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PREFACE

THE following book was written to supply a need felt by
the author in giving a course of lectures on Applied Electro-
chemistry in the Massachusetts Institute of Technology. There
has been no work in English covering this whole field, and
students had either to rely on notes or refer to the sources
from which this book is compiled. Neither of these methods
of study is satisfactory, for notes cannot be well taken in a
subject where illustrations are as important as they are here;
and in going to the original sources too much time is required
to sift out the essential part. It is believed that, by collecting
in a single volume the material that would be comprised in
a course aiming to give an account of the most important elec-
trochemical industries, as well as the principal applications of
electrochemistry in the laboratory, it will be possible to teach
the subject much more satisfactorily.

The plan adopted in this book has been to discuss each
subject from the theoretical and from the technical point of
view separately. In the theoretical part a knowledge of theo-
retical chemistry is assumed.

Full references to the original sources have been made, so
that every statement can be easily verified. It is thought that
this will make this volume useful also as a reference book.

An appendix has been added, containing the more important
constants that are needed in electrochemical calculations.

Thanks are due to the following individuals and companies
for permission to reproduce cuts, or to use the material in the
text, or for both: the American Academy of Arts and Sci-
ences; the American Electrochemical Society; the Carborun-
dum Company; Wilhelm Engelmann; Ferdinand Enke; the
Electric Storage Battery Company; the Engineering and
Mining Journal ; the Faraday Society; the Franklin Insti-
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APPLIED ELECTROCHEMISTRY

CHAPTER 1
COULOMETERS! OR VOLTAMETERS
1. GENERAL DiscussioN

AN important application of electrolysis is the determination
of the amount of electricity passing through a circuit in a given
time. According to Faraday’s laws, (1) the magnitude of the
chemical effects produced in a circuit is proportional to the
quantity of electricity that passes through the circuit, and (2)
the quantities of the different substances which separate at
electrodes throughout the circuit are directly proportional to
their equivalent weights.2 The first statement is true under all
conditions, but the second only for the case that a single sub-
stance is liberated on any given electrode. If several sub-
stances are deposited together on the same electrode, there is,
of course, less of each than if only one is deposited.

The electrochemical constant, or the quantity of electricity
necessary to deposit one equivalent weight of any substance,
has been accurately determined by measuring the amount of
silver deposited for a known quantity of electricity. The
value of this constant generally accepted is 96,540 coulombs,
and is accurate to a few hundredths of a per cent.?

1This name was proposed by T. W. Richards, Proc. Am. Acad. 87,415, (1902).
2 Le Blane, Electrochemistry, English translation, p. 42, (1907).
8 Nernst, Theoretische Chemie, 6th ed., p. 715, (1909) ; Guthe, Bulletin of the
Bureau of Standards, 1, 362, (1905).
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It is evident from the above that the amount of electricity
passing through a circuit can be determined from the amount
of chemical change produced at any electrode if this chemical
change can be measured. There are three general methods of
making this measurement : (1) by weighing the substance de-
posited or liberated, (2) by measuring its volume, and (3) by
titration. It seems hardly necessary to call attention to the
fact that in any coulometer the current can be computed from
the quantity of electricity that has passed through the circuit,
if the current has been constant and if the time is measured.
Current in amperes equals quantity in coulombs divided by
time in seconds.

The errors of coulometers are those inherent in the measure-
ment of weight and volume or in titration, and also those due
to imperfections in the coulometer itself. The latter may
come from a variety of causes, such as the liberation of other
substances than the one assumed, or the loss of the substance
after deposition and before weighing. The errors of each
coulometer described below will be pointed out.

2. THE SiLVER COULOMETER

The silver coulometer is the most accurate of all electro-
chemical coulometers. It is for this reason that it is used to
determine the electrochemical constant. It consists of a plati-
num dish cathode, a neutral silver nitrate solution made by
dissolving 20 to 40 grams of nitrate in 100 grams of distilled
water, and a pure silver anode. By weighing the platinum
dish before and after the current has passed, the amount of
electricity may be computed from the value of the electro-
chemical equivalent of silver given above. To obtain the best
results, the anode should be wrapped in filter paper,! in order to
prevent any silver mechanically detached from the anode from
falling into the platinum dish, or contained in a porous cup,
which also separates the anode solution from the cathode. The
solution from the anode would deposit too much silver on the

