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PREFACE 

THE remar1;:s made in connection with Volume I. of this 

work apply equally to the present volume. The portiona 

of the subject, dealt with here, are somewhat more diffi. 

cult than those considered in the previous volume, and 

demand a moderate knowledge of physics. Hence, owing 

to the large number of chemical students who are 

insnfficiently grounded in physics, it has been deemed 

well to describe, in detail, methods of measuring the 

electrical quantities, resistance, capacity, electromotive 

force, and dielectric constant in the chapters where the 

physico-chemical relationships of those properties are 

discussed. The subject of radioactivity is often claimed 

as a purely physical one, but when the far-reaching 

importance of the subject upon the fundamental prin-
I 

ciples of chemistry is considered, this position cari\hardly 

be maintained, and no apology should be necessary for 

introducing a chapter on radioactivity in this volume. 

I wish, ill conclusion, to express my indebtedness to 

Ostwald-Luther's Physiko-c'hernische Messungen, and to my 
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colleague, Mr. Holland Crom.pton, Head of the Chemistry 

Department of Bedford College, who, both by his advice 

and criticism, and by reading the manuscript, has rendered 

me much valuable assistance. 
J. F. SPENCER. 

PREFACE TO THE SECOND EDITION 

As in the first volume, the arrangement and method of 

treatment adopted in the first edition has been retained. 

The text has been carefully revised, whereby errors have 

been corrected and ambiguous passages made clearer . 

. An addition has been made to the chapter on Velocity of 

Chemical Reactions. A new chapter, on Decomposition 

Voltage, Discharge Potential and o vei" voltage , has been 

added, and carefully chosen experiments on these subjects 

described. It is hoped that these additions will increase 

the utility of the work both to students and teachers. 

The author takes this opportunity of expressing his 

thanks to those of his colleagues who have pointed out 

errors and ambiguities in the previous edition and made 

suggestions for improvements. It is his hope that this 

kindly assistance may be continued in the future. 

BEDFORD COLLEGE, 

(UNIVERSITY OF LONDON), 

20th April, 1921. 

J. F. SPENCER. 
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PART II 

CHAPTER I 

MASS ACTION AND VELOCITY OF CHEMICAL 

CHANGE 

(SEE ALSO APPENDIX A) 

1. Mass Action. Guldberg and Waage (1867) have 
shown that the velocity of a chemical reaction, at any 
given time, is proportional to the product of the con­
centrations of the reacting substances at that moment. 
Thus if two substances A and B are reacting with the 
formation of two other substances C Hnd D, and if the 
concentrations of A and B at the commencement of 
the reaction are expressed by a and b respectively, the 
velocity of the reaction at the moment it begins will 
be expressed by d 

d~ =lcab, 

where k is a constant. 
After the reaction has proceeded for a time t, and a 

quantity x of A and B has been changed into C and D. 

the velocity will be ~iven by 
dx 
dt =k(a-x)(b-x), 

s.c. ll. A 
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where lc has the same value as °in the previous etpression. 
Whence it is obvious that the velocity decreases as the 
reaction proceeds. 

Suppose now the reaction considered is a reversible 
one, and that ~ 

A+B~C+D. 

Then at the start the concentration of C and 0 is zero, 
and consequently the velocity of the reven;e reaction is also 
zero, but after a time t a quantity of A and B represented 
by x has been changed into C and D. Hence the con­
centration of these two substances may also be repre­
sented by x, and the velocity of the. reverse reaction by 

dx 7' 
dt =/cx. x. 

At equilibrium the velocity of the reaction in both 
directions will be the same: if this occurs when It 

quantity ¢ of A and B have been converted into C amI 
D the velocities of the reactions in the two directions 
will be given by 

~~ =k(a- ¢)(b- p) and ~~ =k'¢2; 

or, irrespective of the original concentrations, if a, (3, l' 
and (] represent the concentrations of A, B, C and D 
respectively at equilibrium, 

dx dx , 
dt = lca{3 and dt = k "lao 

,since the velocit,ies are the same 

lca{3 = k' yo; 

or 

where K is a constant which IS characteristic of the 
reaction. 
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All reversible reactiolls 'may be consillered in the same 
way, and all such reactions have a definite constant 
which depends only on the nature of the reacting sub­
stances, and is uninfluenced by their amounts. 

Should one or more of the substances in any reaction 
be a solid, then the active mass, i.e. the concentration 
present in the homogeneous phase in which the reaction 
is taking place, of this substance is constant. 'rhis 
will be clearer if an actual case is considered, such 
as the reaction between barium chloride and sodium 
sulphate. 

In thi~ case barium sulphate is precipitated, and con­
sequently the concentration of barium sulphate in the 
solution must be constant, viz. the amount determined 
by its solubility. 

If then the concentrations of the four substances be 
a, {3, 'Y and 0 respectively, 

a(3 
K=2' 

'Y 

The experimental determination of the reaction con· 
stants for reversible reactions is not suitable for this 
course, for in many cases the equilibria are only estab­
lished very slowly. A period extending over months 
orten being necessary, and in some cases, according to • 
van't Hoff: a geological period would be required for 
the establishment of an equilibrium. 

2. Velocity of Chemical Change. It has already been 
shown that the velocity of a reaction at any moment 
depends upon the product or the active masses of the 
reacting substances at that moment. 

Hence if a reaction is taking place between a number 
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of substances of active masse's (t, b, c ... , then the·velocity 
of the reaction at that moment is given by 

cb: 
(It = kabc ...• 

Consider a reaction in which one substance only is 
undergoing change, i.e. a mono-molecular change. If the 
original concentration of this substance be indicated 
by a, then 

dx 
dt =7ca 

represents the initial velocity of the change, where lc is 
the velocity constant. If at a time t, x represents the 
amount of a changed, then (a-x) gives the active mass 
at the time t and the velocity is given by 

dx 
dt = lc(a-x); 

on integrating this expression 

-log.( a -x) = lei + constant. . .............. (1) 

At the commencement of the reaction t = 0, and x = 0, 
and on substituting these values in (1) 

-log. a = constant. 

a 
log.--=kt. a-x 

Hence 

. It is generally very difficult to determine exactly the 
moment at which a reaction commences, so that it is 
preferable, in determining the velocity constant, to 
obtain measurements at two different times t1 and t2 
when quantities Xl and X 2 have been transformed; the 
expression then becomes 

a-x 
log.--l,;= 7~( t2 - t1). 

a-x., 
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Should two substt1nces be parti.cipating in a reaction, 
the expression representing the velocity of reaction 
takes a somewhat different form. As the simplest case, 
it may be assumed that the reacting substances have 
the same initial concentration a, and that at a time t 
a quantity x of both has been transformed, then the 
velocity will be given by 

dx 
dt =k(a-x)(a-x), 

which on integrating becomes 
1 --= kt + constant. • .............. (2) 

a-x 
As in the last case t = 0, and x = ° at the commencement 

1 
hence - = constant; 

a 

and substituting this value in (2) 

kt= x • 
(L(a-x) 

Should the substances reacting have different initial 
concentrations a and b, then at a time t, when x of 
both has been transformed, the velocity is expressed by 

dx 
dt =k«(t-x)(b-x), 

which on integratinO" O"ives 
".,,,., 

1 a-x 
--b log, . -b- = let + constant, ............ (3) • a- -x 

and as t = 0, x = 0 at the beginning of the reaction 
1 c£ 

a - b log, b = constant. 

Substituting the value of the constant in (3) 

lct=_l_.locr ~.(~t~{t). 
a-b ""~a (b-x) 
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Expressions similar to the' above may be decluced for 
reactions in which more than two substances are taking 
part, but such reactions are often very complicated, and 
are not suitable for the present purpose. It is found, 
however,-that the larger number of reactions, no 
matter how complicated they may seem from their 
chemical equations, are nevertheless chiefly mono- 01' 

bi-molecular. This is explained on the assumption that 
the reaction proceeds in a series of stages which are 
of the simpler orders. In investigating the velocity of 
chemical actions it is obvious that they must be stopped 
instantaneously at a definite time, or the methods of 
investigation must be such as allow of a definite con­
clusive observation, which will indicate the extent of 
the change, being made at a definite time. ,rhere 
possible, therefore, phYi-lical changes, which will indicate 
the state of the reaction, should be observed, and of 
these, optical activity and volume may be noted as 
among the most suitable physical properties for such 
observations. If chemical methods have to be resorted 
to, then volumetric determinations are always to be 
recommended, since the rapidity with which they can 
be effected amounts almost to an instantaneous stopping 
of the reaction. When gravimetric methods have to be 
employed, and indeed also in volumetric operations, c11,re 
must be taken that only those reagcnts arc used which 

• do not influence the state of the reaction in any way 
other than completely stopping it. 

The velocity of reaction is best considered under the 
heading of the types of reactions, and will be treated 
here under: 

(1) Mono-molecular reactions, 

(2) Bi-molecuk1r reactions. 
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1. Mono-molecular Reactions 

Mono-molecular reactions, as has already been ex­
plained, are those in which one molecule only is reacting, 
but it is customary to consider the saponification of 
esters by means of acids under the heading of mono­
molecular reactions. These, as will be seen from the 
equation, 

CH3 • COOC~H5+H20 -:. CH3 • COOH+C2HsOH, 

are strictly bi-molecular reactions, and consequently 
should only give constant values jar k when the 
expression 

lIb (Cl-X) 
7c=-t ·-b· log,-. (-b ~ ............... (4) a- L (( -a::) 

is employed. But generally in such reactions the active 
mass Ot the watei' Ct is so brge that (U-X).a:Cl. If then 
(a-x)=a. is substituted in equ~tion (4), 

1 b 
(a-b)k=-loO' .-. t be b-x 

In any given reaction (a-b), the difference of the 
original concentrations of the reacting substances, is 
constant, hence the expression becomes 

1 b 
K=-t loge-b-' -x 

which will be seen to be the expression for mono-' 
molecular reactions, explaining why such reactions may 
be treated as mono-molecular. 

The saponification of esters takes place rather slowly 
in pure water, but much more quickly in the presence 
of acids, the velocity being proportional to the concen­
tration of the hydrogen ions. Hence it follows, since 
the relative strength of acids is also proportional to the 
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concentration of the hydrogen ions, that a deter';nination 
of the velocity constant for the saponification of an ester 
by various acids will furnish the relative strengths, i.e. 
avidities, of the acids employed. 

EXPERIMENTS 

1. Determine the Velocity Constant for the Decont­
position of Hydrogen Peroxide. Hydrogen peroxide 
decomposes spontaneously into oxygen and water, but 
the change occurs too slowly for the purpose of the 
present experiment. Its velocity may, however, be in­
creased by means of a catalyst, such as Bredig's colloidal 
platinum. 

Prepare a solution of hydrogen peroxide by dissolving 
100 C.c. of "20 volume" hydrogen peroxide in a litre 
of water. Place about 250 C.c. of the solution in a flask, 
stand it in a thermostat and allow it to take on the 
temperature of the bath. Remove 5 C.c. of the solution 
by means of a pipette, add an excess of dilute sulphuric 

acid, and titrate with 1~ potassium permanganate 

solution. 'filen add 5 C.c. of a solution of colloidal 
platinum to tho hydrogen peroxide solution. The 
colloidal platinum is prepared in the following manner: 
Two short platinum wires, :: mm. diameter, are welded 
to two stout copper wires which are inserted into glass 

'tubes so as to leave about 1 cm. of the platinum pro­
truding. The glass tubes serve as insulating handles. 
The copper wires are connected to the lighting 
circuit through a resistance, which cuts the current 
down to about 5 amperes. The platinum ends are then 
brought together in a dish of conductivity water (see 
Chapter III.), cooled by ice .. As soon as the wires touch 
they are drawn apart so that an arc 1-2 mm. long is 
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produced. The arc will not' persist for more than a few 
seconds, and must be repeatedly remade, by bringing the 
wires into contact as at first, for about ten minutes. 
The solution is then filtered, to free it from platinum 
dust, and constitutes a solution of colloidal platinum. 
Note the time at which the platinum solution is added 
to the hydrogen peroxide, and take this as the com­
mencement of the reaction to' 

The initial concentration of the hydrogen peroxide 
is obtained by calculation from the original titration 
value. When two minutes have elapsed, remove 5 c.c. 
of the solution and titrate it as quickly 3IS possible, 
taking as the time t1 , the mean of the time between the 
beginning and the end of the titration. Repeat the 
observations every five minutes and record the titration 
values n 2 , n 3 , 'n4 ' n 5 , ... , etc., and the times t2 , t3 , t4 , 

to' ... ,etc. Since the titration values are proportional 
to the concentration of the hydrogen peroxide, it is 
unnecessary to calculate the concentrations. The titra­
tion values may be inserted in the equation, in place of 
the concentrations, and k calculated. 

Thus since 
1 a-x 

7._ 100' 1 
1,,-t-t be --, 

2- 1 ct-X2 
\ 

1 n 1 1 'n9 '. 
1"=t _ -t loge-=t -t loge--=etc., 

2 '1 n 2 3 '2 n3 

in which the n values are the number of C.c. of 
permanganate used in the titrations, and the t values 
the number of minutes which have elapsed from the 
beginning of the reaction. Calculate the value of Ie for 
each determination, and note that it is the same in each 
case. In the calculation it is not necessary to convert 
loge to loglo, and since the experiment is only concerned 
with the constancy of k ordinary logarithms may be 
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im;erted in the expl'eSSiOl;. The real valu~ of the 
constant may be obtn,ined from the mean value of the 
determinatiolls by multiplying it by 2':302. 

2. Deter'll~i1ie the Relative Sttengths of SulphlL1'ic 
(mel Hydrochlu'I'ic Acids. This experiment consists in 
a, determination of the rates at which the acids in 

S' 

F1G. 1. 

question saponify methyl acetate. 
Before commencing the actual deter-

mination an approximately ~ solu­

tion of baryta must be made up. 
This is best done in the following 
manner. Fit a four litre narrow­
mouthed boUle B (Fig. 1), wit,h a 
two-holed cork c. Into one hole 
insert n tube t connected to a sodn 
lime tube d, and into the other hole 
n tube b, which reaches to thc bottom 
of the bottlo and is connected to a 
burette G. The burette is supported 
by a stand amI clamps f attached to 
the neck of the boWe ~tS indicated in 
the diagram. Close tho burette at 
the top by a soda lime tube 8, to 
which a length of indial'l1bber tubing 
i is attached. N ow grind up about 
60 grams of barium hydrate, place 
it in a flask containing 500 c.c. of 
water and boil until the solution is 

saturated. Close the flask with a cork carrying a soda 
lime tube and allow to cool. When cold, £lter 200 c.c. 
of the solution into the bottle B and add sufficient 
water to make 4< litres. T,he water used here must be 
freshly boil cd distilled water which has been allowed 
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to cool i~ carhOlHli()xide fr~e :tiro Shake the solution 
and then place the burette ano. soda lime tubes in 
position. In this way a solution of baryta is obtained 
which is permanently out of contact with carbon-dioxi.de. 
The burette is mled by opening the tap (a) and drawing 
at the tube i. 

The baryta solution must next be standardised hy 

titration with an ~ solution of OXctlic acio., using phenol­

phthalein as indicator. 

Prepare ~ solutions of hydrochloric and sulphuric 

acids, and titrate 2 c.c. ot each or these solutions with 
the baryta solution. This is for the purpose of obtain­
ing an idea of the quantity or baryta solution to be used 
in the subsequent titrations. Now take two 8 oz. 
stoppered bottles, thoroughly clean and dry them, and 
label thelll HeI, and H 2S04 respectively; place 100 c.c. 

o! i hydrochloric acid into Olle, and 100 c.c. of ~ 
sulphuric acid into the othel", and stand the bottles in a 
thermostat at 25°. A bottle containing freshly distilled 
methyl acetate should also be placed in the thermostat. 
When the solutions have taken on the temperature of 
the bath add 5 c.e. ot methyl acetate to the hydrochloric 
acid, shake well and immediately withdraw 2 c.c. of thc 
mixture, run it into a Erlenmeyer flask containing 50 c.c. 
of carbon-dioxide free W'1ter. Note the time at 'which 
the solution if> run into the water, and record it as to the 
commencement of the reaction. Titrate the solution 
with baryta., runnillg" in nearly the whole of the 
required quantity at once, remembering that somewhat 
less, about 5 per cent., "'1ll be required than was 
necessary for 2 c.c. of the acid; recon1 the titratioll us 
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no' After 10 minutes witl~draw a further qu~ntity of 
2 C.c. of the [wid mixture, and tre3t it in exactly the 
same way as the first quantity, noting both the time tl' 
and the titration value n l . Make further titrations at 
intervals of 10, 20, 30, 40, 60 and 120 minutes, and a 
final titration about 48 hours afterwards, noting the 
times t2 , ts' t4 , ••• , t"" and the titration values n 2 , n s' 
n 4 , ... , n"" where t", and n", represent the final time and 
titration values. 

After the second titration has been made with the 
hydroGhloric acid, start the reaction with the sulphuric 
acid and carryon both experiments side by side, record­
ing the results in the same way as for hydrochloric acid. 
Here, as in the last experiment, it is not necessary to 
calculate the quantity of ester saponified from the 
titration values, as would appear to be required by the 
expressions 

1 a 1 (a-xl) 
k=Iloge(a_x) and k=t2-tlloge(a_x2)' 

for the initial concentration of the ester is proportional 
to (n", - no), and the concentration at time t is propor­
tional to (n", -nt ) where t is the time counted in minutes 
from the beginning of the experiment. For the purpose 
of calculating the value of k the expression then becomes 

1._11 (n", -no) 
'"- - oge ( . t n",-n,) 

The value of k may also be calculated from titration to 
titration, instead of always from the commencement of 
the reaction. If ny and n", are the titration values at 
times ty and t", respectively, then 

k=_l_.I~O' (n", -nx). 
ty-t", be (n", -ny) 
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Ordinary" logarithms may be used in the calculation of 
the constant, and the absolute constant obtained from 
the mean value by multiplying it by 2'302. 

Having obtained the constants for both acids, the 
relative strengths are at once visible, for 

Strength of HCl : Strength of H2S04 :: kuO! : lcH2so •. 

The degree of dissociation of ~ hydrochloric acid is 

0'85, and that of i sulphuric a;id is 0'53, hence the 

concentrations of the hydrogen ions, and consequently 

the strengths of the ~ acids are in this proportion. 

3. Determine the Velocity Cunstant of the Hydrolysis 
of Cane Sugar by HydrochlO1'ic Acid (~nd Sulphuric 
Acid. The disaccharides, e.g. cane sugar, are hydrolysed 
by the action of dilute acids. This change, in some 
cases, can be followed by observing the change in the 
optical activity of the reaction mixture. Thus, if a 
solution of cane sugar is treated with hydrochloric acid 
it is converted into a mixture of glucose and fructose in 
equi-molecular quantities. 

C12H22011 + H20 = C6H120 6 + C6H 120 6 • 

The three substances, glucose, fructose and cane sugar, 
rotate the plane of polarised light; cane sugar and glucose 
to the right, and fructose to the left. The mixture of 
glucose and fructose, i.e. invert sugar, is laevo-rotatory, 
since fructose is more strongly laevo-rotatory than 
glucose is dextro-rotatory. Hence, if such an hydrolysis 
be allowed to take place in the observation tube of a 
polarimeter, it is obvious that the course of the reaction, 
and consequently its velocity, may be followed by 
observing the change in the angle of rotation. If >"0 is 
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the angle of rotation of the reaction lllixture at the 
moment of mixing, A", the angle of rotation when the 
reaction is complete, then (Ao - Aoo) is proportional to 
the amount of cane sugar present at the commencement 
of the reaction, and if At is the angle of rotation at time 
t, where t is the time in minutes from the commencement 
of the reaction, then (At - Aoo) is proportional to the 
amount of cane sugar present at the time t. Hence the 
velocity constant k may be obtained from the expression 

7._~ I 0" Ao-Aoo 
Iv - t o,.,e At - Aoo ' 

or calculating the constant from reading to reading, and 
not from the commencement of the reaction, 

7 I I Ax - Aoo 
Ie = t _ t oge A _" ' 

Y x !J /\00 

where Ax and Ay are the rotations at the times tIC and tJ 

respectively. 
Prepare exactly normal solutions of hydrochloric acid 

and sulphuric acid, and abo a solution of 20 grams of 
cane sugar (coffee crystals are best to use here), in 
100 C.c. of water. Add a small piece of camphor to the 
solution as a preservative. Place about 50 C.c. of each of 
these solutions in a thermostat, then fit up a polarimeter 
as described in Chapter X., Part I., and determine the 
zero of the instrument. Connect a jacketed observation 

• tube to a water supply at 25°, obtained by passing a 
slow stream of water through a leaden coil placed in a 
thermostat, and thence through the jacket of the obser­
vation tube. When the temperature of the tube is 
constant, mix equal volumes of eane sugar solution and 
hydrochloric acid solution, fill the observation tube as 
quickly as possible and read the angle of rotation, noting 
the time of the reading. this may be regarded as the 
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" commencement of the l'e:1cti'on, and the time as to and 

the angular reading as Ao' Make a second reading 5 
minutes after the first, and further readings in 10, 20, 
40, 60, and 120 minutes, and a final 'reading 48 hours 
later. It is unnecessary to keep the 'water flowing for 
the 48 hours' interval, for the observation tube may be 
kept at the required temperature by immersing it directly 
in the thermostat. Repeat the measurements with sul­
phuric acid, and calculate the value of 7" for both acids, 
using the formula gi ven above, 

It is not absolutely essential to have water circulating 
round the observation tube if the experiment is carried 
out in a room whose temperature is fairly constant. 

4. Determine the Velocity Oonstant of the Decom­
position of Diazo-benzene Ohloride. Cain and Nicholl 
(J.O.S. 1902, 81, 1412) have shown that the decom­
position of diazo-compounds, between 20° and 601>; is a 
mono-molecular one, and they have followed the reaction 
and determined the velocity constant of a large number 
of diazo-compoulids by measuring the volume of nitrogen 
evolved. The reaction may be represented by 

C6HsN: NCl+H20=C6H5 • OH+N2 +HCl. 

The quantity of diazo-benzene chloride decomposed is 
proportional to the total volume of nitrogen liberated. 
Hence if v"" is the volume of nitrogen liberated when 
the reaction is complete, and V t the volume liberated in 
It time t, then 

l.;= ! loge Voo 
t Vw-V t 

For this experiment the apparatus depicted in Fig. 2 
is required. It consists of a stout glass tube T, 15 cms. 
long and 3 cms. diameter, fitted with a rubber stopper s 
which carries a rotatory stil.'rer R working in an air-
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tight mercury joint M. A ·capillary side-tube ·c, 1 mm. 
diameter, is attached to T. 

The mercury joint is made in the following manner: 
A hole 5 mm. diameter is bored right through the stopper 
5 (Fig. 3), and one 12 mm. diameter, concentrie with the 
first, is bored half way through the stopper, as indicated 

c 

in A. A piece of glass tube g, 
about 4 cms. long, passes through 
the smaller hole, so that 5 mm. 
project on the under side, and a 

5 second piece of tube h, 3 cms. 
r7i77;7m;:'"77J7;>7m,-' long and 12 mm. external dia­

Fla. 2. 

meter, is forced down to the 
bottom of the half-bored hole, 
so that an annula)· cup is formed 
in the cork. The stem of the 
stirrer B is made of a glass rod, 
slightly smaller in diameter than 

T g, to which a piece of tube, 1·5 
cms. long and of the same dia­
meter as g, is attached in an 
air-tight manner by meltns of a 
piece of rubber tubing r. A 
piece of tube lc, of diameter 
intermediate to those of g and 
h, is attached to B by a rubber 
stopper. The two parts A and 

B are then put together, as indicated in c, the pulley P 
is attached, and the stirring rod bent as in the figure. 
Mercury is then poured into the annular cup, and thus 
seals the joint completely. 

Diazo-benzene chloride must be freshly prepared for 
each experiment, and is best prepared in the following 
manner: 9·3 grams of redIstilled aniline are dissolved in 
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30 C.c. of hydrochloric acid'of sp. gr. 1'16, and the mix­
ture cooled with ice. A solution containing 6'9 grams 
of sodium nitrite in 100 C.c. of water is slowly added to 
thiB. amI the solution made up to 1400 c.c. Place 30 c.c. 
of the solution in the tube T, which has been supported 
in a thermostat at 25°. Insert the stirrer and set it in 
motion; after ten minutes have elapsed, connect the side 
tube to a Hempel gas-burette. Note the time when the 

p 

Ie 

s 

A 

c B 

FIG. 3. 

connection is made, which serves as the commencement 
of the experiment to' Read the volume of gas evolved· 
every thirty minutes, noting' time, temperature, 1Iaro­
metric pressure and volume. After abont eight measure­
ments have been made, place the reaction vessel in a 
beaker of hot water for about ten minutes, and then 
replace in the thermostat. After the normal temperature 
has been regained, read off the volume VOO' Calculate the 
constant as indicated above .. 

S.O. IT n 
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2. Bi-molecular Reactions 

The saponification of esters by alkalies is one of the 
most easily followed bi-molecular reactions. The rate 
of this reaction, as is clc[Lr from the equation 

CHao COOCH3 +NaOH=CHa· COONa+CHaOH, 

depends on the concentmtion of the hydroxyl ions, and 
consequently on the concentration of the alkali. Since 
the [LIIlount of alkali decreases as the reaction proceeds, 
it is obvious that the progress of the reaction may be 
followed by determining the concentration of the alkali 
from time to time. Hydrolysis by alkalies occurs much 
more rapidly than hydrolysis by acids, and consequently 
the observations are more difficult to make. 

The expre"sion representing the velocity constant of a 
bi-molecular reaction is 

1 1 (a-x) b 
k= -t ·--b loge (-b .).-, 

Ct- -x a 
where a and b represent the original concentrations of 
the reacting substances, and x i" the quantity transformed 
in time t. 

EXPEIUMENT 

Dete1'mine the Velocity Constant of the Saponijication 
of Methyl Acetate by aa~tstic Soda. Make up solutions 

. of ;0 methyl acetate, 4~ caustic soda, 2~ nitric acid and 

:0 baryta. The cau~tic soda solution must be free from 

sodium carbonate. (See p. 67.) Place lOO C.C. of metbyl 
acetate solution in a 250 c.c. stoppered bottle, and in a 
second bottle place 102 C.C. of the caustic soda solut,joll. 
Place both bottles in a thClnllostat, and while they are 
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reaching the temperature of the bath, measure accurately 
10 C.c. of the standard nitric acid solution into a conical 
flask. When the temperature of the solutions has be­
come constant pour the alkali into the ester, Rtopper the 
bottle and shake vigorously, noting the time at which 
the mixing took place to' 'l'he concentration of caustic 
soda is obtained by calculation from the volumes and 
concentrations of the solutions mixed, the exact amount 
of alkali added being determined by adding about 30 c.c. 
of water to the bottle wllich contained the alkali, and 
titrating the quantity left behind in the bottle, and sub­
tracting the amount from the quantity originally taken. 
When the reaction has . been' proceeding for about 
3 minutes, withdraw 10 c.c. and run it into the measured 
volume of standard nitric acid, which stops the reaction. 
Note the time at which the pipette has half delivered its 
contents as the time of st.opping the reaction. Titrate 
the excess of nitric acid by means of the standard 
baryta solution. Make titrations of fmther quantities 
of 10 c.c. in 5, 10, 15, 30, GO and 100 minutes, and a 
final titration in 24 hours. In this experiment it is un­
necessary to calculate the actual concentrations of the 
alkali and the ester, since they are proportional to the \ 
titration values. 

If no is the nmnber of C.c. of nitric acid required to 
neutralise the alkali at the commencement of the 
reaction, n", at the end of the reaction, and n t at a time 
t, the value of Ie may be calculated from 

k = _1_ . loge n t + loge( no - n",). 
noot log.no+loge(nt-noo ) 

The above expression is deri "ed from the ordinary 
equation for bi-molecular reactions by subfltituting the 
titration values which are proportional to the various 
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factors. n"" is proportional 'to the amount of alkali left 
after the reaction is complete, i.e. (a-b), where a is 
the original concentration of the alkali, and b that of 
the ester, n t is proportional to the concentration of the 
alkali at time t, i.e. (a-x), (no-n",,) to the initial con­
centration of the ester, i.e. b, no to the initial concentra­
tion of the alkali, i.e. ct, and (nt-noo) to the concentration 
of the ester at time t, i.e. (b - x). 

This experiI!1ent, which depends on the concentration 
of the hydroxyl ions, may obviously be used to deter­
mine the relative strengths of bases, in the same way 
as described in an earlier experiment for acids (page 10). 

Determination of Degree of Hydrolysis 

Since the rate of saponification of esters depends on 
the concentration of either the hydrogen or hydroxyl 
ions, this process may be used to determine the degree 
to which salts of weak acids and strong bases, or weak 
bases and strong acids are hydrolysed. For a salt of a 
strong acid and a weak base is split up by water into 
the free undissociated base and the dissociated acid thus: 

HP+CO(NH2)2HCl=CO(NH2)2+HCI+HP, 
giving the strong hydrochloric acid which furnishes 
hydrogen ions. A salt of a weak acid and a strong base 
is hydrolysed by water giving the acid which is 

, practically un dissociated, and the disflociated base thus: 
K2C03 +H20 = 2KOH+H2C03 , 

the strong base, caustic potash, furnishing hydroxyl ions. 
Consequently by using such salts to bring about the 

saponification of an ester, the amount of hydrolysis may 
be obtained by comparing the velocity constant with 
that obtained when the free acid or alkali are used to 
effect the sapollification. 
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EXPEHIMENTt; 

1. Detm'1nine the Amount of Hydrolysis of Urea 

Hydrochlo)'ide in Wcdm'SoltLtion. Make up an ~ solu­

tion of hydrochloric acid, and place 100 C.c. of it into each 
of two 250 c.c. stoppered bottles. To one add an equiva-

lent quantity of urea, i.e. 0'56 gram, thus forming an ~ 
solution of urea hydrochloride. Determine the velocity 
constant for both solutions in the way described on 
page 10. Calculate the value of 7c in both cases from 
the titration values. If le1 is the value for hydrochloric 
acid, k2 that for urea hydrochloride, and h the fraction 
of the urea hydrochloride hydrolysed, then 

h=~. 
7';1 

'rhe value of h is, of course, only for a half normal 
solution of the salt. Other concerltrations may noW be 
determined and the influence of dilution upon the 
amount of hydrolysis obtained. 

The amount of hydrolYflifl of sodium carbonate and 
potassium phenate may be determined in a similar 
manner, by adopting the method used ~n obtaining the 
velocity constant of sodium hydrate. For full details 
of these experiments see Shields, Zeit. f Physik Chemie, 
12, 1893, 107. 

Determination of the Order of a Reaction 

Study of the velocity of chemical reactions has shown 
that generally only in the case of the simplest reactions 
the number of reacting molecules is that represented by 
the chemical equation. Thu~ for example the decom-
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position of phosphine by' heat is generally written 

4PH3 = 4P + 6H2• 

This would indicate that the reaction is quadri-molecular, 
but experiment has shown that it is only mono-molecular, 
and must be represented by 

PH~=P+3H, 

with subsequent formation of phosphorus and hydrogen 
molecules. 

The order of reaction may be obtained from the type 
of equation required to give a constant value to the 
velocity constant. Thus, if the above reaction is quadri­
molecular, then the constant would be obtained from the 
expressIOn 

or Ie =- " 1( 1 
4 t (a-ax),> 

where a represents the original concentration of the 
phosphine and x the fraction which has decomposed at 
the time t. Kooij (Zeit. f Physik Chemie, 12, 155, 1892) 
has shown that the value of lc4 is not in any sense 
constant, but if the values of (,~ and x are inserted in 
the expression for a mono-molecular reaction, i.e. 

1 a 
kl = -t loge --, a-ax 

a constant value is obtained, which signifies that the 
reaction is mono-molecular. 

Hence the order of a reaction may be determined by 
inserting the experimental data in the expressions for 
the various types of reaction and finding which equation 
gives a constant value to k: 



MASS AO'l'ION AND VELOCITY 23 

A second method, due to'van't Hoff, is based on the 
fact that the velocity of a reaction is proportional to the 
nth power of the concentration of the reacting substances, 

d;e 
~.e. - elt = lwn 

where ct is the initial concentration and n the number 
of reacting molecules. If two experiments be made with 
different initial concentrations (t1 and lI2, then 

dx elx. __ 1 = lett n· __ 2 = lea n. 
elt l' dt 2 , 

dividing these two expressions and taking logaritl\ms 
we obtain the value of It, 

1 d,c l 1 dX2 og Ji- og(Jl 
n= . 

log ((1 -log ((2 

To use this method, two solutions or quantities of the 
reacting substance are made up of different concentra­
tions a1 and ((2' and the initial concentrations carefully 
determined. They are then allowed to undergo reaction 
for a given time t and the amount of change in each 
estimated. Let this be Xl and X2 respectively, then the 

values of log ~~, log ~~, Jog ([1 and log ((2 are inserted in 

the above equation, and n solved. 

EXPERTMr;NTS 

1. Determine the Orele?' of Reaction of the Decom­
l>osition of Hydrogen Peroxide. 'rhe decomposition of 
hydrogen peroxide is generally expressed by the equation 

2H20 2 = HzO+02 • 
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but it has been shown that it is more correctly ex­
pressed by the equation 

HP2=HP+O. 
If the former representation is correct the reaction is 
bi-molecular, but if the latter method is the correct one 
then the reaction is a mono-molecular one. 

Prepare two solutiOllS of hydrogen peroxide, by adding 
5 c.c. and 20 c.c. respectively of "20 volume" hydrogen 
peroxide to 100 C.c. of wuter. Determine the strength 
or the solutions in gram lllolecules per litre by titration 
with potassium permunganate. Carry out the deter­
mination or rate or the reaction as described on page 8. 
Make about 6-8 determinations in each case, and 

calculate the mean value ~[t and ~h~ rrom the titration 

values. Then using the formula given above, calculn,te 
the value or n. 

2. Determine the Order of Reaction in the Saponi­
fication of an Este?' by an Alkali. Carry out the 
experiment as described on page 18, and from the 
results calculate. the constant, using the equations for 
mono- and bi-molecular reactions. In the equation for 
mono-molecular reactions insert the values of the methyl 
acetate only, as was done in the cuse of the hydrolysis 
by acids. Note that a constant value of k is obtained 
.from the bi-molecular equation, indicating that the 
reaction is bi-molecular. 



CHAPTER II 

PARTITION COEFFICIENTS 

WHEN a substance, which is soluble in each of two 
non-miscible or partly miscible solvents, is shaken with 
a mixture of the two iiolvents it will distribute itself 
in a perfectly definite way between them. If the 
dissolved substance has the same molecular weight in 
both solvents, then it is found that at equilibrium the 
ratio of the concentrations of the dissolved substance 
in the two solvents is constant. Thus, if C1 and C2 are 
the concentrations in the two solvents, then 

K= C1 

C2 

where K IS known as the Partition or Distribution 
Constant. 

Should the dissolved substance have different mole­
cular weights in the two solvents, i.e. it is either 
associated or dissociated in one of the solvents, then the 
partition coefficient canllot be obtained by the simple 
expression given above. 

Suppose a tlubstance of molecular weight M is 
associated in one of the sol vents to form molecules 
which are n times as large as the simple molecules, thus: 

nM ~ (M)n. 

Then if C, is the concentratioli of the simple molecules 
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in the non-associating so1\!ont and c2 the concentration 
in the associating solvent 

or 

c1n= KCz• 

c 1 
K=,TP' 

"v'C2 

It will therefore be clear that the stud) of the distribu­
tion or substances between two solvents will furnish 
information about the molecular weights in those 
solvents. 

EXPERIMENTS 

1. Dele1'mine the Partition Ooeflicient of Iodine 
between Wate?' cmd Benzene. Place 100 C.c. of water 
and 100 C.c. of benzene in a 250 C.c. stoppered bottle 
and add about 5 grams of powdered iodine. Covel' the 
neck of the bottle and stopper with an indiarubber cap 
and shake for two hours in a thermostat. Allow the 
contents of the bottle to separate completely, remove 
5 C.c. of the benzene solution, and titrate with a standard 

(lN
O

) solution of sodium thiosulphate. Restopper the 

bottle and shake for an hour more, and then titrate a 
further 5 O.c. or the benzene solution. If the concentra­
tion of the iodine in the benzene solution is constant, the 
concentrat.ion in the water solution may be determined. 
To do this, insert a 20 C.c. pipette into the aqueous layer, 
keeping the top closed with the finger, then gently blow 
out any liquid which may have entered the pipette. 
Wait until the Ltyers are quite separate again and 

withdraw 20 c.c. Titrate with an ;0 solution of sodium 

thiosulphate. Repeat the experiment using 2 and 10 
grams of iodine. Calculate the partition coefficient in 
each case. 
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2. Detet'mine the Partition Coefficient of Succinic 
Acid in Wetter and Ethe1'. Place 100 C.c. of carbon­
dioxide free water and 100 C.c. of ether in each of three 
250 c.c. stoppered bottles, add 1'0,0'5, and 0'25 grams or 
succinic acid respectively to the bottles. Stopper and 
close the bottles with indial'ubbel' caps, and shake in a 
thermostat at 20 0 for an hour. Allow the byers to 
separate, and analyse as described in the last experiment 

by titration with 2~ baryta solution, using phenol­

phthalein as indicator. Calculate the partition coeffi­
cient from the titration values. 

3. Determine the PU1,tition Coefficient of Acetic Acid 
in Benzene and Water. Shake together for 30 minutes 
in a thermostat at 25° the following mixtures: 

100 c.c. benzene, 100 c.c. water, 10 grams of glacial 
acetic acid. 

100 c.c. benzene, 100 c.c. water, 5 grams of glacial 
acetic acid. 

100 c.c. benzene, 100 c.c. water, 2 grams of glacial 
acetic acid. 

C Titrate both layers, and calculate the values of _1 and 
C., 

~2, where C1 is the concentration of acetic acid i~ the 
2 

water solution and C2 that in the benzene solution. Note 

that the factor C1 increases as the concentration of acetic 
C2 

acid decreases and that C1
2 

is constant, indicating that in 
C2 

benzene solution acetic acid is associated and exists 
chiefly as double molecules (OHa' OOOH)2' 
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Determination of the Relative Molecular Weight of Dis­
solved Substances. If a substance is dissolved in a mixture 
of two solvents to form two solutions in equilibrium, it 
follows that if the molecular weight of the dissolved 
substance in one of the sol vents is kuO\yn, the molecular 
weight in the other soh'ent may be deduced from a 
knowledge of the partition coefficient. Further, if the 
partition coefficient changes 'with concentration, the re­
lationship between concentration and the degree of 
association or dissociation in the second sol vent can be 
calculated. 

Consider a dilute solution of an acid in solution in 
two solvents, water and benzene. Let C1 be the con­
centration in the aqueous solution at equilibrium, and 
C 2 that in the benzene solution. Assume further that 
a is the degree of dissociation of the acid in the aqueous 
solution. Then 

C 2 2 
~_1-_(t__ - K 
c

1
(1- a) - , 

where K is the dissociation constant. If now v is the 

nUlllber of litl'es containing' 1 gram molecule, i.e. 2_, c1 
(12 

----=K 
(l-a)I.' , 

from which the value of a may be calculated. 
Further, the ratio between concentmtions of the simple 

unchanged molecules in both solutions is constant, hence 
if (3 be the fraction of the total acid in the benzene 
solution which is unassociated, 

~l-h~~-(x) = k, i.e. c~(3 = ~1 (~c- a), 

Applying, now, the law 'of mass actio>} to the acid in 



P AR'l'ITION COEFFICIENTS 29 

the benzene solution, and assuming that the associated 
molecules are double, we have 

and 
(C'(W C:ld - (3) = 1;;2' 

Hence substituting the value of c 28 in this expression, 

we get c 2(1-a):l • 
k -. l---,---;-:--"---~ 
"2 - f"C

2 
- C

l 
(1- a)k: 

Since lcz is not dependent upon concentration, we can 
obtain the value of a second equilibrium mixture con­
taining a different concentration of acid, e.g. C'l and C /

2 • 

• _ { C/l (1 - u) p _ { C1 (1 - a) }2 Then k ---~----~- -. - .--------------
2 - 1.;2c /

2
- c /

l
(l- a)k - J.;"l-Cz -Cl (1- a)k' 

and since a is known (see Chapter III.), k can be calcu­
lated, and by substituting these valueR in 

C (3 - Cl(l-a) 
:2 - k 

the value of C z(3 is known, i.c. the concentration of the 
unassociated molecules in benzene solution, and conse­
quently the degree of dissociation of the double molecules 
is known, and lc2 , the dissociation constant of these 
molecules, can be calculated. 

EXI) E 11I1IrENT 

Determine the Degrec of Dissociation of Bi-niolecu{a,r 
Acetic Acid in Benzene Solution. Place into each of 
four 500 c.c. stoppered bottles 200 C.c. of benzene and 
200 C.c. of water, and add 4'0, 2-0, 1'0 and 0'5 grams of 
glacial acetic acid respecti ,-ely- Close the bottles with 
rubber caps and shake for ha]£ an hour at 25°, Allow 
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the layers to separate, and tletermine the concentration of 

acetic acid in both layers by titration with ~ baryta 

solution, using 10 C.c. of the aqueous solution and 20 c.c. 
of the benzene solution for each titration. 

In the last experiment it was shown that acetic acid 
formed double molecules in benzene solution, hence from 
the data just obtained it is possible to calculate the 
degree of dissociation of these double molecules by 
means of the equations given above. 

To do this the value of a must first of all be calculated. 
This is obtained from the dissociation constant K. 

a 2 
K=------, 

(1- a)1J 

where v is the number of C.c. of water containing 1 gram 
molecule of acetic acid. 

Hence 

For acetic acid K = 1'8 X 10- 5• 

The value of the constant k for the ratio between the 
single simple molecules in both solutions may now be 
obtained by inserting the concentration values in both 
solutions for two dilutions in the expression, 

{C'1(1-a)}2 {C1(1-a)}2 
l.:2c'Z - C'l (1- a)/" = /""Cz - C1 (1- a)// 

where lc is the only unknown. The value of either half 
of the above equation gives the value of lC2 the dissocia­
tion constant of the double molecules. 

Hence since 

the valne of ,8, the degree of dissociation, follows. 
Calculate (3 for all four ~olutions, and plot the results 
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as abscissae against the value 'of C 2 as ordinates and so 
obtain a dissociation curve for the molecules (CH3COOII)2' 

This experiment may be repeated with any of tho 
acids given in the table below. The strength of the 
acid is proportional to the ionisation constant K, hence 
it will be an instructi ve experiment to determine the 
dissociation constant in benzene for two acids of widely 
differing ionisation constant and see whether there is 
any relationship between the strength of the acid and 
the dissociation constant of its double molecules. 

Acid. 

Benzoic, 
Salicylic, 
CinmLluic, 
Acetic, -

I 
_ I 

IOllbation Constant. 

(i'0 x 10-0 

1'02 X ]0-3 

3'5 X 1()-5 

1'8 X 10-5 

Determination of the Hydrolysis of Salts 

It has been shown that if a mixture of two substa,nces 
is shaken with two immiscible 01' pa,rtly misciLle solvents, 
these substances will distribute themselves between the 
two solvents independently of one another and ('Hch in 
exactly the same way as it would have done had the 
other substance been absent. Use is made of this fact 
to determine the degree of hydrolysis of salts. ,Vhen 11 

salt is hydrolysed by water, free acid and base are 
produced according to the equation 

AB+Hp ~ HA+BOH. 
In the case of a salt of a weak organic baso this may he 
represented II A 13 ~ B + AH, 

e.g. in the case of ullilille hydroehlol'ille we have 

Colf 5NHzHCl ~ Cj)HIiNH ~ + HOI. 
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If then aniline hydrochloride is dissolved in water, 
there will be present in the water tt mixture of the salt, 
base and acid, and if this solution is shaken with another 
solvent, say benzene, all theRe Rubstances will distribute 
themselves between the two solyents as they would 
have done had they been separately there alone. But 
as the Ralt and hydrochloric acid are practically insoluble 
in benzene the concentrations of these substances in 
benzene may be taken as zero in this solvent. It is 
experimentally impossible to determine directly the 
amount of free aniline ill the water solution, but since 
there is practically nothing but aniline in the benzene 
solution the concentration of the aniline may be directly 
determined in this sol vent. From the concentration of 
aniline in the benzene solution and the partition 
coefficient of aniline between the two solyents, the 
concentration of the free aniline in the water solution 
may be calculated, and consequently the amount of 
hydrolysis determined. 

