtracting

6 z 4 x = 800, and subtracting
'

four times (a) or 4 z 4 x = 400

2~T~ = 400

z = 200.

With the volume-unit of the ammonia equation thus

derived and equal to' 200 c.c., we have only to derive the

value of x from equation (a) as equal to 100 c.c. and then

in turn from (b) we derive the value of y as equal to 150 c.c.

Substituting these values in their proper equations the

volume of carbon monoxide (2 x) is found to be 200 c.c.,

that of methane (y) 150 c.c., and that of ammonia (4 z)

800 c.c!, making in all 1150 c.c. Therefore the remaining
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volume of the original 1250 c.c., or 100 c.c., is calculated as

nitrogen.

Considerations into which the Formation of Non-gase-

ous Substances Enter. In the study of those molecular

equations in which a number of non-gaseous substances

come under consideration we have simply another case

of removal of molecular quantities.

Example 64. When phosphorus is burned in a vessel con-

taining 100 c.c. of nitrous oxide, what will be the volume of

nitrogen left? The room temperature and pressure constant

throughout.

The solid phosphorus pentoxide as well as the phos-

phorus fall out of consideration in the volume equation:

5 N 2O + P2
= 5 N2 + P2 5

.

5 N 2
= 5 N 2

.

Molecular volumes: 5 =5.

There is, therefore, no change in volume and 100 c.c. will

represent also the volume of the nitrogen.

Again we may consider the reaction of hydrogen
chloride upon a carbonate:

Example 65. An excess of sodium hydrogen carbonate was

placed in a vessel containing 100 c.c. of hydrogen chloride.

Calculate the volume of dry carbon dioxide liberated in the

reaction. Room temperature and pressure a constant.

NaHC0 3 + HC1 = NaCl + H2 + C0 2 .

Molecular volumes : 1 = 1+1.
We have in this volume equation 1 volume of hydrogen

chloride liberating, from 1 molecule of sodium hydrogen

carbonate, 1 volume of carbon dioxide and 1 volume of

aqueous vapor. In the dry state, therefore, the volume
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relations of carbon dioxide and hydrogen chloride are as

1:1. In the case of the normal sodium carbonate the

volume relations of these dry gases are as 1 : 2.

Na2C03 + 2 HC1 = 2 NaCl + H 2 + C0 3
.

2 = 1.

The proportional values of carbon dioxide and hydrogen
chloride are different in the two cases. This, however, is

dependent upon the nature of the substances concerned

and is easily explainable by a study of the two reactions.

Whatever be the complexity of the examples here pre-

sented, they nevertheless may be made to conform to

very simple interpretations when once the molecular

equations for the reactions are constructed and a study
of the volume relations undertaken.

PROBLEMS.

212. In the combustion of 400 c.c. of hydrogen with oxygen,
what volume of oxygen will be required, and what volume of

aqueous vapor will result? A temperature of 100 and a pres-
sure of 760 mm. constant throughout. Ans. 200 c.c. oxygen.

400 c.c. vapor.

213. A mixture of 300 c.c. of hydrogen and 200 c.c. of oxygen
was exploded by electric spark. What was the volume of

product? A temperature of 100 and pressure of 760 mm.
constant throughout. Ans. 350 c.c.

214. A mixture of 300 c.c. of hydrogen and 130 c.c. of oxy-

gen was exploded. What was the volume of product? Tem-

perature of 100 and pressure of 760 mm. constant throughout.
Ans. 300 c.c.

215. A mixture of 420 c.c. of hydrogen and 180 c.c. of

oxygen was exploded. What was the volume of product after

the removal of aqueous vapor (by absorption with phosphorus

pentoxide)? Temperature of 100 and pressure of 760 mm. a

constant. Ans. 60 c.c.
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316. A mixture of 300 c.c. of methane and 150 c.c. of oxy-
gen was exploded. What was the volume of the product after

the removal of aqueous vapor (by absorption) ? Temperature
of 100 and pressure of 760 mm. constant throughout.

Ans. 300 c.c.

217. A mixture of 250 c.c. of carbon monoxide and 120 c.c.

of oxygen was exploded. Calculate the volume of gaseous

product. Temperature and pressure a constant.

Ans. 250 c.c.

218. A mixture of 320 c.c. of carbon monoxide and 180 c.c.

of oxygen was exploded. Calculate the volume of gaseous

product after the removal of the carbon dioxide (absorption by
lime). Temperature and pressure a constant. Ans. 20 c.c.

219. A mixture of 200 c.c. of methane and 300 c.c. of carbon

monoxide was exploded with 600 c.c. of oxygen (excess). Cal-

culate the volume of gaseous product. Calculate, also, the

volume of product when deprived of aqueous vapor. Tem-

perature of 100 and pressure of 760 mm. a constant throughout.
Ans. 950 c.c. (moist).

550 c.c. (dry).

NOTE. Since the oxygen is in excess we know the calculation

is to be based upon the CH4 and CO. The oxygen left unconsumed
in these two reactions is readily determined by difference.

220. A mixture of 80 c.c. of methane and 200 c.c. of oxygen
was exploded over mercury. Calculate the volume of product.
A temperature of 20 and barometric pressure of 757.4 mm.
constant throughout. ^Lns. 122.83 c.c.

NOTE. The volume of drygaseous product, at 20 and 757.4 mm.,
is simply to be changed to accord with the observed conditions in

the presence of aqueous vapor. These experiments are usually carried

out over mercury. The excess of water condenses of course upon
the mercury column. If an appreciable quantity were present allow-

ance for its pressure upon the column would need to be made.

221. A mixture of 400 c.c. of hydrogen and 300 c.c. of

oxygen was exploded. Calculate the volume of product. A
temperature of 25 and pressure of 753.6 mm. constant.

Ans. 103.23 c.c.
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222. A mixture of 200 c.c. of carbon monoxide and 300 c.c.

of oxygen was exploded over mercury. Calculate the volume
of product. A temperature of 27 and pressure of 740 mm.
constant throughout. Am. 400 c.c.

223. A mixture of oxygen and hydrogen, measuring 150 c.c.

in volume, was exploded by means of an electric spark. The
volume of product measured 125 c.c. Temperature of 100

and atmospheric pressure a constant. Calculate the volumes
of hydrogen and oxygen concerned in the reaction. The resid-

ual gas is of course the excess of either the hydrogen or oxygen
present. Ans. 50 c.c. hydrogen.

25 c.c. oxygen.

224:. A mixture of oxygen and hydrogen, measuring 150 c.c.

in volume, was exploded. The volume of product measured
76.47 c.c. Temperature of 17 and pressure of 754.4 mm. a
constant. Calculate the volumes of hydrogen and oxygen con-

cerned in the reaction. Ans. 50 c.c. hydrogen.
25 c.c. oxygen.

225. 250 CoCo of dry air were mixed with 150 c.c. of hydrogen
(an excess) and exploded. The volume of product was 350 c.c.

Calculate the percentage of oxygen (by volume) in the sample
of air. Temperature of 100 and atmospheric pressure a con-

stant. Ans. 20 per cent.

226. 300 c.c. of dry air were mixed with 250 c.c. of hydrogen
(an excess) and exploded. The volume of the dry gaseous

product was 361 c.c. Calculate the percentage of oxygen (by

volume) in the sample of air. Temperature of 20 and pressure
of 745 mm. a constant. Ans. 21 per cent.

227. A mixture of hydrogen sulphide with an excess of

oxygen measured 350 c.c. at 100 and 750 mm. pressure. After

explosion (with complete combustion) the volume of dry gase-
ous product read 260 c.c. at these same conditions. Calculate

the volume of hydrogen sulphide in the mixture. Ans. 60 c.c.

228. A mixture of hydrogen sulphide with an excess of

oxygen measured 200 c.c. at 20 and 747.4 mm. pressure.

After explosion (with complete combustion) the volume of

product read 143.3 c.c. at these same conditions. Calculate

the volume of hydrogen sulphide in the mixture. Ans. 40 c.c.
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229. A mixture of acetylene, C2H2 ,
with an excess of oxygen

measured 350 c.c. at 25 and 745 mm. pressure. After explo-
sion the volume of dry gaseous product read 275 c.c. at the

same conditions. Calculate the volume of acetylene in the

mixture. Am. 50 c.c.

330. A mixture of acetylene, C2H2,
with an excess of oxygen

measured 240 c.c. at 24 and 752.4 mm. pressure. After ex-

plosion the volume of product read 221.8 c.c. at 28 and 750.1

mm. pressure. Calculate the volume of acetylene in the mix-

ture. Ans. 20 c.c.

331. An excess of oxygen, 400 c.c., was admitted into a

volume of ammonia (containing an impurity of air, i.e., nitro-

gen and oxygen) which measured 240 c.c., and the mixture, at

22 and 745.2 mm. pressure, exploded. The volume of product
measured 415.1 c.c. at 24 and the same pressure. Calculate

the percentage purity of the sample of ammonia.

Ans. 80 per cent.

232. Into a stoppered tube (90 c.c. in capacity) filled with

chlorine, a small quantity of concentrated ammonia water

(10 c.c. or an excess) was admitted. After shaking, the mouth
of the tube was opened under a dilute acid solution contained

in a tall cylinder. The excess of ammonia, together with the

hydrogen chloride, formed in the reaction, were thus removed.
The residual volume of gas may be considered as nitrogen.
Calculate the volume of nitrogen in the tube. The room tem-

perature and pressure considered a constant throughout.
Ans. 30 c.c.

233. A mixture of carbon monoxide and methane contain-

ing also nitrogen measured 260 c.c. Into this mixture was
admitted an excess of oxygen, 300 c.c., and the whole exploded.
After the explosion the volume of product measured 520 c.c.,

but after the removal of aqueous vapor (by absorption) from the

gaseous product the volume measured 320 c.c. Calculate the

volume of each component in the original mixture. A tem-

perature of 100 and atmospheric pressure constant.

Ans. 80 c.c. CO.
100 c.c. CH 4 .

80 c.c. N.
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234. A sample of water gas containing an impurity of air

measured 240 c.c. in volume. Into this was admitted an
excess of oxygen, 400 c.c., and the mixture exploded. The
volume of product measured 540 c.c. After removal of aque-
ous vapor (by absorption) the volume of product measured
440 c.c. Calculate the percentage of hydrogen and carbon

monoxide in the sample. A temperature of 100 and atmos-

pheric pressure constant throughout.
Ans. 41.25 per cent H.

41.25 per cent CO.

235. 500 c.c. of a mixture of ammonia, methane and nitrogen
were mixed with 500 c.c. of oxygen and the mixture exploded.
The volume of the product measured 1050 c.c. A constant

temperature of 100 and pressure of 760 mm. maintained

throughout. Upon cooling the gaseous product to remove the

aqueous vapor and recalculation of the volume of dry gas to

the original conditions (100), the volume measured 550 c.c.

What was the composition of the original mixture?

Ans. 100 c.c. CH4 .

200 c.c. NH3.

200 c.c. N.

236. A mixture of methane, hydrogen sulphide and air

measured 300 c.c. When mixed with an excess of oxygen,
500 c.c., and exploded the volume of product measured 720

c.c. A temperature of 100 and atmospheric pressure constant

throughout. Upon cooling the gaseous product to the room

temperature and recalculation of the volume of dry gas to the

original conditions, the volume measured 320 c.c. Calculate the

composition of the original mixture. Ans. 120 c.c. CH4 .

160 c.c. H2S.

20 c.c. air.

237. A mixture of methane and acetylene measuring 500

c.c. was mixed with 1500 c.c. of oxygen (an excess) and ex-

ploded. The volume of product measured 1850 c.c. A tem-

perature of 100 and atmospheric pressure constant. Upon
removal of aqueous vapor (by condensation and recalcula-

tion to the original conditions) the volume measured 1150 c.c.

Calculate the composition of the original mixture.

Ans. 200 c.c. CH4 .

300 c.c. C,H 2 .
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238. A mixture of hydrogen, methane and nitrogen measur-

ing 350 c.c. was exploded with an excess of oxygen, 500 c.c.

After the explosion the volume of dry gaseous product meas-
ured 475 c.c. Upon removal of carbon dioxide the volume
of gas measured 400 c.c. Calculate the composition of the

original mixture. Room temperature and pressure a constant.

Ans. 150 c.c. H.

75 c.c. CH 4 .

125 c.c. N.

239. A mixture of cyanogen, methane and nitrogen meas-

uring 200 c.c. in volume was exploded with an excess of oxygen,
500 c.c. After the explosion the volume of product meas-

ured 619.6 c.c. Upon removal of carbon dioxide (by lime)
the volume of dry gas measured 430 c.c. Calculate the com-

position of the original mixture. A temperature of 25 and

pressure of 746.6 mm. constant throughout.
Ans. 50 c.c. CH4.

60 c.c. C2N 2 .

90 c.c. N.

240. A liter of methane contaminated with the vapor of

carbon disulphide was mixed with an excess of oxygen, 3000 c.c.,

and exploded. The volume of product measured 3840 c.c.

Calculate the percentage impurity of the methane. A tempera-
ture of 100 and atmospheric pressure constant throughout.

Ans. 16 per cent.

241. An excess of oxygen was admitted to a vessel contain-

ing hydrogen and ammonia and the mixture exploded. After

the explosion there was observed no change in volume of

product from that of the mixture. Calculate the percentage

composition of the hydrogen and ammonia mixture. A tem-

perature of 100 and atmospheric pressure constant.

Ans. 33^ per cent H.

66f per cent NH3 .

242. A mixture of ethylene and ammonia, contaminated

with air measured 600 c.c. When this volume of gas was mixed
with an excess of oxygen, 2000 c.c., and exploded, the volume

of product measured 2640 c.c. Upon removal of aqueous

vapor (by cooling and recalculation) the volume of dry gas
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measured 2120 c.c. Calculate the composition of the original

mixture. A temperature of 100 and atmospheric pressure
constant. Am. 160 c.c. NH3 .

140 c.c. C2H4 .

300 c.c. air.

343. A mixture of ethylene and ammonia contaminated

with air measured 400 c.c. When this volume of gas was
mixed with an excess of oxygen, 1200 c.c., and exploded, the

volume of product measured 1293.6 c.c. Upon removal of

carbon dioxide (by lime) the volume of dry gas measured

1050 c.c. Calculate the composition of the original mixture.

A temperature of 26 and pressure of 745.6 mm. constant

throughout. Ans. 100 c.c. C2H 4 .

120 c.c. NH 3.

180 c.c. air.

244. Into a mixture of cyanogen, ethylene and nitrogen was

admitted a large excess of oxygen and the mixture, which

measured 1600 c.c. at 22 and 753 mm. pressure, exploded.
After the explosion the volume of product measured 1257 c.c.

at 24 and 746 mm. pressure. Upon removal of carbon dioxide

and moisture the volume of dry gas (still at 24 and 746 mm.)
measured 609.7 c.c. Calculate the amount of cyanogen and

ethylene in the original mixture. Ans. 100 c.c. C2N2.

200 c.c. C2H4.

245. A mixture of hydrogen and ammonia contaminated

with air measured 400 c.c. Into this was admitted an excess

of oxygen, 600 c.c., and the final mixture exploded. After the

explosion the volume of product measured 1025 c.c. Upon
removal of aqueous vapor (by absorption) the volume read

675 c.c. Calculate the composition of the original mixture. A
temperature of 100 and atmospheric pressure constant through-
out. (Cf. Ex. 63.) Ans. 50 c.c. H.

200 c.c. NH3.

150 c.c. air.

346. A mixture of hydrogen, methane, carbon monoxide

and nitrogen measured 500 c.c. Into this was admitted an

excess of oxygen, 900 c.c., and the final mixture exploded.
After the explosion the volume of product measured 1250 c.c.

Upon removal of aqueous vapor (by absorption) the volume

measured 1000 c.c. Upon removal of carbon dioxide (by
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lime) the volume measured 725 c.c. Calculate the composition
of the original mixture. A temperature of 100 and atmos-

pheric pressure constant. (Cf. Ex. 63.) Ans. 100 c.c. H.
200 c.c. CO.
75 c.c. CH4.

125 c.c. N.

247. A mixture of carbon monoxide and methane contami-

nated with air and measuring 400 c.c. was exploded with an
excess of oxygen, 1000 c.c. The volume of product measured
1025.4 c.c. Upon removal of the carbon dioxide (by lime) the

volume of dry gas measured 725 c.c. Calculate the composi-
tion of the original mixture. A temperature of 21 and pres-
sure of 745.5 mm. constant throughout. Ans. 100 c.c. CO.