1 Richards, Collins, and Heimrod, Proc. Am. Acad. 35, 143, (1899).
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cathode, due to the formation of a complex silver ion, prob-
ably Ag*, which does not break up at once to the normal ion
Ag* and 2 Ag, and which, if deposited, would give too great a
quantity of silver.2 This is the main source of error, and when
it is excluded, the mean error of one determination is about
0.03 per cent, for a deposit
weighing not less than
half a gram.® The cou- : A
lometer used by Richards,
Collins, and Heimrod is
shown in Figure 1. B X
The solution of silver
nitrate may be used until
a deposit corresponding to
8 grams of silver from 100
cubic centimeters of solu-
tion has been reached.
The current density must
not exceed 0.2 ampere per
square centimeter on the
anode, or 0.02 ampere per
square centimeter on the
cathode. The silver ni-
trate solution must be
thoroughly washed out
before weighing, until the
wash water gives no test
fQI' silver with hy dro- Fia, 1.— Porous cup coulometer (3 actual size)
Ch].OTiO acid. The dlSh iS A, glass hook for supporting anode, B, glass ring for
then dried and weighed. isg?or;zi"nglgi);r:; 2:&0‘15’: silver anode. 0, porous
The silver deposit from
the nitrate solution is erystalline, and does not form a smooth
coating, and for this reason there is danger of losing some of
the erystals in washing. Silver can be deposited with a smooth
surface from the double cyanide of silver and potassium, and it

2Richards and Heimrod, Proc. Am. Acad. 87, 415, (1902).
8 Ostwald-Luther, Hand- und Hiilfsbuch, 3d ed. p. 497, (1910).
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trated sulphuric acid, and 50 grams of alcohol. The alcohol
drives back the dissociation of the cupric sulphate, reducing
the concentration of the cupric ions and therefore of the cu-
prous ions in equilibrium with them.? For ordinary purposes
the exclusion of air is not necessary. The current density on
the cathode should lie between 2 and 20 milliamperes per
square centimeter. The advantages of the copper over the
silver coulometer are its greater cheapness and the greater
adhesiveness of the deposit on the cathode. The average error
of a single determination is from 0.1 to 0.3 per cent.? A
convenient form of the copper coulometer is shown in Fig-
ure 2. The inside dimensions of the glass vessel are approxi-
mately 4.3 centimeters in width, 16 centimeters in height,
and 17 centimeters in length.

4. THE WATER COULOMETER

The water coulometer measures the quantity of electricity
passing through a circuit by the amount of water decomposed
between unattackable electrodes dipping in a solution through
which the current flows. The amount of water decomposed
may be determined by measuring the loss in weight of the
coulometer, by measuring the total volume of gas produced,
or by measuring the volume of either one of the gases
separately.

The decomposition of water by the electric current was first
observed by Nicholson and Carlisle! in 1800. In 1854 Bunsen?
used a water coulometer in which the loss in weight was deter-
mined ; and since then others have devised coulometers on the
same principle.® Figure 3 shows a convenient form of the
apparatus, having a drying tube sealed directly to it; for be-
fore leaving the cell the gases must, of course, be thoroughly

2 Foerster and Seidel, Z. f. anorg. Ch. 14, 135, (1897).

3 Ostwald-Luther, Hand- und Hiilfsbuch, 8d ed. 497, (1910).
1 Giilbert’s Ann. 6, 340, (1800).

2 Pogg. Ann. 91, 620, (1854).

3 I.. N. Ledingham, Chem. News, 49, 85, (1884).
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dried so that no water vapor is carried off with them. It is
evident that this instrument cannot give great accuracy on
account of the relatively small change
in weight produced by the passage
of an amount of electricity equal to
the electrochemical constant. In
the case of water the change in
weight is only 9 grams, as com-
pared with 31.2 grams of copper
and 107.9 grams of silver. The
errors inherent in the instrument
itself are due to the formation of
other products than hydrogen and
oxygen. If a solution of sulphuric
acid is used between platinum elec-
trodes, the oxygen liberated on the
anode contains a certain amount of
ozone.* Persulphuric acid, H,S,0s,,
and hydrogen peroxide, due to the
oxidation of water by the persul-
phuric acid, are also produced. The F
production of persulphuric acid is a |[F===
maximum when the concentration of
the solution is between 80 and 50
grams of sulphuric acid to 100
grams of water.5 For this reason a
10 to 20 per cent solution of sodium
hydrate is often used, in which none
of the above disturbing reactions

Calcium
Chloride

%,é'r.gg 7 4 Glass wool

Sealed joint

il

LN

oceur. F16. 3.— Water coulometer
The presence of even a small
amount of salt of a metal with two different valences, such as
iron, may cause a very large error. Table 1 shows what the
magnitude of this error is for iron impurities.®
4 Schonbein, Pogg. Ann. 50, 616, (1840).

5 Franz Richarz, Ann. d. Phys. 24, 183, (1805); 31, 912, (1887).
6 Elbs, Z. f. Elektroch. 7, 261 (1900).
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tricity cannot be measured; it is intended for the measurement
of currents between 3 and 30 amperes. The relation between
the volume of gas generated in one second, saturated with
water vapor at the vapor pressure corresponding to a sulphuric
acid solution of specific gravity 1.14, and the current is as
follows: For 20°and a pressure of 72.5 centimeters of mercury,
one ampere in one second produces 0.2 cubic centimeter of gas,
including the water vapor. Therefore, under these conditions
of temperature and pressure, the number of cubic centimeters
of gas generated per second, when multiplied by 5, gives the
current in amperes. The corrections for the volume in thou-
sandths of a cubic centimeter for different temperatures and
pressure are given in Table 2.