EXPERumNT 

lJctcT1nine the A ?n01Wt of Hy(Zrolysis of Aniline 
Hydrochloride in Wale)' at 25? Make up solutions of 
aniline hydrochlori<le in ,Yater, containing respectively 
20, 10 and 5 grams of the salt in 1100 C.c. of water. 
Determine exactly the concentration of the salt by 
titrating with n Rtamlard solution of potassium bromate 
and bromide. For the method of preparing and using 
this solution see page 129, Pm·t I. Then place 1000 c.c. 
of each of these solutions ill three .large stoppered 
bottles and add 75 C.c. of benz.ene to ea.ch lcIolution. It 
is essential here to note that the volumeR of these 
Rolutions must be carefully measured. Stopper and 
cover the bottles with i'ubber caps and shake for an .. 
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hour at a definite temperature, say 25°. Place in a 
500 c.c. stoppered bottle 400 C.c. of '.Yater, 75 C.c. of 
benzene and 5 grams of aniline and shake for an hour. 
Allow the solution to separate and determine the 
partition coefficient of the aniline between water and 
benzene by analysing both layers of the bottle which 
eontnins nniline only. This nmy be done by titrating 
with the standard bromate and bromide solution. 
Determine the concentration of aniline in the benzene 
layer of the other bottles. An altcl'Ilntive method of 
analysing the solutions consists in withdrawing a 
measured (luantity, saturating it with hydrochloric acid 
gas, evaporating to dryness and weighing t,he residue of 
aniline hydrochloride. The former method is however 
to be preferred. The calculation is carried out as 
follows: At equilibrium we have the condition expressed 
by the equation 

CoH5NH2HCI-;:_ C6H5NH2+ HCI 

ill the "water solution. 
Hence from the law of mass action, if a, {3, ')I and Q 

represent the concentrations, in gram equivalents per 
litre, of salt, water, aniline and hydrochloric acid 

aK = ')IQ, ........................... (i) 

since {3, the concentration of the water, is constant 
throughout the experiment. 

If 0 be the concentration, in gram equivalents per 
litre, of aniline hydrochloride in the water solution 
before the addition of the benzene, and 0 1 the concentra­
tion of the aniline, in gram equivalents per litre, in the 
benzene solution at equilibrium, then if L is the partition 
coeflicient of aniline between water and benzene, 

S.C. II. 
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where c2 is the concentra,tion, in gram equivalents per 
litre, of free aniline in the water solution, 

~.e. 

The weight of aniline in the benzene layer is 9~~0~lV 
grams, where v is the volume of the benzene and 93 the 
equivalent weight of aniline; also since the volume of 
the water is 1000 C.c., C2 X 93 represents the weight 
of free aniline in the water layer. The total weight of 
aniline taken as salt was 93 X C grams, hence 

93 
. 93C1v 

,C-9:1C2 - 1000 

represents the weight of aniline present, combined as 
hydrochloride. This is only found in the water layer, 

h 1 (93 9" 93C1V) _ C1v ence 93 C- uC2 - 1000 -C-C2-1000 

gives the concentration, in gmm equivalents per litre, of 
the unhydrolysed aniline hydrochloride, 

. c1v 
M. a=C-C2-1000' 

This factor also represents the concentration of the 
combined hydrochloric acid, consequently the free hydro­
chloric in gram equivalents per litre is given by 

2 C1V 
~=C-C+C2+1000 

C1v 
=C2+1000' 

Substituting these values in the equation 

K=Y~' , « 
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{ 
·C V} 

c 2 C2+1060 
K= , 

c1v 
C-C2-1000 

we get 

from which K, the hydrolysis constant, can be calculated. 
When pure aniline hydrochloride is dissolved in water 
the concentration of the free aniline and free hydro­
chloric acid produced by the hydrolysis must be the 
same. 

i.e. y = 0, and 
hydrolysed salt. 
Hence 

or 

(C - y) = the concentration of the un-

yXy=K(C-y), 
2 

K=-Y-. 
(C-y) 

Since C and K are both known, y may now be calculated. 
The degree of hydrolysis h is given by the ratio of the 
concentration of the free base in water solution to that 
of the salt originally taken, 

h="L, 
C 

and the percentage hydrolysis by 100h. 
Calculate the value of K for each of the solutions and 

use the mean of the determinations to calculate the 
value of y for other solutions, employing the value of 
C obtained in the original titrations. 

As an additional exercise, the hydrolysis-of potassium 
phenate may be determined, using water and benzene as 
the solvents, and titrating the phenol in the benzene 
solution by means of a standard solution of bromate and 
bromide in the presence of dilute hydrochloric acid, 
exactly as with aniline. 



CHAPTER III 

CONDUCTIVITY OF ELECTROLYTES 

AN electric current passing through au electrolyte obeys 
the same laws as one flowing along a metallic conductor, 
the current strength in both cases being directly pro­
portional to the electromotive force driving the current, 
and inversely proportional to the resistance of the 
conductor. This is expressed by Ohm's Law, 

e c=-, 
'f' 

where c is the current strength in amperCfl, r is the 
resistance in ohms, and e the electromotive force (E.M.F.) 
in volts. 

At the outset it will be well to define the various 
electrical units employed, together with their relation­
ships to one another. 

The unit of electrical quantity is the Coulomb. This is 
that quantity of electricity, which placed at a distance 
of 1 cm. from an equal quantity repels it with a force of 
one dyne. It is also that quantity of electricity which 
will liberate 0'0000104 grams of hydrogen from a solu­
tion containing hydrogen ions. 

Current strength is defined as the quantity of electricity 
which flows a~ross a given cross-section in one second. 
The unit of current strength is the ampere, which repre­
sents the passage of a current of one coulomb per second 
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acrOHH a given cross-section. An ampere, as will be seen 
from Ohm's Law, is the current which flows in a con­
ductor that has a resistance of one ohm, when the E.MY. 

driving the current is one volt, 
The unit of resistance, the ohm, is defined as the 

resistance offered to the passage of an electrical current 
by a column of mercury 106'3 cms. long and 1 mm. 
cross-section at 0°. 

The volt is the electromotive force necessary to drive 
a current of one ampere through a resistance of one 
ohm. 

The conductivity of a substance, i.e. its power of con­
ducting an electric current, is obviously the reciprocal oJ 
its resistance, and since the specific resistance of a sub­
stance is the resistance of a cube of the substance of 
1 cm. edge, the specific conductivity of a substance is 
defined as the conductivity of a cube of the substance of 
1 cm. edge. This factor will be designated K in the 
present chapter. 

Knowledge of the specific conductivity of solutions 
does not lead very far in physico-chemical work, because 
the conductivity of a solution is not due to the whole 
of the material lying between the electrodes, hut only to 
the dissolved substance. Hence, in order to obtain con­
ductivities of solutions which shall be comparable, they 
must be represented as functions which take account of 
the amount of the dissolved substance. There are two 
such quantities in geneml use: (1) The equivalent con­
ductivity and (2) the molecular conductivity. 

The equivalent conductivity, represented by the symbol 
A, is defined as the conductivity of a solution containing 
one gram equivalent of the dissolved substance when 
placed between electrodes of ap indefinite size situated 
1 cm. apart. 
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Molecular conductivity, ~lesignated by the symbol p., 
is the conductivity of 11 solution containing one gram 
molecule of the dissolved substance, when placed 
between electrodes of an indefinite size 1 cm. apart. 

'fhe rehttionship between specific conductivity and the 
derived functions is expressed in equation form thus: 

p.=Kv1 and A=KV, 

where V and VI represent the volume of solution in cubic 
centimetres, which contains one gram equivalent and one 
gram molecule of the dissolved substance respectively. 

In this section we are only concerned with the con­
ductivity of solutions; the conductivity of solids, liquids 
other than solutions, and gases belongs to the domain of 
physics. 

One class of solutions only conducts electricity, namely 
electrolytes. Electrolytes are solutions of substances 
which are ionised, i.e. di.ssociated into ions on solution, 
and consist l11most entirely of aqueous solutions of acids, 
bases, and salts. 

Measurement of the Resistance of Solutions 

Resistance is generally measured by means of a 
Wheatstone Bridge. This consists of a system of resist­
ances RSac (Fig. 4) connected as in the diagram. A 
battery B is connected to a and c, so that the current 
flows along the two paths abc and adc. The total fall of 
potential along the two paths is the same, consequently 
if Rand S are two resistances, one of known value and 
the other unknown, there must be some point d along 
(to at which the fall of potential between a and d is the 
same as that between a and 0, whore b is the point of 
contact between Rand S.. This point is found by con­
necting one terminal of a galvanometer G to b, and the 
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other to a sliding contact which can be moved along the 
wire ac. At the point cl, where the potential is the same 
as at b, no current will flow from b to d, and consequently 
there will be no deflection of the galvanometer. When 
this is thE' case, the ratio of the resistances R: S will be 
·the same as the ratio of the resistance of ad: dc, and if 
ac is a wire of uniform resistance, the resistances of ad 
,and dc will be in the same ratio as their lengths, i.e. 

or 

R . S : : length etd : length de; 

s R X length de 
length ad . 

b 

B 
FIG. 4. 

To measure the resistance of a solution the arrange­
ment must be slightly changed, for when a current is 
passed through a solution the electrodes are changed. 
i.e. polarised, and to measure the resistance with con­
stantly varying electrodes means, inevitably, false results. 
Consequently, instead of a direct current, an alternating 
current is used; this is obtained from the secondary coil 
of a small induction coil. A gal vanometer of the ordinary 
type is useless for determining the point of balance, i.e. 
equal potential, when using an alternating current, and 
is substituted by either a telephone or an electrodyna­
mometer. In general work the telephone is almost 
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always employed, although· in many respects tlw dyna­
mometer is superior to it. The arrangement is now as 
indicated in Fig. 5. R is a box of resistance coils, W the 
cen containing the solution whose resistance is to be 
measured, T the telephone, I is a small induction coil 
which is worked by an accumulator, and ab is a 
uniform wire, along which a sliding contact c may be 
moved until the point is reached at which d has the 
same potential as c. \Vhen this is the case no current 
flows through the telephone, and conseguently it is 
silent. It will be noticed here that the positions of the 

d 

FIG. 5. 

source of current and the indicating instrument have 
been interchanged from the arrangement usually adopted 
in the measurement of resistances of metallic conductors. 
This arrangement is to be preferred, because when the 
telephone is connected to the slide contact the noises 
produced in it when the contact is pressed down are apt 
to interfere with the sharp definition of the point of 
balance; and, further, when the slide contact is not pressed 
down no current flows through the cell. 

Some description of the various parts of the apparatus 
!lmployed is needed, and this will be given here. 
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1. The bridge wire consists' of a uniform wire, 1 metre 
LOng and 0'1-0'2 mnl. diameter, made of either platinum, 
iridio-platinum, or constantan. This is fastened to two 
brass plates A and B (Fig. 6), which are placed 1 metre 
apart at either end of a piece of wood, which carries a 

FIG. 6. 

scale graduated in millimetres. The wire is therefore 
tightly stretched betwcen the metal plates and lies above 
the graduations, as indicated in the diagram. Terminals 
ab are attached to the brass plates, which serve for 
making electrical contact with the wire. A sliding 
contact c is attached to 
the bridge; this is fitted 
with it platinum edge, by 
means or which contact 
can be made with any 
point of the bridge wire. 

Sometimes the bridge 
wire is coiled round an 
ebonite drum, as jJlus­
trated in :Fig. 7. The 
contact is made by a 
small platinum point b, FIG. 7. 

which slieles along the wire, and is connected to the 
terminal 7/ by means of a stiff support and a flexible lead. 

In this arrangoment, when the drum is rotated the 
contact slides along the wire, its position being read 
on the scale d, which gives the number of complete 
rotations made by the drum .. The fractions of rotations 
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are read from the graduations on the arum. The wire 
is wound round the drum in 10 cOJ:lplete turns, so that 
each complete turn advances the contact 0'1 of the 
length of the wire; the drulll is divided into 10 large 
divisions which are each subdivided into 10 smaller 
divisions, and these can easily be read to a tenth part. 
The terminals lde are connected with the ends of the 
bridge wire by means of the spring contacts ee. 

Calibration of the Bridge Wire. A bridge wire, just 
like any other measuring instrument, must be calibrated 
before usc. 

This can be done, easily, in two ways: (1) by means 
of a resistance box which has been calibrated, and (2) 
by Strouhal and Barus' method. 

R 

FIG. 8. 

(1) By means of (~ ?'Csi8tcmce box. The two ends of the 
bridge wire (1, b, Fig. 8, are connected to the two end 
terminals ef of a resistance box R. Two plugs, which 
phce resistances of 100 OtlIDS each in the circuit, are 
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removed, an(l the contact (l between them is connected 
through a galvanometer G to the sliding contact c on 
the bridge. A battery B is connected across the ends 
of the bridge wire. The sliding contact is now moved 
until the galvanometer is not deflected. This should be 
at the division 500 if the bridge wire is uniform. It will 
generally be found to be other than this position, say 
500'2. Hence [t correction of - 0'2 mm. is necessary at 
this point. The corrections necessary at other points 
are determined by changing the resista,nces in the box, 
at either side of the contact d. A scheme of such a 
determination, showing the resistances to be used in 
the box for the various points on the bridge wHe, IS 

given below. 

Correct Bridge 
I 

Actual 13l'idge Resistances of Correction. Arms of Box. Reading. Reading. 

]0: 9;)0 10 10'1 - 0'1 mill. 
20: 9S0 20 HlS +0'2 

" 30: 970 30 299 +0'1 
" 50: 950 50 49'S +0'2 
" 100: 900 100 101'0 -1'0 
" 100 : 400 200 200'0 ±O·O 
" 300 : 700 300 301'1 -1'1 
" 200: 300 400 400'8 -O'S 
" 100: 100 500 WO'O ±O·O 
" 300: 200 600 601'0 -1'0 
" 700 : 300 700 700'4 -0'4 
" 400: 100 SOO 799'S +0'2 
" 900: 100 900 901'4 -1"4 
" 

The corrections should then be plotted against the 
observed bridge readings and a calibration curve drawn 
which should be used to correct all readings. 

(2) JJlethocl of StJ'01chal ancZ BanLS. This method is 
very similar in principle to that adopted in calibratillO' 
a capillary tube (Chapter ix., Part I.). The method 
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cOllsists in comparing the resistance of a series of short 
lengths of the bridge wire. This is done by connecting 
a second resistance, made up of ten approximately equal 
resistances, in parallel with the bridge wire to be 
calibrated. The calibrating resistance consists of a strip 
of hard wood or ebonite ab (Fig. 9) into which 11 mercury 
cups are bored. The ends of the single resistances dip 
into these cups and so form a continuous resistance. 

G 

fJ 

FlcJ.9. 

The single resistances are made from coils of manganin 
wire, each of which has a resistance about T\ that of 

"the bridge wire. The manganin wires are soldered to 
thick copper wires, which are bent at right angles. The 
resistances are protected by being placed in glass tubes 
which are closed with sealing wax, leaving only the thick 
copper ends free. The ends of the calibrating resis­
tance, e, j, are connected to the ends of the bridge wire, c, d, 
which are permanently connected to a single accumulator 
A. The sliding contact g of "the bridge wire is connected 
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through a galvanometer G' with a long flexible lead 
which is amalgamated at its free end, To calibrate the 
bridge wire the free end of the flexible lead is placed 
in mercury cup 1, and the sliding contact moved until 
there is no deflection of the galvanometer needle. When 
this is the case the resistance of the short length of the 
bridge wire will bear the same relation to the resistance 
of the whole wire as the resistance of 1\ bears to the sum 
of the ten resistances, The length of the bridge wire 
which is proportional to '1\ may be termed l, The 
resistance r 1 is now interchanged with '1'2 and the 
position of balance again found with the galvanometer 
lead still in the mercury cup 1, this position is say lion 
the bridge wire. The galvanometer lead is then moved 
to cup 2 and the position of balance agai.n found, say "2' 

The difference l2 -ll gives a second length of the bridge 
wire which bears the same relation to the resistance of 
the whole wire as the resistance r1 docs to the sum or 
the ten resistances, i.e, l2 -11 = 1. The resistances 1'3 and 1'1 

are now interchanged, (Lnd the position of balance found 
without changing the position of the galvanometer lead; 
this gives a length of wire l3 proportional to the s-um of 

-the resistances r2 and 1'3' 'rhe galvanometer lead is now 
placed in mercury cup 3 and a new position of balance '. 
14 is obtained. The difference l4 -l3 gives a third length 
of wire which bears same proportion to the whole wire 
that 1\ does to sum of the ten resistances, i.e, the resist­
ance of 14 -l3 is equal to the resistance of l. This process 
is repeated until the galvanometer lead is in the mercury 
cup 9, the length in this case being subtracted from'1000 
to give the tenth lengt,h of wire, which has the same 
resistance as the first piece 1. The sum of the ten 
measured lengths is subtracted froUl 1000, and one 
tenth of the difference is added to each of the measured 
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lengths, so that now there are ten lengths which together 
make up the total length of the bridge wire, and these 
are successi vely the lengths which should correspond to 
the bridge wire readings of 100, 200, 300, etc, The 
differences between the determined lengths and the scale 
readings give the corrections that must be applied to the 
bridge wire at these poinb" The corrections should be 
plotted against the bridge readings to give a calibration 
curve which should be used in all determinations, A 
series of values is gixen in the table below, which will 
indicate the method adopted in the calibration, 

h 
~~ .~~ SB on .c " me "00 ,0 2.-0 ~ " "O~ ;:; 

Q':.) ..... ;;; ]~ ;:;-~ 
C 0- 0 

..s~ ,,",0 .., . 

~U 
'" 000> ,,'8 Al'l"<tllgemcni of the " '03.;:- ]~ " r::; ~O' :3~ rCHistancct;. 
" tf ~"O ~o 

10n ~rt:: 
3~J 0;;" 

:g ~.a .cO' t~ 
5§"?c &i '"'_ ..,0 

0 
~~ 8° bi)M 

0 
~ " ;:;0 ... ".., 

---- H 

1'1 : 1'~ ... 1'10 100'3 100';3 100'47 100'47 -0'47 

1 1''2 : 1'1 +1',,···1'10 100'G} 99'6 9977 200'24 -0'24 
2 1'2+ 1'1 : 1'3'" )OlO 200'2 

2 1',,+"i'3 : 1\ +1'4 ... 1'10 200'6} 99'2 99'37 299'61 +0'39 
3 1'2+ 1',,+1'1 : 1';" .1'10 299'8 

3 J''j0 •• 1'4 : 1'1 +1'5 ···1'10 aOO'2} 100'8 10097 400'58 -0'58 
4 1'2'" 1',+1'1 : i'5" .1'10 401'0 

4 'i''.!. ••• 1'5 : 1'1+"1) .. ·1'10 399'9} 100'1 100'27 500'85 -0'85 
;) j'z···J';,+J'l : 1'6 ... 1'10 500'0 

') 1'J. •• orG : 1'1 +1'7,,·1\0 500'4} 99';2 99'37 . 600'22 -0'22 
(j /', ... I'G + 1'1 : 1'7 .. ·1'10 599'6 

G 1':!···1'7 : 1'+1'8,,·1'10 600'3} 100'4 100'57 700'79 -0'79 
7 1''2 ... 1'7+ 1'1 : I'S' 0. 1'\0 700'7 

7 1''2 .. ·1'8 : 1'1 + 1'p + rIO 6993} 100'6 100'77 801"56 -1'56 
8 I J'j ••• rs+I'! : I'D+1'1O 799'9 

8 I 1'2 ... 1'0: 1\ +1'10 SOl'2} 9S'4 98'57 900'13 -0'13 D I /', ";.1'!1 +c~'t :. ::10 I
S99

'

6 

!l :! .•• '10' 1 900'3} 99', 99'S7 1000'0 ±O'OO 1'000'0 
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The sum of the lengths' in column 4 is 09S'3, this 
subtracted from 1000 gives + 1'7, i,e, 0'17 must be 
added to each of the ten measured lengths in column 
4 to give the lengths represented by the scale readings 
100, 200, 300, etc, Tho corrections in column 7 must be 
plotted as abscissae against the values in column 6 as 
ordinates, and a curve drawn. This will show at once 
the correction to be applied to any reading on the bridge 
scale. The description above makes use of a galvano­
meter to detect the point of balance, but a telephone 
may be used; of course in this case the battery must be 
substituted by an induction coil and battery. 

2. The "Resistance Box consists of a number of resist­
ances of various values, attached to a series of brass 

p 

-iTA 
blocks which are fastened to an ebonite slab and so 
insulateu from one another (Fig. 10). The spaces between 
the brass block" are fitted with well ground brass plugs, 
which have ebonite handles, and these when in position 
serve to make metallic contact, of practically no resist­
ance, between the brass hlucks and so prevent the 
current passing through th'e resistallces connccted to 
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the brass blocks. The end blocks are connected to 
terminals (Fig. 8), so that when all the plugs are in 
position there is practically no resistance between the 
box terminals. But if a plug is removed, then the 
resistance, lying between the two blocks connected by 
that plug, is placed in the circuit. The wire constituting 
the individual resistances is always wound in double 
coils, A (Fig. 10), to prevent self induction. The value 
of the ,"arious resistances is always stated on the ebonite 
slab holding the brass parts. When not in usc the 
plugs should be placed loosely in the holes allotted to 
them, and when the box is in usc they should he given 
a twist so that a firm and good COlltl1Ct is made. The 
plugs should never he placed on the laboratory hench, 
but always either in the lid of the box, or in holes 
provided in the brass pieces of some resistance sets. 
It is especially important that the metal part of the 
plugs should not be touched with the fingers, otherwise 
they will become greasy and make imperfect contacts. 
Greasy plugs may be cleaned by washing with light 
petroleum. Resistance boxes generally contain the 
following resistances: ],2,2,5, 10, 10, 20,50, ]00, 100, 
200,500, and 1000 ohms. Larger boxes go up to 10,000 
ohms; but for our purpose a box containing resistances 
up to 1000 ohms will be sufficient. 

Calibration of a Resistance Box. A set of resistances, like 
every other instrument for exact measurement, must be 
calibrated before use. To calibmte a set of resistance8, 
the arrangement illustrated in Fig. 11 is employed. The 
ends of the resistance box, ct, b, are connected through a 
commutator K with the ends of the bridge wire, c, d. A 
galvanometer, G, is also connected across the bridge 
wire. A battery, B, is connected to the sliding contact s 
and the point between t}{e two reeistances of the box 
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which are to be compared. All the connecting wires 
must be thick, so as to have a negligible resistance. 

The resistances 1, 2, 2 and 5 are then compared with 
the 10 ohm resistance, and the position of balance on 
the bridg~ wire determined. The commutator is then 
reversed so that the resifltances are interchanged; if now 
the balance is maintained the resistances are equal, but 
if the sliding contact has to be moved to regain the point 

G 

F,O. 11. 

of balance, say n mm., then the ratio of the resistances 

is given by 1000±2n 'The two 10 ohms are then 
1000 

compared in the same way, the 20 with the sum of the 
two 10 ohm resistances, and so on until the whole have 
been compared. Then it is usual to assume that the 
sum of ], 2, 2 and 5 is correct and equal to 10 ohms, and 
calculate the others on this basis. The real value of 
the sum of 1, 2, 2 and 5 is given by comparing them 
with a standard 10 ohm resistance; the true value of 
the other resistances can then be calculated. The method 
of calculating the relative values of the different resist­
ances is the same as that given in Chapter II., Part I., 

s.c.n. P 
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for the calibration of a set of weights. For any but the 
most accurate work, all but the very cheapest resist­
ance boxes are quite accurate enough for use withoub 
calibration. 

3. The Induction Coil. The coil used for the determina­
tion of conductivity should be small and of few windings. 
Should a large coil be used, quantities of electricity 
which are far too large will be sent through the solu­
tions, producing considerable polarisation of the electrodes, 
with its attendant inaccurate results. 'I.'he hammer of 
the coil should be light, and should vibrate very rapidly, 

_ - - _0= 
-=_ co _..::_ -=- -'- _ -

~'IG. l~. 

thus producing a high-pitched note in the telephone, 
which is much more easily distinguished than a low­
pitched note. An induction coil due to Nernst is very 
suitable for this work. The hammer is substituted by an 
oscillating wire, Fig. 12, carrying a soft iron core in the 
middle. The tone of the note heard in the telephone 
may be changed readily by means of the screws c c and 
f f'. The current should only be sent through the coil 
Juring the actual measurements, and not be kept flowing 
between the measurements. It shoulJ also be only just 
strong enough to work the coil. Generally, a difficulty 
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is experienced at first in differentiating between the 
noise of the hammer and the sound in the telephone; this 
usually disappears after a while, but if it continues 
the noise of the coil may be clamped considerably by 
standing it on a piece of thick felt and at some dis­
tance from the operator. 

Conductivity Vessels. The vessels in which the measure­
ment of the conducii,-ity of it liquid is carried out are of 
various forms and dimensions, uepclHling on the nature 

d 

A 
.'10. 13. 

d 

'--­
a 

b 

B 

of thc solution under obscrvation. They are marlc gene­
rally of J ella glaHs, and are proyicled "'ith It pair of 
platinum electrodes, fused into glass tubes and supported 
by an ebonite stopper which is fitted to the vessel. 

For ordinary determinations the most suitable vessels 
to employ are those represented in Fig. 13; the form A 

has 11 tube narrowed dmy]) to .about 1 ell1. diameter, and 
is used for electrolytes whieh conduct well. The form 
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B is used for electrolytes' having 11 poor conductivity. 
As will be seen in the diagram, the platinum plates, a, b, 
'tre attached to stout platinum wires which are fused into 
the glass tubes, c, d. Electric connection between the 
plates and the rest of the circuit is made by means of a 

d e 

a-

FIG. 14. 

drop of mercury poured into the 
tubes. 

For li(1Uids which conduct 
electricity very well, the form 
of vessel indicated in Fig. 14 is 
the most suitable. This consists 
of two wide tubes, a, b, con­
nected by a narrower tube c. 
The electrodes, as before, are 
inserted through ebonite stop­
pers, d, e, but in this vessel they 
are movable, thus making the 
vessel suitable for solutions of 
conductivity extending over a 
wide range. 

'Vhen saturated solutions have 
to be measured the forms of 
conductivity vessel already men­
tioned are not convenient, and 
one of the follO\ving forms is 
used. The dipping electrode 
(Fig. 15) consists ot two platinum 
plates fused into two tubes a 

tnd b; these are fused to a wider tube c, which serves 
;0 protect the plates. Connection with the measuring 
~ircuit is made by drops of mercury placed in the tubes 
x, b. Such an electrode may be dipped directly into the 
:lottle containing the saturated solution. 

The pipette electrode (Fig. 15) consists of a pipette c 
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furnished with it stopcock d: The electrodes are placed 
in the bulb of the pipette and connected by the side 
tubes, e, /, through a drop of mercury with the res~ 
of the circuit. Such a pipette may be surrounded by a 
glass jacket containing water at a given temperature. 
The pipette is then dipped into the solution, filled, and 
the conductivity determined in the ordiuary way. 

a b 

d 

c 

FiG. 1G. 

It is important in conductivity determinations that 
the liquid should not exert a solvent action on the glass 
of the conductivity vessel. This may be prevented by 
using vessels made of Jena glass; other glassware may 
be used if it is thoroughly steamed out before use. This 
is best done by inverting the vessels over a jet of steam 
for 20-60 minutes. An arrangement for doing this is 
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depicted in Fig. IG; the aHparatns cOllsists of a flask A, 
into the neck or \Y hich a funnel B, with it wide stem, is 
tightly fitted by llleans of a rubber stopper. A glass 
tube c is inserted tightly into the stem of the funnel by 
Illeans of a piece of rubber tubing. The vessel to be 
steamed IS phteed on c, and stcam from the boiling 

FIG. 16. 

water in A allowed to play on its 
surface. 

All glass vessels, which come directly 
in contact with the liquids whose con­
ductivity is to be measured, Rhould be 
steamed out before usc. 

The electrodes employed in conduc­
tivity measurements must be prepared 
with extreme care. Bright platinum 
electrodes only give satisfactory results 
when the conductivity of the solution 
docs not exceed 0'001]4 reciprocal ohms, 
and for solutions of a grcater con <I uc­
tivity than this they mURt be coated 
with platinum black. Such coated 
electro(les will give perfect results for 
Rolutions having conductivities up to 

0'01 reciprocal ohms, and moclerately good results up to 
0'5 reciprocal ohms. Solutions which have a better 
conductivity than this should be measured with electrodes 
coated with palladium black, which enables good results 
to be obtained with solutionR having conductivities up 
to 0'04 reciprocal ohms, and moderately good resultR 
up to 0'2 reciprocal ohms. The measurements with 
unsuitable clech-ocleR are unsatisfactory on account of 
the difficulty experienced in finding the position of 
minimum sound in the telephone. 

It is advisable always to use platinised electrodes, but 
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these mm;t not be used wherlJ the platinum is likely to 
have 11 catalytic action on the solution. Thc conductivity 
of the solution can always be brought to within the 
limits of accurate measurement by a suitable choice of 
the type of vessel, or by moving the electrodes further 
apart. 

Platinising of Electrodes. Electrodes are best pJatin­
ised by immersing them, after they have been thoroughly 
freed from grease by washing with warm chromic acid 
solution, in a solution consisting of 3 grams of chloro­
platinic acid and 0'02-0'03 grams of lead acetate in 
100 C.c. of water. The electrodes are placed in an 
inclined position to facilitate the remoyal of any gas 
which l1lay bc liberated OIl them, and connected through 
a reven;ing switch to two acculllulators, so that they 
serve as electrodes in the electrolysis of the solution. 
The current is allowed to flow for 15 minutes, its 
direction being reversed every half minute, and should 
be so regulated that the evolution of gas is not very 
rapid. In this way the electrodes ,,·ill be coated with 
a black velvety coherent deposit of pln.tinnDl. 'rhe 
electrodes, as thus prepared, will contain, occlude.l in the 
platinum black, gases and quantities of the platinising 
1i(luid. To remove these, it is best to place the elec­
trodes in dilute sulphuric acid and pass a current for 
about half an hour, reyeri:iing it every minute. The 
electrodes should then be washed several times with 
warm air-free water, and finally left standing in air-froe 
water until reqnired for ni:ic. 

Conductivity Water. Ol'dinary distilled water possesses 
so large a conductivity that it is rendered quite unsuit­
able for the preparation of solutions to be used in 
conductivity determinations. Hence, water has to be 
specially purified before it is. suitftble for this purpose. 
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Such water is termed" cO'llductiyity ,,'ater," and shouH 
have a conductivity not greater than 2-3 X 10- 6 reciprocal 
ohms. The purest water that has been obtained has a 
conductivity of 4 X 10-8 reciprocal ohms, but it loses thi:s 
high resistance on standing in the air for a few hours, 
due to the absorption of carbon-dioxide, and in a day or 
two when preserved in a closed flask, due to the material 
dissol ved out of the walls of the flask. 

Conductivity water good enough for ordinary purposes­
can be prepared from ordinary tap water by \varming it 
with a few c.c. of potassium permanganate solution 
acidified with a few drops of sulphuric acid, and then 
distilling off the water. '1'he distillate is then shaken 
with a small quantity of caustic soda and redistilled. 
'1'hese two distillations lllay be carried out with an ordi­
nary glass condenser. The water must then be redistilled, 
using a tin tube to condense it in, and the first and last 
thirds must be rejected. To prevent the contents of the 
distilling flask spurting into the condenser tube, it is 
well to close the end of the condenser which enters the 
distillation flask, and pierce a few small holes in the 
closed end. The final distillation should be carried out 
in a room free from laboratory fumes. The conductivity 
water should be stored in a large, thoroughly steamed­
out glass bottle, which is fitted with a paraffined cork 
carrying a soda-lime tube and a syphon. The water 
thus prepared may be improved by bubbling a stream of 
carbon-dioxide free air through it for the purpose of 
removing any carbon-dioxide which it may contain. 
Conductivity water should not be kept stored for more 
than a week, and generally it is better to use water 
which has been freshly prepared. 
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The Resistance Capacity of the Cell 

It has already been noted that the conductivity values 
which are of use in physico-chemical determinations are 
the molecular conductivity and the equivalent conduc­
tivity. These have been shown to be functions of the 
specific conductivity, which is defined as the conductivity 
of 1 C.c. of the solution measured between electrodes of 
1 sq. cm. area, and placed 1 Clll. apart. If then the 
electrodes of the vessels do not fulfil these conditions, 
the conductivity actually measured will have to be multi­
plied by a factor to convert it into the specific conduc­
tivity. If K represents the specific conductivity of a 
solution, and C its measured conductivity in reciprocal 

ohms, i.e. ~, where R is the measured resistance of the 

solution, then N 
K =CN=-, 

R 

where N is the required factor known as the resistance 
eapacity of the cell, or the cell constant. 

The value of N Illay be calculated from the diIllensions 
of the electrodes and their distance apart. If s repre­
sentR the area of the electrodes in sq. cms. and l the 
distance apart, 

l l l 
N=-· K=C-=-· 

s' 8 Rs 

These expressions would be exactly true if the electrodes 
exactly fitted the vessel in which the conductivity was 
to be measured. Should this, however, not be the case, 
then a factor must be introduced to allow for the form 
of the vessel. 

In general, therefore, the cell constant is not deter­
mined in this way, but by mea8uring a solution of known 
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specItic conductivity in tlw cell, and from the observed 
conductivity calculating the constant, Thus 

K 
N=-, 

C 

Solutions of potassium chloride of known concentration 
and known specific conductivity are C111ployed in the 
determination of the cell constant, It is advisable to 
use a solution of potassium chloride in this determina­
tion whose specific conducti \'ity approximates to the 
conductivity of the Rolutions to be subsequently measured 
in the vessel. A table is gi,'cn below of the specific 
conducti\'ities of solutions of potassium chloride of 
various concentrations at a series of temperatures, 

SPECIFIC CO:\,DUCTIV[TY OF POTASS!U;\I CHLORIDE 

SOLUTlO"S 

Temperature. N, 

~.~--- -----------_._ 

0' G'D·l X 1O-~ 7'lG X 10-3 1',-,:::2 X 10-3 7'7G X 10-4 

r'} 
,J 7'4[ X 1O~:l 8'22 X 10~3 1'70:2 X 1O~:l 8'8(; X 10-4 

10' S';32 X 10-2 D';14 X 10~3 1 '9DG X I O~:l 10'] 9 X 10-4 

)"' ,J 9'2j X 10-2 lO'"IS X 1O~3 2'24:l X 10-:) 11'-17 X 10-4 

2(t 1'02 X 10-1 11'G7 X 10-3 2'[,01 X ]0-3 12'78 X 10-1 

) ~ ,) 

~,) l'12xlO-1 1':2S9 X 11) 2 2'7GS X 10~:i ! -1'12 X 10~4 

;300 1'412 X 10-2 3'0;lG X 10-:1 [j'j2 X 10-4 

KX.PEHDIENTS 

(i) Determine tlte Resistance Cupctcity of a Cond1.wt­
ing Cell, This determination must be carried out at a 
definite known temperature, for temperature, as can be 
seen from the table above, has a great influence on the 
conductivity of solutions,. cansing an increase in con-
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dudivity of alJout :2 per cent. pel' degrc'l' ill crease of 
temperature. Hellce t.he conductiyity vessel must be 
supportecl in a thermostat (luring the measurement (see 
Chapter III., Part 1.). This is best done by a spring clip 
permanently attached to the side of the thermostat. 
Connect up the bridge wire with a, resistance box, con­
ductivity cell, induction coil and telephone, as indicated 
in Fig. 5, pt1ge 40. The connecting wires must be 
all made or stout insuhtecl copper, and must possess 
only an inappreciable resistance. The ends of the con­
nections should be cleaned with emery paper before 
fastening thelll in the binding screws. The leads, which 
arc to dip into mercury cups, or into the mercury 
contacts of the conducti \'ity cell, should he cleaned by 
immersing in dilute nitric acid, washed, and amalgamated 
by immersing in mel'ClU'OU~ nitrate solution. 'Yash the 
electrodes or the conductivity vessel with the solution 
which is to serve for the measurement of the resistance 

capacity, in this case c;1':!0- KOl, then place a quantity 
;) 

of the Holution in the cell, insert the electrodes, taking 
care not to rub off the platinum black. Place the cell 
in the thermostat and make all the necessary connec­
tions. ~When the cell and its content>; ha\'e taken on 
the temperature of the bath, meaHure the resistance of 
the cell. To do this, remove pIngs from the resistallce 
box, fiO that a resi,~tance of 500 ohms is inserted in the 
cil'cuit, and set the induction coil in action. Find the 
position of the slide-contact OIl the bridge wil'e at which 
the telephone is silent. It iH generally impossible to 
obtain absolute silence in the telephone, but there is 
ahyays a position of minimulll sound, i.e. a position at 
which moving the slide contact in either direction causes 
the sound to increase in intensity. 



60 PHYSICAL CHEMISTRY 

Should the sound minimum be indistinct, the electrodes 
require replatinising. The resistance in the box f>hould 
be chosen so that the position or balance is near the 
middle of the bridge, for here the accuracy is greatest. 
Having round the position, note the reading, change the 
resistance in the box and remeasure. Make three deter­
minations, and then empty the solution from the conduc­
tivity vessel, refill it with a fresh portion of the solution 
and remeasure. Should the second set or readings differ 
from the first set, it indicates that the electrodes were 
not free from absorbed substances, and that these have 
dissolved in the first portion of potassium chloride 
solution. If the two sets of readings do not agree, pour 
out the solution after the measurements have been 
made and measure a further quantity; repeat the process 
until two successive quantities give practically the same 
values. Calculate the resistance of the solution for each 
measurement; the mean of the whole can then be taken 
as the resistance or the solution. If l represents the 
position on the bridge in mm. at which the sound 
minimum occurs, and R the resistance in the box, then 
if Rl is the resistance of the solution 

Rl : R :: 1000 -l : l, 
(lOOO-l)R 

Rl = l . 

The conductivity, C, of the solution is then given by 

1 l 
c= Rl = (lOOO-[)R· 

N 
If now K represents the specific conductivity or 50 

potassium chloride solution at 25°, and N the cell 

constant, K K(lOOO-l)R 
.N=C=' l . 
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A table of the values of log -~!_--- will be found in 
1°1000-l 

Appendix B, Table I. rrhe cell constant, as already indi­
cated, depends on the position of the electrodes; care 
should therefore be taken that they are not changed in 
any way. The cell constant should be redetermined if 
the electrodes are replatinised, and generally ought to be 
redetermined if the cell is out of use for any length of 
time. 

(ii) Determine the Oonductivity of Pure Distilled 
Water. For this experiment, a cell with large electrodes 

- which are close together, should be used. Wash out the cell 
and electrodes several times with specially distilled and 
purified water, taking care not to injure the electrodes. 
Fill the vessel with the pure water, place in a thermostat 
at 25°, and allow it to attain the temperature of the bath. 
When this has happened measure the conductivity, as 
described above, using a resistance of 10,000-20,000 
ohms in the resistance box. It will doubtless be found 
in this measurement, and in all measurements or high 
resistances, that the sound minimum is somewhat indis­
tinct. It is wise therefore to redetermine the point 
several times and take the mean of the several readings, 
which should not differ by more than 2-3 mm. The 
vessel must now be emptied and a fresh portion of water 
measured. Repeat the measurement until two successive 
portions of the water measure the same. 

If now [represents the reading on the bridge wire at 
which the minimum sound is observed in the telephone, 
and R the resistance in the box, then the specific con­
ductivity, K, is given by 

l N 
K = 1000 -l . ii' 

where N is the cell constant. 
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(iii) Determine the J1Iol~c'ida?' Condnctivity of Acetic 
Acid, wnd Cctlculcde its Degree of Ionisation at 'l·a1·ious 

Ooncentrations. Make a solution of exactly 1~ acetic 

acid, using conductivity water for the purpose. This 
solution caIlnot be made up accurately enough by directly 
weighing out the acid, but must be made up approxi­
mately and brought to the required strength by further 
ailution, after its strength has been determined by 
titration. Clean ttl1d dry a conductivity vessel; the 
most suitable for this experiment is one of the type B, 

Fig. 13. The electrodes must be cleaned by washing 
them several times with conductivity water. The excess 
water is removed by placing the edges of the plates 
against a piece of filter paper. The electrodes must 
then be dried, either by placing them in a steam oven 
for an hour, or by moving them rapidly to and fro in 
the hot air above a bunsen burner. 

When the apparatus is cleaned and dried, introduce 

exactly 20 C.c. of 1~ acetic acid into the conductivity 

vessel, place the vessel and contents into a thermostat at 
25°, and then put the electrodes in the solution, taking 
care that no ail' babbles remain attached to the surface 
of the plates. Allow the conductivity vessel and its con­
tents to take up the temperature of the bath, and then 
measure the conductivity as described above. When 
three readings for this solution have been obtained, 
remove exactly 10 C.c. of the solution from the con­
ductivity vesElel by means of a 10 c.c. withdrawal pipette 
(Chapter II., Part I.), and adell0 c.c. of conductivity water 
by means of a 10 c.c. delivery pipette. A quantity of 
conductivity water should. be kept standing in a stoppered 
flask in the thermostat for this purpose. This will 
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ensure that the volumes of the water added to, and the 
solution removed from the conductivity vessel are the 
same, and further, it will save the time which must 
otherwise have been lost waiting for the solutions to 
reach the temperature of the thermostat. Mix the 
solution and water thoroughly by slowly moving the 
electrodes up and down, taking care not to touch 
the sides of the vessel or to knock the plates in any 

way. Measure the conductivity of this 3~ solution, 

obtaining three readings as before. Dilute the solution 
again in exactly the same way, and measure its con­
ductivity as before. Repeat the measurements and 
dilutions until the solution IS 64 times as dilute as it 

N 
originally was, i.e. until it is 1024' Now empty the 

conductivity vessel, clean ant]l dry it, and repeat the 
whole series of measurements, starting with a fresh 
quantity of acetic acid solution. 

Calculate the specific conductivity for each dilution, 
taking the mean of the six detel'minations which have 
been obtained. The molecular conductivity fJ.. is obtained 
by multiplying the specific conductivity K by the number 
of cubic centimetres v of solution which contain 1 gram 
molecule of the dissolved substance 

,u=Kv. 

The molecular conductivity of a substance increases 
with the dilution up to a certain maximum value. This 
value is known as the molecular conductivity at infinite 
dilution ,u"" and is obtained when the substance is 
completely ionised. The conductivity of a solution 
depends upon the concentration of the ions present; 
hence, if the molecular conducti vity of a substance at 
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infinite dilution bo known, it is possible to calculate 
the degree of ionisation of that substancc at a given 
concentration, from the molecular conductIvity at that 
concentration. 

Thus if fJ.v represent the molecular conductivity of !l, 

substance at dilution v, fJ.", the.molecular conductivity at 
infinite dilution, and a the degree of ionisation, then 

a=fI.". 
fJ.", 

The value of fl.", may often be obtained by diluting the 
solution until further dilution makes no difference to 
the value of fl.. But for weak electrolytes, like acetic 
acid, this is not possible, for the specific conductivity of 
acetic acid solution approximates to that of water before 
the acid is all ionised, consequently the determination is 
valueless. In cases of this sort the value o£ fJ.00 is 
obtained indirectly (see Chapter IV.). The value of fJ.00 

for acetic acid may be taken as 389 at 25°. Hence the 
degree of ionisation for the solutions whose conduc­
tivities have been determined can be calculated from 

fJ.v 
a=3S9' 

Plot the values of a as abscissae against the dilution 
as ordinates, and draw a curve showing the influence of 
dilution on ionisation. 