(Cf. Ex. 63.) 175 c.c. CH 4 .

125 c.c. air.

348. A mixture of cyanogen, methane and hydrogen con-

taminated with air measured 800 c.c. An excess of oxygen,
2000 c.c., was admitted into the vessel containing this mixture

and the final mixture exploded. After the explosion the vol-

ume of product measured 2750 c.c. After removal of aqueous
vapor (by cooling and recalculation) the volume measured 2250
c.c. After removal of carbon dioxide (by lime) the final vol-

ume measured 1450 c.c. Calculate the composition of the

original mixture. A temperature of 100 and atmospheric

pressure constant. Ans. 100 c.c. H.

(Cf. Ex. 63.) 200 c.c. CH4 .

300 c.c. C2N,.

100 c.c. air.

249. An excess of oxygen, 800 c.c., was added to a mixture
of ammonia, ethylene and hydrogen, 310 c.c. in volume, and
the final mixture exploded. After the explosion the volume
of product measured 648.35 c.c. Upon removal of carbon
dioxide (by lime) the volume of dry gas measured 435 c.c.

Calculate the composition of the original mixture. A tempera-
ture of 18 and pressure of 746 mm. constant throughout.
(Cf. Ex. 63.) Ana. 50 c.c. H.

100 c.c. C2H4 .

160 c.c. NH3 .

NOTE. The contraction due to the reactions is here masked
in the contraction from the loss of aqueous vapor. Construct the
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third equation from the volume of oxygen required in the several

combustions, bearing in mind that the volume, 365 c.c. (800 c.c.

435 c.c.), which nominally represents this quantity in the problem,
is in fact less than the actual volume by that volume of nitrogen left

free.

250. A mixture of methane and ethylene measuring 300 c.c.

was exploded with an excess of oxygen, 1500 c.c. After the

explosion the volume of dry gaseous product (calculated to

observed conditions of temperature and pressure) measured
1200 c.c. In order to determine the volume of oxygen actually
consumed in this combustion and thus present data upon which
a second equation may be constructed, an excess of hydrogen,
900 c.c., was admitted to the vessel containing the dry gaseous

product. After an explosion the volume of this second product
measured 1400 c.c. (calculated as above, with absence of

aqueous vapor). Calculate the amount of methane and ethyl-
ene in the original mixture. The room temperature and pres-
sure remained constant throughout. Ans. 200 c.c. CH 4

.

(Cf. Ex. 63.) 100 c.c. C2H4 .

251. A volume of nitric oxide, NO, measuring 400 c.c. was

required for the combustion of a definite weight of phosphorus.
What volume of nitrogen remained free? The room tempera-
ture and pressure a constant. Ans. 200 c.c.

252. A quantity of phosphorus was burned in a vessel

over water holding 222.7 c.c. of nitrous oxide, N
2O, meas-

ured at 20 and 750 mm. pressure. What volume of nitrogen

remained, the temperature and pressure constant?

Ans. 222.7 c.c.

253. What volume of water gas is theoretically possible

from the action of 1 liter of steam upon heated coke? Tempera-
ture and pressure a constant. Ans. 2000 c.c.

254. In the decomposition of methane by chlorine what
volume of hydrogen chloride corresponds to 1 volume of meth-

ane? Temperature and pressure constant. Ans. 4 volumes.

255. A mixture of 400 c.c. of methane and 1000 c.c. of chlo-

rine was exploded. Calculate the volume of gaseous product,

temperature and pressure a constant. Ans. 1800 c.c.

256. What volume of gaseous product may be obtained in

the decomposition of 100 c.c. of ammonia by heated cupric
oxide? Temperature and pressure a constant.

Ans. 200 c.c.

(Steam + N).



CHAPTER XII.

COMPLEX EQUATIONS.

THE study of chemical reactions as outlined in Chapter
IX was not inclusive of those examples where a change
in the valence of an element occurs. Although these

changes may complicate the matter of drawing up the

equations, the same principles as already discussed will

be found to apply. The definite quantity of each element

concerned, whether OT not it exerts the same combin-

ing capacity for other elements on the two sides of an

equation, is nevertheless a constant for the particular

equation in question. The exact application of these

principles will rest, of course, upon the construction of the

equations in their molecular form.

Oxidation and Reduction. The increase in valence or

combining capacity* which accompanies an element when,
for instance, it passes from a lower to a higher oxide, has

been taken as the measure of the degree of oxidation.

The position of oxygen in this connection might be

filled by almost any non-metallic element and still we

may have the means of measuring the increase in com-

bining capacity of a metallic element or radical acting as

such toward a non-metallic element, i.e., oxidation. The

unit of measure, rather than oxygen with its 2 com-

bining capacities, is referred to an element with but 1

* The author is indebted to his colleague, Professor S. Laurence

Bigelow, for this interpretation of valence as the capacity factor

of chemical energy, i.e., the combining capacity of a unit quantity
of an element or radical.

148
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capacity, e.g. hydrogen. Thus 1 molecule of chromic

oxide, Cr2
IIIO 3", undergoes oxidation to 2 molecules of

chromium trioxide, 2 CrVI
3", and the oxygen intake for

this definite quantity of chromium is 3 oxygen atoms,

i.e., the equivalent of 6 hydrogen atoms in combining

capacity, or 6 combining capacities. This amount for

2 atoms of chromium is equivalent to 3 combining capac-
ities for 1 atom of chromium and thus this increase will

be denoted in the second compound CrVIO 3
n

.

The reverse process, or a decrease in this combining

capacity toward a non-metallic element, is known as

reduction. For example, ferric iron as Fe 111^ 1 is reduced

to ferrous iron, Fe 11^ 1
.

Analogous to this the increase in combining capacity of

a non-metallic element, or a radical acting as such, for

oxygen or some other non-metal will be a measure of the

oxidation, e.g. CyO" -> C1 2
VIIO

7
". When, however, this

capacity of a non-metal is considered in relation to its

combination with metallic groups the increase in its com-

bining capacity is in fact a measure of its reduction.

Thus potassium ferricyanide, K3

I

[Fe
m
(CN) fl

I

]

m
, is reduced

to potassium ferrocyanide, K 4
I

[Fe"(CN) 6
I

]
IV

,
when the ferri-

cyanide radical increases its combining capacity toward

the metallic element potassium. This. result is of course

due to the reduction of the ferric iron in the former

radical to ferrous iron in the latter. In general the

increase in the combining capacity of a non-metallic

radical for a metallic one signifies a demand" for a lower

number of these capacities required of an intra-radical

metal for complete combination, or what was previously

interpreted as a reduction.

Reaction-Quantities Involved in Oxidation and Reduc-

tion. The change of an element from the non-metallic

to the metallic groupings, or vice versa, may be accom-
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panied by a loss or gain in its combining capacity, and

consequently we speak of it as undergoing a reduction or

oxidation. Thus potassium dichromate, K2Cr2 7 ,
con-

tains the chromium associated directly with oxygen in

the form of the acid H 2CrO4 (or oxide CrVI
3"), but by the

action of a strong acid this chromium, with a combining

capacity of 6, is completely transformed into a chromic

compound (where chromium is the basic element) and then

has a combining capacity of only 3, Cr2
in

3
n

. The action

therefore is described as one of reduction.

In illustration of these points a few of the more com-

mon examples will be given. First we may mention the

action of hydrogen sulphide upon a solution of ferric

chloride:

2 FeCl3 + H2S = 2 FeCl2 + 2 HC1 + S.

Expressed by ions:

2 Fe"* + 6 CV + 2 H' + S"
= 2 Fe" + 4 CV +2 H* + 2 Cl' + S,

where the combining capacities are represented in solu-

tion as ionic charges.

From the reaction-quantities noted we may draw up
the several ratios of proportionality here existent. For

example the amount of ferrous chloride resulting from a

definite weight of ferric chloride is expressed by the

ratio FeCl 2/FeCl 3,
and then again the weight (as well as

the volume eventually) of hydrogen sulphide necessary

for this reduction of the ferric chloride is in accord with

the ratio H 2S/2 FeCl 3
. The hydrogen sulphide molecule

is equivalent therefore in its reducing action to 2 units

of hydrogen, whereas 2 molecules of ferric chloride are

equivalent in oxidizing action to 1 oxygen atom.

Oxidizing Action of Potassium Dichromate. As has

been stated, the oxidizing action of potassium dichro-
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mate, K2O2O7,
in the presence of a strong acid and sub-

stance capable of oxidation, is due to the transformation

of the dichromate (Cr
VI

) into a chromic compound (Cr
111

).

The oxidizing power of this substance is measured by
the liberation of 3 atoms of oxygen per molecule of

dichromate, as may be shown by the following hypotheti-
cal equation for the action with sulphuric acid:

K2Cr2 7 + 4 H2S0 4
= K2SO 4 + O2(S0 4 ) 3 + 4 H2 + 3 O.

When an active reducing agent, e.g. ammonium sul-

phide, is present the reduction of the dichromate may be

accomplished without the presence of an acid:

K2Cr2 7 + 3 (NH4 ) 2S + 7 H2O
= 2 Cr(OH) 3 + 2 KOH + 6 NH4OH + 3 S.

In other cases some oxidizable substance must be added

to the acid mixture in order that the oxygen capable of

liberation may be actually consumed and the reaction

proceed.

A number of substances, such as hydrogen sulphide,

sulphur dioxide, carbon monoxide and alcohol, are readily

oxidized in this manner to sulphur, sulphur trioxide,

carbon dioxide and aldehyde, respectively. Thus with

hydrogen sulphide:

K2Cr2 7 + 4 H 2S04 + 3 H2S

= K2S04 + Cr2(S04) 3+ 4 H
2 + 3 H2O + 3 S.

The presence of 3 molecules of hydrogen sulphide is neces-

sary for interaction with the 3 atoms of oxygen liberated

per molecule of dichromate; the products by this oxidation

are indicated in the equation. 1 molecular weight of

potassium dichromate is here directly proportional to

3 molecular weights of hydrogen sulphide, hence in this
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reaction all values for these substances must accord with

the ratio

3H 2S 3 (34.09)

K2Cr2CV
C

294.2
'

From the relation between the molecular weight of a

substance and its volume as a vapor we are able to calcu-

late, for example, the volume of hydrogen sulphide that

can be oxidized by a corresponding proportional weight of

the dichromate.

Example 66. What volume of hydrogen sulphide, at stand-

ard conditions, can be oxidized by 7.36 grams of potassium

dichromate in an acid solution?

The volume of hydrogen sulphide oxidized by 1 gram-
molecular weight of potassium dichromate (294.2 grams)
is that volume corresponding to 3 gram-molecular weights

of the gas, or 67,200 c.c. (i.e., 3 X 22,400 c.c.) at standard

conditions. The direct proportionality between the gram-
molecular weight and the actual weight of dichromate

here given, determines also the proportionality between

the respective volumes of hydrogen sulphide correspond-

ing to these values:

294.2 : 7.36 = 67,200 : x
9

in which x represents the volume (1681 c.c.) of gas oxi-

dized.

The weight of sulphur precipitated, as well as any other

substance present, may be calculated from the standpoint

of these proportional values expressed in the equation.

For example, the relation between the sulphur and potas-

sium dichromate is expressed by the ratio:

3 S 96.21

K2Cr2 7

'

294.2'
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When hydrochloric acid is used the excess of acid is

itself oxidized by the liberated oxygen with the produc-
tion of free chlorine and water:

K2 2 7 + 14 HC1 = 2 KC1 + 2 CrCl 3 + 7 H2O + 3 C12 .

Standard Oxidizing Solutions with Potassium Dichro-

mate. From reactions of oxidation with a potassium
dichromate solution we are able to draw up the value of

such a solution in terms of the hydrogen equivalent.

1 atom of oxygen will oxidize and combine with 2 atoms

of hydrogen, hence the equivalence of 3 atoms of oxygen
in terms of hydrogen is necessarily 6. Since 1.01 grams
of hydrogen or this unit equivalent are required per liter

of a normal solution, we shall require here in a normal solu-

tion of potassium dichromate that solutionwhich per liter

can furnish just sufficient oxygen to unite with 1.01 grams
of hydrogen exactly one-sixth of the gram-molecular

weight of this salt, i.e., 294.2/6 or 49.03 grams. In the

work of titration with standard solutions of this salt the

change in color from red to green indicates complete

reduction, but for accurate determination of this point
it is customary to involve small portions of the solution

in further reactions.

Example 67. What is the normality of that potassium
dichromate solution, 40 c.c. of which oxidized 0.590 gram of

ferrous sulphate to the ferric state?

The more commonly used ferrous ammonium sulphate,
FeS04(NH4 ) 2S04 .6H20, is here replaced by ferrous

sulphate, FeS04 ,
for the sake of simplicity. The reaction

for the oxidation of this latter to ferric sulphate involves

1 oxygen atom, with 1 molecule of sulphuric acid, per 2

molecules of the ferrous salt:

2 FeS04 + H2SO4 + O = Fe 2(S04 ) 3 + H20.
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Consequently to include this action in the equation which

represents the oxidation by means of 1 molecule of potas-

sium dichromate, with its 3 possible oxygen atoms, we
shall need to multiply the equation above by 3 and thus

obtain 3 O as a reaction-quantity common to both equa-
tions :

K2Cr2 7 + 4 H 2S04
= K

2SO4 + Cr2(S04 ) 3 + 4 H2 + 3

6 FeSO4 + 3 H 2
SO4 + 30 = 3 Fe 2(S04 ) 3 + 3 H 20.

It comes to the same end if we simply combine these

equations and let this common quantity (30) drop out,

when we shall have the final expression:

K2Cr2 7 + 6 FeS04 + 7 H 2S04
=

K2S04 + Cr2(S04 ) 3+ 3 Fe 2(SO4) 3 + 7 H 20.

In either case the reaction-quantities 6 FeS04 and K2Cr2O7

are directly proportional to each other, and the ratio

6 FeS04/K 2Cr2O 7 ,
or 911.52/294.2, determines the ratio

between all weights which severally may represent these

quantities.

In the example 0.590 gram of FeS04 was oxidized.

Therefore the following equivalence in the ratios:

911.52 _ 0.590

294.2
=

x

The value for x is found to be 0.1904 gram. This weight,

however, was present in 40 c.c. of solvent, consequently

in 1 liter we should have 25 X 0.1904 or 4.76 grams of

potassium dichromate. A normal solution of this salt

contains 49.03 grams per liter (p. 153), hence we have

a solution of 4.76/49.03 normality, i.e., 0.0971 normal, a

trifle less than N/ 10.

Oxidizing Action of Potassium Permanganate. As a

second illustration the oxidizing action of potassium per-
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manganate is of much importance. The action in an

acid solution is analogous to that of potassium dichromate,

only the reduction of Mnvn to Mn" is accompanied here

with the liberation of 5 atoms of oxygen for every 2 mole-

cules of permanganate :

2 KMn04 + 3 H 2S04
= K2S04 + 2 MnSO4 + 3 H2 + 5 O.

The presence of some substance capable of oxidation is

necessary in order to bring about this reaction in dilute

solutions. We may take again the example of hydrogen

sulphide as affected by an oxidizing agent:

2 KMnO, + 3 H2S04 + 5 H 2S

= K
2S04 + 2 MnS04+ 3 H2 + 5 H2 + 5 S.

From this equation the relative amounts of hydrogen sul-

phide and potassium permanganate involved will always

accord with the ratio between their respective reaction-

quantities :

5H 2S 5 (34.09)

2KMn04

'

2(158.03)'

When expressed by molecular equations the substances

here concerned may be studied also in regard to their

volume relations.

Example 68. What weight of potassium permanganate will

be reduced by 2800 c.c. of hydrogen sulphide, at standard condi-

tions of temperature and pressure?

The reaction already discussed supplies the necessary

data: 2 gram-molecular weights (316.06 grams) of the

permanganate are reduced by 5 X 22,400 c.c. of hydrogen

sulphide. By simple proportion the weight of perman-

ganate that can be reduced by 2800 c.c. is derived as

follows :

(5 X 22.400) : 2800 = 316.06 : x,

where x, or 7.9 grams, is this weight of permanganate.
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The reverse operation, or that of determining the weight

(or volume) of hydrogen sulphide oxidized by a known

weight of potassium permanganate, follows the same

principle.