Ostwald has shown that weak binary electrolytes 
obey the Law of Mass Action. Thus if an acid HA 

ionises into H' ions and A' ions as indicated in the 

equation HA -:. H' + AI. 

Then if a is the degree of ionisation and v the dilution 

a2 

(1 _ a) V ;;= 1{ (constant). 
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This constant is termed the ionisation or dissociation 
constant, and in the case of acids and bases it gives a 
measure of the strength of the acid or base, in the 
sense that the larger the value of ]( the stronger the 
acid or base. 

The value of J( can therefore now be calculated for 
acetic acid from the values of a which have already 

a 2 
been determined. A table of the values of 10glO 1--­

-a 
is given in Table II., Appendix. H. The value of K may 
be obtn,ined without calculating the yalue of a for 

a2 (MY 1{ =--= --.----~. 
(l-a)v M~(M~-Mv)U 

A list of acids, which lllay be substituted for acetic acid 
in the above experiment, is given in the table below, 
along with the values of theil' molecular conductivity at 
infinite dilution at 25" and their ionisation constants 
at the same ternpemture. 

Aci,l. !L~ at 25°. 

i 
Acetic, - ) 389 
Benzoic, - :381 
Succinic, - 381 
Cinuamic, - I 378'5 
Hippuric,- 372'5 
Salicylic, - -

f 

382 

--------._--._--------

1(1) [(. 

18 X 10-2 

6 X 10-3 

6'6 X 10-3 

3'5 X 10-3 

2'2 X 10-2 

10'2 X 10-2 

It will be noticed ill the above table that sllccinic acid, 
a dibasic acid, is included, :Many or the weaker dibasic 
acids ionise as monobasic acids at ordinary dilutions, 
i.e. they yield only one hydrogen ion, and consequently 
in calculating I{ for them, may be treated as monobasic 
acids, . 

S.C, II. III 
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(iv) Dele/'mine lfw JlJ()lec~d(w CowZ,nctivity and 
Degree of Ionisatiol~ of Hyd1>ochloric Acid. In this 
experiment a conducti\'ity vcssel of the type illustrated 
in Fig. 14 must be used. Hake up a semi-normal 
solution of hydrochloric acid and measure' its conducti \·ity 
by the method already described. Dilute the solution in 
the way described in the previous experiment, until 
further dilution makes no difference in the value of fJ..; 
measure the concludi vity at each dilution. From the 
results calculate the molecular conductivity and the 
degree of ionisation at each dilution, taking the final 
measurement as the conductivity at infinite dilution. 
From the ionisation values calculate the value of the 
ionisation constant. It 'will be found here that the 
value of ]{ is not ill any sellse constant. The same 

. absence of tt diss()citttion constant will be found for all 
strong electrolytes. 

Basicity of Acids 

Ostwald has shown that the e(lulyalent conductivity 
of the sodium salts of 11l0lioba:-:ic [lci(]" increases by 

appl'OxiulHtely 10 ullits when diluted frolll ;72 to H~2-4; 
similarly the sodium salt:.; of dibasic acids increase 20 
unitfl under the same circulllsttwces, tribasic acids 30 
uuits, and generally the equivalent conductivity of the 
sodium salts of acids increases B X 10 units when they 

are diluted from ;2 to 1;24' where B is the basicity 

of the acids. This fact miLkes it possible, and indeed 
simple, to determine the basicity of an acid. The method 
consists ill exactly neutmlising it known amount of pure 
caustic soda solution with a solution of the acid whose 
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basicity is to be deterlllined, and then llwkillg up the 
solution with wlLter so that the cOllcentmtion shlLll be 

exactly .~. Tho con<luetiYity of the solution is then 
'J~ 

measured, the solution diluted to] I~)_' ,and again Illcasured. 
_d~" 

The equintlellt conclueti vity is cakuJated for each dilution. 

If A3~ is the oCluindcllt conductivity ttt dilution ;2 and 

A10~4 lLt T~21' then if B is the bttsicity of the acid, 

To carry out such a deter­
mination, it is absolutely 
essential that thc caustic 
soda used shall bo free 
from sodium enrbonatc, and 
consequently it must be 
specially prepared. This is 
best done in tho following 
Immner : A (lUHutii,y of 
clean i'iolliUlll, weighc(l 
roughly to cOlTespolld \\-itlt 
the quantity of enustic :-iucla 
required, is placed in a 
funnel of nie kel gauzo N 

(Fig. 17). The fUllnel is 
supported by n tl'ipocl T, 

which stal1l1s under a brge 
glass bell-jar B. The bell­
jar stands in a Ittrge glm;s 

FlO. 17. 

dish D, eonbi lling water \\-11ieh 1l:1fl 1)een Imtde alkaline 
with caustic soJa. The bell-j:il' is closed by tt smb-!i llIe 
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tube P, bent, as indicate(l in the diagmm, to prevent any 
water which llHLy condense upon it from dropping on the 
Rodium. III this the sodium iR acted on by water vapour 
and converte(l into caustic soda solution, in an atmo­
sphere which is entirely free from carbon-dioxide. The 
solution of caustic soda drips, as quickly as formed, into 
a nickel dish M, placed on a tripod stand beneath it. 
When the sodium has all reacted, the caustic soda is 
quickly transferred to a stoppercd bottle and sufficient 

conductivity water added to make it about ;0' 

EXl'ERL'trENT 

(i) Dete1'mine the Ba8icity of Citric Acid. Determine 
the exact strength of the caustic soda solution prepared 

by the method described above, by titration with an ;0 

oxalic acid solution. Then place just so much of the 
caustic soda solution in a 100 c.c. graduated flask as will 

make an ;2 solution when the flask is filled up to the 

mark. Add one drop of phenol-phthalein solution, and 
then add a strong solution of citric acid, made up ",ith 
conductivity water, to the flask from a burette, until the 
caustic soda is just neutralised, i.e. until the colour of 
the phenol-phthalein is discharged. It is better' to have 
a drop too much of the acid rather than leave any of the 
alkali unneutralised, Add conductivity water to make 

up to 100 C.c. Thii-l then constitutes an :2 solution of 

sodium citrate. Place 20 c,c. of this solution in a vessel of 
the type A (Fig. IB), measure the conductivity and then 

dilute to 1;24 as imlicated'ahove, using two 10 c.c, pipettes, 
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one for withdrawal of the solution and the other for the 
addition of water. Measure the conductivity of the 
dilute solution, and calculate thc equivalent conductivity 
of both solutions. From the data thus obtained calcuhtte 
the basicity of the acid. The experiment may be re­
peated, using one of the following acids: tartaric, 
succinic, oxalic, phthalic or malic acid. 

Determination of the Relative Strengths of Acids and 
Bases. The strength of an acid or a base depends upon 
its degree of ionisation; thus acids which arc equally 
ionised are equally strong, and consc(luently sincc all 
acids are completely ionised at infinite dilution, all acids 
must be equally strong at this dilution. Ostwald has 
shown that for weak binary elcctrolytes, the product of 
the concentrations of the two ions, divided by the con­
centration of the undissociated part, gives a constant 
value. This constant has been termed the "affinity 
constant," or, as we have secn above, the dissociation or 
ionisation constant. The strcngths of the acids are pro­
portional to their affinity constants, hence if the affinity 
constants of a series of acids be determined, they will 
furnish a measure of the relati ve strengths of the acids. 
'1'his, of course, only for 'weak acids, since the strong 
acids do not obey the ORtwald Law, and consequently do 

. not yield an aflillity cO]},')tant in this way. 

(i) Dete?"nl.ine the Relative Stnngths of Acetic, Mono­
chloracetic, Di-chlol'((.cdic, and 'l'1'i-chloracetic Acicl8. 

Prepare i~ solutions of the four acids, and determine the 

molecular conductivity at dilutions 1:' :~, ~, 1~8 and 
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Calculate the aflinity constant from the degree of 

ionisa,tion at each dilution, and take the moan value of 
j{ as the value for each acid. The strengths of the acids 
will be directly proportional to the aJHnity constant fl. 
Thus calling the Rtrength of aedic acid ullity, the relative 
strengths of the other acids may be calculated thus: 

Relative strength = ~{' 
where ]{ i.'l the affinity com;tant of acetic acid, and ]{l 

that of the other acid. 
The values of {J-"" at 2;jO, necessary £01' the calculation, 

lllay be t~tken as acetic acid = 380, mono-chloraeetic acid 
= 382, di-ehloracetic acid = 3Dl, and tri-chloracetic acid 
=380. 

(ii) Dete1"mine the Influence of the Snb:;titution oj 
IJaTimt8 S1~b8{it1centl) 1M Hycll'o[Jen on the StrciI[jth of 
Benzuie Acid, 'fIlis expcriment is to bo carried out 
exactly in the same way as the previous one, A serics 
of acids must be made up with condudiyity water, and 
their molecular conductivities detennillcd at a series of 
known concentrations. From the result" calculate u amI 
]( 1'01' each aei(1, and so obtain their relative strengths, 
from whieh the influcnce of the vuriom; snblltitnting 
groups will bc apparent, A ,"Aries of aJ:ids suitahle £01' 

this cxperiment is givcn in the tal)le below, together 
with their conductivities at inflnit() dilution, alld the 
stl'engtbs of the solutions which sllOuld be llle,lsured, 
It is not suggested that all these acids he llleasured, hut 
a few picke(l out. As an exnmple, the influence of the 
hydroxyl group in the ortho) meta, alld para posiLiom; 
may be cxamineJ. 
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Acid. -= at-250
• \ 

-- ---1-
Henz(Jic, :ltH 

o-Ifytll'()xy- benzol(', 3tH 

m-Hydroxy-benzoie, - :380 

p-Hydroxy-benzoic, - 379 

o-Toluic, -

lll-Toluic, - 3i\') 

p-Toluic, - 379 

o-Nitl'O-benzoic, 380 

m-~ilxo-bellzoic, 379 

p-N itro-benzoic, 3(1) 

o-Chloro-benzoic, :383 

m-CII IOl'o.-henzoic, 

p-Chloro-uPIlzoic, 

Concentrations to be 
measured. 

N N 
6-1 ......... 102-1 

N N 
134 .....•... 102,1 

N N 
:12 102..1 
N N 
:l:Z 1021 

N N 
1:28 102,1 

N N 
lis 102! 

N N 
25(j 16~.i 
N N 
1~8 1024, 

N N 
64 1O~4 

N N 
128 1024 

N N 
64 1024 

N N 
2,)6 1024 

N 
204,8 

Use of Electro-conductivity in Volumetric Analysis 

\ 

Conductivity of [L Rolutioll is due to the number am1 
the velocity of the ions present in the solution (Ree 
Chapter IY.). If the conductivity of a b[lRe, such as 
caustic SOlla, l)e considered, it will be seen to be due to 
t'1e cation [l11(1 the rapidly moving hydroxyl ions. Should 
a small quantity of an acid he ackled, a number of the 
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hydroxyl iOllS will cOlllbine with the hydrogen ions of the 
aeid to form unionised ,,'uter molecules, amI a quantity 
of anions of the acid, which have a much smaJler velocity 
than the hydroxyl ions, will take the plaee of the 
hydroxyl ions. The conductivity of the solution will 
therefore decrease, and if suecessi ve quantities of acid 
be added the conductivity will continue to decrease until 
all the alkali has been neutralised; a further addition of 
acid will now cause the conductivity to increa;;e ag'ain, 
due to the introduction of a quantity of rapidly lllo\'ing 
hydrogen ions. Hence, if the conductivity of a solution 
of a base be plotted after each addition of acid against 
the quantities of acid added, a ClllTe ,yill be obtained 
,yhich \yill change its direction suddenly, i.e. it will have 
a distinct lllinilllum. The minimulll represent" the point 
at which the alkali is exactly neutralised, and comie­
q uently seryes as all indicator of the end of the titration. 
In this method of titration either the acid or alkali may 
be placed in the conductivity vessel if they are both 
strong, but if the acid is weak then the alkali sl]{)ul(l be 
placed in the conducti vity vessel and the acid added to it. 

EXPERIM~~NT 

Determine the StTcngth of a giccn SoZntion of Ocmstic 
Soda by ?/leans of Hyril'Ochloric Acid. Place 10 c.c. of 
pure caustic soda solution in a conductivity of type A 

(Fig. 1:3); insert a resistance ill the resistance box so that 
the point ot lllinilJlum sound is ill the middle of tile 

bridge wire. Now nUl in an 1~ solution of hydrocldoric 

acid from a burette, adding 1 c.c. at a time; after each 
addition thoroughly lllix the solution, and redetermine 
the point of balance on the bridge. It will be found at 
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first that the sliclillg contact will have to he moved COll­
tilluously toward the %e1'O end of the bridge wire. After 
several additions ha Yf) beell made, the point of halance 
will move back toward the centre of the bridge. .Make 
several determinations after the turning point has been 
reached, and plot the bridge readings as ordinates against 
the number of cubic centimetres of acid added as abscissae. 
Draw curves through the points obtained before and 
after the turning point. The intersection of these curves 

will give the quantity of l~ hydrochloric acid required 

to neutralise the caustic soda in the conc1ucti vity vessel. 
This method of titration is pnrticularly useful in deter­
mining the amount of acid in highly colomed liquids, 
such as vinegars and wines. 

Determination of the Solubility of Sparingly soluble Salts. 
The solubility of many substances, such as silyer chloride, 
barium sulphate, etc., callnot be easily detel'lllined by 
the ordinary analytical methods. It may, however, be 
determined from the conductivity of saturated solutions 
of these fiubst,mces in the following way. The C011-
dudi vity of a tlaturato(l solution of 11 fiparingly soluhle 
salt is measured in the usual lllallller. Let R be the 

. t f I I t' '1'1 N. tl 'f" resls ance 0 t Ie so u~lOn. len·- IS Ie specllc con-
R 

ducti vity j£ N is the cell constant. If 110W V is the 
number of cubic centimetres of the solutioll which would 
contain 1 graltl lllolecule of the dissolved substance 

N 
,u"="Rv, 

i.e. the product of the spceific condllctivity and the 
dilution gives the molecular conductivity at the dilution 
v. The solution, however, is. so \'ery dilute that the 
dilution v is identical with infinite dilution, i.e. the 
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dissoived substance lllay bc regarded as completely 
dissociatcd. 
Hence 

'l'ho values of N awl R aro knowll, amI the yalue of floo 

is the sum of tho ionic conductivities of the ions of the 
salt (_';oe Chapter 1\'.), hence floo is known. Hence v the 
volume of wato}' ill cuhic centimetres which contains one 
gram molecule of the dissolved substance, i.e. the 
soluhility, is known. 

In many cases sparillgly soluble saIts of weak acids 
and bases are bydrolysc<l in solution, so that in these 
cases hydrolysis must be taken into accollnt in calcula­
ting the solubility. Thus if a carbonate of Olle of the 
alkaline earth metals is under consideration, this sub­
stance will hydrolyse in solution, giving tho hydroxide, 
which is Illuch more soluble than the carbonate, and 
unioniscd carbonic acid. Thi:s lllay he prevented by 
driving the hydrolYflis back by the addition of hydroxyl 
ions in the forlll of dilute canstic sodtt. So that the 
soluhility is deterlllined in a dilute solution of caustic 
soda, and not in pure water, (tnd calculated from the 
inerease in the eondllcti \-ity of a dilute solution of 
caustic soda dw~ to the solution of the alkalino carbonate 
in it. 

EXPEHIlIIENT 

Dclen)'/'ine tIle SOl11bility of RIlJ'inm Sulplwte in 
Wate)' at 25°. This determination must be carried out 
in a conductivity vessel provided with fairly large 
electrodes which are not rar apart. Determine, fir_~t of 
all, the spe('itic condllctivity of the water to be used in 
the experiment. Then grind up a quantity of barium 
~ulplmte to a "ory fine .powder in an agate mortar. 
Place the powder ill a 1:25 c.c. glass ft.ask, which has been 
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steamed out, amI add a quantity of conductivity water, 
shake well and allow the solid to settle. Pour the 
liquid away, and repeat the operation 3 or 4 times to 
dissolve out any soluble impurities. Then lJlake up the 
solution for measurement by adding conductivity water 
to the washed po\\'(ler, shaking and allowing the heavier 
particles to settle. 'rhe whole process must be carried 
out at 25". Pour a quantity of the still turl)id liqui(l 
into the conductivity vesRel and measure the con­
ducti vity. Repeat the measurement until two fre.~h 

portions of the solution give the same value. The 
solubility may no\v be calcnbted as follows. 

If Ko represents the specific conductivity of the water 
used in the experiment, and Kl that of the solution, then 
(Kl - Ko) = K, the specific conducti yity of tho solution 
corrected for the conductivity of the water. The specific 
conducti\'ity multiplied by v will gin; the equivalent 
conductivity, where v is the number of cubic centimetres 
of solution, containing 1 gram equi \'idellt of barium 
sulphate Av= Kv. 

In such 11 dilute solution only a very sll1all error will 
be introducc(l by assumillg that Av=1I.00' 

The value of Aw at 26° for barium sulphate is 155·:i. 

I I (~Jl(:e 

'Le. 'U c.c. contain 1 grail! e(l11i ntlcnt of barium sulphn,te. 

Hellce 1 litre of Rollltioll contaills :?_~~ gram molecules of 
. 116'5 V . 

barIum sulnhate or ._- X 1000 gnms. 
1 v 

Further experiment may be made with the following 
substances: Silycr chloride (fJ-2), = I-t0'2), barium oxalate 
(,u;;; = 140 0), silver iodide (fJ-~;= 140'4) and hmd sulphate 
(,u~= 151'5). 



CHAPTER IV 

TRANSPORT NUMBERS AND VELOCITY OF IONS 

WHEN an electric current has been passed through an 
electrolyte for a time, it is generally found that the 
concentration of the dissolved substance differs from 
the original concentration, and further that the con­
centration at the two electrodes is not the same. Further 
if a current be passed through a cell divided by two 
porous walls c and el, as in Fig. 18, it is often found 

6J

1 
C d 

_- - - ___ - - _- _ - ::c--_ -c_- :: = ~ _-_ _ 
----------------_ ~----- - _-- _. - - - - - -
-- - - - -- - .-
_::. ~ -::-_ -~~ --=-::_ ---::_ ___ 3::: 

- - ~ -- - - - ---- - - - -~ - -_ 
FIG. 18. 

that, while the concentration in the middle compart­
ment remains the same as it originally was, both of 
the electrode sections become less concentrated than 
they were originally, but not to the same extent. It 
is known that a current is carried across a solution by 
llleans of the ions, the positiye iOlls or cations moving 
tOlVard the negative electrode or cathode and the 
neg,1tive ions or anions tpwar<l the positive electrode 
or anode. It is also knmvn that the number of anions 
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and cations discharged at the electrodes is identical. 
Hence an explanation of the changes in the concentra­
tion at the electrodes has been found in the hypothesis 
that the ions move across the solution at different rates, 
i.e. they have different velocities. From this it follows 
that in the passage of a current across an electrolyte, 
a number of cations will leaxe the anode portion of 
the cell and be discharged at the cathode in the same 
time that an entirely different number of anions leave 
the cathode portion of the cell and are discharged at the 
anode. These numbers, however, do not represent the 
whole of the ions discharged at the electrodes, for 
the cations trayelling from the anode half of the cell 
leave behind them an equal number of anions, which 
are also discharged at the anode, and in the same 
way the anions, moving away from the cathode portion 
of the cell, leave behind them an equal number of 
cations which are discharged at the cathode, thus mn,king 
the total number of anions discharged at the anode 
equal to the total number of cations discharged at the 
cathode. Since the ions travel or migrate at ~lifferent 
,elocities it follows that the quantity of electricity 
carried by the anions in one direction differs from the 
(luantity carried by the cations in the other direction. 
Tho two quantities are indeed in the ratio of the 
respective velocities. Hence, if u be the migration 
velocity of the cation, and v that of the anion, U + v 

is proportional to the total current carried, and _u,__ __ 
n+v 

represents the fraction of the total current carried by 

the cation, amI __ v_ the fraction carried by the anion. 
n+v 

Hittorf has termed thes0 fractions the Transport 
N.umbers ?Ie and n a, where lIe is that ot the cation and 
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11a that of Ute anion. Hence 

u d 1 - v n.=-- an 11a= -11.=---
1t+V u+v 

If one gram equivalent of a Halt is dissolved in water 
and ionised to an amount a, then it follows that there 
are present in the solution a equivalents of both anion 
and cation. If a current is passed through such a 
solution under unit hll of potential the current denflity 
may be expressed by 

9G;'540a(1L + v), 

where u and v are the migration velocities of the 
cation and anion respeetiYely, and 90;,)40 represents the 
charge in coulombs on a grum equivalent of ions. 'l'his 
expression is the equivalent conductivity, hence 

A= 9G5-Wu(tt+v). 

Since the total conductivity is made up of the con­
ductivities of the two ions, it follows, if la and l. 
represent the ionic conductivities or lllobilities of the 
anion and cation l'ebpectively, that 

A=la+lc 
and 

v u 
Hence la=A--=Ana; lc=A --=Anc, n+v _ n+v 
so that if the tmllsport num bel'S are known the ionic 
conductivities follow at once from the equivalent con­
ductivity. The calculation mny be taken a step further; 
if la and lc h:1Ve been detet-mined, we have the expres-

SIOns la d lo 
aV=DU."i40 an a'lL=!)G540' 

i.c. the actual velocities of the anion and cation in cms. 
pel' second can be calc\lla~ed if a the degree of disRocia­
tion is known. This may be regarded 1n another way, 
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if instead of (1. represellting the degree of ionisation in 
the ordinary sense of the fraction of the molecules 
which are split up, it represents, what is really the 
same thing, the fraction of time during which the ions 
are dissociated, i.e. the period during which they are 
free. Then aV and a1t represent the average velocities 
of the ions for the whole time, whether they are free or 
combined. Should the solution under consideration be 
completely dissociated, i.e. be at infinite dilution, then 
a = 1, and the velocities of the ions in cms. per second 
are given by 

and te 
'U=~" -". 9G;)40 

The values la and le for an anion or cation are always 
the same, no matter what the cation or anion is with 
which they are respectively combined. Hence it follows 
that the equivalent conductivity of an electrolyte at any 
given dilution lI1fiy be cetIculated from the "alues of la 
and Ie of the two ions, furnished by the su1)stance in 
question. In the case of weak organic acids, it iR experi~ 
mentally impossible to determine directly the equivalent 
conductivity at infinite dilution; this quantity may, 
however, always he calculated from the ionic con­
ductivities. 

Thus, let Ax, rcpresent the equivalent conductivity at 
infinite dilution of the weak acid HA. This is made up 
of the ionic concluctiyities of H' and A' ions, and if these 
are known, the equivalent conductivity at infinite 
dilution is obtaim:cl by adding the two values together, 

thus: Aoo=la (for A/)+le (for H'). 

If the ntlue la for A' ions is unknown, it may be obtained 
in the following way. The equival:mt conduetivities of 
the soJimu salt of the \Veak acid, the sodium salt of a 
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strong acid, e.g. Nael, and the strong acid itself, are 
measured at infillite dilution, which, since the:'le sub­
Fltances are all very much ionised, is a simple operation. 
Let now A~, A'~ and A:;' represcnt the crlui\'alent con­
ductivities of these substances respectively, then, 

A~=la(for A/)+lc(fOl'Xa:), 
A:=la (for Cl')+lc (£01' Na'), 
A:;'=la (for Cl')+lc (for H'). 

Combining these three expressions, the following equa­
tion is obtained; 

A:;' - j~~, + A"" = lc (for H') + la (fot' AI), 
1,.e. A:;'-A:+A'"=A,,, for HA; 

and since lo (for H") is known, la for A' ion follows. 

1. Determination of Transport Numbers 

'fhe transport number of an ion may be determined 
by allowillg an accurately measnred quantity of electri­
city to pass through a solution of known concentration, 
and measuring the change in concentration which has 
occurred at one of the electrodes. The method presup­
poses that the change in concentration has all occurred 
at the electrodes, and that none of it is clue to diffusion. 
Hence it is usual to allow the current to pass for a short 
time only, and to keep the appllTatus cool. 

EXPlmIMENTS 

(i) Dctennine fit" '1''/'(m'~l)(J)'t Nl~?nbc)'8 of the Silver 
[on ctnd th,; Nitrate Ion. This experiment is cftrried out 
in a piece of apparatus designed as shmvn in Fig. 19. It 
consists of two tubes, A and B, of about 1'5 cms. dimneter, 
connected by a short tube, H, of the same dii1lneter. 
The tube A' is about 18' cms. long, and is fitted at the 
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bottom with a stopcock T; the tub6 B is about 12 cms. 
long. Two electrodes, C and D, are fitted into these 
tubes by means or corks. The electrode C consists or a 
stout silver wire, cemented into a glass tube so that only 
the projecting end e, which is wound into a spiral, comes 
in contact with the liquid. The electrode D consists or 
a copper wire, similarly protected from the liquid at all 
but its lower end. To carry out the experiment, make 
up a solution of Nih'cr llib'ate, 

approximately -;0' and determine 

its concentration by weighing out 
about 20 grams of the solution and 
titrating with a standard solution 
or ammoniulll thiocyanate, using it 
saturated solution of ferric alum as 
indicator. Then prepare a small 
quantity, about 50 C.c., of a satu­
rated solution of copper nitrate, 
and acidify it slightly with nitric 
acid. Place about 8 C.c. of the 
copper nitrate solution in the tube e 

B, so that it fills the tube to a depth 
of about 5 cms. Then cautiously 
add the silver nitrate solution to 
both tubes, taking care that the 

FIG. 1Q, 

silver and copper solutions do not mix. This is best 
done by filling a dry pipette with the silver nitrate 
solution, placing the point of the pipette against the 
wall of the tube B just above the surface of the 
copper nitrate, and allowing the solution to flow slowly 
from the pipette into the tube, raising the pipette 
continuom;]y, ail the level of the liquid rises, until 
tIw tube is full. Then fill tIle tuhe A and tlw cross 
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tube H with silver nitrate solution, weigh the silver 
electrode, and insert the electrodes as indicated in the 
diagram. Connect the electrodes, through a milliam­
meter, an adjustable resistance, a switch and a voltameter, 
with a battery of 25-30 accumulator cells. The current 
strength used in the experiment should be about 10 
milliamperes; this is obtained by means of the adjust­
able resistance, the amlllcter being used to indicate when 
the right current has been obtainel1. Should 11 battery 
of 25-30 cells be unobtainable, the lighting circuit may 
be used in place of it by having a correspondingly large 
adjustable resistance in the CIrcuit. The voltameter is 

--- -----'t- ----- ---- -
~-~j: ~ ~ i- ~ " •. ~ ~ -=-~~~:: I~ ~ ~ ~-~: 
-=:_~~ ~_:::-) =: ~-~__:--=-~ ~ -:::.~~~~ ------t-- ---- --------_-- ----- ----

inserted in the circuit to measure the total quantity of 
electricity passcd through the circuit. The most suitable 
voltameter for this purpose consists of two stout copper 
plates, ct, b (Fig. 20), 5 ems. wide amI 2';') cms. deep, 
which are immersed in a dish containing a solution of 
copper sulphate. The plate constituting the cathode is 
cleaned by immersing in dilute nitric acid, washed with 
distilled water and alcohol, and dried by passing it 
through the hot air ttbove tt bunsen flame. It is weighed 
before the cxpcriment, amI again after the experiment, 
the (liffl:reIlcc in ,n·ight giving the amount of copper 
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deposited, from "\vhich the quantity of current can be 
calculated. 

The solution to be used in the voltameter should be 
made up lly dissolving 15 grams of crystallised copper 
sulphate in 100 C.c. of water, and adding to it 5 C.c. of con­
centrated sulphuric acid and 5 C.c. of absolute alcohol. A 
slow current of carbon-dioxide should be bubbled through 
the solution in the voltameter during the experiment. 

\Vhen all is fitted up, ana the weighings of the silver 
anode of the experimental yessel and the cathode of the 
voltameter have been made, switch on the current, and 
allow it to flow for 1~-:3 hours. A more prolonged 
passage of the current will probably cause a, clmnge in 
the concentration of the middle portion of the liquid, 
which, as has already been shown, must not take place. 
Stop the current, and run off the solution from A into 
two weighed flasks, about -& being run into the first 
flask and -~ illto the secoml. The latter quantity will 
constitute the middle portion of the liquid, and the 
success of the experiment depends upon its can centra-

. tion being the original concentration of the solution 

. before the experiment was begun. Remove the anode; 
wash it with ,Yater and alcohol, dry by passing it 
through the hot air above a bunsen flame, and weigb 
it. 'rreat the cathode of the voltameter similarly. Then 
weigh the two quc1lltities of solution which have been 
run from A, and titl',lte them with a standard solution 01 

ammoniulll thioeyanate. 'rhe transport numbers call 
now be calculated as follows: 

Suppose a grams of the origimtl solution contaill l 
grams of silver nitntte, 

·i.e. «(( - b) gmllls of water cOlltain 7; grams or silvel 

. t /) . I r') 
Illtnt e, or 170'0 C1llll nt eub OJ; S! vel'. 
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After the experiment, let c grams of the solution con­
bin cl grams of silver nitrate, i.e. (c-d) grams of water 

con~ain d grams of silver nitrate, or 1 ;~'O equivalents 
of slIver. 

If the solution had remained unchanged (c - d) grams 
of water would hn,\'e contained 

(c-d) b .. I t f'1 
(ct-b) 170 equna en so Sl vel'. 

Hence the solution haH changed by an amount 

cl b (c -d) . 
170 -170' (Zt _ b) eqUIvalents. 

This will be found experimentally to be an increase. 
If the experiment has been carried out sueces8fully, thi8 
alllount should represent the total change at the anode. 
If the voltameter cathode has increased by w grams, 

then sT5 represents the number of equivalents of copper 

which have been deposited; this is proportional to the 
total current used in the experiment, and is equal to the 
number of equivalents of silver dissolved from the anode, 
as may be confirmed from the weighings of the anode 
before and after the experiment. Had no silver wan­
dered from the anode, the solution round the anode 

Hhould contain it5 equivalents more than it originally 

did; experimentally it is found to contain 

d b (C-d) 
170-170 [t-b 

more than it originally did; we call call this quantity y. 

Hence ~u __ '!1 equivalents of silver must haNe wandered 
:31'G c 

from the anode COlllpal'tlllimt. 
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This means that of the total eUlTent earried through 

the solution, represented by 3~5 equiyalents, C~~5 -Y) 
was carried by the cations. Since the transport number 
of the cation is the fraction of the total current carried 
by the cations, 

w 
31'5 

and 'i1 a= I-nc• 

(ii) DetC?'mine the T1'unsport lYnmbers of Potassium. 
and Chlorine Ions. In this experiment it is impossible 
to use an electrode of the same material as the cation. 
The difficulty is surmounted by using an anode of amal­
gamated cadrriium. Fit up the apparatus as described in 
the last experiment, substituting a rod of cadmium, whose 
surface has been amalgamated by first cleaning with 
dilute nitric acid, and then dipping into mercurous 
nitrate solution, for the silver anode. Wash and dry 
the cadmium electrode, which need not be weighed. Fill 
the apparatus as described in the last experiment, sub-

stituting an ~ solution of potassium chloride for the 

silver nitrate solution. Fit up the copper voltameter 
and make all the connections as described above. Allow 
a current of about 10 milliamperes to flow for about two 
hours. Then analyse the liquid in the anode compart-

ment by titration with ~ silver nitrate solution, and 

calculate the number of equiyalents of chlorine contained 
in the solution. If w be the number of equivalents of 
copper deposited in the voltmneter, a the initial number 
of equivalents of chlorine contl,ined in the potassium 
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chloride solution, and b the number after the experiment, 
then b is made up of a and a quantity c which has 
wandered into the anode compartment, 

i.e. C=b-CL. 

There has been no loss ot chlorine trom this part of 
the cell, tor the chlorine ions discharged at the anode 
have combined with the cadmium and come back into 
the solution. Hence the traction ot the total current 
carried by the chlorine ions is given by 

b-a 
na=-:u;-, 

where na is the transport number of the chlorine ion, 
and no = 1 - 17a is the transport number of the cation. 
Calculate the absolute velocities and ionic conductivities 
of the chlorine and potassium ions, being given fl.", at 25° 
for potassium chloride = 130'2 and fJ.!i = 102'3 at 25°. 

2 

For method of calculation see introd'lction to this 
chapter. 

2. Direct Determination of the Absolute Velocity of 
Ions 

Methods for the direct determination of the velocities 
of ions have been devised by Lodge (B.A. reports, 1886, 
p. 389), \Vhetham (Phil. 'hans. A. clxxxiv., 337, 1893; 
clxxxvi., 507, 1897, Phil. JJJag" Oct. 1904), Orme Masson 
(Phil. T",'ans. A. cxcii., 311, 1899), and Steele (Phil. 
'Frans. A. cxcviii., 105). 

(i) Lodge's JJ{ethod. The method due to Lodge consists 
in measuring the rate at which the colour ot a hintly 
alkaline phenol-phthalein solution is discharged by 
hydrogen ions travelling lJnder a measured electromotive 
force. 
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The determination is carried out in the following 
manner: a horizontal tube A, Fig. 21, about 40 cms. long 
and 1 cm. internal diameter, fitted at each end with a 
wider, short, right-angled piece of glass tube, B, B, 
as indicated in the diagram, is filled with a solution 
of potassium chloride in a 10 per cent. agar-agar jelly, 
which is rendered faintly alkaline by the addition 
of a few drops of 10 per cent. caustic soda solution, 
and coloured by one or two drops of phenol-phthalein 

~ aJ ' ~. 

c ._ B A B _- __ 
~:9frW/ffw;;W/02IVfl/V/0?I/ffmm ff//7/: ~~-~. =' 

FIG. 21. 

solution. The jelly solution is poured into the straight 
tube while still warm and allowed to solidify. Then 
the vertical tubes, at the ends, are filled with dilute 
sulphuric acid and a current passed by means of two 
platinum electrodes, a, b, placed in the acid. As the 
hydrogen ion proceeds along the tube, in its migration 
toward the cathode, it discharges the colour of the jelly; 
the rate at which this happens gives the velocity of the 
hydrogen ions under the potential fall between the 
electrodes. 

EXPEHIMENT 

Determine the Absolute Velocity of the Hydrogen 
Ions. Fit a glass tube A of uniform bore, about 60 ems. 
long and 1'5 ems. diameter, with small right-angled glass 
cups B, as indicated in Fig. 21. Place corks in the cups 
to carry the platinum electrodes a and b, and bore small 
holes in the corks to allow the escape of any gas which. 
l])ay be generated during the experiment. Fill the 
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horizontal tuhe with a jelly i-iolution of potttHHiull 
chloride madc up in the following manner. Weigl 
out roughly 16-17 grams of dry agar-agar, and plac, 
it in a 5 pel' cent. solution of acetic acid until it ha 
completely swelled out; this usually requires about ttl 

hour. Then pour off the solution and wash until al 
the acetic acid has been rellloyed. 'I'his is best don. 
by shaking' up with two or three qunntities of watel 
and then allowing to stand with two separate quantitie, 
of water for halt an hour. Squeeze out all wate 
possible and add 250 C.c. of tl solution of potassiun 
chloride, containing 28 grams per litre. Place in I 

V 

FIG. 22. 

water bath and warm until an· hOlllogcneous solution ha: 
been obtained, then add 2-3 drops of phenol-phthaleir 
solution, and add a solution of caustic potash drop b,') 
drop until the solutioll shows 11 full l'cd colour. Fil 
the tube A with the jelly while it is still liquid nne 
allow to cool when the jelly will set. Place the ene 

pieces B in position, nnd fill them with ~ sulphuric acid 

Then place the electrodeH in position so that the plate: 
are as Ilcal' the ends of A as possible. Connect tIl( 
e)ectl'odes through an adjustahle resi"tnnce R (Fig. 22: 
with a battery B of 30-40 cells. Place a voltmeter'll 
across the electrodes and aajust the resistance so that the 
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voltmeter reads just as Ulany volts as the distancc 
behveen the electrodes ill centimetres. This ,,·ill give a 
£all of potential along the tube of 1 volt per cm. Now 
mark the red boundary at the anode end of the tube 
and al10w the current to flow for GO minutes. Measure 
the displacement of the red boundary; this will give 
directly the velocity of the hydrogen ion in centimetrcs 
per hour. Calcubte to centimetres per second. If the 
jelly tends to melt during the experiment, due to the 
heating effect of the current, the tube should be im­
mersed in colLI water. 

2. WhcthcL1Ti,'s "l!ctlwcl. The remaining methods, al­
though much more accurate than the foregoing method, 
are not suitable for use in the hands 
of any but expert experimenters. 
They nm:r, however, be c1escrirJed 
here, and fiufficient detail will be 
given to allow of adntllcell fitudents 
carrying out the determination fihould 
they so desire. 

\'Tltethall\ supel'pofiecI two solutions, 
ct an!l b, Fig. 2:3, having a COllllllon 
ion, ill a vertical tube CD. The two 
solutions were of the same equivnJent 
concentration, and of almost the same 
specific resistance, but of di fferent 
densities, and one solution ,vas 
coloure(l. Thus, for example, the 
two substances, potas:-;inm carbonate 
and potassium bichromate, ,,,ere ttl,kcn 
and a current passed; the nniol1s 

b 

FIG. 23. 

wandered toward the positive electrode, and the colourcd 
boundary slowly progressed in the salUe direction; 
the rate of movement of the coloured boundary gave 



90 PHYSICAL CHEMISTRY 

the rate of movement of the bichromate Ions under 
the potential gradient ot the experiment. The success 
of experiments of this type depends on the mainten­
ance of a sharp boundnry between the two solutions. 
Whetham has shown that a sharp boundary may alway:;: 
be preserved if the current flo,YS in such a direction that 
of the two different ions the relatively slower ion 1011owi" 
the relatively faster ion, i.e. in the example just con­
sidered the slower carbonate ion follows the somewhat 
raster bichromate ion. The reason lor this will be clear 
from the following consideration. Suppose there are 
superposed in a tube two solutions of salts of the same 
anion, 1)ut of different cations, one solution having a high 
conductivity and the other a low conductivity. Then on 
passing a CHrrent there will be a relatively low potential 
gradient in the solution of high conductivity, and in the 
solution of low conductiyity there will be a relatively 
high potenti.al gradi.cnt. 

Assume now that the current is passing from the 
solution of low conductivity to that of high conductivity, 
then a cation which chances to get ahead of the boundary 
line of the two solutions will find itself in a region of 
low potential gradient, and its velocity will be decreased 
so that it will drop back to the boundary. On the other 
hand, a fast moving cation, which finds itself behind the 
boundary, will be in a region of higher potential gradient 
and will consequently move still faster and be pushed 
forward to the boundary, so that the boundary line will 
be kept Rharp. 

Suppose, now, that the current flows in the opposite 
direction, i.e. from the liquid of high conductivity to 
that of low conductivity, then a slow moving cation, 
remaining behind the bopndary, will be in a region of 
low potential gradient, and be still further retarded, 
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whilst a (luick moving cation, finding itself ahead of the 
boundary, will have passed into a region of high poten­
tial gradient, and thus be hastened forward, the result 
being a blurring of the boundary line. 

Fr(1m the foregoing it follows that when a current 
passes from a solution or high conductivity to one of low 
conductivity, the potential gradient adjusts itself so that 
the actual velocity of the specifically slower ion unQer 
the high potential gradient is the same UP, that or the 
specifically faster ion under the lower potential gradient. 
Hence the rate of motion of the coloured boundary gives 
the velocity of both ions, but under different potential 
gradients. 

3. Orme )Jfasson's M eilwd. Ormo MassDn, making use 
of the foregoing facts, has devised a more accurate 
method of determining the velocities of ions. In outline 
the method is as follows. A tube, AB (Fig. 24), about 

B 

FIG. 24. 

40 ems. long, was filled with a gelatine solution of the 
salt, the velocities of whose ions were to Le measured. 
This tube was then inserted into the side tubes, c, d, of 
two flasks, C, D. A gelatine solution of a salt having a 
coloured cation was placed in t)lC flask c, and a gelatine 
solution of a salt having a coloured anion was placed in 
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the flask D. The coloured ions must be so ellosen that 
they are specifically slower than the corresponding ions 
of the solution in AB. Thus, in an experiment, potas­
sium chloride was placed in AB, copper sulphate in 0, 

and potassium bichromate in D. Two platinum electrodes, 
e, j: were then plaeed in the flasks and a current passed. 
The rateR at which the coloured boundaries advanced up 
the tube were measured, and these gave directly the 
velocities of the potassium and chlorine ions under the 
potential gradient existent in AB. 

4. Stee7e's NetllOd. Steele has improved the method of 
Orme Masson, by showing that the boundary between 

FIG. 2f. 

two solutionR can be followed without the use of coloured , 
ions, and, further, by making the measurements in 
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aqueous solution, thus removing the objections made to 
the use of jelly solutions. The apparatus used by Steele 
is given in Fig. 25, and consists of two tubes, A, B, of the 
same diameter (about 1 cm.) connected together by a 
cross tube of slightly larger diameter than A and B. 

A side tube E is fitted to the tube B. The upper and 
lower ends of A and B arc ground to fit the tubes, e, e' 
and 0, 0', respectively. 'l'he method consists in half filling 
the bulbs, e, e', with a gelatine solution of substances 
which shall serve as indicators, i.e. which will produce 
a boundary line with the solution to be measured. The 
rubber stoppers, F, F, are then placed in the ends of tho 
tubes, and the solution, whose ions are to be measured, 
is run in through E. When the tubes are full the 
bulbs, e, e', are placed firmly in position; the tube E is 
then filled "vith the solution to such a height that the 
pressure is atmospheric. A quantity of an aqueous 
solution of the salts in e and e' is then placed above the 
jellies, and two electrodes, a, b, are inserted, which are 
made of such metal that no gas will be evolved when 
the current is passed. The current is then passed until 
the boundary line is visible in the aqueous solution. 
The position of the boundary line is quite visible because 
of the difference in the coefficient of refraction of the 
two liquids. The pOl:litions of the boundary lines are 
then noted, and the rate at which they move gi \'es the 
yelocity of the ions of the solution under the potential 
gradient existing in the solution. It will be seen that 
the jelly solutions have nothing to do with the measure­
ment, and serve simply to get a definite boundary at the 
commencement of the experiment, and to prevent a dis­
placement of the solution. The indicator liquids must 
have ions which move specifically slower than the ions 
of the solution which they al:e following up. 'rhus in 
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an experiment Steele measured the velocity of the ions 
of potassium chloride, and used as indicators lithium 
chloride for the cation, and sodium acetate for the anion, 
the lithium and acetate ions being respectively slower 
than the potassium and chlorine ions. When the aqueous 
solutions of the indicators are specifically heavier than 
the solution to be measured, the jellies and the elec­
trodes are placed in the tubes, D, Df, which are then 
attached to the apparatus instead of t.he bulbs, C, c. 



CHAPTER V 

DIELECTnIC CONSTANTS 

EVERY substance behaves in two different ways toward 
an electric stress, which are respectively den ned by two 
constants, (i) the electric condudivity and (ii) the di­
electric constant. The former, as has already been seen, 
is a measure of the C[ll)[lcity of a substance to conduct 
electri~ity, ,y hilst the latter may be defined aR the power 
or a substance to tranRrnit an electrostatic force across a 
space. 'The relationships existing between the dielectric 
constants of liquids and their power of dissociating 
substances dissolved in them on the one hand, and the 
connection between the dielectric constant, power of 
absorption of electric waves, and chemical constitution 
on the other, justify a short description of the methods 
in usc for the determination of the dielectric constant. 
J. J. Thomson and Nernst have shown that, generally, 
those liquids which possess a high dielectric constant fur­
nish solutions which are good conductors of electricity, i.e. 
exercise considerable ionising power, whilst those of low 
dielectric constant furnish solutions which do not con­
duct electricity, i.e. do not ionise. This is, however, not 
an absolute rule, and, further, different solvents do not 
act in the same way with all electrolytes. ThUF~, for 
example, acetone (dielectric constant 20'7) dissociates 
potassium chloride to a mode;ate extent, out it hl1l'(lly 
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dissociates hydrochloric acid at all, whereas both sub­
stances are about equally dissociated by water. 

Any method of determining the dielectric constant 
suitablc for chcmical purposes must be capablc of dealing 
with substances which are not perfcct insulators, i.c. 
with substances which conduct clectricity to some extcnt. 
Furthcr, the method lllust be capable of dealing with 
relatiyely small quantities of f-Iuhstances. The lllcthOlls 
due to N ernst and Drude fultil these cOllditions, and are 
therefore the most suitablc for physico-chemical purposeH. 

ltIethocl of Nernst. The capacity or two condensers 
mtly be compared by using a Wheatstone bridge, with 
telephone and induction coil by the methOll of l'alaz, 
which is as follows. Two condellsers, C and c' (Fig. 26), 

are connected with the ends or a Wheatstone bridge, a, b, 
as indicated ill the cliagram. A telephone T, and an in­
duction coil I, are conllected in the usual mallner. To 
make lL measurement the slide contact 8 is moved until the 
sound minimum is ohtained. ~\yhen this is the case 

w':w::c:c', 
where w' and 'IV are tlw rcsishll1Cl'S of the two portionR 
of the bridge, ttllcl C anJ c' the capacities or tlw two 
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condensers. If the capacity of one of the condensers is 
known then that of the oth~r may be calculated. 

If one of the condensers is made of a suhstunco which 
is not a perfect insulator, it will be found impossible to 
obtain a sharp lllinimum, or iwleed any Illinimum usable 
in the calculation of the capacity of the condenser made 
of the imperfect insulator. This difllculty may be sur­
mounted by giving the second condenser a known 
conductivity of the same order us the conclucti\,ity of 
the imperfect insulator, by meallS of a parallel conduct­
ing circuit, as illustl'l1ted in Fig. 27, in which everything 

FIG. 27. 

is the sallle as in the appitmtus for the comparison of 
two lwrfect insulators, except the parallel circuit w"'. A 
point can now be obtained at which the telephone will 
give a good minimum, and from this not only the capa­
city of the cell, but also its cOllllncti vity, ean be obtained. 
For if 'w" is the resistance of the condenser e, i.e. the one 
which is not a perfect insulator, tv'" the resistance of the 
parallel circuit to the condenser e', wand w' the resist­
ances of the arms of the bridge, then 

I " II/ W:1V ::'W :w . 
and ~L': '{Ii: : e' : C, 

~.u. II. G 

. 
\ 
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provided always that the resistances 'iV, 'U/ and w"' have 
tt negligible capacity. It is obviously possible to obtn,ln 
silence or a minimum sound in the telephone by chang­
ing the resistance wlfl and the capacity c', if the telephone 
leads are fixed instead of being connected to a sliding 
contact. 

The foregoing is the principle of the N ernst method 
for determining the dielectric constant. The apparatus 
consists of two vertical glass cylinders, a, a (Fig. 28); 

these are fitted with 

d 

FlO. 28. 

platinum electrodes, b, 
b, furnished with bind­
in g screws. Into the 
base of each cylinder 
a platinum wire, c, is 
fused; these are con­
nected together, and to 
one pole of the second­
ary coil of an induction 
coil I of the type shown 
in Fig. 12. The cylin­
ders are filled with a 
solution containing 282 
grams of mannite and 
124 grams of boric acid 

in 1 litre of water, and constitute liquid resistances. 
This solution has a specific conductivity of 0'9 X 10-7 

reciprocal ohms, and is not influenced to any great 
extent by changes of temperature. These resistances 
remain constant, and must not be changed during an 
experiment. The platinum electrodes, b, b, are con­
nected to two terminals, 0, 0, which are mounted on 
glass pillars. 'l'hese ter;minals arc connected to the 
measuring cOlldensers, m, m', made Qf two stout brass 
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plates, 8 ems. high and 30 ems. long, and a unirorm 
glass plate, c. The glass plate may be drawn out 
about 20 cms. along a graduated scale to change the 
capacity, and so after calibration or the condenser at 
various positions or the glass plate, the capacity can be 
directly read off'rrom the scale. The binding screws, 0, 0, 

are further connected with resistances d, d', ror compensa­
ting the conductivity'or the substance under observation. 

I:i 

p 

FIG. 29. 

These resistances are connected at the bottom with the 
other plate or the opposite measuring condenser, i.e. 
d' with Tn, and m' with d. The compensating resistances 
consist or a u-tube (Fig. 29), one limb of which is a 
carefully graduated and calibrp,ted capillary tube, 12 cms. 
long and I mm. diameter. This is fitted with a platinlllll 
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wire, p, which can bc rai~ed or lowered by a definite 
amount by means of the micrometer screw, s. The other 
limb is 5 mm. diameter, and similarly fitted with a 
movable eJectrode, e. A third electrode, t, is fused into 
the bottom of the u-tube. The tube is filled with diR­
tilled water, and when !1 large resistance is required the 
capillary tube is used, whi]::;t for smaller resistances, i.e. 
better conductivity, the wider tube is used. The vessel 
v is a small condenser in which the measnrement is made; 
it consists of a nickel trough, A (Fig. 30), 3'0 cms. 

E 

diameter and 2'7 cms. deep. It is 
c fitted with an ebonite cover, B, 

D 

FIG. 30. 

throngh which a metal tube, C, 

passes; this is attached to a nickel 
plate, D, kept at a definite distance 
from the bottom of the nickel 
yessel by a small glass bead, E. 

A ThiH vessel does not require more 
than 2 C.c. of liquid for a mea­
surenlellt. The telephone, T, is 
attached to the two terminals, 0, 0, 

and the metal trough v to the 
free end of the induction coil. 

The plate of the llleasnring vessel may be attached to 
either e or e', and ill an actual measurement is connected 
alternately with both. 

Before making a measurelllent the condensers 1n and 
m' must be calibrated. This is best done by placing in 
the empty vessel v a plate of glass so that its capacity is 
made to correspond whon added to that of nt' to tho 
withdrawal of the plate c' by 1 cm. The plate c' is then 
placed at zero, and the other condenser plate c with­
drawn until the Round ,minimum i" observed ill thl' 
telephone. Then the measuring vessel u is connected tv 
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/ and c' withdrawn until the minimulll is again obtained, 
~he position is accurately measured on the scale by 
means of a vernier attached to c'. Tqe measuring vessel 
IS now disconnected and c' pbced at division 1 and c 
tgain brought to the lllinimum position; v is then added 
;0 m' and c' again moved to the minimum position, 
which is carefully read. The rest of the scale is treated 
.n exactly the same way. If the condenser plate were 
miform, each addition of the measuring vessel v would 
lernand the same movement of c' and consequently the 
lame addition to the scale reading (approximately 1 cm.). 
rhe corrections for the scale readings follow directly 
:rom the observed readings. The calibration of the 
)ther condenser plate c is cttrrie(l out by direct com pari­
lon with c'. The determination nmy now be carried out. 
rhe two resistances C~ and n' must be made equal. This 
.13 done by starting the coil and moving the electrode in 
me or other until the sound minimum is obtained. 
1'he resistances should be controlled by interchanging 
JlCm, when the i:iound minimulll should persist. The 
)mpty measuring vessel is then connected alternately 
.vith m and 11),', and the plate c' moved each time until 
,he sound minimum is obtained. About 2-a C.c. of a 
iquid of known dielectric constant is added to the 
,essel v, and the measurement made again in the same 
.vay. The vei:isel is then emptied, cleaned and dried, 
md the same quantity of the liquid to be measured is 
)laced in it and the determinations repeated. Should 
;he substance concluct slightly the regulating resist­
lUces d and el' must be changed, so that the sound 
ninimum, which will be indistinct, becomes sharp. If 
)0 is the dielectric constant or the known liquid, 0 that 
)f the substance to be measured, s the number of scale 
livisions the condenser plate has to be moved when the 
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empty vessel is connected, 80 the number for tIl(', tmb­
stance of known dielectric constn,nt, and s for the 
unknown substance, then 

S-8 
D=(D -1)- ~- +1. 

u 8
0
-8 

Meta-xylene, which has a dielectric constant 2'345 at 
2.5°, is the best substance to use for comparison. 

The second method, due to Drude, may be used for 
substt1nces which, in its inventor's own wo)'ds, conduct as 
well as river water. The method depend.~ on tho use of 
Tessla oscillations, and as apparatus for producing these 
is not generally avt1ilt1ble in a chemical laboratory the 
method will not be dcscl'1bceI here. ReneIn's who wi;;h 
to use the methou will find full details in the original 
papers (Zeit. f. Ph'lj8ik Chemic, 23, 1897, 267, and 40, 
Hl02,635). 

The dielectric cOllsLl,llt i;; deterlllined with reference to 
a standard Hubstance, but the actual valne is giyen in 
terlllS of uielectric constant of the YitCUUlll, which, as 
will be seen from the following definition, is ttLken as 
unity: "The dielectric constant may be defined as the 
ratio exiRting between the c<,pacity of a condenser 
filled with the substance under discussion and that of 
the sallle empty condenser ill a vacuum. Since the 
dielectric constant of a vacuum is taken as unity, the 
ratio expresses the dielectric COllstmlt ill t(~l'llIS of that 
:)t a vacuulll." 



CHAPTER VI 

ELECTROMOTIVE l'ORCE 

WHEN a chemical reaction takes place it is sflid to be due 
to chemical afiinity. This quantity cannot be directly 
measured, but it is a function of the energy change, and 
since by the fin-it la,,, of thC'rmodynamics a qnantity of 
energy of one kind may be exactly conyorted into an 
equivalent quantity of energy of another kind, it is 
possible to obtain a measure of the chemical energy by 
determining other energy changes ",'hich accomp:1l1y the 
reaction. Thus the heat of reaction or the electrical 
changes may be measured. In this chapter it is pro­
posed to consider the electrical changes, and for thiH 
purpose the reaetions Htudicd must take place in a 
galYanic or electrolytic cell. Suppose two differellt 
reactions be taken, these may give rise to the same 
quantity of current, but the electrical energy ehanges 
accompanying the reactiolls may still be very difterent; 
for the electrical energy challge is proportional to the 
product of the quantity and the intensity of the current, 
'i.e. the electromotive force or fall of potential. Thus, if 
H represents the electrical energy change, c the current 
strength, and E the electromotive force, 

H=KyE, 

where K is a constant. 
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So that. the electromotive force is directly proportional 
to the energy change, and if determined would give a 
measure of the chemical affinity, which may now be 
defined as the force tending to bring about a chemical 
reaction, and hence becollles the analogue of electro­
motive force. When a reaction t.akes place without the 
addit.ion of energy from outside, the system reacting 
passes from a condition of higher free energy to one 
of lower, i.e. the affinities of the products of reaction 
are less than those of the reacting substances, or, in 
other words, the tendency of these subst:1nces to react is 
less than that of the original substances. If such a 
reaction takes place in an electrolytic cell, the electro­
motive force driving the current which accompanies the 
change is therefore a measure of the difference of the 
free energy of the two systems. Hence the measure­
ment of the electromotive force gives a ready means of 
studying the energy changes accompanying various 
reactions, and of solving other problems connected but 
remotely with t.hese changes. 

Measurement of Electromotive Force 

Of the many methods available for measuring electro­
mot.ive force, that due to Poggendod, and generally 
known as the Compensation method, is most suited to the 
present purpose. If a battery or cell C (Fig. :31) of 
constant electromotive force is connected to the ends of 
a unifOl'm bridge wire AB, there will be a uniform fall 
of potential along its length. The amount of fall along 
any length AD will be proportional to the length AD, and 

equal to the traction ~D of the total fall or potential 
AB. 

along the whole wire. Suppose, now, a second cell E of 
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smaller electl'omoti ve force than C be connected to A 

and through a galvanometer G with a sliding contact D, 

in such a way that its current is opposed to that of c. 
A current will flow through the circuit AEGD, and will 
be indicated by the galvanometer at all positions or the 
sliding contact but one. This point will be that at 
which the fall of potential along the wire from A to D 

is equal to the electromotive force of E. Hence if V is 
the electromotiye force of C, and V' that or E, then 

V : Vi : : Length AB : Length AD. 

FIG. 31. 

1£ the cell C were or quite constant and accurately 
known electromotive rorce the foregoing would con­
stitute a method or measuring electromotive rorce. The 
cell C is generally an accumulator and as is well known 
possesses a variable electromotive force, and further, 
since considerable quantities of current are drawn from 
C it is impossible to substitute the accumulator by a 
cell of accurately known electromotive force. The 
difilculty is surmounted by comparing the accumulator 
with a standard cell or known and constant electro­
motive force, and then compfl.ring the unknown cell 
with the standardised accumulator. Fig. 32 gives the 
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arrangement; the point D' represents the point at 
which the standard cell S gives no deflection in the 
galvanometer, and this is first determined. Then the 
standard cell is replaced by the unknown cell E by 
means of the switch K, and the point of no deflection D 
determined. If V. is the electromotive force of the 

c 
/~. 

/ 0' D 

FIG. 82. 

standard cell, VI that of the unknown cell, and V that of 
the accumulator, 

V: VI:: Length AB: Length AD, 

V : VB:: Length AB : Length AD'; 

combining these expressions 

VI: VB:: Length AD: Length AD'. 

'rhe accuracy of electromotive force determinations, and 
that of the subsequent calculations based on them, 
depends on a careful attention to nmny details in the 
apparatus and conduct or the experiment. These will 
be noted along with the description of the apparatus. 

1. The Stancla1'd Oell. A normal element or standard 
cell must be easily reproducible, and must change but 
slightly with change of ~emperature. These desiderata 
are possessed by the cadmium or Weston element, and 
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in a lesser degree by the Clark cell. 'l'he cadmium cell 
is to be preferred to the (;lark cell, because its tempera­
ture coefficient is less than that of the Clal"l{: element, 
and the electromotive force of the Clark cell has a 
tendency to follow the temperature change irregularly, 
i.e. often when its temperature has changed the electro­
motive force persists for an indefinite period at the value 
characteristic of the original temperature. The \Yeston 
cell may be made by the student himself, and with ordi­
nary care should at once give the correct electromotive 
force. It is made in an H-shaped glass vessel (Fig. 33). 

k A B k 

Fro. 33. 

Platinum wires, a and b, are fused into the bottom of the 
limbs, A and B, and are connected to two terminals 
screwed into the base of the stand. A quantity of 
cadmium amalgam, c, constituting the negative pole, if! 
poured into the limb A to a depth of one centimetre. 
The amalgam is made by warming 7'5-8'0 parts by 
weight of mercury on a water bath, and adding one 
part of pure cadmium to it. The amalgam must be 
poured into A whibt it is still hot, since it solidifies at 
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about 85°, and to prevent cracking the vessel it should 
be placed in a water bath, and heated up to the boiling 
point before the amalgam i" added. An approximately 
equal quantity of pure mercury, d, constituting the 
positive pole, is poured into B. The mercury is then 
covered by a layer of a paste of mercurous sulphate, e, 
2-3 mm. thick, made by grinding in a mortar mercurom; 
sulphate, a few cadmium sulphate crystals tl,nd a drop of 
mercury, together with a small quantity of a saturated 
solution of cadmium sulphate to forlll a thin cream. The 
excess liquid is filtered off through cotton wool, the paste 
again rubhed with cadmium sulphate solution, and agaiu 
filtered. This process should be repeated twice more 
for the purpose of removing any mercuric sulphate 
which may be present. The amalgam in the limb A is 
covered by a layer, /: 2-3 mm. thick, of finely powdered 
moist caLlmium sulphate crystals. Both limbs are then 
loosely filled with fairly large cadmium sulphate crystab, 
and the whole apparatus filled to within 15 mIll. of the 
top with a saturated solution of cadmium sulphate 

3CdSO.8Hp. 
In making this solution it must not be heated above 

7.,>°, for at this temperature the crystals change from 

:3CdS048HP to CdS04H20. 

Greed caTe should be ta7cen to see that neithcr' the 
cwZ1ni(~m sulphate nO?' the metallic cadmiun1 cont(uin 
zinc, aml that the mercury is q7tite pur'e, for' nearly all 
the ir'regularitics obse)'ved in Weston cell.s an due to 
one 01' other of these caitSes. For the method of purifica­
tion of mercury, sec Chapter IV., Part 1. A layer of 
molten paraffin wax, fl, 5 mm. thick, iil poured on the 
liquid in the limb A, and )"hen this has set the [lppamtus 
is carefully tilted, so that a bubble of air enters the 
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closed limb through the side tube. The apparatus is 
then placed in its normal position, and the limb 8 closed 
by a similar layer of paraffin, h. Discs of cork, i, i, are 
then forced on to the parafiin wax, and the top of the 
cork covered with sealing wax, k. A cell prepared 
carefully according to the abo\'e instructions should at 
once give its normal electromotive force, but it ought to 
be compared with a cell of known electromotive force 
before use. The \Y eston cell has the electromotive force 
given in the table below, and for any other temperature 
the value may be calculated by means of the expression 

E= I'OI8G - 0'000038(t- 20)- O'00000065(t- 20)2, 

where t is the temperature and E the electromotive force. 

Temperature. 

10° 
15° 

20° 

Electromotive Force. 

1'0189 
1'0189 
1'0188 
l-(1l86 
1·018·1 

2. Bridge Wire. A bridge wire similar to that de­
scribed in Chapter III. llIay be used for the measurement 
of electromotive force. It must be calibrated before use, 
and should be at JeaRt one metre long. If the raIl of 
potential along the whole wire is about 2 volts an 
accuracy of about 0'2 millivolt is obtainable, which 
demands that the position of the sliding contact must 
be read to 0'1 mm. In most measurements, however, an 
accuracy of 1 Illilli volt is all that is required. 

If more accurate measurements are required a longer 
bridge wire or a potelltiollle~er made up of knowu 
l'el;;i.stanclJs and a wire, ll!U,~t ue useu. 
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2. SOU1'Ce of Our rent. As source of current a cell of 
larger electromotive force than the largest electromotive 
force to be measured must be used. This is found in a 
large lead accumulator of 40-50 ampere-hours capacity. 
Such It cell serves admirably to produce the necessary 
fall of potential along the bridge wire. It has an electro­
motive force of a little over 2 volts, and will not run 
down very quickly. The electromotive force accom­
panying chemical changes rarely exceeds 2 volts, and 
consequently the lead accumulat01: will meet all ordinary 
cases. 

4 . .flfectSlt1·ing Instrument. The measuring instrument 
is only used in electromotive force determinations to 
indicate the point at which the electromotive force of 
the cell to be measured is exactly balanced by the fall of 
potential between the two points on the bridge wire to 
which it is attached, i.e. it serves solely as a zero 
instrument. A galvanometer or a capillary electrometer 
is generally used for this purpose. 1'he former is more 
convenient and less likely to get out of order than the 
latter, but it is influenced by the resistance of the cell 
being measured. Should the resistance of the cell be 
very high, the galvanometer is less sensitive than the 
capillary electrometer. The capillary electrometer, in 
addition to being less expensive than the galvanometer, 
is very easily fitted up, and when in good working order 
answers the required purpose admirably. The capillary 
electrometer is made in many forms, but that illustrated 
in Fig. 34 is best suited for the present purpose. It 
consists of a wide tube, w, 4-5 mm. internal diameter, 
and a bulb tube, B; these are connected by a capillary 
tube, C, 0'5 mm. diameter. A quantity of pure dry mer­
cury, snfficiellt to cause t)w meniscus to stand about two­
thirds up the capillary tube, is poured into w. The bulb 
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of the othcr tube is also about half filled with mercury, 
and the rest of the bulb and tube filled with clilute sul­
phuric acid by means of a fine pipette. The dilute sul­
phuric acid is made by mixing six volumes of water with 
one volume of concentrated sulphuric acid, allowing to 
cool, and then shaking with a drop of pure mercury for a 
few minutes. A piece of rubber tubing is then attached 
to Wand the mercury blown up the capillary until con­
tact is made with the sulphuric acid. 
A few drops of mercury will fall into 
the bulb, and then the thread will run 
back into the capillary, drawing the 
sulphuric acid with it. The walls of 
the capillary mu::;t be thoroughly wetted 
with the acid by drawing the mercury 
up and down by alternately blowillg 
and sucking at the rubber tube, but 
under no circumstances must the acid 
be drawn round the bend of the tube. W 

Electrical contact is made with the 
mercury by means of platinum wires, 
a and b. The wire a must be insulated 6' 

from the sulphuric acid. This is most 
conveniently done by drawing out a 
capillary tube from 11 piece of glass Fro. 84 

tubing, threading the wire through it, and then sealing 
the lower end, leaving about 0'5 cms. projecting for the 
purpose of making contact. The outside ends of both 
platinum wires should be fused to insulated copper leads, 
and these permanently attached to two fixed terminals, 
The principle on which the capillary electrometer depends 
may be briefly explained as follow,:il: If the mercury clec, 
trodes of a capillary clectr()me~er are raised to different 
potentialfj by attaching them to the poles of a battery, 
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the one wIll be charged positively and the other nega­
tively. Helmholtz and Lippmann have shown that 
when a mercury surface is charged positively its surface 
tension decreases, but when charged negatively the sur­
face tension increases. Hence, if the mercury in the 
capillary tube is charged negativ(dy, its surface tension 
will increase, and consequently it will travel up the 
tube; in the same way, when it is charged positively, 
it will descend the tube, owing to a decreased surface 
tenRion. When there is no difl'erence of potential between 
the two mercury surfaceR, i.c. when the cell being 
measured is exactly balanced by the potential fall on 

FIG. 35. 

the bridge wire, the mercury thread in the capillary will 
remain stationary. Hence it follows that such an instru­
ment will serve excellently as a zero indicator for the 
comparison of small potential differences, but it is of no 
use whatever as an electrometer in the strict sense of the 
word, for the amount of movement in the capillary is 
not uniformly proportional to the potential applied. 
'1'he electrodes of a ~apillary electrometer must be con­
nected together by lllCU,m; of 1L short-circuiting tapping 
key when not adually employeel ill makillg' tt llIeaSUl'e-
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ment. Such a key is depicted in Fig. 35. It consists of 
a metal bar, ab, actuated by a spring, which is so 
arranged that its position of rest is against the plati­
num contact c. The electrometer is connected perma­
nently to the terminals e and f, and consequently is 
always short-circuited. The terminal 9 and one of the 
fixed terminals of the electrometer are connected to the 
circuit containing the cell to be measured. The termi­
nal 9 is connected to a platinum contact d, so that on 
pressing down the key, contact is made between the 
electrometer and the rest of the circuit; on releasing the 
key again the circuit is broken, and the electrometer 
short-circui ted. 

Although the capillary 
electrometer will work, no 
matter in which direction 
the current flows, yet it is 
advisable to connect it so 
that the positive current 
flows from the bulb to the 
capillary. This effectually 
prevents the formation of 
mercurous sulphate in the 

;1-

/ c--
~-

E'w.36. 

capillary, which inevitably occurs after short usage if 
the current flows in the opposite direction. The scheme 
for connecting a capillary electrometer to the cell circuit 
is given in Fig. 36. 

As the point of balance is approached the move­
ments of the mercury thread become very small, and 
it is necessary to observe them by means of a low 
power microscope. Oapillary electrometers may be 
purchased, fixed in a stand to which a suitable micro­
scope is attached. One of these is illustrated in Fig. 37, 
which, as will be seen, is fitted with a small lamp h for 

~~IL H 
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i1luminating the capillary. A small vertical scale is 
placed in the eye-piece of the microscope. This may' be 
used to compute fractions of a millimetre on the bridge, 
if the electrometer is working sufficiently sharply. 
When an electrometer is working perfectly, the mercury 
thread should move sharply on pressing the key, and on 
releasing it the meniscus should move sharply back to 

Fro. 37. 

its position of rest, there should 
not be a slow movement back to 
this position. A capillary elec­
trometer in perfect working order 
ought to indic:1te a potentia,] 
difference of 0'0001 volt. When 
an electrometer ceases to func­
tion properly it may often be 
made to work by blowing two 
or three drops of mercury from 
the thread over into the bulb. 
If this does not make it work 
then doubtless the walls of the 
cttpillary are dirty. It is often 
best when this is the case to 
discard the electrometer alto-

gether, but it may be cleaned in the following manner: 
about 100 c.C. of a hot concentrated solution of chromic 
acid is drawn through it by meallS of a pump; this is 
followcd by a Jarge quantity of distj]]ed water. The 
vessel is then dried by warming and drawing a current 
of filtered air through it. Alkalies sllOuld never be used 
to clean electrometers for they are liable to produce a 
slight roughness on the walls of the capillary which will 
effectually prevent the free movement of the mercury 
thl'f~ad. 
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Testing a Standard Cell 

The first thing to be done after the preparation or: a 
Weston cell is to compare it with a cell of knovm 
electromotive force. This may be carried out in the 
following manner: The apparat\ls is connected up as 
indicated in Fig. 38. The accumulator A is connected 
to the ends of the bridge wire, b, 'W, through a key K. 

The electrometer E is connected to the end of tho bridge 
wire b, to which the positive pole of the accumulator is 

A 

~-

b 
N / ... 

1JJ 

FIG. 38. 

attached, thro\lgh the fixed terminal x, and also to the 
tapping key T through the terminal y. The tapping key 
is connected to the two way switch S, which is connected 
to the standar(l cell c and to the freshly made cell c'. 
The negatiye poles of these two cells are connected 
together and to the sliding contact N. Switches, such 
as arc necessary in this· class of work cl1n ensily be 
made, if not available, in the following IIll1nner. Three 
faidy deep hoIeH, a, b, and c, are bored in a block of 
paraffin wax 01' ebonitc ttS illlwt.raterl ill Fig. 3H; the 
holl's arc fill('d with luereury, alld eUJ1llectiull IlIltue 
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between the pairs il, b and a, c by memJl:l of a stout 
piece of copper wire (l, bent twice at right angles. 
The wires, which are to be connected through the 
switch are amalgamated at the ends and placed in 
the seveml mercury cnps. All wires uRed in electro­
motive force measurements should be flexible and well 
insulated. To compare the electromotive force of the 
freshly made cell with the standard cell, arrallge the 
switch S so that the standard cell is placed in the circuit; 
then, observing the ciLpillary thread through the micro­
scope, depress the tapping key sharply. Notice the 
direction in which the meniscus moves; now move 

FlO. 39. 

the sliding contnct and depress the key again; notice 
whether the movement of the meniscus iR greater or 
less than before. If it is less, continue moving the 
slide contact in the same direction until the meniscus 
moves slightly in the opposite direction; if the move­
ment of the meniscus is greater, then move the contact 
in the opposite direction. When two points, about 1 
cm. apart, have been obtained, at which the meniscus 
moves in opposite directions, place the contact on the 
middle point between them and note the deflection, 
and in this way find the point of no deilection. It 
lllay bo, if the apparatus is working well, that two 
points ()n(~ millimetre ai'lart gi vo defiectionR in opposit(~ 
din·cliuns; when this is the CHilO note the nnmber of 
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microscope scale diviiOions in each direction and c~tl-
, culate from them the position between the two points 

on the bridge at which tlwre ,vould be no deflection. 
Should the apparatus not be working well, or if tho 
cell being measured has a very high rcsistance, the de­
flection may be difficult to observe yvhen nearing the 
point of lmlance. In this case the reading is often made 
easier by holding the key down for a few secol1l1s and 
then suddenly releasing it and obscrving the motion of 
the meniscus back to its position of rest. 

Having found the position of balance for the standard 
cell, place the freshly-made cell in the circuit by altering 
the position of the switch S, and determine the position 
of no deflection for the newly-made cell. If the two 
cell~ have the same eleetrollloti ve force" the point will be 
the same as in the previous measuremellt. If the point 
is not the same the electrollloti ve force of the cell may 
be calculated from the readings thus: 

E.~I.F. of standard: E.lII.F. of new cell :: bN : bN'; 

bN' 
,', E.lII.F. of new cell = bN X E.l\I.F. of standard cell, 

where N und N' are the points of balance of the standard 
and the new cell respectively. 

It is always wise in a series of electromotive force 
determinations to remeasul'C the pOI-;ition of no deflec­
tion for the standard cell at the end of the measure­
mellts to ascertain that the accumulator has not changed. 
There is, however, little danger of this happening if 
a freshly charged accumulator of large capacity is 
used, provided tlmt the accumulator circuit has belm 
closed for twenty minutes before the measurements are 
made. 



118 PHYSICAL UHEMISTHY 

Origin of the Electromotive Force of a Cell 

If the electrollloti ve force of a cell of any kind, e.g. a 
Daniell cell, is measured, tho value oLtainod is made up 
of the sum of several factors. Tho Daniell colI, consist­
ing of a zinc electrode illlmersed in ~L solution of zinc 
sulphate contained in a porous pot, and a copper 
electrode immersed in copper sulphate solution sur­
rounding the porous pot, may be represented thus: 

OuS04 ZnS04 

eu solution solution Zn. 
i.e. Cu" ions i.e. Zn" ions 

The electromotive force of it Daniell cell, or the differ­
'ence of potential hetween the eledrodos, actually measured 
ill made up of the diJt(;l'cnee of potentia] at tllO Ilurfaee 
contact of (1) the COPP0l' and COppel' Dulphab; solution, 
(2) zinc and zinc sulphate solutio]), (;3) copper sulphnte 
solution and zinc suI phate solution, and (+) the copper 
and zinc electrodes with the leads of the apparatus. If 
the temperature is kept constant the potential dit!erencc 
at the connection of the leads with the zinc and copper 
electrodes vanishc8. The potential differences due to the 
other cause8, therefore, make up the potential difference 
between the poles of the cell. In building up cell8 for 
the investigation of energy change8, the potential dif­
ference due to the contact of two li(lUids mU8t he 
eliminated, 8ince it i8 not due in any 8ense to the 
processe8 occuring at the electrodes, but, a8 will bo seen 
latel', to the differences in the migration velocitie8 of 
the ion8. In 80me ca8e8 the value of the liquid cOlltact 
potential C~1n be calculated, but in almost every ca8e 
it can be reduced in amDunt to such an extent at:! to be 
negligible. 
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The li(lUid contact potent.ial lllay be elimina,ted by 
, adding to the two solutions an equal concentration of 

an indifferent electrolyte, e.g. potassium chloride, or 
by making contact between the solutions through a 
saturated solution of potassium chloride, potassium 
nitrate, or ammoni.um nitrate. Ammonium nitrate may 
not be used for alkaline solutions. The elimination of 
the liquid contact potentinJ h:1s the effect of making the 
electromoti\~e force of the cell equal to the sum of the 
potential differences existent between the electrodes and 
their contiguol1s solutions. 

\Vhen a current is being drawn from a cell, chemical 
changes take place at the electrodes; in the case of a 
Da.niell cell the changes are the solution of the zinc 
electrode ,yith the formation of ,..;inc ions, and,the dis­
charge of copper iOllS with the accompanying deposition 
of copper. ~\yhell zinc ions are formed by the solution of 
metallic zinc, the zinc electrode becomes negati\'ely 
charged with reference to the Holutioll of zinc ions, and 
when copper ions are discharged the copper electrode 
becomes positively charged with reference to the solution 
of COppCl' ions. 'fhere is then a difference of potential 
between the /linc electrode and the solution of zinc ions 
conti.guous to it on the one hand, and between the copper 
electrode and the copper ions on the other; the algebraic 
sum of which represents the electromotive force of the 
cell. The electromotive force depends on tIle nature of tho 
metals forming the electrodes and the concentrations of 
the ions in contact with thell1. The difference of poten­
tial between au electrode and its ions gives a measure of 
the tendency of the metal to form ions, i.e. to pass into 
solution. A metal which is positive to a solution of its 
own ions, i.e. one whose ions te:qd to come out of solution, 
is said to have a pOHitive potential, whilst a met:11 which 
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is negative to a solution of its own ions is said to have a 
negative potential. Since the total potential difference 
between the poles of a cell is the sum of the potentials 
at the two electrodes, it follows that if the value of the 
potential difference at one electrode is known, the value 
of the potential difference at the other electrode may be 
calculated, i.e. a mea,sure of the affinity at the electrode 
may be obtained. These single potential differences are 
generally known as "single electrode potentials," and to 
measure them a single electrode of known potential is 
employed, viz. a calomel electrode. 'rhe principle of the 
method of measuring a single potential may be illus­
trated thus: A cell is constructed in two parts, one 
consisting of the metal and solution to be measured, and 
the other of the calomel electrode of known potential. 
The two parts are connected by liquid contact through a 
vessel containing a saturated solution of potassium 
chloride to eliminate the liquid contaet potential. Then 
the electromotive force of the composite cell is measured 
in the usual \Yay. Its electromotive force, as has already 
been explained, is the algebmic sum of the potential of 
the calomel electrode and that of the electrode under 
investigation. The method of calculating the single 
potential difference will be clearer if a specific example 
is considered. 

Suppose a cell is made up of cadmium in cadmium 
sulphate solution and a normal calomel electrode, and is 
found to have an electromotive force of 0'980 volts, with 
the mercury as positive pole. The signs of the poles can 
always be obtained by observing which way the cell 
is connected up when the point of balance is obtained, 
for it is only when the cell is opposed to the accumulator 
that the point of no deflection can be obtained. The cen 
can therefore be represelited thus: 



ELECTROMOTIVE FORCE 121 

+ 
Cd I' Cd", Hg2Clz i H nKCl g 

0'9S0 

indicating that since the mercury is the positive pole, 
the current must flow in the cell as indicated, with an 
electromotive force of 0'980 volts. Now it is known 
that mercury is positive to a saturated solution of 
mercurous chloride in normal potassium chloride by 
0'560 volts at 18°. So that this potential tends to pro­
duce a current in the samc direction as the total current, 
'rhis may be represented thus: 

+ 
Cd I Cd" I H~zCl21 H 

I nRC! g 

0'560 

0'980. 

Since the total potential difference is 0'980 volts, it 
follows that the potential difference between the cadmium 
and the solution of cadmium ions must be 0'420 volts 
and this must be in the same direction as the total 
current, thus: 

Cd I Cd" \ ~1~§:21 Hg 

0420 0'560 
-----_.-+ 

0'980. 

Hence there is a tendency for a positive current to flow 
from the cadmium to the solution, i.e. there is a tendency 
for cadmium to pass into the solution in question, repre­
sented by 0'420 volts, and in this process the cadmium 
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becomes negatively charged with l'ctlpect to itt! solution. 
It is therefore custormtry to express this by saying that 
the potential difference between cadmium and the given 
solution of cadmium ions is - 0'420 volt;;. There are 
many other mcthous of expressillg these results, but if 
the above method is adhered to, much confusion and 
many errors will be avoided. 

The CalO1nel Rlect?·ode. Since the accuracy of all single 
potentials will depend on the accuracy of the calomel 

electrode, the greatest care 
must be taken in making it. 

. -. 

It is best made in a stout, 
wide-mouthed glass bottle A 

(Fig. -to), of about 250 c.c. 
captleity, the bottom of which 
is filled to a depth of 5-10 
mm. with pure mercury n. 
Electric cOllnection is made 
with the mercury by means 
of a short length of platinum 
wire fused into a glass tube 
9 which passes through ., 
rubber stopper R. A few 
drops of mercury are shaken 
down the tube on to the 

IN platinum wire, and a stout 
il - piece of copper wire c, amal-

FIG. 40. garnated at its lower end, is 
placed in the mercury. The copper wire is fastened in 
the tube by running molten sealing wax into the top. 
A glass tube B, bent as in the diagram and fitted with 
a stopcock S, is inserted through a second hole in the 
rubber stopper. A leng~h of about 30 cms. of black 
indiarubber tubing i is attached to the free end of 
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the horizontal u-tube; this is terminated by a glass 
nozzle N, which is tightly packed with cotton wool, 
and closed by an indiarubber cap, made by inserting 
a short piece of glass rod into one end of a short 
length of rubber tubing. A tube W, 1'5 cm!'. diameter, 
is attached vertically to the upper limb of the 1lOri­
zontal u-tube. To fill the vessel: place about 10-15 
grams of pure calomel in a bottle along with a few 
drops of mercmy and 15 C.c. of an accurately pre­
pared N or N/IO solution of potassium chloride, and 
shake the whole together until a thick grey paste has 
been obtained. Then add about 30 C.c. of the potassium 
chloride solution, shake up again, a,llow the calomel to 
settle and decant the liquid. Add two further quantities 
of potassium chloride, decanting each time after the 
calomel has sottled. Then add about 50 C.c. of potassium 
chloride solution, transfer tho wholo to the bottle A, 

and fill to the brim 'with the potassium chloride solution. 
N ow insert the rubbcr stoppel', ha\-ing previously 
opened the stopcock, press the stopper tightly into the 
neck, so that the platinum contact is completely covered 
by the mercury and the solution is driven up into the 
u-tnbe. Close the stopcock and 'wire the rubber stopper 
to the neck of the hottle. Pour potassium chloride into 
the vertical tube so that the u-tube, rubber connecting 
tube and the vertical tube are tilled. Insert the stoppers 
in the vertical tube and the glass nozzle of the rubber 
tubing. 

To use the calomel electrode, the glass nozzle is 
uncovered and ph'wed in the indifferent electrolyte used 
to eliminate the liquid contact potential, the stopcock 
is opened and the mercury electrode connected to the 
circuit. 

The form of calomel electrode described here is less 
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likely to give inaccurate l'\'sults than many other forms, 
for it is nearly impossible for the liquid in the cell to 
become contaminated with other liquids, wl1ich may 
diffuse back from the contact vessel, and furt,her, the 
connecting tube can always be washed out by pouring 
potassium chloride solution through the vertical tube. 
The stopcock S ;;hould alw<tys be closed when the 

I 
I 

w 
j II 

FIG. 41. 

electro(ie is not in n,ctual use. 
The electrode may be made up 
with either a 1l0l'1ll,t] 01' a tenth­
normal solution of potassium 
chloride, and is known either 
as a normal or a tenth-normal 
calomel electrode. The potential 
difference between the mercury 
and solution has the following 
yalues at 18°. 

Normal electrode 
= +0-5600 volts. 

Tenth-llOrlllal electrode 
= +0'6130 volts. 

The temperature coefficient of 
the normal calomel electrode is 
+0'0006 volts per degree in­
crease of temperature, and that 
or the tenth-normal electrode is 
+ 0-0008 volts. This makes it 
necessary, in accurate measure­

ments, to keep the calomel electrode in a thermostat. 
Potentiul Ve,~sels. Single potential differences are 

measured in small glass vessels shaped as in Fig. 41; 
these are about 12 cms. l~ng and 1'5 ems. wide, and are 
fitted with two tubes a and b. The tube a is about 
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2-3 lIllll. diameter and is inserted into the contact vessel 
containing the indifferent electrolyte. The tube b is fitted 
with a small rubber cap. The electrode is supported by 
a rubber stopper G, and consists either of a rod of the 
metal to be ulPHsllred, cemented into a glass tube as in 
the diagram, in which case it must be freshly coated 
with an electrolytic deposit or the pure metal, or of a 
platinum wire, sealed into a glass tube and coated with 
an electrolytic deposit of the metal to be measured. 
Exact instructions for the preparation of the electrodes 
are given under the various experiments. 

EXPEHl11ENT 

Determine the Potential DijJcrence between Copper 
and (t Series of C(YppCl' Sttlphaie Soltdions at 18°, 
.Make a series of solutions of copper sulphate of the 

following concentrations: N, ;0' ~, and l~O' 
Place these solutions in a series of potential vessels, 

and place copper electrodes in the solutions. The 
electrodes are made by fixing lengths of copper wire 
in narrow glass tubes by means or sealing wax, as 
indicated in Fig. 41. The end of the wire which is to 
como into contact with the solution mu."t be clel1ned with 
dilute nitric acid, and then cmltod electrolytically with 
copper. 'rhis is best donc by connecting a series of 
electrodes (4 or 5) in pal'a,llcl, and making them the 
cathode in the electrolysis of a solution of copper sul­
phate in which a thin sheet of electrolytic copper serves 
as the anode. The solution should be made up of 
150 grams of crystallised copper Rnlphate dissolved in 
1000 C.c. or \\'atl'r, to which GO c.<.'. of absolute 111eohol 
and [)O c.c. of concentrated sulphuric acid have Leon 
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added. The electrolysis should be carried out by means 
of two accumulators, and the current cut down to 
1-2 milliamperes. When the eledrodes are uni:formly 
coated with copper, remove them from the solution, and 
wash with distilled water. To ensure the uniformity of 
the electrodes, reconnect them to one another, and place 
them in a solution of copper sulphate, which contains no 
acid, for about an hour. Wash each electrode with the 
solution with which it is to be used. Place the point of 
one of the potential vessels in a stout glass vessel, 
"middle vessel," contaiuing saturated potassium chloride 

~'IG. 42. 

solution, and then place the glass nOlde of the calomel 
electrode in the same solution, as indicated in Fig. 42. 
In this way a cell is built up which is usually written 

Cu Cu" 
Hg2C12 

nKCl 
Hg. 

The middle \'essel should be placed on a shelf in a 
therlllostat at 18°, and then the vessel containing the 
sillgle electrode, or half element, to be measured will 
hang in the water of the Lhermostat, and so gain 
the requisite temperatun~ Conllect the cell with the 
measuring appamtul:l as indicated ill Fig. 3:?, 'where E 
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reprc~ents the cell to be mea~ured. It is necessary to 
have a reversing switch for changing the direction of 
the cm-rent flowing in the cell should it be lncoTrectly 
connected. 

To make the measurement, first find the point of 
balance for the Weston cell; let this be at the point D. 
Then find the point of balance for the composite cell; 
should it be impossible to obbin a point of balance the 
cell is connected up wrong1y, but on reversing the poles 
by means of a reversing switch the point will readily be 
found, say 0'. 

Then 

The electromotive 
force of the 
standard cell 

The electromotive 
force of the 

composite cell 

Length Length 

AD : AD'; 

or, The electromotive force = AD' X 1·0190 volts. 
of the cell AD 

The ynlne of the calomel electrode is known, hence the 
value of the half element On I CuS04 mny be calculated. 
Proceed similarly with the other solutions. 

Further experiments may be made with zinc and 
a series of solutions of zinc sulphate, and silver with a 
series of solutions of silver nitrate. 'rhe zinc electrodes 
are made by rubbillg rods of pure zinc with dilute 
sulphuric acid and then with pure mercury. The amal­
gamated rod~ are soldered to stout copper wires, and 
fastened in glass tubes by means of scaling wax. The 
sil vel' electrodes should be made of lengths of sil vel' wire 
fastened into glass tubes by scaling wax. The uncovered 
euds which come in contact with the solution should be 
coated electrolytically with n thin layer of pure 8ih'er 
from It dilute solntiml of silv,er cyanide ill potassiulll 
cy~lIlide. The solution is made by carefully adding 
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potassium cyanide to a dilute solution (about ;0) of 

silver nitrate until the precipitate at first formed has 
redissolved. The deposition should be made by a current 
of 0'2 milliamperes from two accumulators. 

Effect of Concentration on Potential 

It has already been stated that the electromotive force 
of a cell depends on the nature of the electrodes and 
the concentration of the solutions in contact with the 
electrodes. The effect of concentration will have been 
observed in the last experiment. N ernst has shown 
that the relationship between the potential of a single 
electrode and the concentration of the solution may be 
represented by the expression 

RT 
E= EP+-log, Ca. 

nF 

where E is the potential of the single electrode under 
consideration, C the concentration of the solution, a the 
degree .of ionisation of the dissolved substance, R the gas 
constant, i.e. 8'32 x 107 absolute units, T the temperature 
in absolute degrees, 11, the valency of the ion furnished 
by the electrode, F the charge on one gram equivalent ion, 
i.e. 96540 coulom bs, and EP the norIllal potential (electro­
affinity), i.e. the potential difference between an electrode 
and a normal solution or the ions furnished by the elec­
trode. A list of normal potentials is given in Table IlL. 
Appendix B. 