Standard Oxidizing Solutions with Potassium Perman-

ganate. The liberation of 5 atoms of oxygen per 2

molecules of permanganate also determines the amount
of this salt that must be present in one liter of its normal

solution for use in the presence of acid. By calculation,

in a manner similar to that described under the standard

dichromate solution, it is found necessary to have one-

tenth of the 2 gram-molecular weights of potassium

permanganate (316.06 grams), or 31.606 grams, in each

liter of solution; whereby this volume of solution will be

capable of furnishing just sufficient oxygen to oxidize

1.01 grams of hydrogen. The change from the deep

purple color of the permanganate to the almost colorless

manganous salt serves admirably to mark the point when

the reduction is complete and hence to fix the end-point
in titration with a permanganate solution.

Example 69. 100 c.c. of a hydrogen peroxide solution were

required to decolorize 500 c.c. of N/10 potassium permanganate
solution (acidulated). What was the percentage concentration

of the hydrogen peroxide solution?

2 KMn0 4 + 3 H2S0 4 + 5 H2 2

= K
2S0 4 + 2 MnS0 4 + 3 H2O + 5 H2 + 5 2

.

As the equation indicates, the 5 atoms of oxygen liberated

from the permanganate withdraw 5 atoms of oxygen from

5 molecules of hydrogen peroxide and are together removed

from the reaction in the molecular form (5 molecules).

500 c.c. of N/10 potassium permanganate solution are

equivalent to 50 c.c. of the normal solution. One liter of
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a normal potassium permanganate solution, containing

31,606 grams (1/10 of 316.06 grams as represented by the

reaction-quantity), can only react with 1/10 of the quan-

tity 5 H 2O 2 required by the reaction, or with 1/2 of one

molecule of hydrogen peroxide. Here 50 c.c. (1/20 liter)

can act upon just 1/20 of the amount of hydrogen per-

oxide that a liter of the normal solution can oxidize

(namely, 1/2 of a gram-molecular weight ;
or 17 grams),

i.e., 1/20 of 17 grams or 0.85 gram. Consequently in

100 c.c. of the hydrogen peroxide solution there is only

this amount, 0.85 gram, of the compound, and if the

weight of the solution is assumed to be 100 grams, then

the percentage of hydrogen peroxide present is 85/100 of

1 per cent.

From the conditions of this reaction the amount of any
one substance present can be calculated also from the

volume of oxygen evolved.

Just as potassium dichromate so also an acidulated

solution of potassium permanganate readily oxidizes solu-

tions of ferrous salts to the ferric state. The equation

indicates, of course, this liberation of 5 oxygen atoms per

2 molecules of permanganate:

2 KMn0 4 + 10 FeS04 + 8 H2S04

= K
2S0 4 + 2 MnS0 4 + 5 Fe2(S0 4) 3 + 8 H 20.

Again the action of an acidulated potassium perman-

ganate solution upon a hot solution of oxalic acid (weighed

out as C 2
H

2 4 . 2 H
20), with the complete oxidation of

the latter into carbon dioxide and water, affords an

admirable means for the titration and standardization of

permanganate solutions :

2 KMnO4 + 5 C 2
H

2 4 . 2 H
2 + 3 H 2S0 4

=K
2S0 4 + 2 MnSO 4+ 10 C0 2 + 8 H 2O + (10 H 20).
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Hydrochloric acid, except in the cold and under proper
precautions, is rarely ever used for the acidulation of

permanganate solutions owing to its ready oxidation,
similar to that by potassium dichromate, into chlorine

and water:

2 KMn04 + 16 HC1 = 2 KC1 + 2 MnCl 2 + 5 C12 + 8 H
20.

In neutral or alkaline solutions potassium permanganate
is reduced by the presence of oxidizable substances to

manganese dioxide (precipitated), and somewhat less

oxygen per molecule of permanganate is thereby liberated.

The action may be represented in part as follows:

2 KMn0 4 + H2O = 2 KOH + 2 Mn02 + 3 O.

The 3 oxygen atoms liberated from 2 molecules of potas-
sium permanganate determine the amount of this salt

in its normal solution to be 1/6 of 316.06 grams (repre-
sented by the reaction-quantity 2 KMn0 4), or 52.67

grams per liter.

lodimetry. The action of iodine in the presence of

water upon a number of compounds is interesting to show
one of the indirect methods of estimating substances in

solution.

Iodine dissolves readily in water containing potassium
iodide. This solution acts as a mild oxidizing agent as

may be seen from the following equation:

S02 + 2 H2 + I2
= H2S0 4 + 2 HI.

In the presence of an oxidizable substance the one mole-

cule of iodine, through the decomposition of water present,

furnishes sufficient oxygen to oxidize one molecule of

sulphur dioxide to the trioxide, or an amount capable

also of oxidizing two atoms of hydrogen. The normal

value, therefore, of such an iodine solution must be fixed
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at one-half the gram-molecular weight (253.84 grams), or

126.92 grams per liter. The employment, however, of a

more dilute solution as N/10, etc., is more common in

practice. The end-point in titrations with iodine solu-

tions is detected by the addition of a slight amount of a

starch solution, with which substance the iodine, when

occurring in slight excess, forms a deep blue mixture.

An iodine solution may also exert an oxidizing action

by withdrawing a number of positively charged ions

from a salt in solution:

2 Na2S 2O 3 + I 2
= Na2S 4 8 + 2 Nal, or

4 Na* + 2 S
2O3

" + I2
= 2 Na + S 4O6

" + 2 Na + 2 I'.

A solution of sodium thiosulphate can be easily made up
from the well crystallized salt, Na2S 2O 3

. 5 H 2O, and this

solution titrated against an iodine solution, using starch

as an indicator. One molecule of iodine reacts with two

molecules of the thiosulphate; consequently a normal

solution of the latter will contain (with reference to a

normal solution of iodine) just one-half of this reaction-

quantity or one gram-molecular weight per liter.

Substances that are capable of liberating iodine from

potassium iodide, e.g. chlorine, bromine, etc., may be

brought in this way into estimations by volumetric

analysis :

2 KI + C1 2
= 2 KC1 + I2

.

The amount of iodine liberated is in exact accord with

the proportional amount of chlorine under investigation,

and the iodine in turn is open to determination from the

amount of thiosulphate required for titration. This in-

teresting application of volumetric analysis is known as

lodimetry.

Example 70. An unknown weight of sodium dichromate

was warmed with an excess of hydrochloric acid, and the chlorine,
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set free, passed into a solution of potassium iodide. 400 c.c. of

N/10 sodium thiosulphate solution were required for the titra-

tion of the iodine thereby liberated. Determine the amount of

chlorine evolved, and also the weight of dichromate reduced.

400 c.c. of N/10 sodium thiosulphate solution are

equivalent to 40 c.c. of a normal solution. 1 liter of a

normal solution of this salt exactly decolorizes 1 liter of

a normal solution of iodine, or this amount of iodine

(126.92 grams) in whatever volume of solution it is con-

tained. Consequently 40 c.c. of the normal thiosulphate
solution will act upon that amount of iodine as indi-

cated in the proportion :

1000 : 40 = 126.92 : x, or x = 5.177 grams.

The amount of chlorine proportional to this weight of

iodine is in accord with the ratio Cl/I, or 35.46/126.92,

as indicated by the reaction above. By proportion we
have: 126.92 : 35.46 = 5.177 : x, where x, or 1.45

grams, is the weight of chlorine set free and thus

made capable of liberating the amount of iodine above

calculated. The determination of the amount of sodium

dichromate necessary to liberate this weight of chlorine

rests upon an equation exactly analogous to the action

of hydrochloric acid upon potassium dichromate (see

p. 153), and is indicated by the ratio:

3C1 2 212.76

Na 2Cr2 7

'

262

Accordingly, 212.76 : 262 = 1.45 : x. From this we cal-

culate the weight of dichromate as 1.786 grams.
No matter how complex the equations may become, the

true relationship between all of the substances concerned

is found to be in direct proportionality to their respec-

tive reaction-quantities.
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PROBLEMS.

257. What weight of ferric chloride, FeCl3,
can be reduced

to ferrous chloride, FeCl2 , by 8.52 grams of hydrogen sulphide?
Ans. 81.10 grams.

258. What volume of hydrogen sulphide (at standard con-

ditions) will be required for the reduction of 100 grams of ferric

chloride, FeCl3 ,
to the ferrous salt? Ans. 6903.8 c.c.

259. Calculate the weight of sulphur precipitated in the

reduction of 100 grams of ferric chloride, FeCl3, to the ferrous

salt by the action of hydrogen sulphide. Ans. 9.884 grams.

260. 1000 c.c. of hydrogen sulphide (at standard conditions)
will reduce what weight of potassium dichromate in acid solu-

tion? Ans. 4.378 grams.

261. What volume of hydrogen sulphide (at standard con-

ditions) will be required for the reduction of 100 grams of potas-
sium dichromate in acid solution? Ans. 22,842 c.c.

262. What weight of hydrogen sulphide can be oxidized by
400 grams of potassium dichromate, in acid solution? What
weight of sulphur will be precipitated?

Ans. 139.05 grams H2S.

130.81 grams S.

263. What volume of sulphur dioxide (at standard condi-

tions) can be oxidized by 30 grams of potassium dichromate in

acid solution? Ans. 6852 c.c.

264. What volume of hydrogen sulphide, at 24 and 750 mm.
pressure, can be oxidized by 10 grams of potassium dichromate

in acid solution? Ans. 2518 c.c.

265. What weight of potassium dichromate, in acid solution,

will be reduced by 1653.5 c.c. of sulphur dioxide at 22 and
745 mm. pressure? Ans. 6.567 grams.

266. Calculate the volume of chlorine liberated in the action

of 40 grams of potassium dichromate upon a hydrochloric acid

solution. Ans. 9137 c.c.

267. What weight of sodium dichromate must enter into

reaction with a hydrochloric acid solution in order to liberate

100 grams of chlorine? Ans. 123.14 grams.
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268. Determine the normality of a potassium dichromate

solution, 25 c.c. of which oxidized 1.24 grams of ferrous sulphate

to the ferric salt. Ans. 0.3265 N.

269. Determine the normality of a sodium dichromate solu-

tion, 50 c.c. of which oxidized 3.85 grams of ferrous ammonium

sulphate, FeS0 4 . (NH 4) 2S04 . 6 H2 to the ferric salt.

0.1963 N.

270. What volume of hydrogen sulphide, at standard con-

ditions, will be required to reduce 200 c.c. of N/10 potassium
dichromate solution (acidulated)? Ans. 224 c.c.

271. What weight of potassium permanganate, in acid solu-

tion, will be reduced by 5000 c.c. of hydrogen sulphide at

standard conditions? Ans. 14.11 grams.

272. Calculate the volume of hydrogen sulphide, at stand-

ard conditions, that can be oxidized by 4 grams of potassium

permanganate in acid solution. Ans. 1417A c.c.

273. What weight of sulphur dioxide can be oxidized by
200 grams of potassium permanganate in acid solution?

Ans. 202.7 grams.

274. 50 c.c. of a solution of hydrogen peroxide were required
to decolorize 400 c.c. of N/5 potassium permanganate solution

(acidulated). Calculate the percentage concentration of the

hydrogen peroxide solution. Ans. 2.72 per cent.

275. Calculate the weight of crystallized oxalic acid, C2H2 4 .

2 H2O, required for the reduction of 100 grams of potassium

permanganate in acid solution. What volume of carbon diox-

ide, at standard conditions, would be liberated?

Ans. 199.4 grams.

70,873 c.c. C02.

276. 50 c.c. of an acidulated potassium permanganate solu-

tion were reduced by 2.4 grams of anhydrous oxalic acid,

C2H2 4 . Calculate the normality of the permanganate solution.

Ans. 1.066 N.

277. What weight of sulphur dioxide will be oxidized by 50

grams of potassium permanganate in alkaline solution?

Ans. 3.04 grams.
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278. The bromine set free by the action of manganese
dioxide upon a hydrobromic acid solution was passed into a

solution of potassium iodide. 200 c.c. of N/10 sodium thio-

sulphate solution were required for the titration of the free

iodine. Calculate the weight of bromine evolved.

Ans. 1.6 grams.

279. Determine the purity of a sample of manganese dioxide,

2.2 grams of which, with excess of hydrochloric acid, set free

sufficient chlorine to liberate a quantity of iodine that required
250 c.c. of N/5 sodium thiosulphate solution for titration.

Ans. 98.79 per cent pure.

280. 0.2452 gram of potassium dichromate, acting upon
an excess of hydrochloric acid, set free an amount of chlorine

which, when passed into a solution of potassium iodide, liber-

ated iodine sufficient for the titration of 50 c.c. of an unknown
sodium thiosulphate solution. Calculate the normality of this

latter solution. Ans. N/10.
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APPENDIX I.

Correction of Barometic Readings.

A barometric reading at room temperature is reduced

to the corresponding height of a column of mercury at

by subtracting from the actual reading in millimeters

that number in the second column below (Correction) set

opposite the observed temperature. The barometric read-

ings throughout these problems are given in corrected

form.

Tempera-
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Four-Figure Logarithms.
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APPENDIX IV. Antilogarithms.
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Antilogarithms.
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i6mo, o 50

Bennett, H.G. The Manufacture of Leather 8vo, *4 50

Leather Trades. (Outlines of Industrial Chemistry.) 8vo (In Press.)
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Bernthsen, A. A Text-book of Organic Chemistry. Trans, by
G. M'Gowan i2mo, *2 50

Perry, W. J. Differential Equations of the First Species.

I2mo (In Preparation^)

Bersch, J. Manufacture of Mineral and Lake Pigments. Trans.

by A. C. Wright 8vo,

Bertin, L. E. Marine Boilers. Trans, by L. S. Robertson. .8vo,

Beveridge, J. Papermaker's Pocket Book i2mo,

Binns, C. F. Ceramic Technology 8vo,

Manual-of Practical Potting 8vo,

The Potter's Craft i2mo,

Birchmore, W. H. Interpretation of Gas Analysis i2mo, *i

Elaine, R. G. The Calculus and Its Applications i2mo,
*

Blake, W. H. Brewers' Vade Mecum 8vo,

Blake, W. P. Report upon the Precious Metals 8vo,

Bligh, W. G. The Practical Design of Irrigation Works 8vo,

Blucher, H. Modern Industrial Chemistry. Trans, by J. P.

Millington 8vo, *7

Blyth, A. W. Foods: Their Composition and Analysis 8vo, 7

Poisons : Their Effects and Detection 8vo, 7

Bockmann, F. Celluloid i2mo,

Bodmer, G. R. Hydraulic Motors and Turbines i2mo,

Boileau, J. T. Traverse Tables 8vo,

Bonney, G. E. The Electro-platers' Handbook i2mo, i

Booth, N. Guide to Ring-Spinning Frame i2mo, *i

Booth, W. H; Water Softening and Treatment 8vo, *2

Superheaters and Superheating and their Control. . . .8vo, *i

Bottcher, A. Cranes: Their Construction, Mechanical Equip-
ment and Working. Trans, by A. Tolhausen. . . -4to, *io oo

Bottler, M. Modern Bleaching Agents. Trans, by C. Salter.

i2mo, *2 50

Bottone, S. R. Magnetos for Automobilists '. i2mo, *i oo

Boulton, S. B. Preservation of Timber. (Science Series No.

82.) i6mo, o 50

Bourgougnon, A. Physical Problems. (Science Series No. 113.)

i6mo, o 50

Bourry, E. Treatise on Ceramic Industries. Trans, by

A. B. Searle 8vo, *5 oo

Bow, R. H. A Treatise on Bracing 8vo, i 50
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Bowie, A. J., Jr. A Practical Treatise on Hydraulic Mining. 8vo, 500
Bowker, W. R. Dynamo Motor and Switchboard Circuits . .8vo, *2 50

Bowles, 0. Tables of Common Rocks. (Science Series) .i6mo, 050
Bowser, E. A. Elementary Treatise on Analytic Geometry. i2mo, i 75

Elementary Treatise on the Differential and Integral

Calculus i2mo, 2 25

Bowser, E. A. Elementary Treatise on Analytic Mechanics

i2mo, 3 oo

Elementary Treatise on Hydro-mechanics I2mo, 2 50

A Treatise on Roofs and Bridges i2mo, *2 25

Boycott, G. W. M. Compressed Air Work and Diving 8vo, *4 oo

Bragg, E. M. Marine Engine Design I2mo, *2 oo

Brainard, F. R. The Sextant. (Science Series No. 101.) . i6mo,

Brassey's Naval Annual for 1911 8vo, *6 oo

Brew, W. Three-Phase Transmission 8vo, *2 oo

Brewer, R. W A. Motor Car Construction 8vo, *2 oo

Briggs, R., and Wolff, A. R. Steam-Heating. (Science Series

No. 67.) i6mo, o 50

Bright, C. The Life Story of Sir Charles Tilson Bright 8vo, *4 50

Brislee, T. J. Introduction to the Study of Fuel. (Outlines of

Industrial Chemistry.) 8vo, *3 oo

British Standard Sections 8x15 *i oo

Complete list of this series (45 parts) sent on application.