Putting in the constant values in the above expres­
sion, it becomes 

aIld 

0'058 
E= EP+---loglo Ca a,t 18°, 

n 

0'0.595 
E= EP+----lou· lo Ca at 25°. n h 
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The values of E and EP lllust be put in witb their 
proper signs, so that it follows if the electrode potential 
is positive it will decrease with dilution, whilst if it is 
negative, dilution will make it more negative. 

If the value of EP is known, it is obvious that 
the yalue of aC, i.f. the concentration of the ions, 
in any solution may be determined by measuring the 
value of E for the given solution against the metal 
which furnishes those ions, and using a calomel 
electrode. 

Calculate the potential which the solutions you have 
measured s}JOllld have give]], llsillg the follmving data 
and compare your results with the calculated values: 

------ -- , 

EP. 
I 

No N/lO. ~/50. N/IOO. 
---~-~ 

ZnSO, -

I 

- 0··W:30 I 023 0'30 0'55 0'63 
AgN03 - + ]"()480 

I 
0'5R 0'81 0'01 0'93 

CuS04 - +0'(;060 0'21 0'38 0'fJ3 0'61 

Suppose we have a cell made up of two electrodes of 
one metal dipnina into two solutions of the same salt, 
but of differel~t c~ncentratiolls, e.g. two silver electrodes 
(lipping into two solntions of 8ilve1' nitrate of different 
concentrations, 8uch a combination will be found, on mea­
surement, to have an electromotive force, i.c. there will be 
a difference of potential between the two silver electrodes. 
A cell of this type is known as a concentration cell, and 
if the two solutions are in contact with one another 
without any intermediate solution, it is known as a 
concentration cell with migration. The electromotive 
force is not the sum of the electrode potentials, but 
contaim, the potential ditference [1;t the 8urfaee of contact 

s.c. II, I • 
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solutions, and is given by 

E=_v_ X 2 X 0'058 10 a10l, 
u+v n glO a20 2 

where V 
1{,+V 

is the transport number of the anion, n the 

valency 01 the metal, 01 and C2 the concentration or the 
salt in the two solutions, and a1 and a2 the degree of 
ionisation of the salt in the t1vo solutions. Hence if a 
cell is made up of two solutions of the same salt and 
two electrodes or the same metal, the concentration of 
one solution may be calculated from the measured electro­
motive force or the cell and the known concentration of 
the other solution. 

EXPERmENTS 

(i) Detel'mine the aoncentT(~tion of Silver Ion8 in a 
given Soltdion oj Silver Nitmte. Fit up two potential 
vessels with silver electrodes, prepared as descrihed above. 
Place an N/50 sol ution or sil vel' nitrate in one or the vessel", 
and in the other a solution of silver nitrate of unlmown 
strength (say about N/500). .Make contact between the 
two vessels by dipping them in a middle vessel, containing 
a normal solution of potassium nitrate, and measure the 
electromotive force at 18°. Calculate the concentration or 
the ions in the unknown solution from the expression 

E = 2 X O'05810glo I1_~J, 
1 a 20 2 

where al = 0'91, C1 = 002, and a2C2 is the concentration of 
the ions in the unknown solution. 

nepeat the experiment, placing N/50 silver nitrate in 
the middle vessel and use the formula at the top of the 

pag,e to calculate the ionic concentration; +=0-;>28. 
'l.h1) 
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Confirm your result by measuring the potential of the 
unknown electrode against a calomel electrode, as in the 
last experiment, and calculate from the formula 

E = EP + 0'0,58 log a2C2' 

Compare the results of the two experiments with the 
aetual concentrELtion of silver ions present, being gin'll 

a2 =O·9:3. 

(ii) Detel'mine the Concel1tmtion of ZillC Ions in ct 

Solution (if Zinc Chloride. l\Iake up a solution of zinc 
chloride, place it in a potential vessel and insert a zinc 
electrode prepared as described above. Determine its 
potential, using a calomel electrode as the other half of 
the cell. Calculate E from the result, and by means of 
the equation 0'058 

E = EP + -2-log1oaC. 

Calculate the vlclue or aC, i.e. the concentration of the 
zinc ions. 

Determination of the Solubility of Sparingly Soluble Salts 

It is obvious that the ionic concentration of a saturated 
solution could be determined by the method described 
in the last section. If the ionic concentration of a 
snturatecl solution is known, the solubility of the 
dissolved substance can easily be cttlcl1lated. Hence it 
follows that the solubility of sparingly soluble sttlts 
mtty be determined by means of potential measurements. 
Consider the case of a Raturated solution of silver chloride 
as an example. A saturated solution of silver chloride 
can be readily prepared by adding a drop of silver 
nitrate to 11 quantity of a solution of potassium chloride 
of known concentration. If, a precipitate of silver 
chloride is formed it follows that the solution is Raturated . 
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with silver chloride. The concentration of silver ions 
in this solution can now be determined by the method 
described above. Let C be the concentration of silver 
ions. It is known that the product of the concentra­
tions of the two ions of a sparingly soluble salt gives 
a constant value known as the Solubility Product. 

Hence C X C2 X Gz = L, 

where C2 is the concentration of the potassium chloride, 
G2 the dcgree of ionisl1tion, i.e. C2G2 is the concentration 
of chlorine ions, and L is the solubility product. 

In a saturated solution of silver chloride in water it 
may be assumed, since the solution is so dilute, that the 
salt is completely dissociated, i.e. the cOllcentrati'ons of 
the silver ions and the chlorine ions are alike. Let this 
concentration be Cl' 

Hence C 1 X C l =L, 

~.e. C1 =J'L. 
Now since the molecular cOllcentrlLtion of silver chloride 
is the same as the ionic concentmtion of the silver 
ions it follows that .jL gives the solubility of silver 
chloride in gram molecules per litre, i.e. 

Jcxc2xG2=The solubility in gram molecules per litre. 

Determine the Solnbility oj Sil1:m' Chloride in Water 

at 18°. .l\flLke up a ~O solution of potassium chloride 

and fill a potential vessel with the solution; prepare a 
silver electrode by the method already described, and 
before inserting it in the solution add one drop of a 
10 per cent. solution of. silver nitrate to the solution. 
A precipitate will be formed siguil'yillg that the solution 
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is saturated with silver chloride. Measure the potential 
of the solution against a calomel electrode, using a 
saturated solution of potassium chloride in the middle 
vessel. If E is the single potential of the half element, 
and EP the electro-affinity of silver (see Table Ill, 
Appendix B), the cOllcentration C of the silver ions in 
~he saturated solution may be calculated by means of the 

I'ormula E = EP + 0'058loglo C. 

Having obtained this value, the solubility product may 
be obtained by multiplying it by the concentration of 
bhe chlorine ions present in the solution. Tenth· normal 
potassium chloride is dissociated to the extent of 85 pel 
~ent., hence the concentration of chlorine ions is 
}1 X 0'85 gram ions per litre. 

The solubility product therefore is 

0'1 X 0'85 X C= L, 

lnd JL is the solubility ot silver chloride in gram 
molecules per litre. 

The concentration of silver ions in the saturated 
1Olution may also be determined by measuring the half 
jlement against a solution of silver nitrate of known 

~oncentration. Measure it against an rO solution of silver 

litrate, and calculate the concentration of the silver ions 
n the saturated solution of silver chloride by means of 
ihe expression 

_ v 2 0'O~81 alCI E--- X D oglO --, u+v aC 

iVhere E is the measured electromotive force, +v is the 
u v 

iransport number of the NO'3 ioh, c 1 is the concentration 
)£ the silver nitrate solution, a its degree .of ionisation. 
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The transport number of the nitrate iOll will be found 

in Table IV., Appendix B; the degree of iOllisation of ~ 
silver nitrate is 0'81. 

Having obtained the value of C, calculate the solu­
bility as described above. Compare the results obtained 
in the two experiments. 

Further experiments may be made to determine the 
solubility of silver bromide and silver IOdide. The 

degree of ionisation of 1~ potassium bromide = 0'85, and 

that of ~O potassium iodide = 0 SG at 18°. 

Cells with Electrodes of Different Concentrations 

That the electromotive force of a cell depends on the 
concentrations of the ions has been seen already. If a 
cen is made up of byo electrodes of the same metal, and 
of one :1l1d the same solution, there will be no difference 
of potential between the electrodes, but it by any means 
the concentration of the metal can be mac1e different in 
the two electrodes, then a difference of potential will be 
set up. Such a concentration cell may be built up by 
using as one electrode a dilute :1malg"ll1, i.e. a solution 
of the metal, whose ions are present in the electrolyte, 
in pure mercury. An amalgam of this sort will have a 
potential which depends on the concentmtion of the 
metal, when in contact with a solution of its own ions. 

EXPERIMENT 

Determ,ine the Potential D~tlerence between Zinc 
Amalgam of 1.laTio1ls conccntmtions ancl a Solnli:on 
of Zinc Sulphate. This experiment must be carried out 
in a potential vessel of the type depicted in Fig. -1:3. It 
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consists of an ordinary potential vessel, 20 cms. long and 
2-3 cms. diameter, fitted with a side tube which has a 
tap, E, at the bend. The vessel is closed by a rubber 
stopper, which carries a glass stirrer, C, a protected 
platinum electnde, B, and a rod of pure zinc, A. Place 
about 5 C.c. of pure mercury, accurately weighed to the 

nearest centigram, in the vessel, an(l then fill with a 
normal solution of zinc sulphate. Insert the stopper, 
taking care that the platinum point is completely im­
mersed in the mercury, and then close the tap E. The 
tap must be quite free from grease in this experiment, 
and should be wetted with the solution of, zinc sulphate 
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before being inserted. Connect the zinc rod, through a 
large variable resistance and a milliammeter, with the 
positive pole of a battery of two accumulators, and the 
platinum point with the negative pole. Allow a current 
of 3-10 milliamperes, accurately measured, to flow for 
about four minutes, also accurately measured, using a 
stop-watch to determine the time. Then break the cir­
cuit, stir the amalgam and measure the potential differ­
ence between the zinc rod and the amalgam. The 
potential difference between the amalgam and the calo­
mel electrode shoulcl also be measured, contact between 
the two electrodes being made through a middle vessel 
containing a saturated solution of potassium chloride. 
Then reconnect the zinc rod to the battery circuit and 
allow the current to flow for 10 lllinutes; measure the 
potential differences as before. Allow the current to flow 
for further periods ot 10, Hi, 20 and 30 minutes, and 
measure the potential differences. 

Record the results in tabular forms thus: 

'" '" ~ <: 1"0 S . ~ ,:l ~'M ~ ~ ~ "8 oJ 

" S '" 0 A] .2..E..{)~ " ...s~ ~.~ " " ,~~ ~D ~ S ~ " ~ s " " ~ ... 
.S " ~ ~~ ~ ca ~ rx.t= " g. ~;; g.~~ ~'ce "" '" ~ "" to A s 0 c" ~ d 0 ~~ 
E=i Eo< f;tsl 6 tslS 

" '0' 
~ ~~ 
E '" " --=2 
'" ]~ 
"" A "'.~ 0"0 

2 3 4 5 6 7 9 10 

'1'he weight of zinc dissolved in the mercury is obtained 
by Faraday's Law from the expression 

Q=Czt, 
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where Q is the weight of zinc in grams, C the current 
strength in amperes, z the electrochemical equivalent, 
and t the time in seconds. The value of z for zinc is 
0'00338, the value for ct is the total number of 
coulombs, i.c. the number given in column 3, obtained 
by multiplying the current in amperes by the time in 
seconds. The values in column 5, i.c. the concentration 
or the zinc in grarn molecules per litre are obtained from 
the expression 

(" t' Qx1000 ooncen ratIOn = (' _ , v x);) 

where Q is the weight of zinc, v the volume of mercury, 
and 65 the molecular \yeight of zinc in mercury solution. 
The values in columll 6 are those actually measured 
against the zinc rod, and the values in column 7 are the 
differences between the successive measurements. The 
values in column 8 are the figures obtained for the 
composite cell, 

Zn Amalgam I ZnS04 \ Calomel Electrode, 

and the figures in column 8 are the differences bebveen 
the succebsive values. The values obtained in columns 
7 and 9 should be identical. The calculated differences 
are obtained from the expression 

0'058 C E=--log ~,J, 
11, 10 C

2 

in which 11, is the valency of zinc, i.e. 2, c1 and c2 are the 
cOllcentrations of the two amalgams, and E is the differ­
ence of potential which ought to exist between them if 
they were the two electrodes in 11 cell. 

Further experiments may be carried out with copper, 
lead and cadmium amalgams. For detail::; f'lee Spencer 
(Zeit f. Elekt1'ochemic, 1905, 41,,(jS1). 



CHAPTER VII 

ELECTTIOMOTIVE FORCE (Continued) 

Gas Cells and Electrodes 

[N the last chapter, cells made up of re\'ersible soluble 

d 
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FIG. 44. 

a 

electrodes ,vere considered; 
it is also possible to have 
reversible gas electrodes, 
i.e. cells in whi.ch the elec­
trodes are gases whose ions 
are present in the solution. 
At first sight it appears im­
probable that a gas which 
has no metallic conducti vity 
can serve as an electrode, 
but by a special contri vance 
this becomes possible. The 
arrangement is given in 
Fig. 44, and consists or a 
glass potential vessel, A, 
fitted with three side tubes, 
(I, b, fmd c, and an electrode, 
el, made of a sheet of plat­
inum which is coated with 
platinum black and half 
immersed in the solution. 

The gas under cOll-.;ideration is slowly bubbled into the 
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vessel through a, and is absorbed by the platiuulll black 
to an amount which is in equilibril1111 with the gaseous 
atmosphere surroun(ling the elcctrode. The platinum 
then behn,ves as a gas electrode, i.e. as though it were 
made entirely of the gas in question. By means of sl1ch 
an arrangement gas electrodcs of hydrogen, oxygen, and 
chlorine may be measured if the solutions in which they 
are immersed contain hydrogen, oxygen, and chlorine 
ions respectively. An acid solution always contains 
hydrogen ions, and consequently the concentration of its 
ions may be measured by means of a hydrogen electrode. 
Oxygen ions are always present in an alkaline solution, 
being deri ved from the dissocin,tioll or the hydroxyl 
ions thus: 40H'::: 20" + 2HzO. 

Chlorine ions are always present in solutions of chlorides. 
Gas cells obey exactly the same laws as cells with 

metallic electrodes, and consequently may be treated in 
exactly the same way as these cells. 

For example, a hydrogen concentration cell may be 
consi(lered thus: 

H21 Concentm~ed H?l.ution I Dilute .solut.i?ll of I H
2

• 

of Hel, ~.e. H IOns HCI, 1.C. H IOns I 
The electromotive force of thii::l cell is given by 

E-~. RT log alCl 
- n+'v nF 'a2C2 ' 

where the symbols have the same f:>ignificance as in the 
former cases. 

EXPERL1IIE~TS 

(i) DetC1'mine the Electr01not'i~'e Fone of a Hydrogen 
Goncent?'ation Cell made up 0/ two Solutions of Hydm­
eliZaric Acid, at 180

• The success of this expeJ'imevt 
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depends on the platinum electrode, which must be pre­
pared with the greatest care. The electrode consists of 
a strip of platinum foil, 3 cm. long and 1'5 cm. wide; 
this is welded to a short stout piece of platinum wire, 
which is fused into a glass tube, electrical connection 
being made by a drop of mercury placed in the tube. 
The foil is then coated with a uniform layer of platinum 
black. For the method of coating with platinum black, 
see Chapter III. 'rhe electrode, as thml prepared, may 
contain a large amount of occluded chlorine. This is 
removed by allowing the electrodes to stand in a solution 
of ferrous sulphate, acidified with sulphuric acid, for half 
an hour. The electrodes aro then thoronghly washed 
with distilled water, and kept in water until required. 
If electrodes prepared in this way are used for measuring 
gas potentials, a considerable time, amounting sometimes 
to hours, must elapse before an equilibrium between the 
gas and the solution is set up. ·Wilsmore hilS found, how­
ever, that if only a small quantity of solution is used in 
the potential vessel, the equilibrium will be set up in a 
quarter of an hour. An electrode, which gives the poten­
tials very quickly, has been devised by Luther and Brislee, 
and is preferable in every way to the one described above. 
Such electrodes may be purchased very cheaply, but are 
quite easily made in the following way: A piece of J ena 
tube is drawn out to the shape indicated in A (Fig. 45). 
The surface of this tube from u to b is then coated with 
a thin uniform layer or chloroplatinic acid in oil of 
bergamot, and dried by carefully warming it above a 
bunsen flame, taking care to keep the tube constantly 
rotated the while. In this way a thin film is produced, 
which may be thickened by applying a second coating 
of the solution. When tile film is thick enough the tube 
is rapidly rota~ed in the lower part or the bunsen flame; 
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thi::; will cause the film to darken, due to the decomposi­
tion of the oil in the film. The heating should be con­
tinued in this part of the flame until the tube is uniformly 
black. It is essential to note at this stage that the film 
must not be blistered; if this has happened the whole 
process must be recommenced. The tube is now heated 
more strongly until all the organic 
matter has been completely burnt 
away. The tube will then present 
a greyish white appearance, but the 
platinum will em;ily peel off. To 
prevent this the platinum is burnt 
into the glass by heating to bright 
redness in a blowpipe flame. The 
tube is then drawn off at a, and a 
piece of soft tubing is placed over 
the end b, and cemented to the 
electrode by sealing wax. Oontact 
is made .between the thin platinum 
layer and the circuit by means of B 

.J, drop or mercury. The electrode 
must finally be coated with a layer 
of platinum black, and when fin­
ished has the appearance depicted 
in B (Fig. 45). The potential vessel 
differs slightly from the "csscls 
used hitherto; it is fitted with three Fw. 45. 

b 

A 

a 

side tubes, a, at the bottom, narrowed as in Fig. 44 for 
the adlllission of the gas, b at the top for the gas exit, 
and c, fitted with a tap, for insertion in the middle vessel. 
The tap in the tube c must not be greased, but may be 
wettefl with the solution contained in the potential vessel. 

To make a determination: Jill one potential vessel 
with a llormal solutioll of hydrochloric ,acid and the 
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other with a tenth-normal solution of hydrochloric aeid, 
insert the electrodes, open the taps, and allow the acid to 
flow out until the electrode is about hall' immersed in 
the liquid. Connect the tube (L in each case to a 
hydrogen generator, and the tube b to a small mercury 
trap. Place both potential vessels in a middle vessel, 
which sta,nds in a thermostat at 18°, and contains a nor­
mal solution of hydrochloric acid. Allow 11 slow stream 
of hydrogen to bubble through the solutions for half an 
hour. The hydrogen should be purified by passing 

A 
+ -

through wash bott1es conbining potassium perman­
ganate and mercuric chloride respectively, and finally 
through it solution of hydrochloric acid of the same 
strength as the solution in the potential vessel. Connect 
up the gas cell to the measuring circuit, and determine 
its electromotive lorce, keeping the hydrogen bubbling 
through all the time. AllO',v the gas to pass for twenty 
minutes longer and rerneasure; repeat the process until 
the electroInoti ve foree i~ constant. 

As the electromotive force of thi::; cell is not very 
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large the position of balance will come near the end of 
the bridge wire, aJ1<l will be liable to considerable error. 
Hence it is preferable to measure the cell by connecting 
it in series with the stancbrd cell. The schcme of con­
nections for this is given in Fig. 4\), in which c is the 
standard cell and c' gas cell. The cell c is finst measured 
1)y placing the ann of the switch s in the position 1, :1, 
and then the two cells in series are measured hy placing 
the switch arm in the position 1, 4. If N is the position 
of balance for the cadmium cell and N' for the two cellR, 
then we have the relationship: 

E.l\1.F. of 
standard cell 

E.~LF. of 
standard cell :: length bN : length UN', 

+ hydrogen cell 

i.e. KM,F. of (bN' E.'1LF. of) E.;lLF, of 
hydrogen cell = uN X standard cell -standard cell, 

and inserting the value of the standanl cell at 18° 
we get: 

( liN' ) E.lILF. of hydrogen cell = liN X 1'019 - HnD volts. 

Compare the value you obtain with the value calcu­
lated from the expression: 

E = __ 3::_ x 2 x 0'Oil8 100' ~_1 °1 
n+'/,; 1:">10 (12 0z' 

where 01 and (11 [tre the conccntr:ttion al\d degree of 
ionisation of the more concentrated solution, and 02 and 
a 2 of the more dilute solution. The value of al for N 

hydrochloric acid is O'SO, and that of a2 for 1~) hydro­

chloric acid is 0'91. The transport number of the anion 
is 0'172. The experimental re~ult should be within 2-il 
per cent. of {,he calculated value. 
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(ii) Determine the Degree of Ionisation of Water at 
18°. Since water is ionised it follows from the law of 
mass action that in any solution containing either 
hydrogen or hydroxyl ions, 

Concentration of H' ions X concentration of OH' ions 
= constant X concentration of water. 

The concentration of undissociated water is alwilYs 
extremely lilrge when compared with the concentrations 
of the ions, and consequently may be rcgilrded as con-
stant. Hence H' X OH' = K. 

From which it follows that every solution containing, 
OH' ions must contain H' ions to the extent represented 

by 9:'. Prepare 1~0 Clolutions of caustic pob:',h and 

hydrochloric acid and place them in potential vessels 
fitted with electrodes as described in the last experiment. 
Pass a current of hydrogen through the solutions, and 
measure the elechomoti ye force of the cell 

H2 I 0'01 N, HOI I 0'01 N, KOI I 0'01 N, KOI-I I H 2 , 

as described in the last experiment, using a hundl'edth­
normal solution of potassium chloride in the middle 
vesse1. J.Jet Eo be the measured value of the electro­
motive force or the cell; this value wj}} be found to 
differ from the value calculated from the expression 

u C1 E = 0'058 100" _I_ 
I 010 C

2
' 

where C1 and al are the concentmtion and degree of 
ionisation respectiyely of the hyc1rochlOl'ic acid, and c2 

is the concentration of the hydrogen ions in the caustic 
potash. 

The differeJlce betwe~lI the ubsened and calculated 
values of the cell ii-> due to the large licluid contact. 
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potentials at thc surfaces of contact of HCI and KCI and 
KCl and KOH; and since thcse oppose the electrode 
potentials the measured value will be smaller than the 
calculated value. In the case of completely dissociated 
sohltions it is possible to calculate the potential difference 
at the liquid contacts. Thus, if there are two completely 
dissociated solutions of hydrocliloric acid and potassium 
chloride in contact, the contact potential will be given by 

where u and v are the mobilities of the ions whose 
symbols are written beneath theil!, and the other letters 
have their usual meaning~, 

For the purpose of calculating the contact potentials, 
the solutions measured ill this experiment may be 
regarded as being completely ionised, so that the 
potentillJ difference at the surface of contact HCI l KC1 
is given by 

and at the surface of contact KCl I KOH 

O -81 VOH + 1fj{ t 8° Ec'= 'OD oglO------ aI, 
V Cl +1cK 

where u and V are the lllolJilities of the IOns whose 
symbols are written beneatll them. :From Table V., 
Appendix, the mobilities of the ions in question are 
found to be H'=318, OH'=174, C1'=65'9, and K'=65'3. 

Hence Ec and Eo' calculate out to Ec = 0'0271 volts and 
Ec' = 0'0151 volts; these two potentials act in the same 
direction, but in opposition to the electrode potentials; 
hence to get true electrode potential th~ sum of the 

s.c. II. K 
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contact pot.entials must be added to the experimentalJy 
determined value Eo, 

~.e. Eo + 0'0422 = the electrode potential difference EtJ 
aC 

Eo+0'0422 = El =0'058loglo ___!_!' c2 

Now, since the concentration of the hydrogen ions is 
known in the hydrochloric acid, it follows that the con­
centration of the hydrogen ions in the caustic potash 
solution may be calculated from the above expression 
(al =0'98). Knowing the concentration of the H" and 
OR' ions in the caustic potatffi Bolution, the degree of 
ionisation of water may be calculated: 

H'xOH'=K, 
and since in pure water H" = OR' it follows that ..ji< 
gives the concentration of R' and OH' ions in water. 

In the calculation the concentration of OR' ions in 
caustic potash may be taken as 0'0097, i.e. 0'01 X a2, 

where a2 =0·97. 
The degree of dissociation of water at 18° is 0'8 X 10- 7. 

(iii) Determine the Degree of Hydrolysis of an 1;00 

Solution of Soclium Acetate. Sodium acetate is hydro­
lysed in water solution according to the equation 

CH3COONa+Hp~CH3COOH+NaOR, 

consequently there are both hydrogen and hydroxyl ions 
in the solution, the concentration of which may be deter­
mined by the method described in the last experiment. 

Make up 1~0 solutions of hydrochloric acid and 

sodium acetate, and construct from them a hydrogen 
concentration cell according to the scheme 

R~ \ H~O()HCl !T;ooNaCl\ I~OCH:1COONa I H2 o 
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Use H~O sodium chloride in the middle vessel, and 

measure the electromotive force of the cell. 
Calculate the liquid contact potentials at the surfaces 

HCI I NaCI and NaCI I CH3COONa, and add their values 
to the observed electromotive force. Then calculate the 
concentration of the hydrogen ion C2 in the sodium 
acetate by means of the expression 

-0'0-81 alCI E- 0 og10-~' C2 
where a1 =1. 

From the relationship 

H' X OR' = K= 1'1 X 10-14 

the concentration of the hydroxyl ions can be obtained 
by substituting the value c 2 in the expression thus: 

1'1 X 10-u 
OH'=, . 

C2 

The. percentage hydrolysis of 10~0 sodium acetate is 
then gIven by 

Concentration of OR' X 100 
P = Concentration of sodium acetate 

1'1 X 10-14X 100 1'1 X 10-9 

= 

Electrodes of the Second Type 

The methods adopted for the measurement of potential 
differences have, so far, furnished no means of consider­
ing the potentials of ions which are not directly furnished 
by an element, c.g. 804", NOs', CH3COO', etc" i,e. chiefly 
anions of other than binary acids. '1'hese ions may be 
measured bv electrodes of the second tvne. An electrode 
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::>f this kind consists of a metal in contact with its 
sparingly soluble salt which contains the same anion as 
the solution under consideration, Thus, for txample, 

Ag . AgCI. KCl 

would constitute an electrode of the second type, for the 
measurement ot chlorine ions, whose potential would 
depend entirely on the concentration of the chlorine ions 
furnished by the potassium chloride. 

We have seen that the potential in electrodes of the 
first type depends on the concentration ot the metal ion; 
in the above case, then, the potential of the electrode 
would depend on the concentration of the silver ions 
furnished by the silver chloride. The number of the 
silver ions is, however, determined by the number of the 
chlorine ions, according to the expression 

Ag'xCI'=L, 

where L is the solubility product of silver chloride, which 
at 18° is equal to 1'10 X 10- 10

, II potassium chloride is 
added to a saturated aqueous solution of silver chloride, 
the concentration of the chlorine ions will be very much 
increased, and the silver ions, according to the above 
equation, will be correspondingly decreased, i,e, the con­
centration of the silver ions will depend absolutely on 
the concentration of the chlorine ions. Consequently 
Ag, AgOI may be viewed as, and is in reality, an electrode 
for measuring chlorine ions, 

The N ernst equation for snch an electrode is 

RT Ag' 
E=--log -, 

F e K 

where K is a constant, Ag' the concentration of the 
silver ions, and the C3ther symbols have the usual 
meaning 
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Now 

Hence 

or taking out ~ 
K1 

Ag'= IT/; where K1=L. 

c RT K 
E=-loge Cl 1" 

F K. ~ 

RT K RT , 
E= ~-loO' ----log C1 

F be Kl F e 

when the concentration of the chlorine ions is unity 

RT K E=--loO' ~, 
F ""e Kl 

and this is designated EP, i.e. the potential difference 
between the electrode Ag. AgCl, and a normal solution of 
chlorine ions. 

E = EP - RT loge Cl'. 
F 

Hence 

To use such an electrode it is necessary to know the 
value of EP and insert it in the equation. The value of 
EP is determined by making up such an electrode with a 
solution of potassium chloride containing a known con­
centration of chlorine ions, and measuring the single 
potential against a calomel electrode; then since in the 

equation E - EP - 0'058100" a C - b10 1 1 

all the factors are known but EP this can be calculated. 
E is the measured single potential, C1 is the concentration 
of potassium chloride, and a1 its degree of dissociation. 

EXPERBIENTS 

(i) Determine the value of EP for a Ca?'bonate Electrode 
at 25°. Prepare about 5 grams of pure silver carbonate 
by slowly adding a dilute solution of sodium bicarbonate 
to a concentrated solution of silver nitrate, ,shaking the 
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mixture v,igorously during the addition. If the silver 
carbonate has been correctly prepared it will have a 
sulphur-yellow colour. Wash the precipitated carbonate 
with water to remove the excess of bicarbonate, and 

finally wash with an ~o solution of plOre sodium carbonate 

solution. The sodium carbonate sho\lld be extracted with 
absolute alcohol, before being made up, to remo\'e any 
free caustic soda which it may contain. Place about 2-3 
grams of the moist silver carbonate in a 125 c.c, stoppeFed 

bottle, fill the bottle with ~O Rodium carbonate solution, 

close the bottle with a rubber cap and sh(1ko in a 
thermostat at 25 D for 24 hours, so that the solution may 
become satul'11ted with sih'er carbonate. Place about 
one gram of silver carbonate in a potential vessel; fill 
the vessel with the saturated silver carbonate solution, 
insert a freshly-silvered silver electrode, prepared as 
described in Ohapter VI., and measure the potential 
against a normal calomel electrode, using saturated 
potassium chloride in the middle vessel. Oare should 
be taken that the silver electrode is entirely covered by 
the silver carbonate. 

If E is the measured single potential, 

0'059.'> I 00 " 
E=EP-~-2- oglO 3' 

The concentration of the C03" is obtained in the fol­
lowing manner: 0"1 N sodium carbonate is dissociated to 
the extent of 63'5 per cent. and hydrolysed 4'52 pel' cent. 
Had there been no hydrolysis, then the concentration of 

b t · 1 ! b 0'1 X 0'635. t . 1 t 
~ar ana e lOns wou c e :2 ) SInce wo eqmva en s 

o£ sodium carbonate yif')lcl one gram ion o£ carbonate 
ions. 
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But of the total sodium carbolltLte 4'52 per cent. is 
hydrolysed, i.e. 0'5 X '0452 X (H gram equivalents of 
hydroxyl ions are present. 

From the equation 

Na2C03 +H20=NaHC03 +NaOH 

it follows that of the total sodium ions there are two 
present due to each molecule of sodium carbonate hydro­
lysed, i.e. one for the Re03' and one for the OH', So 
that '0452 X 0'1 of the total sodium ions present are due 
to the ionisation of sodium bicarbonate and sodium 
hydroxide formed in the hydrolysis. The difference 
between this quantity and the total number of sodium 
ions present givcs the number of sodium ions due to the 
dissociation of sodium carbonate, i.e. the quantity which 
is equi,"alcnt to the carbonate ions. 

~,e, 0'1 X O'G35 - 0'0452 X 0'1 : 

and since each carbonate ion correspond" to two sodium 
ions the concentration of the carbonate ions is equal to 

HO'l X 0'635 - 0'0452 X 0'1) = 0'0295. 

Substituting this yalue in the above equation, EP can 
be calculated and should have the value 0'7457 volts. 

(ii) Deterrnine the 8()lL~bility and Percentage Hyd,/'o­
lysis of a ScdltmtC(Z Solution of Silver Ccwboncde at 25°. 
Prepare a quantity of pure silver carbonate by thc 
method described abo\'c, place 5 grams of the moist salt 
in each of two 125 c.c. stoppered bottles, fill one bottle 
with carbon-dioxide free water, and the other with an 
approximately normal pure sodium carbonate solution. 
Stopper the bottles, close the stoppers with rubber caps, 
and shake in a thermostat at ~5° for 2J hours. Measure 
the potentials of both soluti~ns against a calomel elec­
trode, using the carbonate electrode described in the last 
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experiment. From the single potential,~ we can calculate 
the concentrations of both the silver ions and the car­
bonate ions in each solution. 

The silver ions by means of the equation 

E = 1'075 + 0'0595loglO c", 

where 1'075 is the value of EP for silver, e" the concen­
tration of silHr ions, and E the measured single potential 
difference. 

The carbonate iOllS by means of the expression 

E = 0'7457 - 0'0291og1o c', 

where 0'7457 is the yalne of EP for the carbonate ion, 
determined in the last experiment, c' the concentration 
of the carbonate ions, and E the measured single potential 
difference. 

The solubility 
giyen by 

product or silver carbonate is now 

(C")2 x C' = L. 

In pure water solution, t1ss11llJing there is no hydro­
lysis, the concentration of the silver ions is twice that or 
the carbollate ions, 

~.e. :}Ag'=OOt, 

and Ag' x Ag' X C03" = L ror a water solution, 

or HAg')3= L, 

Ag·=,J2L. 

N ow the concentration of JAg" is the same as the 
molecular concentration of silver carbonate, 

i.e. Solubility or silyer carbonate = },u2(C,,? xc'. 

Calculate the solubility of silver carbonate from botJl 
experiments by the above formula. The value has been 
round hy Spencer and Le PIa to be 1-15 x 10-4 gram 
molecules per litre. • 
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The degree of hydrolysis of silver carbonate may be 
calculated in the following manner: 

If silver carbonate is hydrolysed, and, as we may 
assume, completely ionised in a<lueous solution, then we 
shall have present the ions Ag', OR/, HCOg', and C03". 

The equivalent concentration of the silver ions, as the 
only cations prc.~ent in any quantity, must be equal to 
the sum of the equivalent concentrations of the COt, 
OH', and HCOg' ions. Hence the sum of the OH' ions 
and the HC03' ions is equal to the difference between 
the Ag' ions and the COt ions. If we represent the 
equivalent concentrations of the ions by their symbols 
the above may be expressed, 

Ag' = OH' + C03" + HCOg' 

Ag -C03"=OH/+HCOs'. 

N ow the concentrations of the OR' ions and the 
HCOs' ions are the same, as will be seen from the 
equations 

Ag~C03+HP::AgHCOg+AgOH, 

which, when completely dissociated, giyes the ions thus: 

AgHCOg +AgOH=:;2Ag' +OH' + HCOg/. 

Hence the concentration of the OH' ions is given by 

OH/= Ag' -C03" 

2 ' 
or, since the concentration of the Ag' ions and COs" ions 
are known, c" _ c' 

OH/=~. 

Hence the percentage hydrolYHis Ii is given by 

l = (c" -C')lOO 
L 2c" . . 

The value of Ii should work out to 96'9 p~r cent. 
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Electrodes of the Third Type 

The foregoing types of electrode!:! have not furnished 
a method of dealing with metals such as calcium, barium, 
thallium, etc., where the metal reacts with water. 

The potentials of these metals may be determined by 
electrodes of the third type. It was shown by Luther 
(Zcit f Physik; Chemic, 27, 364, 1898) that if a chain be 
made up consisting of a metal, one of its insoluble salts, 
an insoluble salt of another metal containing the same 
anion, and a solution of a salt containing the same 
cation as the second insoluble salt, such an electrode 
serves to measure the concentration of the metallic ions 
in the solution, provided that the EP of the chain has 
been determined. An example will make this clearer. 
Suppose we have the chain 

Hg I HgI. 'I'll . TINOs I 
such an electrode obeys the usual Nemst formula 

RTI Kl 
E=- ogeH~' nF g 

where the symbols have their usual meanings. If such 
an eleettode be measured the potential will depend in 
the first place on the concentration of the mercury ions 
furnished by the mercurous iodide; this is, howeyer, 
controlled by the concentration of the iodine ions given 
by the thallous iodide, which are in their turn deter­
mined by the thallous ions furnished by the thallous 
nitrate. Hence the concentration of the thallous ions 
determines the potential measured. 

This is expressed in the following equations, in which 
the symbols represent concentrations; 

l1g. X I' = K2 , 

Tl"xI'=K s' 
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since the concentration of the iodine ions in both ex­
pressions is the same for a solution saturated with both. 

Substituting the value 
we get 

~f.' = ~2. 
3 

of Hg' in the original eq uation 

RT RT . 
=-loge K4 --loge T1. 

nF nF 

When T1'=1 E=RT 100' K=EP , nF be , 

where EP is the potential difference between the 
electrode HgHgITlI and a normal solution of thallium 
ions. 

The expression resolves itself into 
E = EP - 0'059510glo 'rI' at 25°. 

The thallous ions are not entirely due to the thallous 
salt, a portion of them, i, cOIning from the thallous iodide, 
hence the equation must be written 

E= EP- O'059510glo (c+i), 
where C is the concentration of the thallous ions from 
the solution. For the method of obtaining i see Spencer 
(Zeit f Physik Chelnie, 76, 3, 360). 

In making up an electrode of the third type several 
conditions must be observed. First the depolarisers, i.e. 
the insoluble salts, must be sparingly soluble, and must 
not react with one another nor with the solution. 
The depolal'iser containing the same cation as the 
solution must be more soluble than the other depolariser. 
In the example considered abo,ve thallous iodide is more 
soluble than mercurous iodide. 
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EXPEHIMENTS 

(i) Determine the I.'alne of EP for the Electrode 
HU,H[JI,TlI,nTlNO;l' Place.5 c.c. of pure mercury, 
2-3 grams of mercuric iodide, and 2-3 grams of thallous 
iodide in a well-stoppered 250 c.c. bottle, fill up with 

an ~ solution or tlmllous nitrate, and shake for 24 hours 

in a thermostat at 25°. Place I C.c. or pure mercury in 
a potential vessel, and fill up with the saturated solution, 
taking care that a considerable quantity of the solid in 
the bottle enters the potential vessel. l\fake electric 
contact with the mercury by means or a platinum wire 
fused into a glass tube. l\Ieasure the potential against a 
calomel electrode, using a saturated solution of potassiulll 
chloride in the middle vessel. Calculate the yalue of EP 

by meclns of the expression given ahove, using the value 
of i = 0'00471. 

(ii) Detcrmine the Ooncentration of Thallous Ions in 
a 0'01 N Solution of ThaUOU8 Ohloride. Make up a 
0'01 N solution or thallous chloride, place it in a well­
stoppered 250 C.c. bottle, add 5 C.c. of pure mercury, 
2-3 grams or mercuric iodide, and 2-3 grams of thallous 
iodide. Close the bottle with a rubber cap, and shake 
for 24 hours in a thermostat at 25°. Measure the poten­
tial, as described in the last experiment, and calculate 
the concentration of the thallous ions by means or the 
formula given above. 'l'aking the value of EP as 
+0'5355 and i = 0'00471. From the concentration or 
the thallous ions, calculate the degree of dissociation of 
0'01 N thallous chloride. 
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Oxidation and Reduction Potentials 

When a substance in solution passes from a lower to a 
higher state of oxidation, the change in the positive ion 
can be represented as due to an increase in the number 
of ionic changes; thus, if a ferrous salt is oxidised to a 
ferric salt, the change may be represented by the equation 

Fe"+ (i) = Fe"'. 

In the same way the oxidation of metallic zinc to a 
salt in solution may be represented by 

Zn+2G=Zn". 

'rhe reversal of the above equations will naturally 
represent red uetion. 

Considering a substance which gives rise to negative 
ions, tho change from the free element to ions must 
therefore be described as a reduction, and represented 
thus: 

[mel in the same way the increase of the number of 
negative charges on an anion will represent a reduction. 

As an example of this, the passage of potassium ferri­
eyanide to potassium ferrocyanide may be taken 

Fe(CN)t' +8 = Fe(CN)"". 

If these considerations be granted, oxidation may be 
defined as the taking up of positive charges or the 
removal of negati vc charges, and vice ve1'8(G reduction 
is the taking up of negative charges or the removal of 
positi ve charges. 

'rhe measurement of the potential difference between 
a metal and a solution gives, as has already been seen, 
the tendency of the metal to f'!Jrm ions. or in other words 
gives the tendency towards oxidation 
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It is possible by means or eloetromoti vo rorce measure­
ments to determine the tendency or an ion in a lower 
state or oxidation to pass oyer into a higher state of 
oxidation, 
e.g. Fe" -:. Fe .. ·. 

Such measurements are made possible by the usc or 
platinum clcctrodes. Suppose a cell is built up as the 
scheme below indicntes, 

Pt [ Fe" , Fe'" [ Pt, 

then if the platinum electrodes are connccted to an 
accumulator and a current passed through the solution 
as indicated by the arrow, 

+ -
Pt [ Fe" [ Fe'" [ Pt, 
------

the ferrous ions in the one half of the cell will all be 
oxidisell to ferric ions, and the ferric ions in the other 
half will all be reduced to ferrous iOlls, thus: 

+ -
Pt [ Fe'" [ Fe" [ Pt. 

If, now, instead of connecting the platinum electrodes 
to a battery we short-circuit the cell by connecting the 
two platinum electrodes with a wire, thus: 

Pt I Fe"J Fe'" [Pt, 

then the same process will be set up of itself, the ferric 
ions will give up electrons to the platinum and become 
ferrous iOllS, the electrons 'will pass through the wire to 
the other platinum electrode, and there convert some of 
the ferrous ions into ferric ions. 1'he process will go on 

until an equilibrium is set up, at which the ratio :: ..... 

will be the same in both. solutions. The electromotive 
force with whiSh this change takes place gives a measure 
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of the tendency of the ions to oxidation, and is propor­
tional to the concentration of the ions. 

The expression giving the relationship between the 
electromotive force and the concentrations of the ions is 
a modified form of the N ernst equation 

RT MO 
E(M·~M')= p+-loQ'e-,·, nF U M 

where E(Mo->M') is the electromotive force occasioned by 
the passage of the lower state of oxidation to the higher, 
i.e. the tendency to oxidation, P is the potential repre­
serlting this tendency when the two stages are present 
in equal concentration, MO and Mi are the ionic concen­
trations of the lower and higher stages of oxidation 
respectively, n is the difference in valency of the iOllS in 
question, and the other symbols have the usual meanings . 

. Method of Measu1"enwnt. In making a measurement, 
It solution is made up of Ralts of the same anion, but in 
different states of oxidation. 'Thus, taking a specific 
case, a solution of ferrous and ferric chlorides is made up 
and placed in two potential vessels of the usual type, 
and electrodes of platinised platinum are inserted. These 
arc made by fusing short lengths of platinum wire into 
glass tubes and making electric contact by means of a 
drop of mercury. The electrodes are then coated with 
platinum black and freed from occluded chlorine as 
described above. The potential of each half element is 
measured against a calomel electrode, and they ought 
both to give the same yalue. It will be found, however, 
that usually the value is not the same, but that after a 
period, more or less prolonged, they become the same. 
Abegg and Spencer have shown that if the electrodes are 
polarised, either anodically or ()(Lthodically, before inser­
tion in the liquids, constant results are at ?nce obtained. 
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It is therefore usual to make all measurements in 
duplicate, using in one cell an anodically polarised elec­
trode, and in the other a cathodically polarised electrode. 
Both cells should give the same value. The electrodes 
are polarised by using thcm as electrodes in the elcctro­
lysis of a dilute solution of sulphuric acid. The cell 
measured is thus 

\ 
F .. , 

Pt . F:'" Calomel Electrode. 

Let the value of this combination be € yolts; all oxida­
tion potentials are expressed on the basis that the 
tendency of hydrogen to pass into the ionic condition, 
when in contact with a normal solution of its ions, is 
zero. Hence the value of € must. be converted to this 
standard. The calomel electrode and tIw normal hydro­
gen electrode, when connected, have an electromotive 
force of +0'283 volts. 

Hence 

where ek is the potcntial of the normal hydrogen electrode, 
eo the potential of the calomel electrode. Hence the 
values obtained when oxidation cells are measured 
against a calomel electrode must be increased by - 0'283 
volts. 

From the value of E(O-*il thus obtained, P may be cal­
culated, if the concentrations of the two ions are known, 
from the equation 

0'0595 CO 
E(o~i) = P + ---log\o i' n C 

where co and c i are the concentrations of the ions of the 
lower and higher stages of oxidation, and n is the differ­
ence in the valency between the two sbges of oxidation. 

The value of P for .the various pairs of oxidation 
stages gives ~ series of the tendencies of these substances 
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to undergo oxidation. The table below contains the 
values which have been accurately determined. 

=---]~t'C(:)~~~_\ __ I;:~:~;:~-
I 

-i 

Cu·· :Cu· 
Fe(C::'{)~n : "E'()(C;S-)~' 

Tr·· :Tl· 

+0·743 

+0·41:3 

+O·4aG 

+1"191 

EXPEIlDrENT 

H,-:-H·=O·283. 

+0·460 

+0·1:30 

+0·153 

+0·90:3 

Determine the O;ridat'ion Potential of a Solution 
containing J,-,'ql~ivalent quantities of FC1'TOUS and FeTrie 
Ions. Make up a litre of a solution of ferrous and ferric 
nitrates containing sufficient free nitric acid to prevent 
the hydrolysis of ferric nitrate; analyse the solution to 
determine the concentrations of the ferrous and ferric 
salts. The concentration should be about 0'01 in each 
case, but it is of no importance what the concentration 
is, so long as it is dilute, and accurately known. Fill 
two potential vesseh with the solution, insert electrodes, 
prepared and polarised as described above. Care must 
be taken that the solutions are not oxidised by the air. 
l\Ieasure the potential difference between the electrode 
and the electrolyte by means of a calomel electrode. 
From the value obtained deduce the hydrogen ya,lue and 
calculate the value of P, remembering tliat the concen­
trati.ons co and c i are the ionic concentrations. The 
nitrates are the most strongly -ionised of ferric salts, 
hence when in concentrati.ons of 0'01, no great error will 
be introduced by aSSUTl11I1g th~t they are completely 
ionised. 

s.c. II. 
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THERMOCHEMISTRY 

As was indicated in Chapter VI. the thermal changes 
accompanying chemical reactions furnish a measure of 
the energy changes in the su bstances undergoing reaction. 
The study of these heat changes constitutes thermo­
chemistry. 

Most chemical reactions are accompanied by a heat. 
change, either an evolution of heat, in which case they 
are known as" exothermic reactions," or an absorption of 
heat, when they are described as " endothermic reactions." 

The amount of the heat change depends on (1) the 
nature of the reacting substances, (2) the physical con­
dition of the substances, and (3) the quantities of the 
substances entering into the reaction. Consequently if 
the substances reacting are always in the same physical 
condition, i.e. gas, liquid, or solid, and in the same 
quantities, the heat change in a given reaction is 
constant and characteristic of the reaction. 

Thermochemical quantities may be classified under the 
following headings: 

1. Heat of neutralisation. 
2. Heat of solution, dilution and hydration. 
3. Heat of formation. 
4. Heat or combustion. 

The nature of these :arious heat quantities is amply 
specified by thcir names. 
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Units and Method of Expressing Thermochemical Results 

Heat changes are almost alwa,ys expressed with 
respect to one gram equivalent, or one gram molecule of 
the reacting substances; thus, for example, the heat of 
neutralisation of caustic soda by hydrochloric acid is 
generally denoted as 13'7 large calories. This must be 
taken to mean that the neutralisation of one gram 
molecule of hydrochloric acid by one gram molecule of 
caustic soda, gives rise to a heat evolution of 13'7 large 
calories. 

Quantities of heat are usually expressed in calories. 
The calorie is denned as the qualltity of heat required to 
raise one gram of water from H;o to 19°, and deiOignated 
by the symbol C(L1. For thermochemical purposes the 
calorie is too small, since in most cases the heat change 
would involve the usc of very Ia,rge numbers in which 
the last two figures are of doubtful accuracy. Hence it 
is usual to adopt a unit which is approximately one 
hundred times as Jarge as the caloric, symbolised K. 

This unit is the quantity of heat required to raise one 
gram of \yater from 0° to 100°. A still larger unit, 
introduced by Berthelot, and known as the large caloric, 
is often used. This unit is equal to 1000 small calories, 
and designated Cal. 

A thermochemlcal result is expressed by writing the 
chemical formulae of the reacting substances side by 
side, but separated by COlllmas or colons, together with 
the amount of heat change which has accompanied it. 
'l_'he chemical symbols are always taken to represent the 
relative weights in grams which they indicate in a 
chemical equation; and the substances they represent, 
unless otherwise stated, are assumed to be in the physical 
1;!ondit.ion usual to them at the tell1pel'atun~ of t,he experi-
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ment. The method of expressing thermochemical results 
will be clear81' if a fcw cxamples are considered. 

Thus (K,CI,30)=D5DK 

rcprcsents that DS9K are evolved when Olle gram mole­
cule of potassium chloratc is formed from its clements. 

(KG1, 30)= -97'5K 

indicates that 97'5 centuple calories are absorbed when 
a gram molecule of potassium chlorate is formed by the 
oxidation of dry potassium chloride. 

(KCI03,Aq)= -100'4K 

expresses that the heat of solution of one gram molecule 
of potassium chlorate in an excess of ,Yater is -100'4 
centuple calories, i.e. an absorption of 100'4K takes place. 

(KCIAq, 30) = -15:3'7 K 

states that an absorption of heat amounting to 153'7K 
occurs when one gram molccule of potassium chloride in 
aqueous solution is oxidiscd to potassium chlorate. 

(2N aOHAq, H 2SO 4Aq,) = 313'8 K 

indicates that when two gram molecules of caustic soda 
in dilute solution are exactly neutralised by a dilute 
sulphuric acid solution :313"8 centuple calories are 

evolved. (Br
2

, Aq) = 10'8 K 

is the heat of solution of one gram molecule of bromine, 
under ordinary conditions, in excess of water, whilst 

(Br 2 gas, Aq) = 76'4 K 

is the heat of solution of the same weight of gaseous 

bromine. (CuS0
4
Aq :Fe)=372K 

indicates that 372 centuple calories are evolved when 
56 grams of iron react with a solution containing one 
gram molecule of copper sulphate. 
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This \"Csse] ii:> preycntcd froll1 touching the sides of the 
outer VCi:>seJ, A, by three cork wedges, w, which are 
cemented to the wall" of the outer vessel. A third 
vessel, 0, of about 750 c.c. capacity, made of silver or 
platinum, standi:> insidc D, and is isolated from it by cork 
supports, 8. The vessel 0 is the calorimeter proper, i.e. 
the vessel in which the actual measurement takes place; 
the other vessels are to prevent the access of heat to 0 

from tbe outside and the loss of heat from 0 by radiation 
during the experiment. The vessel 0 is provided with a 
stirrer, m/, made of the same metal as the vessel itself. 
The outsille vessel is surrounded with a thick layer of 
felt, and is provided with a stirrer, m. Beckmann 
thermometers (see Chapter VII., Part L) must be used 
for measuring the tempcrature changes occurring ill the 
various reactions. The calorimeter fitted up for an 
experiment is shown in Fig. 48. The method of carrying 
out a tlwl'lDochel11ical mCLtSlll'Cment is the Hi1IIW in prin­
ciple as that adopted for all kinds of thermal deter­
minations. It consists in measuring the heat change 
which takes place in a liquid, generally water, ill the 
inside vessel of a calorimeter when a given process 
occurs in it. The details of the operations naturally 
vary considerably for the difFerent processes; they will 
therefore be described under the various heallings. See 
also in this connection Chapter XIII., Part I. 

1. Heat of Neutralisation 

The heat of neutralisation is the quantity of heat 
evol ved when one gram molecule of an acid is lleutl'a­
lised by an equivalent quantity of a base. When strong 
acids in dilute solution, fc. 1 gram molecule in 200~400 
gram molecules of water, are neutralised by strong bases 
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FIG. 43. 
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in solutions of ahout the same concentration, it is found 
that the heat evolved is practically a constant qualltity, 
viz. 13·7 Cal. If one considers the chnnges occurring 
when such solutions are mixed, the reason for this 
constant figure becomes apparent. 8trong acids and 
bases in dilute solution are practically completely ionised; 
the same may be said of the salt formed by their re­
action, so that the only real change is the formation of 
water by the union of the hydrogen and the hydroxyl 
ions, thus: 

Na·+OH' +H· +Cl'=H20+ ~a· +Cl'. 

Hence 13·7 Cal., the heat of neutralisation of strong 
acids by strong bases, represents nothing more than the 
heat of combination of hydrogen ions and hydroxyl ions 
to form water. The heat of neutralisation of weak acids 
with strong bases may be either greater or less than 
13·7 Cal. The reason for this being that the incom­
pletely ionised weak acid has to become ionised before 
the hydrogen ion can combine with the hydroxyl ion; 
the ionisation of the weak acid may take place with 
either the evolution or the absorption of heat, and this 
quantity of heat is added algebraically to 13·7 Cal., the 
heat of combination of the hydrogen and hydroxyl ions. 
A further quantity of heat may be introduced due to the 
condition of ionisation or hydrolysis of the product of 
the reaction. The same remarks apply equally to the 
neutralisation of a strong acid by a weak base. 

EXPEllD!ENTS 

(i) Determine the HCCLt of NC1Ltmlisation of Oa1Lstic 
Soda by Hyd1'ochloric Acid. Fill the outer walls of the 
calorimeter with water at'least 24 hours before the experi­
ment is to be cpmmenced, and allow it to stand in the room 
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where the experiment is to be carried out. It. is important, 
for good ,york, that the temperature of the laboratory 
should not fluctuate. Set two Beckll1ann thermometers 
(see Chapter VII., Palt 1.) so that the mercury stands at 
the bottom of the scale at atmospheric temperature, com­
pare the readings of the two thermometers so that the 
relative value of their readings is known. Prepare a 

quantity of ~ caustic soda, free from carbonate (see 

N 
page (7), and 2" hydro-

chloric acid solution. Place 
the various calorimeter ves­
sels in position, and add 
250 C.c. of the caustic soda 
solution 
vessel. 

to the inmost 
Place olle of the 

Beckmann thel'lllOmeters in 
the caustic soda, solution, 
so that its bulh reachc.~ 

about half way down the 
liquid. Wash out a widl'­
necked flask with a little 

of the ~ hydrochloric acid 
FIG. 49. 

solution, P0Ul' the acid away, and leaving the flask still 
moist add 250 C.c. of the acid to it. l'lace this flask 
in a vessel silllilar to inmost vessel of the calorimeter, 
surrounded by a felt covered outer jacket (Fig. 49), 
ltnd insert the other Beckmann thermometer in the 
hydrochloric acid. 

It will he noticed that the temperatures of the acid 
and alkali are either rising Gr falling in a perfectly 
regular slow manner, due to l'<1dintion. R~cord the tem-
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peratures of the acid and alkali every minute for 8 or !) 
minutes, and then pour the acid into the alkali, taking 
care to avoid splashing. Note the exact time of the 
mixing, and stir slowly, reading the temperature every 
minute. It will be found that at first the temperature 
rises irregnlarly and then commences to fall at first 
irregularly, but finally in a perfectly regular manner. 
To obtain the actual temperatures of the acid and alkali 
at the moment of mixing, plot the temperature readings 
of each solution as ordinates against the times as 
abscissae. This will give two curvefl, representing the 
rate at which the tel!1perature of the acid and the alkali 
is changing, and on producing the curves to the time at 
which the mixing took place, the temperature of the two 
flolutions will be obtained. As the two Beckmann ther­
mometers will in all probability not give the same 
reading, one or other must be taken as the standard, and 
the readillgs of the other adjusted to it, by adding 01' sub­
tracting the difference of their reading-fl. The thermometer 
in the alkali should be taken as the standard, for more 
readings are taken with it than with the other. Plot the 
readingfl after the solutions have been mixed, and draw 
a line through the points afte}' the temperature begins to 
fall regularly; this gives a curve of the loss by radiation, 
and on producing this backward to the time at which 
the solutions were mixed, the point at which it cuts the 
ordinate through that time, gives the temperature of the 
end of the reaction. The method will doubtless be 
clearer from the diagram (Fig. 50). Suppose the points 
represent the temperatures at the p~, 2nd , 3ft

\ 4th, 5th, (jlh 

and 7th minutes in each case, and that the addition of 
the acid to the alkali took place at the 8th minute, then 
by producing the curves· through the points 1-7 to the 
8th minute th.e true temperatures tl and t2 of the alkali 
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and acid respectively at the moment of mixing will be 
obtained. Further, suppose the points on the other side 
of the axis dr'awn at the Sil, minute, represent the tem­
peratures at the 9th, loth, 11th, 12th, 13th, 14th and 15th 

minutes, then the line drawn through the points at the 
IPh, 12th, 13th , 14th and 15th minutes, produced back to 
the 8th minute, will give the true final temperature t3' 

L-__ ~~~~ __ ~~ __ L-~~~ __ ~~-L_~ 
o I i! .3 "1 5 6' 7 8 9 10 /I 12 13 f.1. /s /':; 

TlI'!l.e r..n.- .. lvfYnutcs 

Fro. 50. 

The total heat change is calculated as follows: 
The reaction has given out a quantity of heat, H Cal., 

which has raised 250 C.c. of sodium chloride solution 
from t~ to tg, and 2,50 C.c. of sodium chloride solution, the 
calorimeter, stirrer, and thermometer, from tf to t~. If 
81 is the specific heat of the solution of sodium chloride, 
and w the water value of the calorimder, stirrer and 
thermometer (see Chapter XIII., Part I.), then the quan­
tity of heat used up in efiecting this cha,nge is 

81 X 2;')0 X cl(t3-t2)+Sl X 250 ~ rl(t;3-t])+W(t3-t1), 

where d is the density of the sodium chloride solution. 
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An ~ solution of sodium chloride has a density at 1~o_20° 
of 1'043, and a specific heat of 0'978. 

The expression therefore becomes • 

H = 1O~0{ 0'978 X 250 X 1'043[(t3- t2)+(t3- t1)] + w(ts- t1)} 

where H is the heat evolved in large calories. 
The quantity H is evolved by the neutralisation of 

250 C.c. of an ~ solution or hydrochloric acid, i.e. ~- gram 

molecule, by an equal quantity or caustic soda. Hence 
the heat of neutralisation = 8H large calories. 

The result should be 13-78 Cal.; an errol' or ()'2 Cal. is 
permi.ssible in this experiment. 

As a rurt-her exercise the heat of neutralisation of 
sulphuric acid by caustic potash may Le determined. 

(ii) Detc?'m.ine thc Heut of Ionisation uf Acctic Acid. 

Determine the heat or neutralisation of ~ acetic acid by 

~ caustic soda, using the method described in the last 

experiment. Let H Cal. be the value obtained. Had 
acetic acid been completely ionised, the amount or heat 
evolved woultl have been 13'70 Cal. Hence (H -13'70) 
Cal. represents the heat change due to the ionisation or the 
unionised fraction of the acetic ~tcid. Let 0 be the degree 
of ionisation or acetic acid at the dilution and tempera­
ture or the experiment, then (1- 0) represents the 
unionised portion. The heat change (H -13'70) Cal. is 
therefore due to the ionisation or (1- 0) gram molecules 
of acetic acid. Hence, if I is the heat of ionisation, 

. H-1:3'70 
1= O~-~)--. 
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The value of 0 for acetic acid in ~ solution is 0'6 per 

cent. and in this experiment acetic acid may be assumed, 
therefore, to be completely unionisec1. To determine the 
value of the degree of ionisation see Ohapter III. and 
Table VI, Appendix B. 

Repeat this experiment with barium hydrate; use 

i~ solutions of hydrochloric acid and hll'yta. In the 

calculation usc the value of 0 = 0'8 at 18°_20° for tenth 
normal baryta. 

Avidity of Acids 

The heat of neutralisation of acids by alkalies has 
been made use of to determine the avidity or relative 
strength of acids. When solutions of two acids are brought 
into contact with a quantity of a base insufficient to com­
pletely neutralise them, the base will be shared between 
them in the proportion of their strengths ii the salts 
formed remain in solutioll. This reaction will give rise 
to a thermal change \vhich will be proportional to the 
amounts of the two salts formed. The same effect will 
be produced if the salt of one of the acids is treated with 
the other acid. Thus, the same final condition will be 
arrived at if one gram molecular weight of sodium 
sulphate is treated with two gram molecular weights of 
nitric acid, or if two gram molecular weights of caustic 
soda are treated with a mixture of two gram molecular 
weights of nitric acid and one gram molecular weight 
of sulphuric acid. If x is the fraction of the caustic soda 
neutralised by the nitric acid, then (1 - x) will represent 
the fraction neutralised by the sulphuric acid, and the 
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condition ot the "U1)stallCl~S will be reprec;ented by the 
equations 

2NaOH + H 2S04. +2HNOa =(l-x) NaZSO I + 2;l;NaNO;; 
+2(1-x)HN03 +xH2SO., 

Na2S04 +2HNOs =(1-x)Na2S04 + 2xNaNOs 
+2(1-x)HN03 +xH2S04• 

The fraction I x - w1ll give the ratio ot the strengths of 
-x 

the two acids, 
A vidity determinations are wmnlly carried out by 

adding one acid to the sodiulll salt of the other acid, 
measuring the heat change, and cnlculating the value of 
x from the thermal result, 

Suppose equivalent qnantities of sodium sulphate and 
nitric acid, represented by 1'\a280. nnd 2HNOa, react in 
dilute solution, and that in the reaction :;J molecules of 
sodium sulphate are decomposed to form 2x molecules 
of sodium nitrate, The change will be rcpi'esented by 

Na2S04. + 2HN03 = (1- x)X a280 4. 

+2xNnNOs+2(1-x)HN03 +xH2S04 , 

and will give rise to a heat change, say H Cal. 
The total heat, change H is made up of several factors, 

viz, those due to, 
(i) The decomposition of x molecules or Na2S04, 

(ii) The formation or 2x molecules of NaN03, 

(iii) The interaction of x molecules of H2S04 with 
(I-x) molecules or NaZS04, 

(iv) The interaction of 2(1-x) molecules of HN03 

with 2;'C molecules of NaN °3 , 

(v) The interaction oaf 2(1-x) molecules of HNOa 
with x mole~ules of H 2S04, 
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Thomsen has iiltown that the factor (v) produces no 
heat change wlmtever, and that tho heat change 
occasioned by (iv) is of such small dimensions that it 
can be ignored. 

The heat change (NaZS04Aq, 2HNOgAq), i.e. H becomes, 
therefore, equal. to the heat of neutralisation of 2x mole­
cules of caustic soda by 2x molecules of nitric acid, minus 
the heat of neutralisation of x molecules of sulphuric 
acid by 2,1; molecules of canstic socia, plus the heat of 
reaction of x molecules of sulphuric acid on (1- x) mole­
cules of fiodium sulphate, i.e. 
H = {x(2NaOHAq, 2HN03Aq)-x(2NaOHAq,HzS04Aq) 

+(1-x)Na:zS04Aq, xH2S04Aq}. 

1£, 110W, we have 2KaOH, H/;04 and 2HNOs together 
the reaction can be represented thus 

(2NaOHAq, 2HN03Aq, HzS04Aq) 
= (2HNOsAq, 2Na'oHAg)+(2NaN03Ag, H 2S04Aq) 

or = (H2S04 Aq, 2NaOHAq)+ (Na)30'iAq, 2HNOgAq), 

the :final state being the same in both cases. 
Hence 

(2NaNOgAq, H2S04Aq)-(Na2S04Aq, 2HN03Aq) 
= (H2S04Aq, 2NaOHAq)-(2HN03Aq, 2NaOHAg). 

Substituting this in the above equation it becomes 

H = x {(NaZS04Aq, 2HJ\,TOsAq)-(2NaN03Aq, HZS04Aq)} 
+(I-x)NazS04Aq, xH2S04Aq. 

Hence, if ,ye determine the heat evolved when one 
molecule of sodium sulphate is acted on by two molecules 
of nitric acid, two molecules of sodium nitrate by one 
molecule of sulphuric acid, and sulphuric acid on sodium 
sulphate, the value of x and the .relative strengths of the 
acids may be calculated, . 
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The heat changes due tD the action of Rulphnric acid 
on sodium sulphate lmve been worked out by Thomsen 
and found to be 

(N a ,SO" A(1, nHoS04Aq) = - _11, >( 8:300 Cal 
... Ct ... • ')J _~ ("';-) 

where n is the number of molecules ot H 2S04 reacting 
with 1 molecule of Na2S04 • 

Deferrni11e the Rcluticc St)'eJlfJt/;.~ of S1drlm)'ic awl 
Nib'ic Acid.,. Prepare molecular solutions of nitric acid, 
sulphuric acid, sodium sulplw.te, and sodium nitrate. 
Determine thc heat change whell ;jOO C.c. or nitric acid 
solution reacts with 250 C.c. or the sodium sulphate 
solution, and when 250 C.c. of the sulphnric acid solution 
r.eacts with 1500 C.c. or the sodium nitrate solution. These 
determillations are efiected in the same way that the 
heat of neutralisation was carried ont in the last experi­
ment. Let H Cal. be the act1wl heat evolved in the 
reaction of sodiulll sulphate and nitric acid, and H' tho 
heat evolved in the reaction of sodium nitrate and 
sulphuric acid. 

Then 

H = 1(~)0 {2i50 X S X 17(1;; --t~)+ ;"iOn X 8rl X (t3 - t l )+ W(ts -fj)}, 

,,-here 8 and d represent the deW-lity and specific heat of 
the reaction mixture, (1 the final tell1perature, t1 the 
initial temperature of the liqnid ill the calorimeter, i.e. 
nitric acid, and t2 the initial temperature of the sodium 
Rulphute solution. Since s = O'U()9 and cl = 1'019, the 
expression becomes 

1 
H = iO00{1'OI9 X 0'9G9 X ~50[(t3-t2)+2«(I-t~)J+W(t3-fl)}; 
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similarly 

H' = l~OO {l'019 x 0'969 X 250[«(/ -t2') + 2(13' - t/)] 
+ W(t3' -t/), 

where t; is the final temperature, tz' the initial tempera­
ture of the sulphuric acid solution, and tl' the initial 
temperature of the sodium nitrate solution in the 
calorimeter. 

Using the values of Hand H' the value of x can be 
calculated from 

4 4 ( ') 3'3;)'; 
H = ,1; H - H - 0'2:<:+0'8' 

2. Heat of Solution, Dilution, and Hydration 

The heat of solution is the 'lW1ntity of heat absorbed 
or evolved when one g'l'am molecule of a substance 
is dissolved in a definite number of gram molecules, 
which must be stated, of ,rater or ROlhe other solvent. 
The determination of the heat of solution is cunied out 
in a calorimeter in the sallle way as the heat changes 
meaRured in the foregoing experiments. It is important 
in expressing heats of solution to state the exact condi­
tion of the solid substance, i.c. whether it contains water 
of crystallisation or not, for the heats of solution are very 
different in the two cases. 

The heat of dilution is the quantity of heat evolved or 
absorbed when a solution of one gram molecule of a sub­
stance dissolved in a known amount of water, or other 
solvent, is diluted by a further known quantity of that 
solvent. The experimental results are expressed thus: 

(NaCllOAq, 400Aq) = -0·71 Oal., 

which means that one gram molecule of sodium chloride, 
dissolved ill ten gram molecules of water, absorbs 0·71 

&nIL M 
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large calories when diluted with 40{) gram molecules of 
water. 

The heat of hydration is the quantity or heat evolved 
or absorbed when a gram molecule of an anhydrous salt 
combines with sufficient water to form its crystalline 
hydrate i it is expressed thus: 

(S1'012 , 6HzO) = 32'97 Cal. 

Obviously when a given salt forms several crystalline 
hydrates, there will be just so many heats or hydration 
as there are hydrates. These are distinguished by the 
method of expressing them; thuf; we have in the case of 
sodium hydrogen phosphate the following six heats of 
hydration: 

6'03 Cal. = (NazHP04 , 2H20). 
17'28 Oal. = (Na2HP04 , 7HzO). 

28'47 Cal.=(Na2HP04 , 12HzO). 
11'25 011,1. = (N82HP042HP, 5H~O). 
n'19 Cal. = (NazHP047H20, 5H20). 
22'44 Cal. = (NazHP042H20, IOH20). 

It will be clear from the above figures that the heat 
evolved in the addition or each molecule of water is not 
the same. 'rhe method or determining the heat of hydra­
tion is to determine the heat of solution of the anhydrous 
and the hydrated salt, when the difference between the 
two values is the heat of hydration, thus: 

(NazHP04 , Aq - NazHPO ,12HzO, Aq) 
= (NazHP04 , 12HzO). 

EXPERIMENTS 

(i) Determine the Heat of Solution of Potassium 
Nitrate in TV ater. Place 540 C.c. or distilled water 
in the calorimeter i this volume corresponds relatively 
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with 200 gram molecules of wn,ter. Weigh out 15'ltj 
grams of finely-powdered potassium nitrate in a thill­
\Valleel previously weighed glass tube, seal up the 
tube, and weigh the piece of glass drawn oft; so that 
lhe weight of the gln,ss enclosing the salt is known. 
Pln,ce the tube containing the salt in the caJorimeter. 
When the tube has taken on the temperature of the 
water in the calorimeter, i.e. in about ten minutes, begin 
to record the temperature, as described in the earlier 
experimeuts. Then break the glass bulb, stir rapidly to 
dissolve the nitre, and record the temperature again. 
'l'he success of this experiment depends upon the rapid 
solution of the nitre. Let t1 be the corrected initial 
temperature, tz thc final temperature, W the water equi­
valent of the calorimeter, stirrer and thermometer, 'tv the 
weight of the glass bulb, w' the weight of the potassium 
nitrate, m its molecular weight, 8 the specific heat of the 
solution, and d its density. Then H, the heat of solution 
of a molecular weight, il::> given by 

_ 1 (m _, } 
H -1000 lw' ([2 - t1)(·)40 ds + W + ws2) , 

d=I'016, 8=0·!.J66, and 82, the specific heat of glass, may 
be taken as 0'16. The value of H then gives (K'N03 , Ag). 

This experiment lllay be repeated, using potassium 
chloride, anhydrous calcium chloride or potassium iodide. 

(ii) Determine the Heat of Dilntion of Ammoni1w~ 
Nitrate Solution of 'U((l'ions 8t1'Cilgths. Make a solution 
of ammonium nitrate by dissolving 160 grams of the 
anhydrous salt in 180 grams of water. 141'1 C.c. of this 
solution will contain one gram molecule of ammonium 
nitrate. Place a known volume of this solution, say 
141'1 C.c., ill a flask which has been previously moistened 
with the solutiop. l'lace 360 grams of ~\'atl'l', i.e. 20 



180 PHYSICAL CHEMIS'l'HY 

gram molecules, in the c~t1orimeter, record the tempera­
tures of both solution and watr:r, and then mix and 
record the final temperature. 

II tl is the initial temperature of the ammonium 
nitrate solution, t2 that of the water, ts the tempera­
ture after mixing, W the W[l,tel' value of the calorimeter, 
d the density of the diluted ammonium nitrate solution, 
lmd s its specific heat, then 

1 
H = 1000[141-1 X d X S(t3- tl) + 360 X d X S(t3-t2)+ W(t3-t2)] 

Repeat the experiment for the addition of 50, 100, and 
200 molecules of water, starting in each case with a 
suitable quantity of the solution made up above, 
which is NH4NO/>H20. The values of 8 and cl for the 
various dilutions are given in the table. 

Dilution. 8. d. 

NII4NOi)1f,()+ 20H2O, 0'865 1'074 
NH4N035HP+ GORzO, ('0:32 1'033 
NH4K035HzO+ lOORP, 0'062 1'018 
NH4N03GHP+ 200H,O, 0'081 1'000 

Further experiments may be carried out with caustic 
potash, for which the following values of sand d may 
be used: 

Dilution. I ~. d. 

KOH+ 30np, 0876 1'088 
KOII+ GORp, O'OI(i 1'055 
KOH+IOOHP, O·O.H 1'028 

KOH+200np, 
. 

O'Oi" 1'014 
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(iii) DeteTlnine the Hcut of Hyrlmtion of Coppe)' 
Sttlplwtc. Weigh out lS'9 grams of anhydrous copper 
sulphate, seal it in a thin-walled tube, and determine the 
heat of solution in 200 molecules of water as in the last 
experiment, Then weigh out 24'9 grams of finely­
powdered crystallised copper sulphate, CuS04SH20, and 
determine the heat of solution in 195 molecules of water. 
The difference between these two heat quantities will 
give the valne of (CuS04, 5HP). The value of 

(CuS04• HP) and (CuS04HP,4HP) 
may also be obtained by determining the heat of solution 
of 17'7 grams of the monohydrated salt. 1£ the various 
thermal changes are expressed thus: 

Then 

(CnS04,Aq)=H'; (CuS04H 20,Aq)=HI/; 
(CuS045HP, Aq)= HI/I. 

(H'-H'") = (CuS04, SHP); (H'-H")=(CuS04, H 20), 

and (H" - H"') = (CuSO 4HP, 4H20). 

The hydrate CuS04H 20 may be obtained by weighing 
out a ([uantity of finely-powdered CuS04SH20, and heat­
ing it at 100° until it has lost the requisite aIllount of 
water. 

3. Heat of Formation 

The heat of formation is the quantity of heat, evolved 
or absorbed, when one gram molecule of a substance is 
formed froIll its elements. This can rarely be deter­
mined directly, but since the total heat change is the 
same in any reaction, whether it is carried out in one 
stage or a series of stages, the heat of formation may 
ftlways be calculated. As an \:)xample of this, we may 
take the he[tt of formation of cupric chl~ride as deter· 
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wined by 'l'homsen. Since copper does not dissolve in 
hydrochloric acid, the obvious method of dissolving the 
met::d in hydrochloric acid is not possible. Thomsoll 
decomposed copper sulphate solution with iron thus: 

CuS04Aq +Fe = FeS04Aq +Cu+37'24 Ca1., 

which of course mettns that 

(Fe, 0, S03Aq) - (Cu, 0, S03Aq) = 37'24 Cal. 

The heat of formation of ferrous :mlphate in water, i.e. 
(Fe, 0, S03Aq), had becn previously determined and 
found to be 93'2 Cal. 

Hence 

(Cu, 0, SOsAq) = 93'2 - 37'24 = 55'96 Cal. 

The heat of solution of copper oxide in dilute sulphuric 
acid, i.c. (CuO, 803A(1)= IS'8 Cal. 

Hence 

(Cu, 0, S03Aq) - (CuO, S03Aq) = (Cu, 0), 
l.e. 55'96 18'8 = :37'16 Cal. 

If, now, cupric oxide is dissolved in dilute hydrochloric 
acid \nJ Imvc 

CuO+2HClAq=CuCJ2Aq+H20+15'27 Cal. 

Writing this as a thermal equation we Jwvc 

(Cu, 0) + 2(H, Cl, Aq)+ 15'27 - (H2, 0) = Cu, C12, Aq), 

g,lld substituting the known values we get 

37'16 + 76'GJ + 15'27 - 6S'36 = (Cu, CJ 2, Aq), 

i.e. (Cu, CJ2, 11.q) = 62'71 Cal. 

The heat of solution of cupric chloride is 

(CuCl2, Aq) = 11·OS. 

Hence (Cu, (1 2) =(Cu, C12 , Aq) -(CuCI2 , Aq) 
= 62'71 11'08 = 51'63. 
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EXPERIMENT 

Determine the Heat of Fm'rnation of Sodium OhlOl'ide 
from its Elements. The following data are necessary 
for the calculation of the heat of formation of sodium 
chloride: 

(i) Heat of formation of a solution of caustic soda, i.e. 
(N a, 0, H, Aq). 

(ii) Heat of neutralisation of a solution of caustic soda 
by a solution of hydrochloric acid, i.e. 

(NaOHAq, HClAq). 

(iii) The heat of solution of sodium chloride, i.e. 
(NaCl,Aq). 

(iv) The heat of formation of water, i.e. (H2' 0). 

(v) The heat of formation of hydrochloric acid solution, 

i.e. (H, Cl, Aq). 

Of these five quantities we must take those under 
headings (i), (iv), and (v) as known. 

Determine the heat of neutralisation of hydrochloric 
acid by caustic soda, and the heat of solution of sodium 
chloride as described in the previous experiments. Cal­
culate the values of these quantities by the methods 
already indicated. 

or 

Let h=(NaOHAq, HClAq) and hi =(NaCl, Aq). 

Then HClAq + N aO HAq = N aClAq + H20 + h, 

(N a, 0, H, Aq) + (H, Cl, Aq) + h = (N a, Cl, Aq) + (H2' 0), 

putting in the known values, i.e. (Nu" 0, H, Aq) = 111'81, 
(H,Cl,Aq)=39'315, and (H2,Q~=68'3, 

we get 111'81 +39'315+lt=(Na, Cl, Aq)t68·3. 
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Hence 

Further, 

i.e. 

PHYSICAL OIIE~IsrrRY 

(N a, Cl, Aq) = Ii + R2·825. 

(Na, C1, Aq)- (NaCl, Aq)=(Na, (1), 

h', =(Na,Cl). 
.-

4. Heat of Combustion 

Reactions with organic substances proceed so slowly as 
a rule, and are complicated by so many side reactions, that 
it is impossible to determine the heat of formation or, 
indeed, the heat change of any organic reaction, directly. 
There is, however, one change which always goes directly 
and quickly, viz. the combustion of an organic substance 
in exce:,;:,; of oxygen. The heat generated by the complete 
combustion of one gram molecule of an organic substance 
is termed the heat of combustion, and since the heats of 
formation of the products of combustion, viz. water and 
carbon-dioxide, are known, it follows that the heats of 
formation of organic substances can be calculated from 
their heats of combustion. TIJUs, for example, the heat of 
combustion of alcohol is 340'53 Ca1., 

~.e. C~H60 + 302 = 2C02 + 3RP + 340'53 Cal.; 

expressing this as a therlllochemical equation 

(C2 ,H6,0)+(C2H uO : (iO)=2(C, 02) + 3(H2 ,0), 

i.e. (C2 , H 6 • 0)+ 340'53 = 2 X 96'96 + 3 X (j8';3G, 

or, putting this into words, the S11lll of the heat of 
formation of alcohol from its elelllents and the heat of 
its combustion is equal to the sum of the heats of formation 
8f the products from their elements. Hence the heat of 
formation of alcohol from. its elements is 
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This Yltlue is for cons taut pressure, but fre(lllellUy tlw 
gaseous volume of the cOlllpOl'mu is less than tll1l,t of the 
elements from which it is formed. Thus the gram mole­
cule of alcohol has a gllseous volume, when calculated to 
110rll11l1 conditions, of 22'4 litre", but the hydrogen aNI 
oxygen from which it is formed. occupy 3'5 X 22'4 litres 
at 0" and 7GO mm. Hence in the formation there is a 
diminution in volume of 2'.5 X 22'4 litrcs, or 2'5 molecular 
volumes. Now, for each molecular volume deerease there 
is an evolution of 0'543 Oal. 
at 0°, i.c. 0'580 Cal. at 18°, 
Hence, if 0'580 X 2'5 Oal. 
be subtracted from the heat 
of formation at constant 
pressure we shall get the 
heat of formation at con- b 

stant Yolume, i.c. 
58'47 -1'4.5 = 57'02 Cal. 

Method of Determination 
of Heat Combustion 

The heat of combustion 
is determined in a calori­
metric bomb. This consists 
of a strong steel vessel, A 

(Fig. 51), fitted with it lid, 
B, whieh screws on and is 
lined with platinum. The 
vessel itself is lined either 
with platinum or enamel. 
The lid of the bomb is 

FIG. 51. 

pierced by two right-angled h01es, a and b. Through ct 
the bomb is filled with oxygen, etnd b is l1"L'(~ for releasing 
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tho pressure after the experiment. 'l'hcc;o ho10s are closen 
by screw-yah~es, c and d. The opening a is continued hy 
a fine platinnm tube e, which supports a platinum crucible, 
C, where the comhustion takes place. Two terminals, 
T, T, are connected with a thin piece of iron wire, i, by 
means of the platinum tube e and a platinum wire f. 
The iron wire can be raised to a red heat by an electric 
current, and thus ignites the substance in the crucible C. 

Two screws, s, s, fit into the side channels in the lid; they 
are inserted to keep W,tter out of the holes when the 
bomb is immersed in the calorimeter. The calorimeter 
in which the determinations are made is essentially the 
same as that already described; it has, however, only one 
inner vessel, surrounded by a double-walled vessel filled 
with water. It is advisable in these determinations tc 
work the stirrers by means of a small electric motor 
The bomb is placed in the im;ide vessel of the calori­
meter and immersed in water up to the scrows, S,8. The 
temperature changes are recorded by means of Beckmann 
thermometers. 

The water value of the calorimeter, bomb, stirrers, and 
thermometer must be determined before an experiment 
is made. This may be eflected by the method described 
in Chapter XIII., Part I., but it is preferable and more 
accurate to determine it by burning a known weight of 
a substance of known heat of combustion in the 
apparatus, and calculating from the observed temperature 
change. 

The following description applies equally to the deter­
mination of the water equivalent of the calorimeter and 
accessories, and the heat of combustion of an organic 
substance. In the former case the heat of combustion 
of the substance used 11'lUst be known, and in the latter 
case the water value must be known. 
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To deterllline the water equivalent, weigh out al~ut 
()'7 gram of a suhstance of kllo\Yll heat of combnstic)fl, 
e.g. naphthalenc. Compress it into a tablet, and place it 
in the crucible, C. Attach a piece of thin iron wire, 
6-7 cm. long and 0'1 mm. diameter, wound in a spiral, to 
the tube, e, and the wire, f Depress the wire until it 
touches the substance in the crucible. Smear the screw 
of the lid and its leaden washer with vaseline, and screw 
the top tightly into position. Connect an oxygen cylinder, 
with pressure gauge attached, to the opening, (~, close 
the valve, d, and open c and allow the bomb to fill with 
oxygen until the pressure is 20-25 atmospheres. Then 
close c, remove the cylinder, and replace the screw, 8. 

Examine the joints of the bomb for leakage; if there is 
none the bomb may be placed in the calorimeter, which 
contains a ,yeighed quantity of water. "Set" a Beck­
mann thermometer so that it reads about 20 when placed 
inside the calorimeter. The great source of error in the 
determination of the heat of combustion lies in the loss 
of heat by radiation. This can be minimised by arrang­
ing that the temperature of the water in the calorimeter 
Hhall be just as much below the temperature of the air 
space before the experiment as it will be above it after 
the experiment. 'rhis should be about 1'50 if a correct 
amount of substance has been taken. Connect the ter­
minals, T, T, with a battery of 5-6 accumulators with a 
key in circuit, attach the stirrers to the mechanicaJ 
apparatus for working them, put on the calorimeter 
covers, and insert the thermometer. Start the stirrers 
working at the rate of about forty strokes per minute, 
and after about ten minutes commence reading the tem­
perature every minute for about ten minutes. Close the 
electric circuit, noting the time. exactly. The iron wire 
will thereby be raised to incandescence, and will ignite 
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the substance in the crucible. The temperature of the 
wnter in the calorimeter will now COl1lmenee to rise 
rapidly; take readings every minute, and note especially 
the highest temperature recorded; then take readings 
every minute for about ten minutes to obtain the rate 
or cooling due to radiation. The bomb must now be 
removed from the calorimeter and emptied; this is done 
by removing the screw, 8, and opening the valve, (l, when 
all the gas escapes. The top may now be removed, and 
the bomb washed out. Any iron which has remained 
unburnt must be removed and weighed, and its weight 
subtracted from the weight of iron taken. The corrected 
telllperatures are obtained by the method already de­
scribed. The initial temperature is ahyuys obtained in 
this way, but the final temperature may be obtained in 
another manner. If T be the end temperature, Th the 
highest temperature reached during the experiment, 0 
the average change in temperature per minute in the 
measured period preceding the experiment, 0' in the 
measured period afte1' the highest temperature has been 
reached, alld n the time, in minutes, which eli.pses 
between the closing or the circuit and the reaching of 
the highest temperature, then 

, 0'+3 T=T,.+110 +--r. 

Method of Calculation 

(a) The 'Wedel' equivalent of the calorimeteJ' (md other 
apparat~t8. Let W be the water equivalent of the 
apparatus, 'W the weight of water in the calorimeter, 
'tv' the ,veight of naphthalene burnt, 'W2 the weight of 
iron wire actually burnt, Tl the corrected initial tem­
perature, anel T the COl'rected final temperature. Then 
the apparatus and 10 grams of water have been rais('(l 
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(T - T1)O by the combustion of w' grams of naphthalene 
and W 2 grams of iron wire. The heat or combustion of 
naphthalene is 9G93 slllall calories per gram, and that of 
iron is 1600 f;l1laU calories per gram. Hence the total 
heat evolved during the experiment is 

'tv' X 9GD3 +w2 X 1600 cal., 
and this has raised the apparatus and 1U grams of ,rater 
(T - T'f ::-\ow D693w' + 1600w2 calories would raise 

16001('" + !)C!)3?u' f ( , ° --(T _ T i )-- grams 0 water T - T ) . 

This fl1etor contains the weight of water and the water 
to which the apparatns is equivalent, i.e. Lhe water value. 

1 GOO U'" + fJGD:3 w' 
Hence ", -w=W. 

T-T 
(b) Tlw heat of cmnbn8tion. w grallls of \Yater and 

the apparatus have been raised (T - T' / by the burning 
of 10' grams of the 8ub."tance and 102 g'l'ilIW:3 of iron. TJw 
qualltity of heat necess,1ry to raise the apparatus aml the 
water (T-T')o is given by 

(10 + W)(T - T') c::l,lorics; 
of this (luantity 1600 w2 has been furnished by the burn­
ing of the iron wire. Hence 

(W+W)(T-T')-lGOOw2 

represents the heat p]'olluced by the burning of 10' grams 
of the substance. If M is the molecular weight, then 

1~06{~[(W+W)(T-T')-lG001('J} =H Cal., 

where H is the heat of combustion. 

EXPEnD! ENT 

Ddm<minc t1te He,d of Comb11stion ((nd t11('. Hr>ut of 
FOI'lIwtion 4 JJc)lz(;i(' Acill, '\Veigh ont about 1 gralll 
of benzoic acid for tllis experimellt; C~l'ry out the 
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experiment exactly as described in the foregoing. After 
the experiment has been completed a precautionary 
observation ought to be made to ascertain that the 
combustion has been complete. Incomplete combustion 
would entail either the formation of free carbon or 
carbon monoxide. 'l'he presence of the minutest trace 
of carbon-monoxide can be detected by allowing the 
escaping gases to pass slo\'1ly through a solution of 
palladous chloride, which will be reduced with the for­
mation of a black precipitate of metallic palladium by 
carbon-monoxide. The presence of unburnt carbon will 
be obvious when the apparatus is opened. The oxygen 
supplied to laboratories always contains nitrogen, and 
during the combustion some of this will be converted 
into nitric acid, which, of course, gi "es rise to a certain 
amount of heat. In very accurate determinations the 
quantity of nitric acid is estimated by washing out the 
bomb with water, boiling the solution to expel carbon­
dioxide, and titrating. One gram molecular weight of 
aqueous nitric acid gives rise to 14·3 Oal. when it iE 
formed. Hence the amount of heat due to this caUSE 
can be calculated and deducted from the total quantity 
of heat. If H be the number of large calories evolved 
by the combustion of 'LV grams of benzoic acid, and M thE 
molecular weight of benzoic acid, then 

M . H gives the heat of combustion. 
w 

The heat of formation is found thus: 

0GH5000H + 150 = 7002 + :3Hp. 

(07' Ha, 02)+JI.IIH=7 X 96·96+3 X 68·36, 
w 

,. M 
(07 , HG, O2)=7 X 96·96 +3 X 68·36- wH. 
" 



CHAPTER IX 

TRANSITIO~ TEMPERATURES 

PURE substances undergo physical changes at certain 
definite temperatures which are characteristic of the 
substance and change in question. Thus, for example, 
we have boiling and freezing points, the temperatures 
at which a liquid changes to the gaseous. and solid 
conditions. In addition to the boiling point and freez­
ing point there are other equally defiuite temperatures 
at which definite physical changes take place, e.g. the 
temperature at which rhombic sulphur changes to mono­
clinic sulphur, and the temperature at which the red 
variety of mercuric iodide changes to the yellow variety. 
These temperatures are known as the transition points 
or transition temperatures. Just as at the freezing point 
of a substance solid and liquid are in stable equili­
brium with one another, so at the transition tempera­
ture the two forms are in stable equilibrium. Not only 
are there transition temperatures in the case of poly­
morphous substances, but they are also found in the case 
of all hydrated salts. Thus it is found that a given 
hydrate is stable only between definite limits of tem­
perature; above the higher limit the anhydrous salt, or 
maybe a lower hydrate, is stable, whilst below the lower 
limit a higher hydrate is stable, ·the hydrate in question 
being stable between the limits. The temperature at 
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which one hydrate passes int,o another Qt. into the 
anhyclrons salt constitutes a transition temperature which 
is equally definite, and as hns been shown in Chapter II., 
Part I., may be used as a known fixed temperature in 
calibrating thermometers. The physical properties of 
the two subRtanccs, in cClnilibrium at the transitioll 
point, differ from one another, and usc is made of this 

B 

c 

difference to determine the exact 
temperature of the change. 