Broadfoot, S. K. Motors Secondary Batteries. (Installation

Manuals Series.) i2mo, *o 75

Broughton, H. H. Electric Cranes and Hoists *9 oo

Brown, G. Healthy Foundations. (Science Series No. 80.)

i6mo, o 50

Brown, H. Irrigation 8vo, *s oo

Brown, Wm. N. The Art of Enamelling on Metal I2mo, *i oo

Handbook on Japanning and Enamelling i2mo, *i 50

House Decorating and Painting i2mo, *i 50

History of Decorative Art i2mo, *i 25

Dipping, Burnishing, Lacquering and Bronzing Brass

Ware i2mo, *i oo

Workshop Wrinkles 8vo, *i oo

Browne, R. E. Water Meters. (Science Series No. 81.). i6mo, o 50

Bruce, E. M. Pure Food Tests i2mo, *i 25

Bruhns, Dr. New Manual of Logarithms 8vo, half mor., a oo
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Brunner, R. Manufacture of Lubricants, Shoe Polishes and

Leather Dressings. Trans, by C. Salter 8vo, *3

Duel, R. H. Safety Valves. (Science Series No. 21.). ... i6mo, o

Bulmann, H. F., and Redmayne, R. S. A. Colliery Working and

Management 8vo, 6

Burgh, N. P. Modern Marine Engineering 4to, half mor., 10

Burstall, F. W. Energy Diagram for Gas. With text. .8vo, *i

^ Diagram sold separately *i

Burt, W. A. Key to the Solar Compass i6mo, leather, 2

Burton, F. G. Engineering Estimates and Cost Accounts.

i2mo, *i

Buskett, E. W. Fire Assaying i2mo, *i

Butler, H. J. Motor Bodies and Chasis 8vo, *2

Byers, H. G., and Knight, H. G. Notes on Qualitative

Analysis ; 8vo, *i

Cain, W. Brief Course in the Calculus i2mo, *i

Elastic Arches. (Science Series No. 48.) i6mo, o

Maximum Stresses. (Science Series No. 38.) i6mo, o

Practical Designing Retaining of Walls. (Science Series

No. 3.) i6mo, o

Theory of Steel-concrete Arches and of Vaulted Structures.

(Science Series) i6mo, o

Theory of Voussoir Arches. (Science Series No. 12.).

i6mo, o

Symbolic Algebra. (Science Series No. 73.) i6mo, o

Campin, F. The Construction of Iron Roofs 8vo, 2

Carpenter, F. D. Geographical Surveying. (Science Series

No. 37.) i6mo,

Carpenter, R. C., and Diederichs, H. Internal-Combustion

Engines 8vo, *5

Carter, E. T. Motive Power and Gearing for Electrical Machin-

ery 8vo,

Carter, H. A. Ramie (Rhea), China Grass i2mo,

Carter, H. R. Modern Flax, Hemp, and Jute Spinning 8vo,

Cathcart, W. L. Machine Design. Part I. Fastenings 8vo, *3

Cathcart, W. L., and Chaffee, J. I. Elements of Graphic Statics

and General Graphic Methods 8vo, *3

Short Course hi Graphic Statics 12010, *i
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Caven, R. M., and Lander, G. D. Systematic Inorganic Chemis-

try i2mo, *2 oo

Chalkley, A. P. Diesel Engines 8vo, *3 oo

Chambers' Mathematical Tables 8vo, i 75

Charnock, G. F. Workshop Practice. (Westminster Series.)

8vo (In Press.)

Charpentier, P. Timber 8vo, *6 oo

Chatley, H. Principles and Designs of Aeroplanes. (Science

Series.) i6mo, o 50

How to Use Water Power i2mo, *i oo

Child, C. D. Electric Arcs 8vo (In Press.)

Child, C. T. The How and Why of Electricity i2mo, I oo

Christie, W. W. Boiler-waters, Scale, Corrosion, Foaming
8vo, *3 oo

Chimney Design and Theory 8vo, *3 oo

Furnace Draft. (Science Series) i6mo, o 50

Water, Its Purification and Use in the Industries .... 8vo,

Church's Laboratory Guide. Rewritten by Edward Kinch. .8vo, *2 50

Clanperton, G. Practical Papermaking 8vo, 2 50

Clark, A. G. Motor Car Engineering.

Vol. I. Construction 8vo, *3 oo

Vol. H. Design (In Press.)

Clark, C. H. Marine Gas Engines i2mo, *i 50

Clark, D. K. Rules, Tables and Data for Mechanical Engineers

8vo, 5 oo

Fuel: Its Combustion and Economy i2mo, i 50

The Mechanical Engineer's Pocketbook i6mo, 2 oo

Tramways : Their Construction and Working 8vo, 5 oo

Clark, J. M. New System of Laying Out Railway Turnouts . .

i2mo, i oo

Clausen-Thue, W. ABC Telegraphic Code. Fourth Edition

i2mo, *5 oo

Fifth Edition 8vo, *y oo

The Ai Telegraphic Code 8vo, *7 50

Cleemann, T. M. The Railroad Engineer's Practice I2mo, *i 50

Clerk, D., and Idell, F. E. Theory of the Gas Engine. (Science

Series No. 62.) i6mo, o 50

Clevengej:, S. R. Treatise on the Method of Government Sur-

veying i6mo, mor., 2 50
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Clouth, F. Rubber, Gutta-Percha, and Balata 8vo, *5 oo

Cochran, J. Treatise on Cement Specifications 8vo, *i oo

Coffin, J. H. C. Navigation and Nautical Astronomy i2mo, *3 50

Colburn, Z., and Thurston, R. H. Steam Boiler Explosions.

(Science Series No. 2.) i6mo, o 50

Cole, R. S. Treatise on Photographic Optics i2mo, i 50

Coles-Finch, W. Water, Its Origin and Use 8vo, *5 oo

Collins, J. E. Useful Alloys and Memoranda for Goldsmiths,

Jewelers i6mo, o 50

Constantine, E. Marine Engineers, Their Qualifications and

Duties 8vo, *2 oo

Coombs, H. A. Gear Teeth. '(Science Series No. 120). . .i6mo, o 50

Cooper, W. R. Primary Batteries 8vo, *4 oo
" The Electrician " Primers 8vo, *5 oo

Part I *i 50

Part II *2 50

Part IH *2 oo

Copperthwaite, W. C. Tunnel Shields 4to, *p oo

Corey, H. T. Water Supply Engineering 8vo (In Press.)

Corfield, W. H. Dwelling Houses. (Science Series No. 50.) i6mo, o 50

Water and Water-Supply. (Science Series No. 17.). . i6mo, 050
Cornwall, H. B. Manual of Blow-pipe Analysis 8vo, *2 50

Courtney, C. F. Masonry Dams 8vo, 3 50

Cowell, W. B. Pure Air, Ozone, and Water. i2mo, *2 oo

Craig, T. Motion of a Solid in a Fuel. (Science Series No. 49.)

i6mo, o 50

Wave and Vortex Motion. (Science Series No. 43.) . i6mo, o 50

Cramp, W. Continuous Current Machine Design 8vo, *2 50

Crocker, F. B. Electric Lighting. Two Volumes. 8vo.

Vol. I. The Generating Plant 3 oo

Vol. II. Distributing Systems and Lamps 3 oo

Crocker, F. B., and Arendt, M. Electric Motors 8vo, *2 50

Crocker, F. B., and Wheeler, S. S. The Management of Electri-

calMachinery i2mo, *i oo

Cross, C. F., Bevan, E. J., and Sindall, R. W. Wood Pulp and

Its Applications. (Westminster Series.) 8vo, *2 oo

Crosskey, L. R. Elementary Prospective 8vo, i oo

Crosskey, L. R., and Thaw, J. Advanced Perspective 8vo, i 50

Culley, J. L. Theory of Arches. (Science Seriss No. 87.). i6mo, o 50
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Davenport, C. The Book. (Westminster Series.) 8vo, *2 oo

Davies, D. C. Metalliferous Minerals and Mining 8vo, 5 oo

Earthy Minerals and Mining 8vo, 5 oo

Davies, E. H. Machinery for Metalliferous Mines 8vo, 8 oo

Davies, F. H. Electric Power and Traction 8vo, *2 oo

Foundations and Machinery Fixing. (Installation Manuals

Series) (In Press.)

Dadourian, H. M. Analytical Mechanics (In Press.)

Dawson, P. Electric Traction on Railways 8vo, *g oo

Day, C. The Indicator and Its Diagrams I2mo, *2 oo

Deerr, N. Sugar and the Sugar Cane 8vo, *8 oo

Deite, C. Manual of Soapmaking. Trans, by S. T. King. .4to, *5 oo

De la Coux, H. The Industrial Uses of Water. Trans, by A.

Morris 8vo, *4 50
Del Mar, W. A. Electric Power Conductors 8vo, *2 oo

Denny, G. A. Deep-Level Mines of the Rand 4to, *io oo

Diamond Drilling f.or Gold *5 oo

De Roos, J. D. C. Linkages. (Science Series No. 47.). . . i6mo, o 50

Derr, W. L. Block Signal Operation Oblong i2mo, *i 50

Maintenance of Way Engineering (In Preparation.)

Desaint, A. Three Hundred Shades and How to Mix Them.

8vo, *io oo

De Varona, A. Sewer Gases. (Science Series No. 55.)... i6mo, o 50

Devey, R. G. Mill and Factory Wiring. (Installation Manuals

Series.) i2mo, *i oo

Dibdin, W. J. Public Lighting by Gas and Electricity 8vo, *8 oo

Purification of Sewage and Water 8vo, 6 50

Dichman, C. Basic Open-Hearth Steel Process 8vo, *3 50

Dietrich, K. Analysis of Resins, Balsams, and Gum Resins .8vo, *3 oo

Dinger, Lieut. H. C. Care and Operation of Naval Machinery
i2mo. *2 oo

Dixon, D. B. Machinist's and Steam Engineer's Practical Cal-

culator i6mo, mor., i 25

Doble, W. A. Power Plant Construction on the Pacific Coast. (In Press.)

Dodd, G. Dictionary of Manufactures, Mining, Machinery, and

the Industrial Arts i2mo, i 50

Dorr, B. F. The Surveyor's Guide and Pocket Table-book.

i6mo, mor., 2 oo

Down, P B. Handy Copper Wire Table i6mo, *i oo
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Draper, C. H. Elementary Text-book of Light, Heat and

Sound 1 2mo, i oo

Heat and the Principles of Thermo-dynamics i2mo, i 50

Duckwall, E. W. Canning and Preserving of Food Products .8vo, *5 oo

Dumesny, P., and Noyer, J. Wood Products, Distillates, and

Extracts 8vo, *4 50

Duncan, W. G., and Penman, D. The Electrical Equipment of

Collieries 8vo, *4 oo

Dunstan, A. E., and Thole, F. T. B. Textbook of Practical

Chemistry i2mo, *i 40

Duthie, A. L. Decorative Glass Processes. (Westminster

Series) 8vo, *2 oo

Dwight, H. B. Transmission Line Formulas 8vo,
*
(In Press.}

Dyson, S. S. Practical Testing of Raw Materials 8vo, *5 oo

Dyson, S. S. and Clarkson, S. S. Chemical Works 8vo, *7 50

Eccles, R.G., and Duckwall, E.W. Food Preservatives. 8vo, paper, o 50

Eddy, H. T. Researches in Graphical Statics 8vo, i 50

Maximum Stresses under Concentrated Loads 8vo, i 50

Edgcumbe, K. Industrial Electrical Measuring Instruments .

8vo, *2 50

Eissler, M. The Metallurgy of Gold 8vo, 7 50

The Hydrometallurgy of Copper 8vo, *4 50

The Metallurgy of Silver 8vo, 4 oo

The Metallurgy of Argentiferous Lead 8vo, 5 oo

Cyanide Process for the Extraction of Gold 8vo, 3 oo

A Handbook of Modern Explosives 8vo, 5 oo

Ekin, T. C. Water Pipe and Sewage Discharge Diagrams

folio, *3 oo

Eliot, C. W., and Storer, F. H. Compendious Manual of Qualita-

tive Chemical Analysis i2mo, *i 25

Elliot, Major G. H. European Light-house Systems 8vo, 5 oo

Ennis, Wm. D. Linseed Oil and Other Seed Oils 8vo, *4 oo

Applied Thermodynamics 8vo, *4 50

Flying Machines To-day i2mo, *i 50

Vapors for Heat Engines i2mo, *i oo

Erfurt, J. Dyeing of Paper Pulp. Trans, by J. Hubner. . .8vo, *7 50

Ermen, W. F. A. Materials Used in Sizing I2mo, *2 oo

Erskine-Murray, J. A Handbook of Wireless Telegraphy . .8vo, *3 50
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Evans, C. A. Macadamized Roads (In Press.)

Ewing, A. J. Magnetic Induction in Iron 8vo, *4 oo

Fairie, J. Notes on Lead Ores i2mo, *i oo

Notes on Pottery Clays i2mo, *i 50

Fairley, W., and Andre, Geo. J. Ventilation of Coal Mines.

(Science Series No. 58.) i6mo, o 50

Fairweather, W. C. Foreign and Colonial Patent Laws . . .8vo, *3 oo

Fanning, T. T. Hydraulic and Water-supply Engineering. 8vo, *5 oo

Fauth, P. The Moon in Modern Astronomy. Trans, by J.

McCabe 8vo, *2 oo

Fay, I. W. The Coal-tar Colors 8vo, *4 oo

Fernbach, R. L. Glue and Gelatine 8vo, *3 oo

Chemical Aspects of Silk Manufacture i2mo, *i oo

Fischer, E. The Preparation of Organic Compounds. Trans.

by R. V. Stanford 1 2mo, *i 25

Fish, J. C. L. Lettering of Working Drawings Oblong 80, i oo

Fisher, H. K. C., and Darby, W. C. Submarine Cable Testing.

8vo, *3 50

Fiske, Lieut. B. A* Electricity in Theory and Practice 8vo, 2 50

Fleischmann, W. The Book of the Dairy. Trans, by C. M.

Aikman : 8vo, 4 oo

Fleming, J. A. The Alternate-current Transformer. Two
Volumes 8vo,

Vol. I. The Induction of Electric Currents *5 oo

Vol. II. The Utilization of Induced Currents *5 oo

Propagation of Electric Currents 8vo, *3 oo

Fleming, J, A. Centenary of the Electrical Current 8vo, *o 50

Electric Lamps and Electric Lighting 8vo, *3 oo

Electric Laboratory Notes and Forms 4to, *5 oo

A Handbook for the Electrical Laboratory and Testing

Room. Two Volumes 8vo, each, *5 oo

Fleury, P. White Zinc Paints i2mo, *2 50

Fluery, H. The Calculus Without Limits or Infinitesimals.

Trans, by C. O. Mailloux (In Press.)

Flynn, P. J. Flow of Water. (Science Series No. 84.). . . i6mo, o 50

Hydraulic Tables. (Science Series No. 66.) i6mo, o 50

Foley, N. British and American Customary and Metric Meas-

ures folio, *3 op
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Foster, H. A. Electrical Engineers' Pocket-book. (Sixth

Edition.) i2mo, leather, 5 oo

Engineering Valuation of Public Utilities 8vo, *3 oo

Foster, Gen. J. G. Submarine Blasting in Boston (Mass.)

Harbor 4to, 3 50

Fowle, F. F. Overhead Transmission Line Crossings .. . .i2mo, *i 50
The Solution of Alternating Current Problems 8vo (In Press.)

Fox, W. G. Transition Curves. (Science Series No. no.). i6mo, o 50

Fox, W., and Thomas, C. W. Practical Course in Mechanical

Drawing i2mo, i 25

Foye, J. C. Chemical Problems. (Science Series No. 69.). i6mo, o 50

Handbook of Mineralogy. (Science Series No. 86.).

i6mo, o 50

Francis, J. B. Lowell Hydraulic Experiments 4to, 15 oo

Freudemacher, P. W. Electrical Mining Installations. (In-

stallation Manuals Series.) i2mo, *i oo

Frith, J. Alternating Current Design 8vo, *2 oo

Fritsch, J. Manufacture of Chemical Manures. Trans, by
D. Grant 8vo, *4 oo

Frye, A. I. Civil Engineers' Pocket-book .... i2mo, leather, (In Press.)

Fuller, G. W. Investigations into the Purification of the Ohio

River 4to, *io oo

Furnell, J. Paints, Colors, Oils, and Varnishes 8vo, *i oo

Gairdner, J. W. I. Earthwork 8vo (In Press.)

Gant, L. W. Elements of Electric Traction 8vo, *2 50

Garcia, A. J. R. V. Spanish-English Railway Terms (In Press.)

Garforth, W, E. Rules for Recovering Coal Mines after Explo-
sions and Fires . , i2mo, leather, i 50

Gaudard, J. Foundations. (Science Series No. 34,) i6mo, o 50

Gear, H. B., and Williams, P. F. Electric Central Station Dis-

tributing Systems i2mo, *3 oo

Geerligs, H. C. P. Cane Sugar and Its Manufacture 8vo, *s oo

Geikie, J. Structural and Field Geology 8vo, *4 oo

Gerber, N. Analysis of Milk, Condensed Milk, and Infants'

M Ik-Food 8vo, i 25

Gerhard, W. F. Sanitation, Water-supply and Sewage Disposal

of Country Houses i2mo, *2 oo

^-^- Gas Lighting. (Science Series No. in.) i6mo, o 50
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Gerhard, W. P. Household Wastes. (Science Series No. 97.)

i6mo, o 50

House Drainage. (Science Series No. 63.) i6mo, o 50

Sanitary Drainage of Buildings. (Science Series No. 93.)

i6mo, o 50

Gerhardi, C. W. H. Electricity Meters 8vo, *4 oo

Geschwind, L. Manufacture of Alum and Sulphates. Trans.

by C. Salter 8vo, *5 oo

Gibbs, W. E. Lighting by Acetylene i2mo, *i 50

Physics of Solids and Fluids. (Carnegie Technical Schools

Text-books.) *i 50

Gibson, A. H. Hydraulics and Its Application 8vo, *5 oo

Water Hammer in Hydraulic Pipe Lines i2mo, *2 oo

Gilbreth, F. B. Motion Study. A Method for Increasing the

Efficiency of the Workman I2mo, *2 oo

Gilbreth, F. B. Primer of Scientific Management i2mo, *i oo

Gillmore, Gen. Q. A. Limes, Hydraulic Cements and Mortars.

8vo, 4 oo

Roads, Streets, and Pavements i2mo, 2 oo

Golding, H. A. The Theta-Phi Diagram i2mo, *i 25

Goldschmidt, R. Alternating Current Commutator Motor .8vo, *3 oo

Goodchild, W. Precious Stones. (Westminster Series.). . .8vo, *2 oo

Goodeve, T. M. Textbook on the Steam-engine i2mo, 2 oo

Gore, G. Electrolytic Separation of Metals 8vo, *3 50

Gould, E. S. Arithmetic of the Steam-engine i2mo, i oo

Calculus. (Science Series No. 112.) i6mo, o 50

High Masonry Dams. (Science Series No. 22.) i6mo, o 50

Practical Hydrostatics and Hydrostatic Formulas. (Science

Series.) i6mo, o 50

Grant, J. Brewing and Distilling. (Westminster Series.)

8vo (In Press.}

Gratacap, L. P. A Popular Guide to Minerals. 8vo *3 oo

Gray, J. Electrical Influence Machines i2mo, 2 oo

Marine Boiler Design i2mo, *i 25

Greenhill, G. Dynamics of Mechanical Flight 8vo, *2 50

Greenwood, E. Classified Guide to Technical and Commercial

Books 8vo, *3 oo

Gregorius, R. Mineral Waxes. Trans, by C. Salter i2mo, *3 oo

Griffiths,' A. B. A Treatise on Manures i2mo, 3 oo
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Griffiths, A. B. Dental Metallurgy 8vo, *3 50

Gross, E. Hops 8vo, *4 50

Grossman, J. Ammonia and its Compounds i2mo, *i 25

Groth, L. A. Welding and Cutting Metals by Gases or Electric-

ity 8 vo, *3 oo

Grover, F. Modern Gas and Oil Engines 8vo, *2 oo

Gruner, A. Power-loom Weaving 8vo, *3 oo

Guldner, Hugo. Internal-Combustion Engines. Trans, by
H. Diedrichs 4to, *io oo

Gunther, C. 0. Integration i2mo, *i 25

Gurden, R. L. Traverse Tables folio, half mor. *7 50

Guy, A. E. Experiments on the Flexure of Beams 8vo, *i 25

Haeder, H. Handbook on the Steam-engine. Trans, by H. H.

P. Powles i2mo, 3 oo

Haenig, A. Emery and the Emery Industry i2mo, *2 50

Hainbach, R. Pottery Decoration. Trans, by C. Slater. . i2mo, *3 oo

Hale, W. J. Calculations of General Chemistry. ., i2mo, *i oo

Hall, C. H. Chemistry of Paints and Paint Vehicles i2mo, *2 oo

Hall, R. H. Governors and Governing Mechanism i2mo, *2 oo

Hall, W. S. Elements of the Differential and Integral Calculus

8vo, *2 25

Descriptive Geometry 8vo volume and 4to atlas, *3 50

Haller, G. F., and Cunningham, E. T. The Tesla Coil i2mo, *i 25

Halsey, F. A. Slide Valve Gears i2ino, i 50

The Use of the Slide Rule. (Science Series.) i6mo, o 50

Worm and Spiral Gearing. (Science Scries.) i6mo, o 50

Hamilton, W. G. Useful Information for Railway Men. . i6mo, i oo

Hammer, W. J. Radium and Other Radioactive Substances,

8vo, *i oo

Hancock, H. Textbook of Mechanics and Hydrostatics 8vo, i 50

Hardy, E. Elementary Principles of Graphic Statics i2mo, *i 50

Harrison, W. B. The Mechanics' Tool-book I2mo, i 50

Hart, J. W. External Plumbing Work 8vo, *3 oo

Hints to Plumbers on Joint Wiping 8vo, *3 oo

Principles of Hot Water Supply 8vo, *3 oo

Sanitary Plumbing and Drainage 8vo, *3 oo

Haskins, C. H. The Galvanometer and Its Uses i6mo, i 50

Hatt, J. A. H. The Colorist square i2mo, *i 50
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Hausbrand, E. Drying by Means of Air and Steam. Trans.

by A. C. Wright i2mo, *2 oo

Evaporating, Condensing and Cooling Apparatus. Trans.

by A. C. Wright 8vo, *5 oo

Hausner, A. Manufacture of Preserved Foods and Sweetmeats.

Trans, by A. Morris and H. Robson 8vo, *3 oo

Hawke, W. H. Premier Cipher Telegraphic Code 4to, *s oo

100,000 Words Supplement to the Premier Code 4to, *5 oo

Hawkesworth, T. Graphical Handbook for Reniforced Concrete

Design 4to, *2 50

Hay, A. Alternating Currents 8vo, *2 50
Electrical Distributing Networks and Distributing Lines.

8vo, *3 50

Continuous Current Engineering 8vo, *2 50

Heap, Major D. P. Electrical Appliances 8vo, 2 oo

Heather, H. J. S. Electrical Engineering 8vo, *3 50

Heaviside, O. Electromagnetic Theory. Three volumes.

8vo, each, *5 oo

Heck, R. C. H. Steam Engine and Turbine 8vo, *s oo

Steam-Engine and Other Steam Motors. Two Volumes.
Vol. I. Thermodynamics and the Mechanics 8vo, *3 50
Vol. II. Form, Construction and Working 8vo, *5 oo

Notes on Elementary Kinematics 8vo, boards, *i oo

Graphics of Machine Forces 8vo, boards, *i oo

Hedges, K. Modern Lightning Conductors 8vo, 3 oo

Heermann, P. Dyers' Materials. Trans, by A. C. Wright.

i2mo, *2 50

Hellot, Macquer and D'Apligny. Art of Dyeing Wool, Silk and

Cotton 8vo, *2 oo

Henrici, 0. Skeleton Structures 8vo, i 50

Hering, D. W. Essentials of Physics for College Students.

8vo, *i 75

Hermann, G. The Graphical Statics of Mechanism. Trans.

by A. P. Smith I2mo, 2 oo

Herring-Shaw, A. Domestic Sanitation and Plumbing. Two
Parts 8vo, *s oo

Elementary Science of Sanitation and Plumbing .... 8vo, *2 oo

Herzfeld, J. Testing of Yarns and Textile Fabrics 8vo, *3 50

Hildebrandt, A. Airships, Past and Present 8vo, *3 50
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Hildenbrand, B. W. Cable-Making. (Science Series No. 32.)

i6mo, o 50

Hildich, H. Concise History of Chemistry i2mo, *i 25

Hill, J. W. The Purification of Public Water Supplies. New
Edition (In Press.)

Interpretation of Water Analysis (In Press.)

Hiroi, I. Plate Girder Construction. (Science Series No. 95.)

i6mo, o 50

Statically-Indeterminate Stresses i2mo, *2 oo

Hirshfeld, C. F. Engineering Thermodynamics. (Science

Series.) i6mo, o 50

Hobart, H. M. Heavy Electrical Engineering 8vo, *4 50

Design of Static Transformers 8vo, *2 oo

Electricity 8vo, *2 oo

Electric Trains 8vo, *2 50

Electric Propulsion of Ships 8vo, *2 oo

Hobart, J. F. Hard Soldering, Soft Soldering, and Brazing.

i2mo, *i oo

Hobbs, W. R. P. The Arithmetic of Electrical Measurements

i2mo, o 50

Hoff, J. N. Paint and Varnish Facts and Formulas i2mo, *i 50

Hoff, Com.W. B. The Avoidance of Collisions at Sea. i6mo, mor., o 75

Hole, W. The Distribution of Gas 8vo, *7 50

Holley, A. L. Railway Practice folio, 12 oo

Holmes, A. B. The Electric Light Popularly Explained.

i2mo, paper, o 50

Hopkins, N. M. Experimental Electrochemistry 8vo, *3 oo

Model Engines and Small Boats i2mo, i 25

Hopkinson, J., Shoolbred, J. N., and Day, R. E. Dynamic

Electricity. (Science Series No. 71.) i6mo, o 50

Horner, J. Engineers' Turning 8vo, *3 50

Metal Turning i2mo, i 50

Toothed Gearing -. i2mo, 2 25

Houghton, C. E. The Elements of Mechanics of Materials. 1 2mo, *2 oo

Houllevigue, L. The Evolution of the Sciences 8vo, *2 oo

Houstoun, R. A. Studies in Light Production i2mo, *2 oo

Howe, G. Mathematics for the Practical Man i2mo, *i 25

Howorth, J. Repairing and Riveting Glass, China and Earthen-

ware 8vo, paper, *o 50
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Hubbard, E. The Utilization of Wood-waste 8vo, *2 50

Hubner, J. Bleaching and Dyeing of Vegetable and Fibrous

Materials. (Outlines of Industrial Chemistry.) .... *5 oo

Hudson, O. F. Iron and Steel. (Outlines of Industrial

Chemistry.) 8vo (In Press.)

Humber, W. Calculation of Strains in Girders i2mo, 2 50

Humphreys, A. C. The Business Features of Engineering
Practice 8vo, *i 25

Hunter, A. Bridge Work 8vo (In Press.)

Hurst, G. H. Handbook of the Theory of Color 8vo, *2 50

Dictionary of Chemicals and Raw Products 8vo, *3 oo

Lubricating Oils, Fats and Greases 8vo, *4 oo

Soaps 8vo, *s oo

Textile Soaps and Oils 8vo, *2 50

Hurst, H. E., and Lattey, R. T. Text-book of Physics 8vo, *3 oo

Also published in Three Parts :

Vol. I. Dynamics and Heat

Vol. II. Sound and Light

Vol. III. Magnetism and Electricity

Hutchinson, R. W., Jr. Long Distance Electric Power Trans-

mission I2H10, *3 00

Hutchinson, R. W., Jr., and Ihlseng, M. C. Electricity in

Mining i2mo (In Press.)

Hutchinson, W. B. Patents and How to Make Money Out of

Them I2mo, i 25

Hutton, W. S. Steam-boiler Construction 8vo, 6 oo

Practical Engineer's Handbook 8vo, 7 po
The Works' Manager's Handbook 8vo, 6 oo

Hyde, E. W. Skew Arches. (Science Series No. 15.).. i6mo, 050

Induction Coils. (Science Series No. 53.) i6mo, o 50

Ingle, H. Manual of Agricultural Chemistry 8vo, *3 oo

Innes, C. H. Problems in Machine Design I2mo, *2 oo

Air Compressors and Blowing Engines I2mo, *2 oo

Centrifugal Pumps 1 2ino, *2 oo

The Fan I2mo, *2 oo

Isherwood, B. F. Engineering Precedents for Steam Machinery

8vo, 2 50

Ivatts, E. B. Railway Management at Stations . 8vo, *2 50
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Jacob, A., and Gould, E. S. On the Designing and Construction

of Storage Reservoirs. (Science Series No. 6.). . i6mo, o 50

Jamieson, A. Text Book on Steam and Steam Engines. . . . 8vo, 3 oo

Elementary Manual on Steam and the Steam Engine . i2mo, i 50

Jannettaz, E. Guide to the Determination of Rocks. Trans.

by G. W. Plympton.. , i2mo, i 50

Jehl> F. Manufacture of Carbons 8vo, *4 oo

Jennings, A. S. Commercial Paints and Painting. (West-
minster Series.) 8vo (In Press.)

Jennison, F. H. The Manufacture of Lake Pigments 8vo, *3 oo

Jepson, G. Cams and the Principles of their Construction.. .8vo, *i 50
Mechanical Drawing. 8vo (In Preparation.)

Jockin, W. Arithmetic of the Gold and Silversmith i2mo, *i oo

Johnson, G. L. Photographic Optics and Color Photography.

8vo, *3 oo

Johnson, J. H. Arc Lamps. (Installation Manuals Series.)

i2mo, *o 75
Johnson, T. M. Ship Wiring and Fitting. (Installation

Manuals Series) i6mo, *o 75

Johnson, W. H. The Cultivation and Preparation of Para

Rubber 8vo, *3 oo

Johnson, W. McA. The Metallurgy of Nickel ,. (In Preparation.)

Johnston, J. F. W., and Cameron, C. Elements of Agricultural

Chemistry and Geology i2mo, 2 60

Joly, J. Radioactivity and Geology, i2mo, *3 oo

Jones, H. C. Electrical Nature of Matter and Radioactivity

i2mo, *2 oo

Jones, M. W. Testing Raw Materials Used in Paint i2mo, *2 oo

Jones, L., and Scard, F. I. Manufacture of Cane Sugar 8vo, *5 oo

Jordan, L. C. Practical Railway Spiral. . .i2mo, Leather *(In Press.)

Joynson, F. H. Designing and Construction^ of Machine Gear-

ing 8vo, 2 oo

Juptner, H. F. V. Siderology : The Science of Iron 8vo, *s oo

Kansas City Bridge 4to, 6 oo

Kapp, G. Alternate Current Machinery. (Science Series No.

96.) i6mo, o 50

Electric Transmission of Energy I2mo, 3 50

Keim, A. W. Prevention of Dampness in Buildings 8vo, *2 oo
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Keller, S. S. Mathematics for Engineering Students.

i2mo, half leather,

Algebra and Trigonometry, with a Chapter on Vectors. ... *i 75

Special Algebra Edition *i oo

Plane and Solid Geometry *i 25

Analytical Geometry and Calculus *2 oo

Kelsey, W. R. Continuous-current Dynamos and Motors.