The method" for detcrminin o' .,., 
the transition point may be 
elassified umler the following 
headings: (1) Dilatollletric, (2) 
Tensimetric, (a) Solubility, (4) 
Thermometric, (5) Electro-con­
ductivity, (6) Electromotive 
force, (7) Viscosity, and (8) 
Optical methods. These will 
now be considered in the above 
order. 

1. Dilatomeb'ic J11 ethod. 
A Many ~mbstances undergo a 

change of volume when pa:ssing 
from one form to another: 
hence if the telllpemture at 
which the volume change occurs 

11:> determined it will conHtitute a determination of the 
transition temperature. The apparatus employed for 
the determination of the transition temperatl1l'e by 
this method is known as a clilatoll1c,ter. It consists of 
an elongnted bulb A (Fig. 52), of about 30-40 c.e. 
cn,pacity. A long capillary tube B, about 0'5 mm. 
diameter, is attached to the bulb and the other end 0:[ 

the bnlb is open. The bulb is almost filled with the 
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substance whose transition point is to be determined 
and the open end C sealed ofr The air is removed from 
the bulb, and the interstices between the particles of the 
,mbstance filled with some liquid which does not .dissolve 
in the su Dstance under in vestigation, but which may 
dissolve a little of it, since this will accelerate the 
change at the transition point. Sufficient liquid must 
be prosent to just enter the bottom of the capillary 
tu "be. The dilatometer, when filled, constitutes a large 
therlllomoter. An opal millimetre scale is fastened to 
the back of the capillary and the bulb immersed in a 
bath at constant temperature. After the bulb has taken 
on the temperature of the bath, the height of the liquid 
in the capillary and the temperature are noted. The 
temperature of the bath is then slowly raised Olle degree 
and the height of the liquid in the capillary again 
noted. This operation is repeated degree by degree for 
several degrees until the transit,ion has taken place. So 
long as the transition of one form into the other has 
not taken place the liquid will rise regularly in the 
capillary tube for equal increments of temperature, but 
at the moment transition takes place, a very much 
larger rise will be observed if the original substance is 
denser than the substance into which it is changing. If 
the original substance is less dense then a decreased rise 
will be observed. After the transition has taken place 
the rate of rise in the capillary will again become 
regular for equal increments of temperature. On allow­
ing the dilatometer to cool down again the same changes 
will take place in the reverse order. If now the heights 
of the liquid in the capillary are plotted as ordinates 
against the temperatures as abscissae a curve system 
as depicted in Fig. 53 will be obtained. The two curves 
ABCDE and ABFDE should theoretically be coincident; 
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the reason, that they are not, is, that a lag occurs in the 
transition, i.e. it does not take place instantaneously at 
the transition temperature, but at a temperature slightly 
above the true transition point in the heating curve, 
and at a temperature slightly below in the cooling 
curve. The mean, therefore, of the points c and F will 
give the transition temperature. The points c and F 

may be brought nearer together by raising the tempera­
ture very slowly in the neighbourhood of the transition 
point. The dilatomoter may be used in another manner. 

h 

E 

T 

FiG. 53. 

If a mixture of the two forms of a substance is placed 
in a dilatometer at the transition temperature, the height 
of the liquid in the capillary will remain constant no 
matter how long the bulb is kept at that temperature. 
If, however, the temperature is lowered or raised ever 
so little, one of the forms will pass over into the other 
and a change of volume will take place. The method, 
therefore, is to find approximately the transition tem­
perature, and then to place a dilatometer containing 
both forms of the substance under investigation in a 
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bath somewhere about that temperature. After about 
15 minutes the height of the liquid is noted, and then 
after 1;"5 minutes more it is again noted to see whether it 
is rising or falling. If a contraction tlLkes place, thn 
temperature is changed until an expansion takes place. 
Two temperatures are thus obtained between which the 
transition temperature lies. Then by careful regulation 
of the temperature of the thermostat these two points 
are brought closer together until finally a temperature 
is reached at which neither expansion nor contraction 
occurs. This is the transition telllperatur~. 

Expr-;HnIENTS 

(i) Determine the l'n~n8ition Temperatu?'e iV?' A nhy­
rlrous Sodi1~m S1(lplwte (md the Decahydrate. Fill a 
dilatorneter with powdered Glauber's salt. This iH done 
by inverting the dilatometer and placing a glass bead at 
the joint of the capillary tube and the bulb, to prevent 
the capillary being filled with the powdered salt. Then 
add sufficient of the salt to three-quarters fill the bulb. 
Fuse ofr the end C, and, when the glass is cold, shake 
down the salt. Attach a glass adapter, D (Fig. 52), to the 
dilatometer by means of a rubber stopper, Fill the 
adapter with petroleum, attach the tube f to a water pump, 
and exhaust the dilatometer, After aJI the air possible 
has been extracted from the bulb remove the pump con­
nection from j; when the petroleum will be forced into 
the bulb. Repeat the process as long as any air bubbles 
remain in the dilatometer, Then withdraw the petro­
leum from the clLpillary by inserting a fine capillary 
tube and connecting it to the pump. 1£ the dilatorneter 
is correctly filled the petroleu~n should stand at the 
bottom of the scale. Place the bulb of the dilatorneter , 
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in a thermostat at 28°. A brge l)eakel' or water heated 
by a small flame ,yill setTe as a thermostat in this experi­
ment. When the bulb has taken on the temperature of 
the bath, i.c. in about ten minutes, note the height of 
the meniscus and the temperature of the bath. Raise 
the temperature oue degree; this should be done slowly, 
about ten minutes being taken for the change; keep the 
temperature constant for about five minutes, and then 
read both temperature and the height or the meniscuH. 
Proceed in the saUle way degree by degree to 35° 01' 36°. 
It will be noticed that at about 33° the meniscus will rise 
much more for one degree increase of temperature than 
at the other temperatures. Let the bath cool slowly, 
and make measurements every <lpgree as before down to 
28°. Plot the measurements as described al)ove, and 
deduce the transition temperature from them. 

(ii) Determi1le the 'l'rallsition 'l'empemin1'e of A.~t1'((­
l,'(tnite a11d a lifixtu1'e of GZcwbcl"s Salt and Hcpta­
"yclmtcd _1lIugnesium Sulphate. Astl'akallite is a double 
sulphate of magnesium and Aodil1m which is only HtabJe 
above 21°. Below this temperature it splits up in the 
presence or water into Glauber's salt and hydrated 
magnesium sulphate thus, 

Na2S0410H20t MgS047H20 
~ l\fgS04Na;lSO.4HP+ 13Hp. 

:Make a mixture of equimolecular quantities of Glau­
ber's salt and crystalJiOied magnesium sulphate; powder 
the salts separately, and then mix them by stirring with 
a glass rod. Place the mixture in a dilatometer, fill 
with petroleum aR before, and place in a thermostat 
at 16°; slowly raise the temperature degree by degree 
to 25°, noting the tempel-ftture and height of the meniscus 
at each point. At 21°-22° the mixture will partially 
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liquefy, and here an increased rise of the meniscus in the 
capillary tUDe will be observed. N ow cool the thermo­
stat slowly back to 16°, taking readings as before. Plot 
the values, and from the curves deduce the transition 
point. 

As a further experiment the change of sodium 
ammoniulll racemate into a mixture of the dextro and 
laevo tartrates may ·be determined. The point lies 
about 28°. 

2. l'ensimeiric J[cthocl. 
Two substances which change 
into one another by raising 
or lowering the temperature 
are in equilibrium in all I 
respects at the transition tem­
perature. 1£ the substances 
possess a measurable yapour 
pressure this property may be 
used to determine the transi-
tion point. :Measurements or 
this kind are carried out in a 
tensimeter or differential pres­
sure gauge. The instrument 
generally adopted is the 
Bremer-Frmvein ten"imeter. 
This consists of a u-tube A 

A 

(Fig. 54), the limbs of which FIn ;;4. 

are about 30 ems. long, and 

h 

f 

are bent together as indicated in the diagram. The 
limbs of the u-tube are bent apart at the top, and two 
bulbs, a and b, are blown in them; above the bulbs two 
small flasks, j, j, are attached. The substances whose 
vapour pressures are to be compared or measured are 
placed one in each of these flasks and thfi necks sealed 
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off. TIH'n the llHlllOllidcl' is tilled with a suitable nOll­
volatile liquid, c.g. a-bromuapltthalene serves excellently, 
and the apparatus bid horizontally so that the mano­
meter liquid runs into the bulbs C~ and b. The open 
encl, Ti, is then attached to a mercury pump, the 
apparatus exhausted, amI the end h scaled. Tlw appa-

b 

ratus is then placed in 
it vertical position, and 
after standing at con­
stant temperature fOt' 
sOllle time the differ-
ence in height of the 
meniscus in the two 
limbs of the manometer 

,-----++--"=~ gi\'es the diflerence in 

FlO. 55. 

pressure between the 
two fmbstances in milli-

--- S metres of U-hr01l1llaph­
thalene. It will be 
obvious that by placing 
COllcclltrated sulphuric 
acid in one of the flasks 
the vapour pressme of 
the substance in the 
other flask can be 
determined directly. 

Another method, due 
to Cumming (J. C.S., 
Hl09, 95, 177:2), may 
be used to deterl1lille 
the transition point of 

hydrates by mcasureme!lt of vapour pressure. The 
apparatus consists of a strong wide-necked glass bottle, 
A (Fig. 55), about 750 C.c. capacity, closed with a well 
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fiLting stopper, S, which carries a highly polished silyer 
cylinder, D, 10 cm. long and :2 cm. diameter, and It glass 
tube, C, fitted with a stopcock, T. 'fhe silver cylinder is 
closed by a cork which carries two tubes, nand b, and a 
thermometer, t, graduated in tenth-degrees. The method 
consists in placing a solution or hydrate in the bottle, 
and evacuating as completely as possible by means of a 
water pump. The apparatus is then placed in a ther­
mostat, and allowed to remain there for several hours. 
The vapour pressure is then determined by measuring 
the dew point. This is done by placing a quantity of 
ether in the silyer tube and slowly blowing a current of 
air through it until condensation of water takes place on 
the sil\-er tube. The temperature at which this occurs is 
noted IJY the thermometer, t. The air current is tlwll 
either stopped 01' reduceJ yery much, when the tempera­
ture of the silver tube slowly rises and the film of 
moisture disappears from the silver tube. The tem­
perature at which this last trace vanishes is reael, and 
the mean of the two temperatures, which should not 
differ hy more than 0'2°, gives the dew point. The dew 
point is the temper:.tture at which the air is just saturated 
with aqueous ,-a pour; the vapour pressure of water at 
this tempemture can he found from tables (Table VII., 
Appendix B). and is ohyiously the vapour tension of the 
solution or hydrate at the temperature of the thermostat. 

EXPERIlIIENTS 

(i) Determine the Transition Tempemt1Lre of GlatLber's 
Salt and A ?lhyrl1'OUS Sod iU?r" Sldplwte. Fill one or the 
flasks or a tensimeter with dry powdered Glauber's salt 
crystals and the other with the' crystals and It few drops 
of a satur~ted solution or the salt. Thel,l exhaust the 
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instrument and seal it up. Stand it vertically in a 
thermostat at 20°, and when the position of the liquid in 
the manometer }w,s become constant read off' the differ­
ence of the levels of the two limbs of the manometer and 
the temperature. Change the temperature of the bath 
by slightly altering the thermo-regulator, and when the 
temperature and height of the manometer liquid have 
again become constant take the readings. This process 
may take from 2-3 hours. Repeat the process, taking 
care not to increase the temperature by more than 1 ° at 
a time. The difference in level will become less and less 
until finally it is zero. The temperature at which this 
occurs is the transition temperature. 

(ii) Repeat the above Experiment, using the Cumming 
JJ[ethod. Determine the vapour pressure of solid Glauber's 
salt at a series of temperatures from 25° to 35°, and also 
for a saturated solution of Glauber's salt in the presence 
01 some crystals. Plot the valnes of the VltpOUr pressure 
as ordinates against the temperature as abscissae. The 
curves will intersect at the transition temperature, for at 
the tram;ition temperature Glauber's salt crystals must 1)e 
in equilibrium with a saturated solution which contains 
both anhydrous salt and decll-hydrate. 

3. Solubility Method. At the transition temperature 
two substances which are in equilibrium with one another, 
and pass into one anotber on changing the temperature, 
have tho same solubility. Hence if the solubility of the 
two substances be determined at a series of temperatures 
and solubility curves drawn, it will be found that they 
will cut when produced. The temperature at which the 
curves cut will be that of equal solubility, i.e. the tran­
sition temperature. 
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EXPEIUilIENT 

Determine the T1'ansition Temperature of Glwnber's 
Salt and A nhydl'ous Sodi~~?n S~~lplude by the Solubility 
lIfetlwd. Place about 200 C.c. of water and 100 grams of 
finely-powdered Glauber's salt in a 250 c.c. stoppercd 
bottle, cover the stopper and the neck of the bottle 'with 
a rubber cap, and shLLke in a thermostat at 25° for one 
hour. Allow the solid to settle, remove about 10 C.c. of 
tho Holution, transfer to a tared, stoppered, weighing 
bottle, and weigh to the nearest milligram. Transfer the 
solution to a weighed ph,tinnm dish and carefully eva­
porate off the water, dry at 120° till of constant weight, 
and weigh the anhydrous sodium sulplutte. Shake again 
for h,t1£ an hour, and redetermine the solubility. Repeat 
the process, if necessary, until the solution is saturated. 
Calculate the solubility in grams anhydrous salt per 
100 C.c. of water. Now raise the temperature of the 
thermostat to 28° and redetermine the solubility; add 
more water or Glauber's salt if necessary. :Make further 
determinations at 30°, 32°, 34°, 40°, and 45°. Plot the 
solubilities as ordinates and the temperatures as abscissae, 
and draw a curve. It will be found that the curve 
breaks about 32°. '1'0 find the exact transition tem­
perature, produce the curve made by joining the points 
below the break and also that made by joining the points 
above the break. The point of intersection will give the 
transition temperature. Notice the solid at the bottom 
of the bottle at each temperature; it ,vill be found that 
below 32° the decahydrate is the compound present, and 
that at 34° and above the anhydrous salt is the solid in 
equilibrium with the solutioll. 'This may be verified by 
filtering off the solid at 30° and 34°, clr.yiug between 
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filter papers, and estimating the water or crystallisation 
in the usual way. 

4. Thermometric illetlwd. \Vhen a solid substance is 
heated the temperatur<3 will, in general, increase in a 
pedectly regular mallner until the melting point is 
reached. At this point the temperature will remain 
constant until the ",hole of the solid has melted, and 
then it will increase in temperature again in a perfectly 
regular manner. The heat added to the substance while 
melting is used up as latent heat to effect the melting. 
The same process is mn,de use of to determine the 
transition temperature. If a substallce is slowly heated 
its temperature rises in a perfectly regular lllallner until 
the transition point is reached, here the temperature 
stops rising until the change is complete and then it 
cOlllmences to rise again, or if a substance has been 
heated above its transition temperature and is allowed 
to cool slowly, its temperature will full at a definite rate 
until the transition temperature is reached, when it 
ceases falling until all the substance has been trans­
formed and then it commences to fall again in a 
perfectly regular manller. By plotting the rate of 
heating or cooling, i.e. the number of degrees per 
minute as ordinates against the temperatures as 
abscissae, a eooling or heating curve 'will be obtained 
which will exhibit a break at the transition point. 

EXPElUl'.IENT 

Determine the Transitiun Puint of Glauber's SitU by 
the l'hermometl'ic Method. Place about 50 grams of 
powdered Glauber'" salt in a thin-walled test tube T, 

(Fig. 50), insert n stirrer p and a thermometer t, graduated 
in tenth degr~es, into the salt. Support the tube T in a 
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large beaker B of water, provided ,,·ith a stirrer 8 and 
a thermometer t. l~aise the temperature of the bath 
to 30°, keep it there for about 30 minutes and then read 
the temperature of the Glauber's salt. Slowly raise the 
temperature of the bath to :3Go, at the rate of about lOin 
10 minutes. Reael the tem­
perature of the Glauber's salt 
every minute [md keep it 
well stirred. Then allow the 
beaker of ,Yater to slowly 
cool, reading the temperature 
of the Glauber's salt every 
minute until it reaches 28°. 
It will be noticed that at 
about :120 the rate 01 heating 
and cooling of the Glauber's 
salt will be slower than at 
other temperatures. Plot the 
temperatures as ordinates 
and the times as abscissae, 
draw the curves, which will 
be of the same nature as 
those in Fig. 5;3, and deduce 
the transition temperature. 

This experiment may be 
repeated with the double 
chloride of potassium and 
copper, which changes at auout 

Fw. ;;6. 

92°, thus: 

2KCICuC122H20 :_ KCICuC1 2 + KC) + 2Hp. 

T 

~B 

Here the he~1,ting should be cOlnlllellced at 85° and 
continued. to 95°. 

5. Electro-conductivity Meth~d. It has already been 
shown that substances at their transitiOlI temperature 
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have the same solubility, consequently a saturated 
solution of a salt, which crystallises in two different 
forms, or with two different numbers of molecules of 
water of crystallisation, will have the same electro­
conductivity at the tranc:ition temperature irrespective 
of the form of the salt used in the preparation of the 
solution. The method of determination of the transition 
point, therefore, consists simply in measuring the electro­
cOllducti vity of saturated solutions made from each of 
the forms of the substance, or from each hydrate, at a 
series of temperatures, and plotting the conductivities 
as ordinates against the tempel'l1tures as aLscissae. The 
point of intersection of the two curves will be the 
tmnsition temperature. 

EXPERIMENT 

Determiyte the Tramsition 'i'empel'atnre of the Hexa­
hyclmte and Heptahyd1'ate of Zinc Sulphate. For this 
experiment use conductivity ve,ssels as illustrated in 
Fig.14n. Remove the electrodes and place a small qUlLn­
tity, 10-15 grams, of finely powdered ZnS(\7H20 and 
20 C.c. of water in the vessel. Close the tube with a 
rubber stopper, and shake for half an hour in a ther­
mostat at 25°. Measure the conductivity of the solution 
(see Chapel' III.). Then mise the temperature of the 
thermostat to 30° and shake again for half an hour and 
remeaSllre the conductivity. Hepeat at 35°,40°, and 45°. 
Now make a saturated solution of the hexahydrate and 
measure its conductivity at 45°,40°, and 35°. Plot the 
results and deduce the transition temperature as indi­
cated aLove. 

In: .. ,tead of using the electrode vessel, as advised 
above, to make the saturated solutions in, a wide­
mouthed bottle may be used, and the conductivities 
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determined by Illeans of a dipping electrode (see 
Fig. 15). The temperatures mentioned above indicate 
that the comluctivity of both hydrates may be measured 
in regions where they are unsbhle. This is possible 
because of the extreme slowness with which the change 
of one into the other takes place. 

6. Eltci'l'Omotive Furce Nethod. It was shown in 
Chapter VI. that the electromotive force of a cell, made 
up of two electrodes of the same metal and two con­
tiguous solutions of the same salt but of different 
concentrations, depends upon the concentration of the 
metal ions in the two solutions. Consequently when the 
concentration of the metal ions in both solutions becomes 
the sa,me the cell will have no electromotive force. Two 
solutions of zinc sulphate, saturated at the same tem­
perature, would then:fore possess the same number of 
zillc ions. So also would a saturated solution of the 
heptahydrate of zinc sulphate and the hexahydrate of 
zinc sulphate at the tmm;ition temperature, for at this 
temperature their soluhilities arc the same. Hence if a 
cell is made up of a saturated solution of ZnS047HzO, 
and a saturated solution of ZnS04GH~O with two zinc 
electrodes, thus, 

I Sat. solution Sat. solution 
Zn Zn i ZnSO.7Hp ZnS04GHzO 

it will have no electrolllotiYe force at the transition telll­
perature, but at every other temperature there will be an 
electrollloti ve force. Below the transition temperature 
the current will flow from the part of the cell containing 
the heptahydrate to the part containing the hexahydrate, 
and above the transition temperature it will flow in the 
opposite direction. Hence to determine the transition 
temperature it is only necessaryl0 determine the electro-
1l10tiYe force of such a eell at a series of ,temperatures 



206 PHYSICAL CHEMIS'l'RY 

and deduce the point at which the electromotive force 
is zero from these values. 

EXPERIl\1ENT 

Dctc1'1nine the Trc~11sition 'l'empend1Ire oj the Hexc~­
hycl/'atc cOlcl the Hcptahyclrate of Zinc Snlphate. This 
experiment is best carried out in a cell shaped as in 
Fig. 57. It consists of an H-s)mped tube, the vertical 
limbs, a, b, of which are about 8 cms. long and 1'5 cms. 

-
a:£S 
0 0 

Q C\(\ 
00 

d 

FIG. 57. 

diameter, and are joined by a 
narrower tube, c, about 0'4 cm. 
diameter, fitted with a tap, d. 
The electrodes 1Jllsist of rods of 
amalgamatedllfrlC. Place a solu­
tion of ZnS047I-I20, f:mturated at 
25°, in a,' together with a small 
quantity, 3-5 grams, of the finely 

b powdered cl'ystals; allow the 
solution to fill the side tube up 
to the tap. Fill the other tube, 
b, with a saturated solution, at 
25°, of ZnS046I-I20 and 2-4 
grams of the finely powdered 

crystals in exactly the same way as before. Insert the 
electrodes and take care that the bore of the tap is filled 
with solution. Close the tap, and place the apparatus in 
a thermostat at 25°. After half an hour measure the 
electromotive force of the cell to the nearest milli-volt 
(see Chapter VI.). The measurement may be done either 
with the tap open or shut. After measuring, close the 
tap and raise the temperature to 30°; the cell may be 
shaken from time to time to aid the formation of 
saturated solutions. A:ter half an hour measure the 
electromotive force to the nearest milli-volt; to ensure 
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that the solutions are saturated allow the cell to remain 
fifteen minutes longer at this temperature and measure 
again; if the solutions were saturated the electromotive 
force will have remained constttnt. Repeat the process 
at 35°, 4()O, and 45°. Call the values of the electromotive 
force obtained at the lower temperatures positive, and 
those obtained after the zero value has been passed 
negative. Plot the temperatures as absciiisae and the 
electromotive force as ordinates, placing the positiye 
values above the temperature axis and the negative 
values below the axis. Join the points on either :oide of 
the horizontal axis, and produce the curves thus formed 
until they cut the axis, which they will both do at the 
same point. This point is the transition temperature. 

7. Viscosity l~fethocl. Dunstan and Thole (J.G.s. 1908, 
93, 1815 and 1910, 97, 1249) have shown that viscosity 
determinations may be used to fix the transition point 
of a racemate into a mixture of the dextro and laevo 
tartrates. The change may be represented thus: 

(C4HSO()NH4Na)22H20+6Hp= 
o C4Hs06N H4N a, 4H20 + OC4Hs06NH4N a, 4H20. 

The method consists in determining the viscosity of a con­
centrated solution of sodium ammonium racemate below 
and above the transition temperature, i.e. between 25° 
and 32°, and plotting the viscosities as ordinates against 
the temperature as abscissae. In this way two curves 
are obtained which, produced, will intersect at the 
transition temperature. 

EXPEIlIMENT 

Determine the Transition Tempentt1tre of Socli1t1n 
A mmoniurn Racemate. Dissclve 25 grams of sodium 
ammonium racemate in water and make up to 100 c.C., 
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measure its viscosity a,t 25°, 26°, 27° and 28° and plot a 
curve; then measure the viscosity at 29°, 30°, 31°, 32° 
and 33° and plot a second curve. Produce the curves 
and deduce the transition point as indicated above. For 
the method of determining viscosity, see Chapter IX., 
Part I. Use a viscosimeter which has a large time of 
outflow, about 5-6 minutes. This mlly be obtained by 
lengthening the capillary and taking it of fairly fine 
bore, 15 cms. X 0'5 mm. is a good size. The bulb should 
have a capacity of 20-25 c.c. Make several determina­
tions at each temperature and use the mean value. Plot 
the results on a large scale. In this experiment very 
careful work is necessary since the amount of change is 
not very strongly marl;:ed. 

8. Optical JJlet/wds. Under this heading are included 
those changes which take place with a change of 
crystalline form, colour, or refl'actiYe index. Thus 
mercuric iodide changes from vermillion to yellow, a 
change whose temperature can easily be determined; 
the blue double acetate of copper and calcium, crystallis­
ing in the quadratic system, changes into green hexagonal 
crystals of copper acetate and white needles of calcium 
acetate. Further, a mixture of ferric chloride and 
potassium chloride in ,Yater solution is yellow in colour 
but on warming passes into a double potassium ferric 
chloride thus, 

2KCl+FeC13+2HP -:- 2KCIFeCI32Hp, 

the colour changing to red. The first two examples 
may be investigated under a microscope fitted with a 
stage which can be heated to any desired temperature. 



CHAPTER X 

RADIOACTIVITY 

RADIOACTIVE substances emit rays, which possess the] 
powcr of acting on a pllOtographic plate and of dis­
charging an electrically charged conductor. It is by 
means of these propcrties that radioactive substances are 
detected, and their changes inv~stigated. The photo­
graphic method is, however, nothing like so sensitive 
as the other, lmd consequently not much used in the 
exact study of radioactive relationships. The electrical 
method is extremely sensitive, and has been used to 
detect substances which are present in quantities far 
smaller than could be detected by the most sensitive 
balance, and which in some cases are of so evanescent a 
character tha,t they exist only for a few seconds. Further, 
it is the method adopted for studying changes in radio­
active substances which proceed so slowly that millions 
of years are required before an appreciable weight has 
changed, and also changes which proceed so quickly that 
a few seconds only are required for the substance under­
going transformation to entirely disappear. 

Method of Measurement 

rfwo instruments are employed for making radioactive. 
measurements, viz. the electroscope and the electrome~r. 
The electrometer is by far the more accurate measuring 

s.c. II. 0 . 
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instrument, and, where practicable, will be used in the 
following experiments. Hence a description of this 
instrument, together with the precautions necessary in 
its use, will not be out of place. The most convenient 
form of electrometer for the prescnt purpose is that due 
to Dolezalek. It consists of foul' hollow metal quadrants, 
it (Fig. 58),5-6 cm. diameter, supported on amber pillars 
b. The quadrants diagonally opposite are connected, as 
indicated in the diagram. The needle, c, is made of silver 
paper, and, supported by a phosphor-bronze suspension, 

d 

d, swings inside the quadrants. The needle suspension 
carries a small concave mirror, by means of which its 
movements can be ohserved.. The instrument is enclosed 
in a well-fitting metal ciJe, provided with a window 
through which the movements of the mirror can be 
observed. The quadrant pairs are connected to two 
insulated terminals placed outside the metal case. The 
movements of the mirror are best observed by using it 
to reflect the image of a straight filament lamp on to a 
millimetre scale placed about 2 metres away. The 
electrometer must be set up on a rigid slate slab, which 
is not subject to vibrations, and adjusted by the leyelling 
scrCWR at the baRc, so that the quadrants are horizontal. 
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Then the needle is adjusteL1, so that it lies symmetrically 
between the quadrants, and permanently connected to 
one pole of a bnttel'y of 100 volts, the other being 
earthed. To test the symmetry of the needle, adjust the 
scale so that the spot of light is at the zero division, 
connect one pair of quadrants to earth, and the 
other to the positive pole of an earthed Weston cell, 
and note the defleetiol1. Then connect the same pair 
of quadrants with the negative pole of the same cell, 
and earth the positive pole. The deflection in this 
case should be the same as before, but on the other side 
of the zero if the lleedle is hung symmetrically. If this 
is not so, then the position of the needle must be changed 
until the two deflections are alike. rfhe insulation of 
the electrometer should next be tested; this is done by 
earthing one pair of quadrants, and charging the other 
pair by connecting them for an instant with one pole of 
a battery, whilst the other pole is earthed. The needle 
will be deflected to a given position, which it will main­
tain for a very long time if the insulation is perfect, but 
if any part of the insulation is bad the needle will slowly 
swing back to the zero position. The electrometer is so 
sensitive that it is often seriously affected by electrostatic 
charges produced in its neighbourhood. To protect it 
from these it is surrounded by a cage of wire gauze 
inside of which all keys are placed. The cage is earthed 
by connecting it to a water pipe. The front of the cage 
is perforated by an opening opposite the electrometer 
\vindaw, and should be removable as a whole, to allow of 
a,djustments being macIe to the electrometer. The con­
necting wires, in all work in which an electrometer is 
used, should be surrounded by, metal tubes; this is best 
done by attaching a wire to tt piece of set11ing- wax or 
~ulphur, drawing the wire through the metal tube amI 
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pulling it tight. A second piece of sealing-wax or 
sulphur is then attached to the free end of the wire and 
tube, so that the wire is held centrally in the tube. '1.'he 
tube must then be earthed. 

A suitable key for alternately connecting the electro­
meter to earth and to the various testing vessels is 
depicted in Fig. 59. It consists of a metal rod, A, which. 
slides in a brass tube, T, supported by an earth-connected 

FIG. 59. 

metal stand, C. The brass rod, A, is sufficiently long to 
make contact with the mercury cup, M; this is made of 
brass and stands on a rod of sealing-wax, s. The electro­
meter quadrants and the apparatus containing the sub­
stance to be tested are connected to M, so that when the 
key, which is operated by a string working over a pulley, 
is dropped into the mercury cup, the quadrants and the 
measuring vessel are earthed. The rod A carries two 
stops, t, which prevent it 'moving too far in either direc­
tion. All con~ections between the measuring vessels and 
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the electrometer must be protected from electrostatic 
disturbances in the manner already indicated. Radioactive 
measm'emcnts by the electrical methou consist in either 
a direct or relati ve measurement of the saturation current 
produced by a given radioactive substance. 

The meaning of the term Saturation Current may be 
illustrated in the following way. Suppose we have a 
pair or insulated metal plates, A, B, (Fig. 60), of which A is 
connected to one p[til" of quadrants of an electrometer 
and the other, B, is connected to one pole of a battery, 
the other pole being earthed. If now a radioactive 
substance is placed on B, 

the air between the two 
plates will be ionised; 
this will mean that a 
current will pass from B 

to A, which will charge 
the electrometer quad­
rants and cause a deflec­
tion of the needle. If 
now the potential on B 

is increased by increasing 
the electromotive force 

FIG. 60. 

of the battery more current will cross the space 
between A, B, consequently the electrometer quadrants 
will charge up more quickly and the needle will 
move more rapidly. On further increasing the electro­
motive force of the battery the needle will move with 
increasing rapidity, but only up to a certain point, 
after which, no matter how much the potential on B 

is increased, the needle will move at practically a 
definite rate. The current then flowing is known as the 
saturation current, and this must always be the current 
measured. The potential difference required to furnish , 
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this current is knowll as Ow tlaturatioll potential differ­
ence. For all substances, except very active preparations 
of radium, a saturation potential difference of 300 volts is 
sufficient. This is best obtained from a battery of small 
accumulators, or from a series of lend cells (Fig. 61), 
nlade by dipping strips of lead in test tubes containing 

Fw.61. 

dilute sulphuric acid. Before attempting to measure 
radioactivity, i.e. the f>aturation current produced by [\ 
radioactive substance, the sensitiveness and capacity of 
the electrometer and its connections must be dctermined. 
This is not necessary for relative measurements, but for 
absolute measurements it is eflselltial. 

Sensitiveness and Capacity of the Electrometer 

The senflitiveness of an electrometer is the number of 
scale divisions over which the necdle 1110\'CS whcn there 
is a potential difference of one volt between the two 
pairs of quadrants. To determine this, earth 011e pair 
of quadrants, and connect the other pail' to one pole 
of a Wcston cell, the other pole of which is earthed. 
Determine the number of scale divisions ,yhich the 
needle moves over, and since the deflection is propor­
tional to the potential difference the number for one volt 
can be calculated. The electromotive force of the 
Weston cell may be taken as l'OID volts. 'l'he 
capacity of the elcctrometer and its cOllllectiolls can bc 
determined by charging up thc electrometer to :.1 
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potential P as alreauy uescribeu, ,,·hCll it will gl\'C a 
dcflection of el scale divisions; then connecting it to a 
condenser of known capacity c/, when the potential will 
fall to pI illdicateu by a deflection ell. Then if C IS the 
capacity of the electrometer and its connections 

Hence 

Cp=p/(C+C'), 

P c d 
i.e. p;= c+c/=cZ" 

I el' 
c=c -l~l/ 

C -( 

Calculation of the Saturation Current 

1£ the sensiti ycness and the capacity of thc electro­
meter are both known the saturation current can be 
calculated from the deflection. 

'{'hus, if s is the sensitiveness of the electrometer, 
C the capacity in electrostatic nnits, i the saturation 
current, and n the number of scale divisions through 
which thc needle moves in one second when the quadrants 
are being charged by the current i, then 

. Cn 
~=9x lOllXS amperes. 

Measurement of Radioactivity 

The activity of a solid radioactiye substance cn.l1 be 
conveniently measured by means of the apparatus 
uepicted in Fig. 62. This consists of an insulated metal 
plate A, connected to one pole of an earthed battery, and 
a second plate B, 2 ems. distant from A and connected 
through a mercury cup M with one pair of the electro­
meter quadrants. The plates, are enclosed in an earth 
connected metal box c. To make a determination the 
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active substance is placed in a small metal tray on the 
plate A, and the earth connection between the mercury 
cup broken, so that the measuring vessel is directly 

• B 

c 

A 
To Battery 

~_JL~ ________ ~~~.~ 

Te" !:artl\ 
FlO. 62. 

connected with the electrometer (Fig. 63). The needle 
of the electrometer begins to move as soon as the 
connection is made and the time required for it to swing 
over 100 scale divisions if) carefully noted by means of a 
stop-watch. When comparative measurements only are 

FIG. 63. 

required the radioactivity is known directly, since it is 
in versely proportional to the time required for the needle 
to swing 100 scale divisions. Absolute measurements of 
the saturation current, which is also proportional to the 
activity, can be calculated from the time required for 
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the needle to swing 100 scale divisions by the method 
given above. 

It is essential in comparative measurements that the 
electrometer should not change in any way; this can 
be tested by measuring the rate at which the needle 
moves, from time to time, when a substance of constant 
activity is placed between the plates A, B. Such a 
standard is furnished by url1niuIl1 oxide, U 30 S ; a small 
quantity, 1-2 grams, is placed uniformly on the bottom 
of a shallow metal receptacle and placed in the measuring 
vessel. The time required for the needle to swing over 
100 scale divisions is noted. This value may then be 
termed the normal swing of the electrometer and, since 
the activity of uranium oxide is constant, will always be 
reproduced if the electrometer has not changed. Should 
the electrometer have changed, results obtained before 
and after the change can still be compared by using a 
correcting factor obtained from the swings recorded with 
the standard. Thus if t is the time required for the 
needle to swing 100 scale divisions with uranium oxide 
originally, and t' after it has changed, then a time T 

required for a 100 division swing after the change would 

have required f,T before the electrometer changed. 

Measurement of Radioactivity by the Electroscope 

Radioactive measu,!"ements may be made by means of 
an electroscope, often better than with an electrometer, 
for it is possible to measure smaller currents with it than 
with an electrometer. The principle is exactly the same . 
as that on which measurements by an electrometer are 
based, except that instead of ~he rate of charging the 
insulated system, the rate of discharging it is measured. 
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The method find principle involved in the usc of the 
electroscope may be described tl,S follows. 

It is essential that the electroscope for use in r1"tdio­
n,ctive work should lmvc as small a capacity as possible; 
it generally consists of a light alumiuium leaf Ct (Fig. 64), 
attached to a narrow flat bruss rod h, which is insulated 
by a sulphur bcad 8, inside a metal case M, of about 
1 litre capl1city. The vessel M is provided with two 

M 

mica windows, through which 
the movements of the leaf 
can be observed and measured. 
The leaf system is charged by 
means of the bent rod T, which 
passes through an ebonitc 
stopper E. To charge the 
electroscope the rod r is 
twisted so that it touches the 
top of the insulated system, 
and the outside end of l' is 
touched with a charged stick 
of seuling-wax; the end of l' 

FIG. 64. is then twisted away from b. 
The motions of the leal arc observed through a reading 
microscope which carries a graduated scale. 

To make a measurement, the substance, if not very 
active, is introduced on a metal tray into the electroscope 
through the bottom, which is movable. The case and 
the charging rod are earthed, and the time reqnjred for 
the leaf to pass over a given number of scale divisions is 
noted. As the rate of the lear passing over the scale is 
not uniform the same divisions must be used in each 
measurement. If the substance to be measured is very 
active it is placed at son,e distance belmu the electroscope 
and the measurement made as before. 
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The electroscope is not usually employed to determine 
the fmturation current produced by a radioactive sub­
stance, but this may be obtained in the following way: 

The scale divisions must be calibrated to read potentials 
in volts. 'This is done by connecting a battery of 300-400 
volts across the ends of a potentiometer wire of high resist­
ance. The leaf system is then connected to a series of points 
on the wire of known potential, and the scale deflections 
of the leaf noted. The deflections are then plotted as 
abscissae against the potentials as ordinates and a cali­
bration curve drawn, from which the drop of potential 
between two given scale divisions can be obtained. The 
capacity of an electroscope may be determined in the 
same way as the electrometer. The electroscope is 
charged to a known potential, P, known from the 
number of scale divisions the }ea£ is deflected. Then it 
is connected to a condenser of known capacity, c', and 
the new position of the leaf rea,d which corresponds 
to a potential, pr. Then, if C is the capacity of the 
electroscope, p' 

c=c'--· p-p' 

If, now, i is the saturation current produced by 
a given mdioacti ve substance and p the fall of potential 
in t secclllds, 

i.e. cJ] 
i= t x U X 10- 11 amperes. 

EXPERIMENT~ 

(i) Compare the Radioactivity of llmnitt?n Acetate 
with that of Uranium Nitrate. 'l'his experiment may 
be carried out by means of ,an· electrometer or an 
electroscope. 
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(a) By rneans of an electrometer. Fit up an electro­
meter as described on page 210; connect the mercury 
key with a testing vessel as dcscribcd above. The 
scheme of the connections is indicated in Fig. 63. In 
this expcriment a battery of about 200 cells should be 
connected to the measuring vessel. \Veigh out about 
5 grams of uranium acctate and 5 grams of uranium 
nitrate to the nearest centigram, and sprcad them, finely 
powdered in thin layers on small shallow copper trays. 
Place one of the trays, e.g. that containing the acetate, 
on the lowcr plate of the measuring yessel, having 
previously earthed the mercury cup. Then break the 
earth connection and, by means of a stop-watch, note the 
time required for the electrometer to swing over 100 
scale divisions. Make a series of determinations, earth­
ing the mercury cup between each, and take the mean 
of the values obtained. Replace the tray containing the 
acetate by that containing the nitrate and repeat the 
measurements. 

If ta represents the time required for the needle to 
swing 100 scale divisions when the acetate is the ionising 
substance, and tn that when the nitrate is in the testing 
vessel, then 

The activity of acetate: activity of nitrate:: tn: tao 
The radioactivity is proportional to the amount of 

active substance present, i.e. in this case uraniulll. 
Hence the ratio ta: tn should be inversely as the ratio 
of the weights of uranium in the two compounds. 
Compare your result with the ratio of the weights of 
uranium present. Any other uranium compound may 
be used instead of the salts mentioned in this experiment. 

(b) By means of an electroscope. Fit up the electro­
scope as described above, illuminate the leaf system by 
a lamp placed bchind the instrument, and focus the 
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telel'lcope so that both leaves are visible on the scale. 
Charge the electroscope, and note the time required for 
the leaf to pass from division 20 to division 10. This 
constitutes the natural leak of the instrument. Now 
remove the bottom or the electroscope and place the tray 
containing one of the uranium salts underneath the leaf 
system. Charge, and note the time required for the leaf 
to pass over the same scale divisions as were used in 
determining the natural leak. Repeat the measurement 
with the other S.'1lt. The recorded times must now be 
corrected for the natural leak or the electroscope, and 
then they will be inversely proportional to the radio­
activity of the salts. 

If to be the time or the natural leak ror the measured 
10 diviflions, t1 that for the acetate, and t2 for the nitrate, 
then, since the drop of potential, V, corresponding to the 
movement or the lear rrom 20 to 10, is the same in each 
experiment, the times t1 and t2 may be corrected as 
follows. The leaf of itself loses a potential of V volts 

in to seconds, hence in i1 seconds it will lose ~. V, i.e. 
to 

the drop of potential due to the uranium acetate is 
t1 . t d . t 1 V d . t1 to V - -t V In 1 secoll el, or V In ( t secon s, t.e. --; 
o V 1-..1) to-t1 

to 
similarly, the uramum nitrate will cause the drop or 

t t · 1 . t" to d po en -Ia V 111 t ::... t secon s. 
o 2 

Hence 

The activity or the acetate: the activity of the nitrate 

•• t2 tO . t1 to 
.. to- t~' tOTt!' 

This experiment may he l'epe:1ted with thorium salts. 
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(ii) Compare the Radioactivity of Thorium, Nitrate 
and Uranium Nitrate. Proceed in this experiment 
exactly as in the last. \~eigh out about 1 gram of 
thorium nitrate and 5 grams of uranium nitrate and 
measure the times required for the electrometer needle 
to swing over 100 scale divisions, or for the electroscope 
leaf to pass over 10 scale divisions. Calculate the weight 
of uranium and thorium in the salts used, and from 
them the times required for the needle to swing 100 
scale divisions per gram of metal, assuming strict pro­
portionality. The inverse ratio of these times will give 
the ratio of the radioactivities. Thus, if with w grams 
of thorium nitrate the needle required t seconds to swing 
100 divisions, and with w' grams of uranium nitrate t' 
seconds were required, then if R represents the radio­
activity per gram of metallie thorium and R' that per 
gram of metallic uranium, 

I t 695'5 t' 502'5 
R : R :: w' 232'5: w" 238'5' 

where 696'5 is the molecular weight of 'l'h(NOJ l 12H/), 
502'5 that of (U02)(N03MH20, and 232'5 and 238'5 the 
atomie weights of thorium and uranium respectively. 

(iii) Determine the Rate of Deeay of 'l'lwrilL?n X cmd 
also the Rate of Prod1wtion of 'l'horilL?n X from Thorium. 
It is known that the activity of thorium is accompaniell 
by the formation of thorium X, a substance ~which, weight 
for weight, is several thousand times as acti ve ·as thorium 
itself. Thorium X ean be separated from thorium, and 
when separated, being strongly active, commences to 
disintegrate into other less active products. Its activity 
therefore decreases. At the same time more thorium X 
is produced in the thor~ull1 which has been separated; 
consequently, since the activity of the thorium X is added 
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to that of the thorium, its activity is increased. Measure­
ment will show that the rate of increase of the activity 
of the thorium is the same as the ratc of decrease of the 
activity of thorium X, i.e. the rate of formation of 
thorium X is the same as the rate of its decay. 