8vo, *2 50

Kemble, W. T., and Underbill, C. R. The Periodic Law and the

Hydrogen Spectrum 8vo, paper, *o 50

Kemp, J. F. Handbook of Rocks 8vo, *i 50

Kendall, E. Twelve Figure Cipher Code 4to, *i5 oo

Kennedy, A. B. W., and Thurston, R. H. Kinematics of

Machinery. (Science Series No. 54.) i6mo, o 50

Kennedy, A. B. W., Unwin, W. C., and Idell, F. E. Compressed
Air. (Science Series No. 106.) i6mo, o 50

Kennedy, R. Modern Engines and Power Generators. Six

Volumes 4to, 15 oo

Single Volumes each, 3 oo

Electrical Installations. Five Volumes .410, 15 oo

Single Volumes each, 3 50

Principles of Aeroplane Construction i2mo, *i 50

Flying Machines; Practice and Design I2mo, *2 oo

Kennelly, A. E. Electro-dynamic Machinery 8vo, i 50

Kent, W- Strength of Materials. (Science Series No. 41.). i6mo, 050
Kershaw, J. B. C. Fuel, Water and Gas Analysis 8vo, *2 50

Electrometallurgy. (Westminster Series.) 8vo, *2 oo

The Electric Furnace in Iron and Steel Preduction.. i2mo, *i 50

Kinzbrunner, C. Alternate Current Windings 8vo, *i 50

Continuous Current Armatures 8vo, *i 50

Testing of Alternating Current Machines 8vo, *2 oo

Kirkaldy, W. G. David Kirkaldy's System of Mechanical

Testing 4to, 10 oo

Kirkbride, J. Engraving for Illustration 8vo, *i 50

Kirkwood, J. P. Filtration of River Waters 4to, 7 50

Kirschke, A. Gas and Oil Engines i2mo. *i 25

Klein, J. F. Design of a High speed Steam-engine *8vo, *5 oo
-

Physical Significance of Entropy 8vo, *i 50

Kleinhans, F. B, Boiler Construction 8vo, 3 oo
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Knight, R.-Adm. A. M. Modern Seamanship 8vo, *7 50
Half Mor. *Q co

Knox, J. Physico-chemical Calculations i2mo, *i oo

Knox, W. F. Logarithm Tables (In Preparation.)

Knott, C. G., and Mackay, J. S. Practical Mathematics. . .8vo, 2 oo

Koester, F. Steam-Electric Power Plants 4to, *5 oo

Hydroelectric Developments and Engineering 4to, *5 oo

Koller, T. The Utilization of Waste Products 8vo, *3 50
Cosmetics 8vo, *2 50

Kretchmar, K. Yarn and Warp Sizing 8vo, *4 oo

Lambert, T. Lead and its Compounds 8vo, *3 50
Bone Products and Manures 8vo, *3 oo

Lamborn, L. L. Cottonseed Products 8vo, *3 oo

Modern Soaps, Candles, and Glycerin 8vo, *7 50

Lamprecht, R. Recovery Work After Pit Fires. Trans, by
C. Salter 8vo, *4 oo

Lanchester, F. W. Aerial Flight. Two Volumes. 8vo.

VoL I. Aerodynamics *6 oo

Vol. II. Aerodonetics *6 oo

Lamer, E. T. Principles of Alternating Currents i2mo, *i 25

Larrabee, C. S. Cipher and Secret Letter and Telegraphic

Code i6mo, o 60

La Rue, B. F. Swing Bridges. (Science Series No. 107.) . i6mo, o 50

Lassar-Cohn, Dr. Modern Scientific Chemistry. Trans, by M.

M. Pattison Muir i2mo, *2 oo

Latimer, L. H., Field, C. J., and Howell, J. W. Incandescent

Electric Lighting. (Science Series No. 57.) i6mo, o 50

Latta, M. N. Handbook of American Gas-Engineering Practice.

8vo, *4 50

American Producer Gas Practice 4to, *6 oo

Leask, A. R. Breakdowns at Sea I2mo, 2 oo

Refrigerating Machinery i2mo, 2 oo

Lecky, S. T. S.
" Wrinkles " in Practical Navigation 8vo, *8 oo

Le Doux, M. Ice-Making Machines. (Science Series No. 46.)

i6mo, o 50

Leeds, C. C. Mechanical Drawing for Trade Schools . oblong, 4to,

High School Edition *i 25

Machinery Trades Edition. , .
,

*2 oo
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Lefe*vre, L. Architectural Pottery. Trans, by H. K. Bird and

W. M. Binns -. 4to, *7 50

Lehner, S. Ink Manufacture. Trans, by A. Morris and H.

Robson 8vo, *2 50

Lemstrom, S. Electricity in Agriculture and Horticulture .. 8vo, *i 50

Le Van, W. B. Steam-Engine Indicator (Science Series No.

78.) i6mo, o 50

Lewes, V. B. Liquid and Gaseous Fuels. (Westminster Series.)

8vo, *2 oo

Lewis, L. P. Railway Signal Engineering 8vo, *3 50

Lieber, B. F. Lieber's Standard Telegraphic Code 8vo, *io oo

Code. German Edition 8vo, *io oo

Spanish Edition 8vo, *io oo

French Edition 8vo, *io oo

Terminal Index 8vo, *2 50

Lieber's Appendix folio, *i5 oo

Handy Tables 4to, *2 50

Bankers and Stockbrokers' Code and Merchants and

Shippers' Blank Tables 8vo, *i$ oo

100,000,000 Combination Code 8vo, *io oo

Engineering Code 8vo, "12 50

Livermore, V. P., and Williams, J. How to Become a Com-

petent Motorman i2mo, *i oo

Livingstone, R. Design and Construction of Commutators.Svo, *2 25

Lobben, P. Machinists' and Draftsmen's Handbook 8vo, 2 50

Locke, A. G. and C. G. Manufacture of Sulphuric Acid 8vo, 10 oo

Lockwood, T. D. Electricity, Magnetism, and Electro-teleg-

raphy 8vo, 2 50

Electrical Measurement and the Galvanometer i2mo, o 75

Lodge, O. J. Elementary Mechanics i2mo, i 50

Signalling Across Space without Wires 8vo, *2 oo

Loewenstein, L. C., and Crissey, C. P. Centrifugal Pumps . 8vo, *4 50

Lord, R. T. Decorative and Fancy Fabrics 8vo, *3 50

Loring, A. E. A Handbook of the Electromagnetic Telegraph.

(Science Series No. 39) i6mo, o 50

Lubschez, B. J. Perspective i2mo, *i 50

Lucke, C. E. Gas Engine Design 8vo, *3 oo

Power Plants: their Design, Efficiency, and Power Costs.

2 vols (In Preparation.)
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Lunge, G. Coal-tar Ammonia. Two Volumes 8vo, *is oo

Manufacture of Sulphuric Acid and Alkali. Three Volumes

8vo,

Vol. I. Sulphuric Acid. In two parts *I5 co

Vol. II. Salt Cake, Hydrochloric Acid and Leblanc Soda.

In two parts *i5 oo

Vol. III. Ammonia Soda *io oo

Vol. IV. Electrolytic Methods (In Press.}

Technical Chemists' Handbook I2mo, leather, *3 50

Lunge, G. Technical Methods of Chemical Analysis. Trans,

by C. A. Keane. In collaboration with the corps of

specialists.

Vol. I. In two parts 8vo, *is oo

Vol. II. In two parts 8vo, *i8 oo

Vol. Ill (In Preparation.)

Lupton, A., Parr, G. D. A., and Perkin, H. Electricity as Applied

to Mining 8vo, *4 50

Luquer, L. M. Minerals in Rock Sections 8vo, *i 50

Macewen, H. A. Food Inspection 8vo, *2 50

Mackenzie, N. F. Notes on Irrigation Works 8vo, *2 50

Mackie, J. How to Make a Woolen Mill Pay 8vo, *2 oo

Mackrow, C. Naval Architect's and Shipbuilder's Pocket-

book i6mo, leather, 5 oo

Maguire, Win. R. Domestic Sanitary Drainage and Plumbing

8vo, 4 oo

Mallet, A. Compound Engines. Trans, by R. R. Buel.

(Science Series No. 10.) i6mo,

Mansfield, A. N. Electro-magnets. (Science Series No. 64)

i6mo, o 50

Marks, E. C. R. Construction of Cranes and Lifting Machinery

i2mo, *i 50

Construction and Working of Pumps i2mo, *i 50

Manufacture of Iron and Steel Tubes i2mo, *2 oo

Mechanical Engineering Materials i2mo, *i oo

Marks, G. C. Hydraulic Power Engineering 8vo, 3 50

Inventions, Patents and Designs i2mo, *i oo

Mariow, T. G. Drying Machinery and Practice 8vo, *5 oo

Marsh, C. F. Concise Treatise on Reinforced Concrete.. . .8vo, *2 50
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Marsh, C. F. Reinforced Concrete Compression Member
Diagram i 50

Marsh, C. F., and Dunn, W. Reinforced Concrete 4to, *5 oo

Manual of Reinforced Concrete and Concrete Block Con-

struction , i6mo, mor., *2 50

Marshall, W.J., and Sankey, H. R. Gas Engines. (Westminster

Series.) 8vo, *2 oo

Martin, G. Triumphs and Wonders of Modern Chemistry.

8vo, *2 oo

Martin, N. Reinforced Concrete 8vo, *2 50
Massie, W. W., and Underbill, C. R. Wireless Telegraphy and

Telephony 121110, *i oo

Matheson, D. Australian Saw-Miller's Log and Timber Ready
Reckoner i2mo, leather, i 50

Mathot, R. E. Internal Combustion Engines 8vo, *6 oo

Maurice, W. Electric Blasting Apparatus and Explosives ..8vo, *3 50

Shot Firer's Guide 8vo,
*
i 50

Maxwell, J. C. Matter and Motion. (Science Series No. 36.)

i6mo, o 50

Maxwell, W. H., and Brown, J. T. Encyclopedia of Municipal
and Sanitary Engineering 4to, *io oo

Mayer, A. M. Lecture Notes on Physics 8vo, 2 oo

McCullough, R. S. Mechanical Theory of Heat 8vo, 3 .50

Mclntosh, J. G. Technology of Sugar 8vo, *4 50

Industrial Alcohol 8vo, *3 oo

Manufacture of Varnishes and Kindred Industries. Three

Volumes. 8vo.

Vol. I. Oil Crushing, Refining and Boiling *3 50

Vol. II. Varnish Materials and Oil Varnish Making *4 oo

Vol. III. Spirit Varnishes and Materials *4 5o

McKnight, J. D., and Brown, A. W. Marine Multitubular

Boilers *i 50

McMaster, J. B. Bridge and Tunnel Centres. (Science Series

No. 20.) i6mo, o 50

McMechen, F. L. Tests for Ores, Minerals and Metals.. .i2mo, *i oo

McNeill, B. McNeill's Code 8vo, *6 oo

McPherson, J. A. Water-works Distribution 8vo, 2 50

Melick, C. W. Dairy Laboratory Guide i2ino, *i 25

Merck, E. Chemical Reagents; Their Purity and Tests 8vo, *i 50
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Merritt, Wm. H. Field Testing for Gold and Silver . i6mo, leather, i 50

Messer, W. A. Railway Permanent Way 8vo (In Press.)

Meyer, J. G. A., and Pecker, C. G. Mechanical Drawing and

Machine Design 4to, 5 oo

Mitchell, C. F., and G. A. Building Construction and Drawing.

Elementary i2mc, *i 50
Advanced i2mo, *2 50

Michell, S. Mine Drainage 8vo, 10 oo

Mierzinski, S. Waterproofing of Fabrics. Trans, by A. Morris

and H. Robson 8vo, *2 50

Miller, E. H. Quantitative Analysis for Mining Engineers .. 8vo, *i 50

Miller, G. A. Determinants. (Science Series No. 105.). . i6mo,

Milroy, M. E. W. Home Lace -making i2mo, *i oo

Minifie, W. Mechanical Drawing 8vo, *4 oo

Mitchell, C. A., and Prideaux, R. M. Fibres Used in Textile and

Allied Industries 8vo, *3 oo

Modern Meteorology i2mo, i 50

Monckton, C. C. F. Radiotelegraphy. (Westminster Series.)

8vo, *2 oo

Monteverde, R. D. Vest Pocket Glossary of English-Spanish,

Spanish-English Technical Terms 64mo, leather, *i oo

Moore, E. C. S. New Tables for the Complete Solution of

Ganguillet and Kutter's Formula 8vo, *5 oo

Morecroft, J. H., and Hehre, F. W. Testing Electrical Ma-

chinery 8vo, *i 50

Moreing, C. A., and Neal, T. New General and Mining Tele-

graph Code 8vo, *5 oo

Morgan, A. P. Wireless Telegraph Construction for Amateurs.

i2mo, *i 50

Moses, A. J. The Characters of Crystals 8vo, *2 oo

Moses, A. J., and Parsons, C. I. Elements of Mineralogy . . 8vo, *2 50

Moss, S. A. Elements of Gas Engine Design. (Science

Series.) - i6mo, o 50

The Lay-out of Corliss Valve Gears. (Science Series) .

i6mo, o 50

Mulford, A. C. Boundaries and Landmarks 8vo, *i oo

Mullin, J. P. Modern Moulding and Pattern-making. . . . i2mo, 2 50

Munby, A. E. Chemistry and Physics of Building Materials.

(Westminster Series.) 8vo, *2 oo
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Murphy, J. G. Practical Mining i6mo, i oo

Murray, J. A. Soils and Manures. (Westminster Series.) 8vo, *2 oo

Naquet, A. Legal Chemistry I2mo, 2 oo

Nasmith, J. The Student's Cotton Spinning 8vo, 3 oo

Recent Cotton Mill Construction I2mo, 2 oo

Neave, G. B., and Heilbron, I. M. Identification of Organic

Compounds i2mo, *i 25

Neilson, R. M. Aeroplane Patents 8vo, *2 oo

Nerz, F. Searchlights. Trans, by C. Rodgers 8vo, *3 oo

Nesbit, A. F. Electricity and Magnetism (In Preparation.)

Neuberger, H., and Noalhat, H. Technology of Petroleum.

Trans, by J. G. Mclntosh 8vo, *io oo

Newall, J. W. Drawing, Sizing and Cutting Bevel-gears. .8vo, i 50

Nicol, G. Ship Construction and Calculations 8vo, *4 50

Nipher, F. E. Theory of Magnetic Measurements i2mo, i oo

Nisbet, H. Grammar of Textile Design 8vo, *3 oo

Nolan, H. The Telescope. (Science Series No. 51.) i6mo, o 50

Noll, A. How to Wire Buildings i2mo, i 50

Nugent, E. Treatise on Optics i2mo, i 50

O'Connor, H. The Gas Engineer's Pocketbook. . . i2mo, leather, 3 50
Petrol Air Gas : i2mo, *o 75

Ohm, G. S., and Lockwood, T. D. Galvanic Circuit. Trans, by
William Francis. (Science Series No. 102.). . . .i6mo, o 50

Olsen, J. C. Text book of Quantitative Chemical Analysis . .8vo, *4 oo

Olsson, A. Motor Control, in Turret Turning and Gun Elevating.

(U. S. Navy Electrical Series, No. i.) . ...i2mo, paper, *o 50

Oudin, M. A. Standard Polyphase Apparatus and Systems . . 8vo, *3 oo

Pakes, W. C. C., and Nankivell, A. T. The Science of Hygiene.

8vo, *i 75

Palaz, A. Industrial Photometry. Trans, by G. W. Patterson,

Jr 8vo, *4 oo

Pamely, C. Colliery Manager's Handbook 8vo, *io oo

Parr, G. D. A. Electrical Engineering Measuring Instruments.

8vo, *3 50

Parry, E. J. Chemistry of Essential Oils and Artificial Per-

fumes 8vo, *5 oo
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Parry, E. J. Foods and Drugs. Two Volumes 8vo.

Vol. I. Chemical and Microscopical Analysis of Food
and Drugs *7 . 50

Vol. II. Sale of Food and Drugs Acts *3 oo

Parry, E. J., and Coste, J. H. Chemistry of Pigments 8vo, *4 50

Parry, L. A. Risk and Dangers of Various Occupations 8vo, *3 oo

Parshall, H. F., and Hobart, H. M. Armature Windings .... 4to, *7 50

Electric Railway Engineering 4to, *io oo

Parshall, H. F., and Parry, E. Electrical Equipment of Tram-

ways (In Press.)

Parsons, S. J. Malleable Cast Iron 8vo, *2 50

Partington, J. R. Higher Mathematics for Chemical Students

i2mo, *2 oo

Passmore, A. C. Technical Terms Used in Architecture ...8vo, *3 50

Paterson, G. W. L. Wiring Calculations i2mo, *2 oo

Patterson, D. The Color Printing of Carpet Yarns 8vo, *3 50

Color Matching on Textiles 8vo, *3 oo

The Science of Color Mixing 8vo, *3 oo

Paulding, C. P. Condensation of Steam in Covered and Bare

Pipes 8vo, *2 oo

Paulding. C. P. Transmission of Heat through Cold-storage

Insulation i2mo, *i oo

Payne, D. W. Iron Founders' Handbook (In Press.)

Peddie, R. A. Engineering and Metallurgical Books. . . . i2mo, *i 50

Peirce, B. System of Analytic Mechanics. 4to, 10 oo

Pendred, V. The Railway Locomotive. (Westminster Series.)

8vo, *2 oo

Perkin, F. M. Practical Method of Inorganic Chemistry . .i2mo, *i oo

Perrigo, 0. E. Change Gear Devices 8vo, i oo

Perrine, F. A. C. Conductors for Electrical Distribution . . . 8vo, *3 50

Perry, J. Applied Mechanics 8vo, *2 50

Petit, G. White Lead and Zinc White Paints 8vo,
*
i 50

Petit, R. How to Build an Aeroplane. Trans, by T. O'B.

Hubbard, and J. H. Ledeboer 8vo, *i 50

Pettit, Lieut. J. S. Graphic Processes. (Science Series No. 76.)

i6mo, o 50

Philbrick, P. H. Beams and Girders. (Science Series No. 88.)

i6mo,

Phillips, J. Engineering Chemistry 8vo, *4 50
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Phillips, J. Gold Assaying 8vo, *2 50

Dangerous Goods 8vo, 3 50

Phin, J. Seven Follies of Science 1210.0, *i 25

Pickworth, C. N. The Indicator Handbook. Two Volumes

i2mo, each, i 50

Logarithms for Beginners i2mo, boards, o 50
The Slide Rule i2mo, i oo

Plattner's Manual of Blowpipe Analysis. Eighth Edition, re-

vised. Trans, by H. B. Cornwall 8vo, *4 oo

Plympton, G.W. The Aneroid Barometer. (Science Series. ).i6mo, o 50
How to become an Engineer. (Science Series No. 100.)

i6mo, o 50

Plympton, G. W. Van Nostrand's Table Book. (Science Series

No. 104.) i6mo, o 50

Pochet, M. L. Steam Injectors. Translated from the French.

(Science Series No. 29.) i6mo, o 50
Pocket Logarithms to Four Places. (Science Series.) i6mo, o 50

leather, i oo

Polleyn, F. Dressings and Finishings for Textile Fabrics . 8vo, *3 oo

Pope, F. L. Modern Practice of the Electric Telegraph.. . .8vo, i 50

Popplewell, W. C. Elementary Treatise on Heat and Heat

Engines i2mo, *3 oo

Prevention of Smoke 8vo, *3 50

Strength of Minerals 8vo, *i 75

Porter, J. R. Helicopter Flying Machines i2mo, i 25
Potter, T. Concrete 8vo, *3 oo

Potts, H. E. Chemistry of the Rubber Industry. (Outlines of

Industrial Chemistry.) 8vo, *2 oo
Practical Compounding of Oils, Tallow and Grease 8vo, *3 50
Practical Iron Founding I2mo, i 50

Pratt, K. Boiler Draught i2mo, *i 25

Pray, T., Jr. Twenty Years with the Indicator 8vo, 2 50
Steam Tables and Engine Constant 8vo, 2 oo

Calorimeter Tables 8vo, i oo

Preece, W. H. Electric Lamps (In Press.)

Prelini, C. Earth and Rock Excavation 8vo, *3 oo

Dredges and Dredging 8vo, *3 oo

Graphical Determination of Earth Slopes 8vo, *2 oo

Tunneling , 8vo, *3 oo
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Prescott, A. B. Organic Analysis 8vo, 5 oo

Prescott, A. B., and Johnson, 0. C. Quantitative Chemical

Analysis 8vo, *3 50

Prescott, A. B., and Sullivan, E. C. First Book in Qualitative

Chemistry I2mo, *i 50

Prideaux, E. B. R. Problems in Physical Chemistry 8vo, *2 oo

Pritchard, 0. G. The Manufacture of Electric-light Carbons.

8vo, paper, *o 60

Pullen, W. W. F. Application of Graphic Methods to the Design
of Structures i2mo, *2 50

Injectors: Theory, Construction and Working i2mo, *i 50

Pulsifer, W. H. Notes for a History of Lead 8vo, 4 oo

Purchase, W. R. Masonry i2mo, *3 oo

Putsch, A. Gas and Coal-dust Firing 8vo, *3 oo

Pynchon, T. R. Introduction to Chemical Physics 8vo, 3 oo

Rafter, G. W. Mechanics of Ventilation. (Science Series No.

330 i6mo, o 50
Potable Water. (Science Series No. 103.) i6mo, o 50
Treatment of Septic Sewage. (Science Series.) .... i6mo, o 50

Rafter, G. W., and Baker, M. N. Sewage Disposal in the United

States 4to, *6 oo

Raikes, H. P. Sewage Disposal Works 8vo, *4 oo

Railway Shop Up-to-Date 4to, 2 oo

Ramp, H. M. Foundry Practice (In Press.)

Randall, P. M. Quartz Operator's Handbook i2mo, 2 oo

Randau, P. Enamels and Enamelling 8vo, *4 oo

Rankine, W. J. M. Applied Mechanics 8vo, 5 oo

Civil Engineering 8vo, 6 50

Machinery and Millwork 8vo, 5 oo

Rankine, W. J. M. The Steam-engine and Other Prime

Movers 8vo, 5 oo

Useful Rules and Tables 8vo, 4 oo

Rankine, W. J. M., and Bamber, E. F. A Mechanical Text-

book 8vo, 3 50

Raphael, F. C. Localization of Faults in Electric Light and

Power Mains 8vo, *3 oo

Rasch, E. Electric Arc Phenomena. Trans, by K. Tornberg.

(In Press.)
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Rathbone, R. L. B. Simple Jewellery. . . 8vo, *2 oo

Rateau, A. Flow of Steam through Nozzles and Orifices.

Trans, by H. B. Brydon 8vo, *i 50

Rausenberger, F. The Theory of the Recoil of Guns 8vo, *4 50

Rautenstrauch, W. Notes on the Elements of Machine Design,

8vo, boards, *i 50

Rautenstrauch, W., and Williams, J. T. Machine Drafting and

Empirical Design.

Part I. Machine Drafting 8vo, *i 25

Part II. Empirical Design .' (In Preparation.}

Raymond, E. B. Alternating Current Engineering i2mo, *2 50

Rayner, H. Silk Throwing and Waste Silk Spinning 8vo, *2 50

Recipes for the Color, Paint, Varnish, Oil, Soap and Drysaltery
Trades 8vo, *3 50

Recipes for Flint Glass Making i2mo, *4 50

Redfern, J. B. Bells, Telephones. (Installation Manuals

Series.) i6mo (In Press.}

Redwood, B. Petroleum. (Science Series No. 92.) i6mo, o 50

Reed, T. Guide to the Slide Rule (In Press.}

Reed's Engineers' Handbook 8vo, *5 oo

Key to the Nineteenth Edition of Reed's Engineers' Hand-
book 8vo, *3 oo

Reed's Useful Hints to Sea-going Engineers i2mo, i 50

Marine Boilers i2mo, 2 oo

Reinhardt, C. W. Lettering for Draftsmen, Engineers, and

Students oblong 4to, boards, i oo

The Technic of Mechanical Drafting. . . oblong 4to, boards, *i oo

Reiser, F. Hardening and Tempering of Steel, Trans, by A.

Morris and H. Robson I2mo, *2 50

Reiser, N. Faults in the Manufacture of Woolen Goods. Trans.

by A. Morris and H. Robson 8vo, *2 50

Spinning and Weaving Calculations 8vo, *5 oo

Renwick, W. G. Marble and Marble Working 8vo, 5 oo

Reynolds, 0., and Idell, F. E. Triple Expansion Engines.

(Science Series No. 99.) ; i6mo, o 50

Rhead, G. F. Simple Structural Woodwork i2mo, *i oo

Rhead, G. W. British Pottery Marks 8vo, *3 oo

Rice, J. M., and Johnson, W. W. A New Method of Obtaining
the Differential of Functions. I2mo, o 50
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Richards, W. A. and North, H. B. Manual of Cement Testing *i 50

Richardson, J. The Modern Steam Engine 8vo, *3 50

Richardson, S. S. Magnetism and Electricity I2mo, *2 oo

Rideal, S. Ghie and Glue Testing 8vo, *4 oo

Rimmer, E. J. Boiler Explosions 8vo, *i 75

Rings, F. Concrete in Theory and Practice I2mo, *2 50

Ripper, W. Course of Instruction in Machine Drawing. . . folio, *6 oo

Roberts, F. C. Figure of the Earth. (Science Series No. 79.)

i6mo, o 50

Roberts, J., Jr. Laboratory Work in Electrical Engineering

8vo, *2 oo

Robertson, L. S. Water-tube Boilers 8vo, *2 oo

Robinson, J. B. Architectural Composition 8vo, *2 50

Robinson, S. W. Practical Treatise on the Teeth of Wheels.

(Science Series No. 24.) i6mo, o 50

Railroad Economics. (Science Series No. 59.) i6mo, o 50

Wrought Iron Bridge Members. (Science Series No. 60.)

i6mo, o 50

Robson, J. H, Machine Drawing and Sketching 8vo, *i 50

Roebling, J. A. Long and Short Span Railway Bridges. . folio, 25 oo

Rogers, A. A Laboratory Guide of Industrial Chemistry. . i2mo, *i 50

Rogers, A., and Aubert, A. B. Industrial Chemistry 8vo, *5 oo

Rogers, F. Magnetism of Iron Vessels. (Science Series No. 30.)

i6mo, o 50

Rohland, P. Colloidal and its Crystalloidal State of Matter.

Trans, by W. J. Britland and H. E. Potts i2mo, *i 23

Rollins, W. Notes on X-Light 8vo, 5 oo

Rollinson, C. Alphabets Oblong i2mo, i oo

Rose, J. The Pattern-makers' Assistant 8vo, 2 50

Key to Engines and Engine-running i2mo, 2 50

Rose, T. K. The Precious Metals. (Westminster Series.). .8vo, *2 oo

Rosenhain, W. Glass Manufacture. (Westminster Series.). .8vo, *2 oo

Ross, W. A. Blowpipe in Chemistry and Metallurgy. . .i2mo, *2 oo

Rossiter, J. T. Steam Engines. (Westminster Series.) 8vo (In Press.)

Pumps and Pumping Machinery. (Westminster Series.)

8vo (In Press.)

Roth. Physical Chemistry 8vo, *2 oo

Rouillion, L. The Economics of Manual Training 8vo, 2 oo

Rowan, F. J.



Rowan, F. J., and Idell, F. E. Boiler Incrustation and Corro-

sion. (Science Series No. 27.) i6mo, o 50

Roxburgh, W. General Foundry Practice 8vo, *3 50

Ruhmer, E. Wireless Telephony. Trans, by J. Erskine-

Murray 8vo, *3 50

Russell, A. Theory of Electric Cables and Networks ...... 8vo, *3 oo

Sabine, R. History and Progress of the Electric Telegraph. i2mo, i 25

Saeltzer, A. Treatise on Acoustics 1 2mo, i oo

Salomons, D. Electric Light Installations. i2mo.

Vol. I. The Management of Accumulators 2 50

Electric Light Installations. i2mo.
Vol. II. Apparatus 2 25
Vol. III. Applications i 50

Sanford, P. G. Nitro-explosives 8vo, *4 oo

Saunders, C. H. Handbook of Practical Mechanics i6mo, i oo

leather, i 25

Saunnier, C. Watchmaker's Handbook I2mo, 3 oo

Sayers, H. M. Brakes for Tram Cars 8vo, *i 25

Scheele, C. W. Chemical Essays 8vo, *2 oo

Schellen, H. Magneto-electric and Dynamo -electric Machines

8vo, 5 oo

Scherer, R. Casein. Trans, by C. Salter 8vo, *3 oo

Schidrowitz, P. Rubber, Its Production and Uses 8vo, *5 oo

Schindler, K. Iron and Steel Construction Works i2mo, *i 25

Schmall, C. N. First Course in Analytic Geometry, Plane and

Solid I2mo, half leather, *i 75

Schmall, C. N., and Schack, S. M. Elements of Plane Geometry

I2mo, *i 25

Schmeer, L. Flow of Water 8vo, *3 oo

Schumann, F. A Manual of Heating and Ventilation.

32mo, leather, i 50

Schwartz, E. H. L. Causal Geology 8vo, *2 50

Schweizer, V., Distillation of Resins 8vo, *3 50

Scott, W. W. Qualitative Chemical Analysis. A Laboratory
Manual 8vo *i 50

Scribner, J. M. Engineers' and Mechanics' Companion.

i6mo, leather, i 50

Searle, A. B. Modern Brickmaking 8vo, *5 oo
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Searle, G. M. " Sumners' Method." Condensed and Improved.

(Science Series No. 124.) 8vo. o 50
Seaton, A. E. Manual of Marine Engineering 8vo, 6 oo

Seaton, A. E., and Rounthwaite, H. M. Pocket-book of Marine

Engineering i6mo, leather, 3 oo

Seeligmann, T., Torrilhon, G. L., and Falconnet, H. India

Rubber and Gutta Percha. Trans, by J. G. Mclntosh

8vo, *5 oo

Seidell, A. Solubilities of Inorganic and Organic Substances
. 8vo, *3 oo

Sellew, W. H. Steel Rails 4to (In Press.)

Senter, G. Outlines of Physical Chemistry i2mo, *i 75
- Textbook of Inorganic Chemistry .- i2mo, *i 75

Sever, G. F. Electric Engineering Experiments .... 8vo, boards, *i oo

Sever, G. F., and Townsend, F. Laboratory and Factory Tests

in Electrical Engineering 8vo, *2 50

Sewall, C. H. Wireless Telegraphy 8vo, *2 oo

Lessons in Telegraphy. i2mo, *i oo

Sewell, T. Elements of Electrical Engineering 8vo, *3 oo

The Construction of Dynamos 8vo, *3 oo

Sexton, A. H. Fuel and Refractory Materials i2mo, *2 50

Chemistryfof the Materials of Engineering . . i2mo, *2 50

Alloys (Non-Ferrous) 8vo, *3 oo

The Metallurgy of Iron and Steel 8vo, *6 50

Seymour, A. Practical Lithography 8vo, *2 50
Modern Printing Inks 8vo, *2 oo

Shaw, H. S. H. Mechanical Integrators. (Science Series No.

83.) i6mo, o 50

Shaw, P. E. Course of Practical Magnetism and Electricity . 8vo,
*
i oo

Shaw, S. History of the Staffordshire Potteries 8vo, *3 oo

Chemistry of Compounds Used in Porcelain Manufacture.8vo, *5 oo

Shaw, W. N. Forecasting Weather 8vo, *3 50

Sheldon, S., and Hausmann, E. Direct Current Machines. .8vo, *2 50

Alternating-current Machines. 8vo, *2 50

Electric Traction and Transmission Engineering 8vo, *2 50

Sherriff, F. F. Oil Merchants' Manual i2mo, *3 50

Shields, J. E. Notes on Engineering Construction i2mo, i 50

Shock, W. H. Steam Boilers 410, half mor., 15 oo

Shreve, S. H. Strength of Bridges and Roofs 8vo, 3 50

Shunk, W. F. The Field Engineer i2mo, mor., 2 50
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Simmons, W. H., and Appleton, H. A. Handbook of Soap
Manufacture 8vo, *3 oo

Simmons, W. H., and Mitchell, C.A. Edible Fats and Oils. *3 oo

8vo, *3 oo

Simms, F. W. The Principles and Practice of Leveling 8vo, 2 50

Practical Tunneling. . 8vo, 7 50

Simpson, G. The Naval Constructor I2ino, mor., *5 oo

Simpson, W. Foundations 8vo (In Press.)