Prepare a dilute solution of thorium nitrate in water, 
and add ammonia to it until no further precipitation 
occurs. Filter and wash the precipitate. Evaporate the 
£ltrate to dryness in a shallow platinum dish, and drive 
off all the ammonium salts by ignition. The pl<1tinurn 
dish now contains thorium X an(l the impurities of the 
original salt. Dry the precipitated thorium hydrate. 
Measure the activity of the thorium oxide and the 
thorium X every day for 16 days. The activity of the 
thorium X will slowly decrease and £na11y vanish, whilst 
that of the oxide will slowly increase to a maximum. 
Cn'!l the initial value of the thorium X and the £nal 
value of the oxide 100, and plot the activities of both as 
ordinates against the time in days as abscissae. Draw 
curves for the decay of thorium X and the recovery of 
the activity of thorium. The cunes will be found to be 
irregular for the Jirst two days, but afterwards will be 
quite smooth. 

If 10 is the activity of thorium X immediately after 
separation, and It after a time t, then 

where A is a constant, € the base of natural logarithms, 
and t the time. 

Calculate the value of :\ from your experimental 
results, and use the mean value of A to calculate the 
value of t when It is equal to ~Io' i.c. when one half of 
the thorium X has decayed. Tilis will give the half life 
of thorinm X. 'The \'nlne of A rnay nlso he cftlcnln,trd 
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from the rate of recovery of the thorium. If 10 repl'e­
sents the increased activity of the separated thorium 
when it has become constant, It the activity recovered 
in time t, then It = 10(1- e->.t). 

Calculating now the value of t when It = ~Io' i.e. the 
time required for the formation of one half of the equi­
librium amount of thorium X, the value obtained ought 
to be the same as the half life of thorium X. 

(iv) Determine the Relative Ionising Power of the 
a, (3, and y Ra,ys of Radium. The radiations of radium 
are made up of three different kindicl of rays, which have 
been named respectively a, (3, and y rays. These rays 
have widely different properties, which may be briefly 
summarised thus: 

a rays, which are positively charged particles moving 
with a high velocity, are very easily absorbed by gases, 
liquids, and solids. They ionise air more strongly than 
either of the other rays, and are not very active photo­
graphically. 

(3 rays are negatively charged particles moving with 
a high velocity. They are more penetrating than a rays, 
and produce a smaller ionisation of the air. They are 
more strongly active toward a photographic plate than 
either of the other rays. 

y rays are uncharged and extremely penetrating. To 
measure the relative ionising power of the rays cut a 
small rectangular hole in a block of lead, 3 cms. long, 
2 cms. wide, and 2 ems. deep. Spread a small quantity of 
radium bromide uniformly over the bottom of this hole. 
Place the lead and its contents on the lower plate of the 
testing apparatus (Fig. 62), and arrange so that a curren~ 
of air may be blown a'lross the plates to remove an,}­
radium emanation which may be liberated. Measure the 
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saturation current, charging the lower p1ate to a high 
potential, about 800 volts. N ow coyer the lead capsule 
with an aluminium leaf, about 0'1 mm. thick, and 
remcasure the saturation current. This win cut off all 
the a rays and allow the f3 and y rays to pass through. 
The difference between the two measurements ",ill give a 
value proportional to the ionisation produced by the a 

rays. Now cover the capsule with a sheet of lead, 2-3 
mm. thick; this will cut off both the a and (3 rays. 
Measure the saturation current, which will be propor­
tional to the ionisation produced by the y rays. The 
difference between the last two measurements will give 
a value proportional to the ionisation produced by the f3 
rays. 

If tl is the time occupied by the needle in swinging 
100 divisions with the uncovered radium bromide, t2 
when covered by aluminium foil, and t3 when covered by 
the lead plate, then if la, Ifl and loy respectively represent 
the ionisn,tion due to the a, (3 and y rays, 

Ifl+y:ly ::t3 :tz and Iaffl+y:l.Bh::t2:tl' 

Should a battery of 800 volts not be available the 
experiment mtty be carried out with a thorium or a 
uranium salt, in which case a potential of 300 volts 
will be sufficient. 

(v) Determine the Absorption of y Rays by va1'i01tS 
thicknesses of J[etals. This experilllent should be carried 
out with an electroscope of the type described on page 
218. Place a small quantity of radium bromide in a 
shallow thick-walled leaden dish; this is best made by 
cutting a shallow hole 2 ems. long, 2 ems. wide and 
:1 mm. deep in a hlock of lead 4 cms. square and 2 ems. 
thick. Spread the radium bromide as thinly and as 
uniformly as possible over the bottom of the hole, cover 

~ n IT P 
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it with a thin sheet of miea, about 0'1 mm. thick and 
fasten the mica to the lead with sealing-wax, taking 
care that the whole of the joint shall be covered vyith 
wax. This is for the purpose ot preventing the escape 
of the emanation. Place the electroscope on a tripod 
stand and measure the natural leak. Cover the radium 
bromide with a sheet of lead 3 mm. thiek, charge the 
electroscope and determinc the time required for the leaf 
to pass over the measured 10 diviHions. The discharge 
will be due entirely to the 'Y rays, for the a and (3 rays 
have been cut off by the lead sheet. Add a sccond sheet 
of lead, 5 mm. thiek, to the first and measure the time of 
discharge. Add further sheets of lead, 5 mm. thick, as 
long as there is an effect on the electroscope larger than 
that due to the natural leak. Correct the time observed 
in the various measurements for the natural leak and 
plot the corrected values as ordinates against the thick­
ness of lead as abscissae and draw an absorption curve 
for the 'Y rays by lead. 

Repeat the experiment with sheets of iron, aluminium 
and copper, and note that the absorption is approximately 
proportional to the dewlity of the absorbing medium for 
equal thickness of Illetal. 

(vi) Determine the Rate of Deccc!J of Radittrn Emctna­
tion. Radium, simultaneously with the emission of a, (3 
and 'Y rays, giyes rise to a radioactive.gas, known as 
radium emanation. This gas, being radioactive, is 
constantly changing into other products, just as in the 
case of thorium X, and is also similarly regenerated from 
radium. Radium emanation, therefore, has a definite 
period of existence which may be determined by measur­
ing the saturation current produced by it at stated 
intervals of time. To" measure the rate of decity 
of radiulll emanatioll it must be removed from the 
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radium which has produced it. To do this dissolve 5 
milligrams of radium bromide in water and place the 
solution in a small wash-bottle A (Fig. 65), connect this 
through a sulphuric acid bubbler B to a gas-holder C 
filled ,,·ith mercury. 'Warm the solution of radium 
bromide by placing th~ wash-bottle in a water bath, 

FlO. 65. 

md draw a current of air through the solution 80 that 
the air and emanation which it contains pass into the gas­
holder. Transfer exactly 5 C.c. of the mixed gases to a 
gas burette, convey this to a measuring vessel and 
determine the time of swing of the electrometer needle. 

The measUl'ing vessel in this case consists of a brass 
cylinder A (Fig. 66), 2,,) cms. long and 6 cms. diameter, 
fitted with an ebonite stopper B, which carries a brass 
rod R protected by a guard ring D. Two well-fitting taps, 
s, t, are attached to the side of the vessel. To transfer the 
emanation from the gas bUl·et~e to the measuring vessel 
attach it to a small sulphuric acid bubbler and this to 
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the tap 8. Then evacuate the measuring vessel through 
the tap t. When the cylinder is evacuated close t and 
cautiously open s. This will draw all the gttS from the 
burette into the bubbler; when the mercury in the gas 
bnrette has filled the bore of the tap slip off the connecting 
rubber and allow air to be drawn through the tube into 
the bubbler and so sweep all the emanation into the 
measuring vesRel. Connect the rod R to the electrometer, 
the outside of the cylinder to one pole ot an earthed 
battery ot 600 volts, and the' guard ring to earth. 

Fro. 66. 

Measure the time reqnired for the needle to s,ying 100 
divisions as described above. 

'When the measurement has been completed, draw a 
rapid current of air through the measuring cylinder to 
sweep out all the emanation. This should not be done in 
the room containing the electrometer. Repeat the measure­
ments with further quantities of emanation at intervals of 
12, 12, 12, 24, and 24 hours, and then every two days for 
about a month. The saturation current will be found to 
gradually diminish until it finnJly vanishes. Plot the 
times required by the ilCedle to swing over 100 scale 
divisions as ordinates against the time in days as 
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abscissae, and draw a detny turve for radium emana­
tion. 

If 10 represents the initial adivity of the emanation 
and It the activity after a time t, 

Io=ItE- At
, 

where A is the decay constant of the emanation. Calcu­
late A for the nuious measurements, and then using the 
mean value of A calculate the value of t when I t ·= JIo. 

This will give the half life of radium emanation. 

Estimation of the Radium Content of Minerals 

The radium content of minerals is deduced from the 
acti vity of the emanation formed in a given tillle by a 
known weight of the mineral. This is compared with 
the acti\'ity of the emanation produced by a standard 
whose radium content is knO\\'n. Since uranium is dis­
illtegmting and forming radiulll, and the radium itself is 
disilltegmting but much faster than the uranium, it 
fo11o\\':-; that after a time the amount of radiulll prcsent 
in a given umniull1 mineral will becomc constant and 
proportionul to the amount of uranium present in the 
mineral. Further, the amount of emanation present in 
the llIineml, assullling none escapes, is also proportional 
to the quantity of radium present. The amount of 
radium prescnt in a uranium mineral has been found to 
be 3'15 X 10 -7 grams per gram of uranium, if the mineral 
is of sufiiclellt age for the equilibrium conditions to have 
been set up. 

If, then, such a mineral be taken and analysed to tind 
its uranium content, the amount of radium it contains will 
be known from the abo\'e relationship, 'viz. 315 X 1O-7x 
grams pcr gram of mineral, "\vhel'e x is the weight of 
uranium pel' gram of mineral. Such a mineral lllay 
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now he used as U10 stauc1anl with whieh I)ther mineral" 
may be compared and from which their radium content 
may be deduced. 

'1'he method of procedure is as follows: About 50 mil­
ligrams ol pitchbkndc, ol known uranillm, and conse­
qucntly known radium content, is takcn and ground up 
finely in an agate mortar. A carefully weighed quantity 
of this, about 30-40 milligrams, is placed in a platilHllll 
crucible and lused with a mixture of sodium and potas­
sium carbonates and a sm~dl quantity of potassium 
nitrate. The me1t is dissolved in hydrochloric acid and 
placed in a 250 c.c. flask, which is about four-fifths filled 
with water. The solution is bOIled for about an hour to 
expel all the emanation, the flask is then securely 
closed with rubber stopper and placed on one side for 
lour days, the time being accurately measmed. In this 
time it will produce a quantity of emanation proportional 
to the amount of radium it contains. '1'he effect produced 
by this emanation on an electroscope is now measured. 
To do this the emanation has first to be expelled from 
the solution. This is done in the apparatus depicted in 
Fig. 67, which consists of a short tube a, about 5 mm. 
diameter and 20 cms. long, fitted, by men-ns or a rubber 
stopper, into the widened end b of the tube c. This 
tube is about 120 ems. long and 8 mm. diameter, and is 
connected at its upper end, by means of a rubber stopper 
r, with an adapter A, closed by a tap t. The widened 
part b i~ fitted with a side tube which is connected by a 
length of rubber tubing with a levelling bottle L. Tho 
apparatus is inverted and filled with water, then the 
rubber tube is closed by a pincheock, and the appa.ratus 
turned into its right posi.tion. The Hask F containing 
the radioactive standard ts attached to 0, and placed over 
a burner and, boiled for an hour. This expels all the 
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emanat.ion, which, togethel' with thf~ air in the flask, fises 
into the adaptcr A. The tap t is tllC'll connected with a 
piece of rubber tubing' through a sulphuric acid bll1)01er 

l. 
a··

u 
.. ··· " ,. 

F 

FlO. 67. 

and a small tube filled with cotton wool, to remove spray, 
with an enlCuuted electroscopc. The tap of the electro­
scope is opened, anel the tap t. is also cautiously opened, 
and the emanation drawn from A into the bubbler. When 
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all the gas has been removed from A, which is ensured 
by allowing the water to rise up to the rubber tubing, 
the tubing is slipped off the tap and air allowed to enter. 
This sweeps all the emanation into the electroscope, 
where it is allowed to stand for two hours, and then its 
activity is measured. The measurement is repeated half 
an hour later, and if the value is constant this is accepted 
as the value of the standard. If the value is not constant 
half-hourly measurements must be made until two are 
alike, but constant results ought to be obtained in 8-4 
hours. The mineral to be examined is treated exactly in 
the same way as the standard, and the activity of the 
emanation, produced by about 50 milligrams in the same 
time, measured. Should the mineral contain sulphur, 
the method is varied a little. The fusion is carried out 
in the same way, and, since the sulphur will give a 
sulphate, insoluble radium sulphate will be formed if the 
melt is treated with acid. It is therefore boilod out with 
water and filtered from the insoluble carbonates, which 
are well washed. The filtrate and washings are rendered 
acid with hydrochloric acid, and placed in a 250 c.c. 
flask as before. The insoluble carbonates are then dis­
solved in dilute hydrochloric acid, and placed in another 
250 c.o. flask. The measurement is then carried out as 
before, but in two parts, the activity of the emanation 
from the mineral being the sum of the activities of the 
two parts. 

The electroscope 1 to be used in this determination is 
depicted in Fig. 68. It consists, as will be seen, of a 
well made rectangular box A, fitted with pbte-glass 
sides which are either cemented on or attached by 

1 This instrument was (ksi~ncr1 by thte late ~lr .. J. Holding, ellgineer 
to the Radium Institute, l:i,ling·House Street, London, 'V. 
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clamps. The leaf system consists of a brass rod (~, 
which supports the fixed leaf b made of a thin narrow 
strip of brass, and a narrow aluminium leaf c. The 
whole is supported 1y the brass rod 1, which is insulated 
from the case by a sulphur plug c. The leaf system is 

FIG. 68. 

insulated from f by a rod of amber or sulphur g. The 
glass tube w is secured to the case and rendered air­
tight by the flanges and screw caps Ie, l, m, and the 
leaden washers n. Two taps,8 and t, are screwed into 
the sides of the case for the purpose of evacuation and 
admission of the emanation. An iron WIre v swings 
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freely frolll a hook p aUached to j alltl serves to charge 
the leaf system. This is done by drawillg v with a 
magnet so that it is in contact with a. 

The knob x is then raised to the refluired potential 
either by makillg contact with one pole of a battery 01' 

by means of a rod of sealing-wax. 

EXPERIMENT 

Determil1(', the RwZiulll, Content of a given Umniurn 
1llineral. Analyse and prepare a standard, e.g. pitch­
blende. Measure the activity of the emanation produced 
by it in four days. Then determine the aetiyity of the 
emanation produccd by the Hame weight of the ullknown 
Illineral in the same time. It is especially imporhtut to 
blow the emanation out of the electroscope as soon as 
the measurement is completed, or otherwise an active 
deposit will be formed on the walls and this will render 
the electroscope useless. As it is the natural leak will 
gradually increase and lllUSt, therefore, always be deter­
mined before an experiment. When the natural leak 
becomes too large take the instrument to pieces, sandpaper 
the metaJ surfaces and wash the glass to remove the 
active deposit. Ilenew all the insulators and then the 
normal natural leak will be reestablished. 

Suppose 50 milligrams of the standard give emanation, 
which produces a Illotion of the leaf of 10 scale divisions 
in t seconds (corrected) and the same weight of the 
mineral produce" emanation which gives the same 
motion in t' seconds (corrected). Then if 1U milligrams 
of uraniuIll are present per gram of the standard, the 
weight of radiulll present in 50 milligrallls of the 

standard is 3'15 X 10- 7 x'~~ milligrams. 
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The acLi,-iLy of the emanation is inH'rsely pr()portiollal 
to the time re(luired by the leaf to pass over ten scale 
di visions, i.c. 

Activity of emanation. Activity of emanation .. t'. t 
from fibuHhl'd . from speeilllell .... 

The quantities of radium present in the two subsbnces 
are proportional to the activities or the enl11nation, fiince 
the experiments have been carried out ullcler i(lentical 
CUJl(litiolls, hence 

Amount of radium. Amount of radium .. t'. t 
in standard . in specimen ..., 

M. Number of milli- t 
grams of radium in 50=t:X3'15XIO-7X~6111illigrams 
milligrams of specimen -

or ~ X :3'15 X 10 -7W mg. per gram. 

Suitable minerals for this experiment are pitchblende, 
autunite, and orallgeite. 



CHAPTER XI 

DECOMPOSITIO~ VOLTAG E, OVERVOLTAGE AND 
DISCHARGE POTENTIAL 

WHEN a dilute solution of imlphuric acid is electrolysed 
between platinum electrodes the ions H' and 8°4" are 
discharged in accordance with the eq uations H' = H + EfJ ; 
8°4" +2EfJ=804. This action is followed by the 
reactions 2H = H 2 ; 804 +H20 = H 2804 +0; 20 = 02' 
The electrodes, therefore, become chargcd rcspecti vely 
with hydrogen and oxygen, so that a gas cell of the type 

02(Pt) I solution I H 2(Pt) 

is produced. This cell possesses an electromotive force, 
due to the tendency of the hydrogen and oxygen to pass 
into the ionic condition. The electromotive force of the 
cell thus produced opposes the electromotive force of the 
electrolysing current; if therefore a continuous electrolysis 
is desired, the electromotive forco of the electl'olysing 
current must be larger than the back electromotive force 
of the products of electrolysis. The potential difference, 
'which is just sufficiently large to effect a continuous 
electrolysis, is termed the decomposition voltage or the 
decomposition potential of the solution under investigation. 

'1'he decomposition potential is the sum of the two 
electrode potentials and the potential drop between the 
electrodes, where the latter quantity is given by the 
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product of the resistance of the electrolyte between the 
electrodes and the current which is flowing. 'rhe decom­
position potential is found to depend on the concentra­
tion of the solution and this must necessarily bo the case, 
for both electrode potentials dopend on the ionic concen­
tration of the solution (see Ch,tpter Vr.). 

The decomposition potential is determined by applying 
a small electromotive force, from an accumulator, to the 

FIG. 69. 

electrodes of a decomposition cell and sla-wly increasing 
it until a continuous current passes; the voltage at which 
this occurs is known as the decomposition voltage. It is 
generally found that the point at which a continuous 
current begins to flow is not very sharply marked, for 
the current indicator always shows a small residual 
current, so that the decomposition voltage has to be 
deduced from a current-potential curve. 

The apparatus employed in rnaking such a measure­
ment is shown in the diagram (Fig. 69). It consists of 
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a stout glass decomposition cell C, 2'5 inches dittmeter 
and 2 inches deep, fitted with two platinised platinum 
electrodes a, b (1" X iff). The electrodes arc connected with 
a sensitive voltmeter, V, caplLble of measuring up to 
about 5 volts in tenths of a yolt. Two lead acculllulators, 
B, are connected through a key, K, with the ends, 8, t, of a 
sliding resistance, R, of about 100 ohms. One electrode, 
a, of the decompm;ition cell is connected through a 
milliammeter, A, with one end, 8, of the resistance and the 
other electrode with the sliding contact x. The milliam­
meter should have a l'I1nge of about 200 willi-amperes. 

EXl'ERTMEN1' 

Determine the Dccmnl)()sition Vo[t(l[jc ufO'1 N Snlplmric 
Acid. Assemble and connect the apparatus described 
above and adjust the indicators of the measuring instru­
ments to the zero mark, or if this is not possible take the 
7.ero readings. Fill the decomposition cell with tenth 
normal sulphuric acid and flhort circuit the electrodes 
through the solution for a few minutes by connecting 
them together with a short length of copper wire; this 
is for the purpose of removing any absorbed layer of gas, 
oxygen or hydrogen, which may be upon them. Remove 
the short circuiting wire, move the sliding contact, x, to 
the end 8 of the resistance R and close the key K. At 
this stage there is no impressed electromotive force on the 
electrodes, C~, b. Carefully move the sliding contact until 
the voltmeter indicates an electromotive force 0'1 vol t 
and note the reading of the ammeter. This will be very 
small, probably not so large as one milli-ampere. It is 
generally necessary to wait for a few minutes before 
taking the current reading, so that the ammeter needle 
may have become quite' Rteady. Whell this reading has 
been obtained, move the sliding contact of the resistance 
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until the voltmeter indicates 0'2 volt, and again take the 
current rending. Continue to increase the electromotive 
force in steps of 110 volt until about 1'9 volts have been 
impressed on the electrodes. It will be found that for a 
time the current will remain very small (2-3 milli­
amperes) and not increase perceptibly with increasing 
electromotive force, and then it will suddenly commence 
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FIG. 70. 

to rise at a definite electromotive force and to increase 
very rapidly with each increase in electromotive force. 

The point at which the electromotive force becomes 
large enough to causo a current to flow is the decompm;i­
tion voltage, but this cannot as a rule be seen directly 
from the readings taken. To obtain the actual value the 
electromotive force is plotted as abscissae against the 
CUl'l'ent as ordinates and a current-potential curve drawn 
(Fig. 70). Produce the two limbs, ox and ZY, until they 
meet, when the point of intersection P will give the 
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decomposition voltage. After the :final readings have 
been obtained, slowly and carefully reduce the applied 
electromotive force by moving the sliding contact 
toward 8, until the milliammeter gives the zero read­
ing. When this is reached the voltmeter reading is the 
decomposition voltage. 

This experiment may be repeated with tenth normal 
solutions of zinc sulphate, silver nitrate and copper 
chloride. 

Discharge Potentials 

As has been seen the decomposition voltage is the sum 
of three potentials, two of these arc the discharge 

B 

FIG. 71. 

potentials of the two ions. These two quantities may 
be determined individually in the following manner. 
An apparatus is arranged as in the diagram (Fig. 71), 
which will be seen to be identical with that used in the 
previous experiment as far as the current circuit is con­
:;erned. Liquid contaot is made betwE}en, the solution in 
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the decompositiun cell C and a saturated solution of 
ammonium nitrate contained in the two "middle 
vessels" M by means of small glass syphpns, n. Two 

N 
small 10 calomel electrodes, E, are also placed in liquid 

contact with the solution in the "middle vessels," so 
that two cells are formed; calomel electrode I solution I Pt 
electrode (c!') and calomel electrode I solution I Pt electrode 
(b). These cells are connected with a potentiometer 
arrangement for measuring electromotive force, as 
described in Ohapter VI. The determination of the single 
discharge potentials consists in measuring the electro­
motive force of both composite cells and the current 
flowing through the decomposition cell for a series of 
gradually increasing impressed electromotive forces and 
determining by means of current-potential curves the 
values of the electromotive force of the composite cells at 
which a continuous current just flows through the 
solution. 

EXPERIJllENT 

Determine the Discharge Potential of the Sill.,·cr Ion 
and the Nitrate [O(t of a O'J N solntion of Silver nitrate. 
Fit up the apparatus as described above and fill the 
decomposition cell with a tenth normal solution of silver 
nitrate. After the electrodes have been freed from 
absorbed gases by short-circuiting for a few minutes, 
apply a small electromotive force by moving the sliding 
contact a small distallce from 8, Fig. 7l. Then measure 
the electromotive force of the combinations: Oalomel 
electrode I solution I Pt electrode (a); Oalomel electrode I 
solution I Pt electrode (b), by the compensation method 
(Ohapter Vr.), and read the ammeter. Continue to 
increase the applied electromotive force by small amounts 
and make the same three measurements f~r each applied 

o 
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electromotive force until a considerahle current is flow­
ing through the decomposition cell. Plot the electro­
motive force values of each composite cell against the 
current readings and produce two current-electromotive 
force curves, one for each composite cell. Produce the 
two limbs of each of these curves and obtain the electro­
motive force of the two cells at which the current begins 
to How. Now subtract the value of the potential differ­
ence of the tenth normal c:domel electrode (+O'Gl:30 volt) 
from each. These yalues are the discharge potentials 
of the silver iOIl and the nitrate iOll respectiyely. This 
experiment may be repea,tec1 with solutions of \'arious 
concentrations of zille S1I lphate, ~mlphuric acid, copper 
snlplmte and cadmiulll nitrate. 

Overvoltage 

If an oxygen and a hydrogen electrode, both in dilute 
,mlphuric acid, are cOl1l1Jined to form an electrolytic cell, 
it will be found that the potential difference of the cell is 
about 1'1 \'olts. If an opposing electromotive force of 
1'1 ,'oIts from an external source is impressed on the 
electrodes it will be fonnel that no current will flow 
through the composite cell hecause the back electromo­
tive force or the gas cell exactly compensates the 
impre;,;sed electromotive force. If the external potential 
difference is now increased, the hack deetromotive force 
~f the gas cdl will also increase to a definite limiting 
value, allel until this limiting value is reached and just 
exceeded by the impressed electromotive force no per­
manent current will flow through the gas cell. The 
alllount by which the back electromotive force of the 
cell increases above the normal value of the cell is known 
as the overvoltage of the cell, alld the increase of potential 
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at the indiyidual electrodes of the cell is known as the 
cathodic oyenoltage and anoelic oyervoltagc respectively. 
The overvoltage of the electrodes is an important factor 
in the processes of electrolytic oxidation and reduction. 
Thus cathodes made of material which has a high over­
"oltage are more efficient for electrolytic reductions than 
those with smaller ovcrvoltages, and sometimes it is 
possihle with these to effect reductions, particularly of 
organic ::-;ubstances, which cannot be brought about by 
other means. Similarly anodes made of materials which 
have large ovenooltages are very efficient for carrying 
out electrolytic oxidntions. A knowledge, therefore, of 
thc oyorvoltnge of electrodes made of various materials 
is of grent imporLance from the teclmicnl as well as from 
tho sciontific point of view. (See Kewhery, J.CS. 1914, 
105, 24 H) ; J. A 1/11',1'. ['hem. Soc. 1 H20, 42, 2007, J.C.s. 
1921, 119.) 

EXPERIMENT 

Dctc1'minc the Cat/tuclie Ol:cJ'voltage of Lc((d, Cappel' 
and l1IcTCnJ'!I. Fit up the appamtus required for the 
determination of decomposition voltage (page 237, Fig. 
6D). Using b\'o freshly platinised electrodes b 

determine the decomposition voltage of a 
nornml solution of sulphuric acid as 
previously described. Then substitute the 
platinum cathode of the decomposition cell 
hy a cathode of the same size made of soft 
lead and redetermine the decomposition 
voltage; a somewhat higher value will be 
obtained. The differcnce between the two a 
values of the decomposition yoltage gives 
the overvo1tag-e of lead with respect to 
platinisecl platinum. Repeat the experi-
ment using a copper and a mercury catho,de Pw, 72 
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respectively. A mercury cathode is made by placing It 

layer of mercury on the bottom of the electrolytic cell 
and making contact by means of a protected platinum 
wire, or by using a glass vessel as shown in the diagram 
(Fig. 72), which is placed in the decomposition cell in 
the position previously occupied by the platinum cathode. 
The glass vessel consists of a length of glas;;; tubing 3 mm. 
diameter, blmvn out at each end to a bulb 2 cms. dia­
meter, and then worked into a hemi-spherical cup, c. The 
tube is then bent as in the diagram. Pure mcrcury is 
poured into the cup and elcctrical contact made by a 
thin platinum wire, b, ,,,hich passes down the tube, a. 



APPENDIX A 

VELOCITY OF REACTIONS 

Bi-molecular Reactions. The reaction between certain 
halogen substitution products of aliphatic acids and 
esters and sodium thiosulphate takes place according to 
the laws of bimolecular reactions. Such reactions pro­
ceed according to equations of the type 

Na2SP3+CH2Bl'. C02Et= NaS20 3 • CH2. COtEt+NaBr, 
and with a velocity which, at ordinary tempemtures, can 
be readily followed. Consequently changes of this kind 
serve admirably for the study of bi-molecular reactions. 
(See Slator, J.C.s. 1004, 1286; 1905, 48-1.) 

EXl'ERDIEN'l' 

Dctcrm ine the Velocity Constant of the Reaction 
be(~veen Ethyl B?'OJ/w-acet(de and Soditnn Thiosulll'wte. 
Make up an approximately centi-normal solution of 
sodium thiosulphate (2'48 grams of Na2S20 35H20 per 
litre) and an approximately centi-normal solution of 
iodine. Place about 250 C.c. of the thiosulphate solution 
in a bottle and hang it in a thermostat at 25° until it has 
attained the temperature of the bnth, then remove 
quantities of 20 c.c. and titrate them with the centi­
normal iodine solution, using' 8tarch paste as indicator. 
Let 20 C.c. of thiosulphate solution be equ! valent to x C.c. 
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of iodine solution. Now weigh out 1'20-1'30 grnllm of 
ethyl bromo-acetate and dissolve it in a litre of water. 
Place about 250 C.c. of this solution in a stoppered bottle 
and hang it in the Rallle therlllostat. When the solution 
has acquired the temperature of the bath llleaSllre out 
carefully RO c.c. and place it in a 200 c.c. stoppered bottle 
and hang it in the therrnoBtat. Then, by means of a 
pipette, add to the 80 C.c. of brolllo-acetate solution 
100 C.c. of thiosulphate solution, noting the time at which 
the addition begins and ends. Record the time when 
one half of the thiosulphate has been adlle(l as the 
beginning of the experimeut, to' Shake the bottle and 
replace it in the thermostat. After fi ye minuteR remove 
20 c.c. of the solution, and run it into a conical tiltsk con­
taining 20 C.c. of water, carefully noting the time, t5 , 

and titrate with the standard iodine B"lution, using' starch 
as indicator as before. The titration value n5 \\,ill give 
the amount of unchanged Eodiull1 thiosnlphatc present ill 
the solution at the time, tG' Remove further (luantities 
of 20 C.c. of the Rolutiol1 at 10, 15, 25,40 and (j0 minutes 
after the start of the expcl'iment and titrate each as 
describerl above, thus oLtaining a series of titration 
Ytllues 11 10 , 11 15 , 11~5' nw and ?IQO' Now leave the reaction 
mixture to itself for 2cL hours in the thermostat to COIll­
plete the reaction, and then remove a further 20 c.c. and 
titrate this and obtain the infinity yalue 11

00
, 

The value of the velocity constant (k) is obtained by 
means of the formula 

1.;=_1_ .log~(/lo-::-n71, 
n~ . t 1?o( 11, - noo) 

in which the ndue of t corresponding to 11 t is inserted 
(sec page 19). The qnalltity 110 is the llum)JCr of cubic 
cent,imetres of iodine solution C(luiyulent to 20 c.C. of the 
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reaction mixture at the cOlllmencelllent of the experi­
ment. This is ohtainecl from the ratio between the 
iodine solution and the thiosulphate solution found before 

the experiment was begun, and is gi yen by no = ~~~ x', 

Further experiments lIlay be llla(le \yith sodium brom­
acetate, methyl ehioro-acetate, mono-chioro-acetone, for 
details of which see Shtm (loc. cit.). 
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254 PHYSICAL CHEMISTRY 

NORMA L POTENTIALS I (ELECTRO-AFFINITIES) AT ISO. 

EP" 
ZIl-+ZlI 

.. 
-0'76 volts 

Cd-+Cd" -0'40 
" Fe-+ Fe 

.. 
-0'43 

" TI-+TI"' -0'32 
" Co-+Co 

.. 
-0'29 

" Ni-+Ni" -0'22 
" Pb-+Pb"' -0'12 ., 

lf2-+2H" ±O'OIl 
Cu-+Cu 

.. 
+0'3+ 

" Hg-)-lIg 
.. 

+0'8(; 
" Ag-->Ag +0'80 
" Au-+An' + l·;)-t 
" 21<" -+ F2 (gas) +]'9 

2CI'-+CI 2 (ga') + ]';35 
" 2Br'-> Hl'2 (Iiq.) + 1'08 
" 21'-+1, (solid) +0';)4 
" S"-+S (soliu) -0'0;) 
" 

1 Ahegg, Auerbach and Luther, MeS8nn[/en E{e!.:tromotm·ische Krtiftc. 
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TABLE IV 

TRANSPOHT NUMBEHS OF ANIONS! 

V= I 0'01 I 0'02 ( 0'05 0'1 I 0'2 0'" (1'0 IU5 I 2'0 

-K-C-l-- o';)061~'507 ()-507 0-508 0-509 (j'513 1 (j-514 1 (j-515 0'515 
KEr 0-506; 0'507 0-507 0'508 0-509 0'513 0-514 I 0-515 0-515 
K1 O-.jO(j i 0-507 0'507 0508 0'509 I 0-513 0'51+ I 0'515 0'515 
NH,Cl 
NaCl 
KN03 

NaN03 

AgN03 

KOH 
NaOH 
Hel 
~BaCl2 

nCaCl
" 

~K2C03 
~Na2CO" 
~CnSO, 

~H2S04 

O','i06 ! 0'507 (J',i07 ()'ci08 O-JOG 0'513 (J'514! 0'51" 0-515 

0-G28 0';:;28 

0-5G ,O·.ili.J 

O'"S O-JD 

O'(j2 

O'(j14 0'617 0'620 0-6:26 0-6:)7 0-6-10 0'642 
0'497 0'496 O'4!J2 0-487 0-482 0-479 

0'528 

0'81 
0'172 
0-575 
0'61 
O'3!J 
0-52 
0'626 
0-I!Ja 

(J'615 0'614 0'610 0'608 0-612 0'611 
0-528 0-027 (H8i O--lcS2 0-51\) 0-501 
o'n5 O'7a6 
0-82 0'82 
0-172 0-172 

0-738 
0'82 
()'In 

0-6!;5 

0-,40 
O'S2J 
0'176 O-lHO 0-185 
0'640 

1 Kohlrausch anil Holborn, Leitvo'mogcn der Elektrol!/te. 
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TABLE V 

IONIC CO~DUCTIVITIES (MOBILITIES)l 

Kormal K Na Li NH, Ag ~na ~Ca ~l\Ig II Concentration 
---~ ~----- ----_---

0'0600 65'3 44'4 35'5 64'2 GG'7 57'3 53'0 4f) 318 

0'0001 64'7 43'8 34'D 63'6 5,,'·1 55'0 ;)0'6 47 316 
00002 6,):4 43'6 34'7 63'4 5,,'1 54'3 GO'O 46 316 
0'0005 6-1'1 43'3 34'·1 63'0 5-1'9 53':3 ·1S'D 45 315 

0001 63'7 42'D 34'0 62'7 54'7 52'2 47'S 43 
1

314 
0'002 63'2 42"1 33'5 622 54'2 50'7 46'4 42 313 
0'005 62':3 401'-1 32'6 61'2 53'2 4S'2 ,(3'D 40 311 
001 61'3 40'f) :)1'6 60'2 51'9 45'7 ,11'4 :n 310 

0'02 60'0 392 30'3 5D'0 50'0 42', 3S'3 34 307 

0'03 5D'2 .58'3 2(]'4 58'1 48'6 40<; ;~G'l 32 30;) 

0'05 57'D 37'0 2S'2 56'S 46'6 37'7 33'4 2D :302 

0'1 55'S 35'6 26'1 54'S 43'3 33'S 2D'4 25 2D6 

Normal 1 Cl I NOs C2H 3O, ~SO, ~O,o, 1(,03 1 Off Concentration -_ -----_ ---_ __ i __ 

0'0000 65'D 66'7 60'S 33'7 6D'7 63 - 174 
0'0001 65'3 66'1 60'2 33'1 67'2 61 - 172 
0'0002 65'1 65'9 60'0 33'0 66'6 60 - 172 
0'0003 64'S 65'5 596 32'S 65'4 5D - 171 
0'001 64'4 6;j'1 5D'3 32'6 64'0 5S GD 171 
0'002 63'D 64'7 5S'S 32'4 62'3 56 66 170 
0'(105 

, 
63'0 6:)'7 57'S 31'6 5D'3 54 60 16S 

0'01 62'0 62'7 56'S 30'S 56'1 51 5f) 167 
002 60'7 61'6 55'6 2D'S 52'3 4S 50 165 
005 5S'6 ;'9'3 53'4 2S'0 46'1 43 43 161 
0'1 56'5 57'3 51'4 26'4 41'D 3D 3S ]ii7 

1 Kohlrausch and Holhorn, Leitl'ermogelt aer Elekt,'olllte, 
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TABLE VIct 

EQUIY AI,ENT CONDUCTIVITY 1 AT ISo 

Normal, KCI I NaCI K:\O, !NaNO)AgN03!~K,so,l ~N",SO.l ~Na,C~3 
ConcentratIon I " 
~---~----- 12~'7l:3'71115'5 13:3'5 I~~~ - ~=---0'000 I 1 :28',) 108'7 

I 
134,'31103'3 11,)'2 13:3'7 10!)'6 0'000:2 128'J 11Of)'z 

O'OO();'j \ 12S':3 I lOS':'i 123'61102'5 11~'5 130'S 108'3 
0'001 127'6 1(Yi'S 122'8 101'S 114,'0 12\)'0 101Y, 112'() 
0'002 126 '6 W()'7 122'0 100'7 113'0 12u'3 10!'S 10S'5 
0'005 124,'(; lO4,'S 120'1 DS'£) 111'0 121'9 100'S 102'5 
0'01 122';-' 102'S 11S'l 97'1 10S'7 11,'4 !Ju'8 9u'2 
0'02 120'0 lUO'2 ll5'21 8;}'O! 10ri'6 111'8 91'8 89'5 
0'05 115'9 fJ5'9 110'0 Ul'4 i 100'1 102'5 8:3'fj 80'3 
0'1 llU) f)2'[j 10~:41 87'41 84'7 D[j'9 78'4 72'9 
0'2 107'7 88'2 miG! 82'31 88'1 88'9 ,1'4 65'6 
0';-' ]\12';) 80'8 i'9', 74'21 7/'8 'ifn 58'7 54'5 

1'0 !J8'2 7-4'4 80'" I 6~'81 71'8 50'8 4;")';") 

69'41 
66'0 I 

2'0 fJ2'(j 6~'8 5,,'51 53-8 ( - I 40'0 3-1';, 

1 Kohlrausch ano. Holbol'll, L, itl'(TIM'!IW de,- Eltl,troilite. 



258 PHYSIUAL UHE,MlSTHY 

TABLE Vlb 

EQUIVALENT CONDUCTIVITY! AT 18· 

Normal ?!OuSO. KOH\NaOHiNH,OHi HOI HNO, ~H,SO, O,H,U, Concentration 

0'0001 113'3 - - 66'0 - ,_ - 107'0 
0'0002 111"1 - - [,:3'0 - - - 80'0 
0'0005 106'8 - - 38'0 - - 368 57'0 
0'001 101'6 234 208 28'0 377 375 361 41'0 
0'002 93'4 2:33 206 20'6 376 374 351 30'2 
0'005 8Uj 230 203 13'2 373 371 330 20'0 
0'01 72·2 228 200 9'0 370 368 308 14'3 
0'02 63'0 225 197 7'1 367 364 286 10'4 
0'0;; 51'4 219 190 4'6 360 3;;7 253 6'45 
0'1 45'0 213 183 3'3 351 350 225 4'(i0 

0'2 39'2 206 178 2'3 342 340 214 3'24 
0'5 30'8 W7 172 1'35 327 324 205 2'01 
1'0 25'8 184 160 0'89 301 310 198 1'32 
2'0 20'1 161 131'4 0'532 254 25S 183 O'SO , 

1 Koh1ra usch and Ho1born, LcitL'ernwgen der $lektrolute. 
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TABLE VII 

VAPOUR PRESSURE OF WATER 

Temperature 

6' 
7' 
8' 
9' 

WO 
11' 
12' 
13' 
14' 
15° 
16° 
17' 
18' 

I 
I 

":tpour Pressure :1 

6'0 llllll. II 
6'5" t 

6'9 I " 
7'5 " 
8'0" I 
8'5 " 
9'2 " 
D'8 " 

10'5 " 
11'2 

11'9 " 
12'7 " 
13'5 " 
14'4 " 
15'3 " 

I 

Tempemture I V O,pOIl1" Pressure 

[9' -1- 16',! mill. 

2U' 17'4 " 
21' 185 " 
22° 19'6 " 
23' 20'9 " 
24° 22'2 " 
25° 
26° 

28° 
29' 

30' 
31 ' 
32' 
33' 

23',-) " 

2;)'0 " 

26'5 " 
28'1 " 
29'8 " 
31'[) " 

33'4 " 
35'4 " 
37'4 " 

259 
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heat of dilution of 
Ampere, detinition of . 
Aniline', estimation of . 
Anions, transport numbers 
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33 

255 
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224 
74 
74 
43 

Baryta, heat of ionisation of 
solution, preparation of 
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173 
10 

20, (i9 
06 
08 of citric acid 

PAGE 
Beckmann thermomctcrs lO(i 
nen7.0ic acid, heat of com~ 

bustion of 189 
Berthelot 163 
Bimolecuhr acetic acid, dis-

sociation of . 29 
reactions . 18, 245 

equation (If velo. city of . 5 
Boundary beb,"een electro~ 

Iytes, nmintenance of . 90 
Box, resistance, description 

~. ~ 
calibration of 48 

Brcdig. S 
Bremer Frowein tc'l1simell'I', 197 
Bridge wire, calil>m~ion of . 4~--W 

description of . 41 
drum 41 

Brislee and Luther I4ll 
Burnt platinum electrodes Ull 

Cadmium amalgams, elcctl'o~ 
motin) force of 137 

cell . 107 
" prepa1'll,tion of 107 
" temperature coefticiont 

of 10D 
Calibration of, adjustable 

101 condensers 
bridge wire 
resistance box 

,42-4\i 
48 

Calomel electrode 
preparation of . 
electromotive of . 
temperature eoeffteient of 

Calorie, definition of 
largo 

Calorimeter, description of 
determination of \I'a tel' 

value of 
l'alorimetric bomb 
Cane sugar, hydrolysis of, 

by acid~ 

122 
122 
12J 
124 
16:1 
lU3 
10;; 

188 
18;i 

13 
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('apacities, comparison of 
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resistance of cell 
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theory of. • 

Carbonate electrode, pl('ctro-
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Weston, preparation of 
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efficient of 
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standard 
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with electrodes of different 

concentration 
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Chemical change, velocity of 

reactions, energy changes 
in. 

Chlorine ion, transport num­
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Coeflicients, partition 
Coil, induction 
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Colloidal platinum, prepara­
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Combustion, heat of 
Comparison of capacities, 

Palaz method 
of radioactivity of thoriu III 

and uranium nitrates 
Concentration cells 

effect of, on potential 
Condensers for determination 

of dielectric current 
Conductivity of acetic acid 

of distillell water 
of electrolytes 
vessels 

INDEX 

PAGE 
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214 
57 

110 
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112 

H9 

190 
243 
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57 

llS 

109 
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109 
129 
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115 

134-
163 

3 

162 

85 
25 
50 
50 

8 
184 

9U 

222 
I:2\) 
IZH 

98 
(;2 

6l 
3U 
51 

PAGE 
Conductivity vessels, RtCttm-

jn~ nut. 54: 
,rater 5;'5 

" resisL,lIlcc of 56 
definition of 37 
P'lllivalcnt 37,257 
influence of tempcl'~ture 

on. .. . 59 
influence of substituti"l1 on 70 
ionic. 78, 258 
molecular, ddinition of 38 

" of hydrochloric 
acid (l6 

specific, definition of 37 
" of potassium chloride 58 

Constant, distribution. 2:> 
Contact potential llH 

calculation of . 1 H 
elimination of 119 

Copper amalgam, eloctro111o-
the force of , 137 

electrodes, preparation of. 12,; 
in copper sulphate, poten-

tial difference of 12:> 
oYen'oltage of . 
sulphatE', heat of hydration 

of. 
voltame~cr 

Correction for radiation 
Coulom b, definition of . 
Cumming's method for deter-

mining transition points 
Cupric chloride, heat of for­

mation of 
Current, sltturation 

Decay, rate of, of thorium X 
of radium emanation 

Decomposition of hydrogen 
peroxide 

Decomposition voltagc 
Decomposition voltage of 

slllphuric acid 
Degree of hydrolysis, deter­

mina t ion of 
of ionisation 

" of acetic acid. 
of hydrochloric 

acid 
Determination uf hydrolysis 

of salts. 

243 

1Hl 
82 

Hi9 
:1Il 

HJ8 

182 
213 

222 
226 

8 
236 

238 

20 
64-
62 

G6 

31 
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Determination of the order 
of reactiou . 

of solubility of sparingly 

PAGE 

21 

soluble salts. 73. lill 
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