Sinclair, A. Development of the Locomotive Engine.

8vo, half leather, 5 oo

Twentieth Century Locomotive 8vo, half leather, 5 oo

Sindall, R. W. Manufacture of Paper. (Westminster Series.)

8vo, *2 oo

Sloane, T. O'C. Elementary Electrical Calculations i2mo, *2 oo

Smith, C. A. M. Handbook of Testing. Vol. I. Materials. . *2 50

Smith, C. A. M., and Warren, A. G. New Steam Tables. 8vo,

Smith, C. F. Practical Alternating Currents and Testing. .8vo, *2 50

Practical Testing of Dynamos and Motors 8vo, *2 oo

Smith, F. E. Handbook of General Instruction for Mechanics.

i2mo, i 50

Smith, J. C. Manufacture of Paint 8vo, *3 oo

Smith, R. H. Principles of Machine Work I2mo, *3 oo

Elements of Machine Work I2mo, *2 oo

Smith, W. Chemistry of Hat Manufacturing I2mo, *3 oo

Snell, A. T. Electric Motive Power 8vo, *4 oo

Snow, W. G. Pocketbook of Steam Heating and Ventilation.

(In Press.)

Snow, W. G., and Nolan, T. Ventilation of Buildings. (-Science

Series No. 5.) i6mo, o 50

Soddy, F. Radioactivity 8vo, *3 oo

Solomon, M. Electric Lamp?. (Westminster Series.) 8vo, *2 oo

Sothern, J. W. The Marine Steam Turbine 8vo, *5 oo

Southcombe, J. E. Paints, Oils, and Varnishes. (Outlines of

Industrial Chemistry.) 8vo (In Press.)

Soxhlet, D. H. Dyeing and Staining Marble. Trans, by A.

Morris and H. Robson 8vo, *2 50

Spang, H.W. A Practical Treatise on Lightning Protection. i2mo, i oo

Spangenburg, L. Fatigue of Metals. Translated by S. H.

Shreve. (Science Series No. 23.) i6mo, o 50
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Specht, G. J., Hardy, A. S., McMaster, J. B., and Walling. Topo-

graphical Surveying. (Science Series No. 72.). . i6mo, o 50

Speyers, C. L. Text-book of Physical Chemistry 8vo, *2 25

Stahl, A. W. Transmission of Power. (Science Series No. 28.)

i6mo,

Stahl, A. W., and Woods, A. T. Elementary Mechanism . . i2mo, *2 oo

Staley, C., and Pierson, G. S. The Separate System of Sewerage.

8vo, *3 oo

Standage, H. C. Leatherworkers' Manual 8vo, *3 50

Sealing Waxes, Wafers, and Other Adhesives 8vo, *2 oo

Agglutinants of all Kinds for all Purposes i2mo, *3 50

Stansbie, J. H. Iron and Steel. (Westminster Series.). . . .8vo, *2 oo

Steadman, F. M. Unit Photography and Actmometry. . . . (In Press.}

Steinman, D. B. Suspension Bridges and Cantilevers. (Science

Series No. 127.) o 50

Stevens, H. P. Paper Mill Chemist i6mo, *2 50

Stevenson, J. L. Blast-Furnace Calculations. . . .i2mo, leather, *2 oo

Stewart, A. Modern Polyphase Machinery i2mo, *2 oo

Stewart, G. Modern Steam Traps I2mo, *i 25

Stiles, A. Tables for Field Engineers i2mo, i oo

Stillman, P. Steam-engine Indicator i2mo, i oo

Stodola, A. Steam Turbines. Trans, by L. C. Loewenstein . 8vo, *5 oo

Stone, H. The Timbers of Commerce 8vo, 3 50

Stone, Gen. R. New Roads and Road Laws i2mo, i oo

Stopes, M. Ancient Plants 8vo, *2 oo

The Study of Plant Life 8vo, *2 oo

Stumpf , J. Una-Flow Steam Engine 4to, *3 50

Sudborough, J. J., and James, T. C. Practical Organic Chem-

istry I2H10, *2 00

Suffling, E. R. Treatise on the Art of Glass Painting 8vo, *3 50

Swan, K. Patents, Designs and Trade Marks. (Westminster

Series.) 8vo, *2 oo

Sweet, S. H. Special Report on Coal 8vo, 3 oo

Swinburne, J., Wordingham, C. H., and Martin, T. C. Electric

Currents. (Science Series No. 109.) i6mo, o 50

Swoope, C. W. Practical Lessons in Electricity I2mo, *2 oo
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Talifer, L. Bleaching Linen and Cotton Yarn and Fabrics . 8vo, *5 oo

Tate, J. S. Surcharged and Different Forms of Retaining-walls.

Science Series No. 7 i6mo,

Taylor, E. N. Small Water Supplies i2mo, 2 oo

Templeton, W. Practical Mechanic's Workshop Companion.

i2mo, mor., 2 oo

Terry, H. L. India Rubber and its Manufacture. (Westminster

Series.) 8vo, *2 oo

Thayer, H. R. Structural Design 8vo,

Vol. I. Elements of Structural Design *2 oo

Vol. II. Design of Simple Structures (In Preparation.}

Vol. III. Design of Advanced Structures (In Preparation.}

Thiess, J. B., and Joy, G. A. Toll Telephone Practice 8vo, *3 50

Thorn, C., and Jones, W. H. Telegraphic Connections.

oblong i2mo i 50

Thomas, C. W. Paper-makers' Handbook (In Press.)

Thompson, A. B. Oil Fields of Russia 4to, *7 50

Petroleum Mining and Oil Field Development 8vo, *5 oo

Thompson, E. P. How to Make Inventions 8vo, o 50

Thompson, S. P. Dynamo Electric Machines. (Science Series

No. 75.) i6mo, o 50

Thompson, W. P. Handbook of Patent Law of All Countries

i6mo, i 50

Thomson, G. Modern Sanitary Engineering, House Drainage,
etc 8vo, *3 oo

Thomson, G. S. Milk and Cream Testing i2mo, *i 75

Thornley, T. Cotton Combing Machines 8vo, *3 oo

Cotton Spinning 8vo,

First Year *i 50
Second Year.. *2 50

Third Year *2 50

Thurso, J. W. Modern Turbine Practice 8vo, *4 oo

Tidy, C. Meymott. Treatment of Sewage. (Science Series No.

94.) i6mo, o 50

Tinney, W. H. Gold-mining Machinery 8vo, *3 oo

Titherley, A. W. Laboratory Course of Organic Chemistry .8vo, *2 oo

Toch, M. Chemistry and Technology of Mixed Paints 8vo, *3 oo

Toch, M. Materials for Permanent Painting I2mo, *2 oo

Todd, J., and Whall, W. B. Practical Seamanship 8vo, *7 50
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Tonge, J.' Coal. (Westminster Series.) 8vo, *2 oo

Townsend, F. Alternating Current Engineering 8vo, boards, *o 75

Townsend, J. lonization of Gases by Collision 8vo, *i 25

Transactions of the American Institute of Chemical Engineers.

8vo,

Vol. I. 1908 *6 oo

Vol. II. 1909 , *6 oo

Vol. HI. 1910 *6 oo

Vol. IV. 1911 *6 oo

Traverse Tables. (Science Series No. 115.) i6mo, o 50

mor., i oo

Trinks, W., and Housum, C. Shaft Governors. (Science

Series No. 122.) i6mo, o 50

Trowbridge, W. P. Turbine Wheels. (Science Series No. 44.)

i6mo, o 50

Tucker, J. H. A Manual of Sugar Analysis 8vo, 3 50

Tumlirz, 0. Potential. Trans, by D. Robertson I2mo, i 25

Tunner, P. A. Treatise on Roll-turning. Trans, by J. B.

Pearse 8vo text and folio atlas, 10 oo.

Turbayne, A. A. Alphabets and Numerals 4to, 2 oo

Turnbull, Jr., J., and Robinson, S. W. A Treatise on the

Compound Steam-engine. (Science Series No. 8.)

i6mo,

Turrill, S. M. Elementary Course in Perspective i2mo, *i 25

Underbill, C. R. Solenoids, Electromagnets and Electromag-
netic Windings I2mo, *2 oo

Universal Telegraph Cipher Code i2mo, i oo

Urquhart, J. W. Electric Light Fitting i2mo, 2 oo

Electro-plating I2mo, 2 oo

Electrotyping I2mo, 2 oo

Electric Ship Lighting i2mo, 3 oo

Usborne, P. O. G. Design of Simple Steel Bridges (In Press.)

Vacher, F. Food Inspector's Handbook i2mo, *2 50

Van Nostrand's Chemical Annual. Second issue 1909 . . . . i2mo, *2 50

Year Book of Mechanical Engineering Data. First issue

1912 (In Press.)

Van Wagenen, T. F. Manual cf Hydraulic Mining i6mo, i oo
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Vega, Baron, Von. Logarithmic Tables 8vo, half mor.,. . 2 oo

Villon, A. M. Practical Treatise on the Leather Industry.

Trans, by F. T. Addyman 8vo, *io oo

Vincent, C. Ammonia and its Compounds. Trans, by M. J.

Salter 8vo, *2 oo

Volk, C. Haulage and Winding Appliances 8vo, *4 oo

Von Georgiovics, G. Chemical Technology of Textile Fibres..

Trans, by C. Salter 8vo, *4 50

Chemistry of Dyestuffs. Trans, by C. Salter. 8vo, *4 50

Vose, G. L. Graphic Method for Solving Certain Questions in

Arithmetic and Algebra. (Science Series No. 16.) .i6mo, o 50

Wabner, R. Ventilation in Mines. Trans, by C. Salter. . .8vo, *4 50

Wade, E. J. Secondary Batteries , 8vo, *4 oo

Wadmore, J. M. Elementary Chemical Theory i2mo, *i 50

Wadsworth, C. Primary Battery Ignition i2mo, *o 50

Wagner, E. Preserving Fruits, Vegetables, and Meat... . i2mo, *2 50

Waldram, P. J. Principles of Structural Mechanics. . . .i2mo, *3 oo

Walker, F. Aerial Navigation 8vo, 2 oo

Dynamo Building. (Science Series No. 98.) i6mo, o 50

Electric Lighting for Marine Engineers 8vo, 2 oo

Walker, S. F. Steam Boilers, Engines and Turbines 8vo, 3 oo

Refrigeration, Heating and Ventilation on Shipboard. . i2mo, *2 oo

Electricity in Mining 8vo, *3 50

Walker, W. H. Screw Propulsion 8vo, o 75

Wallis-Tayler, A. J. Bearings and Lubrication 8vo, *i 50

Aerial or Wire Ropeways 8vo, *3 oo
Modern Cycles 8vo, 4 oo

Motor Cars . 8vo, i 80

Motor Vehicles for Business Purposes 8vo, 3 50
Pocket Book of Refrigeration and Ice Making i2mo, i 50

Refrigeration, Cold Storage and Ice Making 8vo, *4 50

Sugar Machinery lamo, *2 oo

Wanklyn, J. A. Water Analysis i2mo, 2 oo

Wansbrough, W. D. The ABC of the Differential Calculus. i2mo, *i 50
- Slide Valves i2mo, *2 oo

Ward, J. H. Steam for the Million 8vo, i oo

Waring, Jr., G. E. Sanitary Conditions. (Science Series No. 31.)

i6mo, o 50

Sewerage and Land Drainage *6 oo
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Waring, Jr., G. E. Modern Methods of Sewage Disposal . i2mo, 2 oo

How to Drain a House i2mo, i 25

Warren, F. D. Handbook on Reinforced Concrete i2mo, *2 50

Watkins, A. Photography, (Westminster Series.) 8vo, *2 oo

Watson, E. P. Small Engines and Boilers i2ino, i 25

Watt, A. Electro-plating and Electro-refining of Metals *4 So

Electro-metallurgy I2mo, i oo

The Art of Paper Making *3 oo

The Art of Soap-making 8vo, 3 oo

Leather Manufacture 8vo, *4 oo

Weale, J. Dictionary of Terms used in Architecture i2mo, 2 50
Weale's Scientific and Technical Series. (Complete list sent on

application.)

Weather and Weather Instruments i2mo, i oo

paper, o 50

Webb, H. L. Guide to the Testing of Insulated Wires and

Cables i2mo, i oo

Webber, W. H. Y. Town Gas. (Westminster Series.) 8vo, *2 oo

Weisbach, J. A Manual of Theoretical Mechanics 8vo, *6 oo

sheep, *7 50

Weisbach, J., and Herrmann, G. Mechanics of Air Machinery

8vo, *3 75

Welch, W. Correct Lettering (In Press.)

Weston, E. B. Loss of Head Due to Friction of Water in Pipes

I2mo, *i 50

Weymouth, F. M. Drum Armatures and Commutators . . 8vo, *3 oo

Wheatley, O. Ornamental Cement Work (In Press.)

Wheeler, J. B. Art of War i2mo, i 75
Field Fortifications i2mo, i 75

Whipple, S. An Elementary and Practical Treatise on Bridge

Building 8vo, 3 oo

White, G. T. Toothed Gearing iimo *i 25

Whithard, P. Illuminating and Missal Painting i2mo, i 50

Wilcox, R. M. Cantilever Bridges. (Science Series No. 25.)

i6mo, o 50

Wilda H. Steam Turbines. Trans, by C. Salter, (In Press.)

Wilkinson, H. D. Submarine Cable Laying and Repairing . 8vo, *6 oo

Williams, A. D., Jr., and Hutchinson, R. W. The Steam Turbine.

(In Press.)
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Williamson, J., and Blackadder, H. Surveying. 8vo (In Press.)

Williamson, R. S. On the Use of the Barometer 4to, 15 oo

Practical Tables in Meteorology and Hypsometery 4to, 2 50

Willson, F. N. Theoretical and Practical Graphics 4to, *4 oo

Wilson, F. J., and Heilbron, I. M. Chemical Theory and Cal-

culations I2H10, *I 00

Wimperis, H. E. Internal Combustion Engine 8vo, *3 oo

Primer of Internal Combustion Engine . . i2mo,

Winchell, N. H., and A. N. Elements of Optical Mineralogy. 8vo, *3 50

Winkler, C., and Lunge, G. Handbook of Technical Gas-Analy-
sis 8vo, 4 oo

Winslow, A. Stadia Surveying. (Science Series No. 77.). i6mo, 050
Wisser, Lieut. J. P. Explosive Materials. (Science Series No.

70.) i6mo, o 50

Modern Gun Cotton. (Science Series No. 89.) i6mo, o 50

Wood, De V. Luminiferous Aether. (Science Series No. 85.)

i6mo, o 50

Woodbury, D. V. Elements of Stability in the Well-propor-
tioned Arch 8vo, half mor., 4 oo

Worden, E. C. The Nitrocellulose Industry. Two Volumes.

8vo, *io oo

Cellulose Acetate 8vo (In Press.)

Wright, A. C. Analysis of Oils and Allied Substances 8vo, *3 50

Simple Method for Testing Painter's Materials 8vo, *2 50

Wright, F. W. Design of a Condensing Plant i2mo, *i 50

Wright, H. E. Handy Book for Brewers 8vo, *5 oo

Wright, J. Testing, Fault Finding, etc. for Wiremen (Installa-

tion Manuals Series) i6mo, *o 50

Wright, T. W. Elements of Mechanics 8vo, *2 50

Wright, T. W., and Hayford, J. F. Adjustment of Observations

8vo, *3 oo

Young, J. E. Electrical Testing for Telegraph Engineers. . .8vo, *4 oo

Zahner, R. Transmission of Power. (Science Series No. 40.)

i6mo,

Zeidler, J., and Lustgarten, J. Electric Arc Lamps 8vo, *2 oo

Zeuner, A. Technical Thermodynamics. Trans, by J. F.

Klein. Two Volumes 8vo, *8 oo
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Zimmer, G. F. Mechanical Handling of Material 410, *io oc<

Zipser, J. Textile Raw Materials. Trans, by C. Salter 8vo, *s oc
Zur Nedden, F. Engineering Workshop Machines and Proc-

esses. Trans, by J. A. Davenport 8vo, *2 oc

Books sent postpaid to any address on receipt of price

Descriptive circulars and complete catalogs may be had on application
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