TABLE 2

Corrections, in Thousandths of a Cubic Centimeter, for Reducing the Volume of Gas
generated in One Second to the Value which, multiplied by 5, gives the Current.
Specific Gravity of Sulphuric Acid : 1.14

TrmP. CENTIGRADE 700 710 720 730 740 750 760

DearEES mm. mm. mm. mm. | mm. | mm. | mm.
10 9 24 38 53 68 82 97
11 5 19 33 48 63 78 93
12 1 15 29 44 59 73 88
13 —4 10 24 39 54 69 83
14 -8 6 20 35 49 64 78
15 -~13 2 16 30 44 59 73
16 —17 -3 11 26 40 54 68
17 —22 -7 7 21 35 49 63
18 -26 —12 2 16 30 45 59
19 -31 —-17 -3 11 26 40 54
20 —35 =21 -7 7 21 35 49
21 —40 —26 —-12 2 16 30 44
22 —44 -30 17 -3 11 25 39
23 —49 —-35 —22 -8 6 20 34
24 —54 —40 —26 —-12 1 15 29
25 —58 —45 -31 —-17 -4 10 24
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The following example will illustrate the use of this table.

Barometer, 0° .

Volume of gas

Correction: + 0.038 x 198.0 =

|||u|||||||u|||n||nu|||ulunlnll@

Fi1a. 5. — Water cou-
lometer

3 754 millimeters of mercury.
Height of sulphuric acid in tube 112 millimeters of mercury.
Pressure in gas = 754 — 112 = T45.
Temperature of gas: 17.°8.

198.0 cubic centimeters.
7.5 cubic centimeters.

205.5 cubic centimeters.
Duration of experiment: 39 seconds.
Therefore in one second 5.27 c.c. of gas were generated.
Current = 5.27 x 5 = 26.3 amperes.

On comparison with a tangent galvanom-

eter the current indicated
by this coulometer was
found on an average to be
% per cent low.

In order to avoid correc-
tion for the height of the
solution, the instrument
may be made like a Hem-
pel gas analysis burette, as
shown in Figure 5.

A very convenient form
of water coulometer has
been devised by F. C. G.
Miiller,® shown in Figure
6. The whole apparatus
is placed in a water bath,
so that the temperature of
the gas can be determined.
A is the electrolytic cell
filled with barium hydrate,
which does not foam like
sodium or potassium hy-
drate. F is the gas re-
ceiver.  The three-way

F1a.6.— Miiller's water
coulometer

8 Z. f. d. phys. und chem. Unterricht, 14, 140, (1901).
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stopcock at the top allows the gas to escape through H when
no measurement is to be made. By turning the stopcock at a
given second, the gas passes into H, which is previously filled
with water to the upper mark. When H is filled with gas,
the stopcock is turned to allow the gas to pass out H and the
time noted. This apparatus can thus be left connected in the
circuit and a measurement made at any time.

The water coulometer may be transformed into a direct read-
ing ammeter by a method first applied in 1868 by F. Guthrie.?
If the gas is allowed to escape through a smnall hole, a definite
pressure in the instrument is developed, depending on the cur-
rent and size of the hole. The pressure is measured by a
mercury or water manometer. This same principle has leen
rediscovered by J. Joly,X® Bredig and Hahn,! and Job.2 In
Bredig and Hahn’s apparatus the gas escapes through capillary
tubes, and by using a tube with different bores the range of
the instrument is varied. ‘Their apparatus is accurate to
about 5 per cent.

5. Tar SiLVER TITRATION COULOMETER

The silver titration coulometer of Kistiakowsky?! is some-
times convenient where the current does not exceed 0.2 ampere
and where the duration of the experiment does not exceed an
hour. A silver anode is dissolved in a 10 per cent potassium
nitrate solution by the passage of the current, and is then
titrated. In the improved form the silver anode is at the
bottom of a tube 18 to 22 centimeters long, 3.5 centimeters in
diameter at the top, and 1 centimeter at the bottom. The
cathode is of copper and dips in a T per cent copper nitrate
solution to which } of its volume of a 10 per cent potassium

9 Phil. Mag. 85, 334, (1868).

10 Proc. Royal Dublin Soc. 7, 559, (1892).
1 Z, f. Elektroch. 7, 259, (1901).

12 7. f. Elektroch. 7, 421, (1901).

1Z. 1. Elektroch. 12, 713, (1906).
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sium chloride is chosen, the solubility of silver chloride is
reduced, but its value in pure water can be computed from this
result2 If potassium nitrate were used, no reduction in the
solubility would take place. Where the concentration of the
salt is so small, the ion concentration is very nearly equal to
the total concentration on account of the fact that the salt is
nearly 100 per cent dissociated. Other instances where this
method of measuring ion concentrations has been found use-
ful are in the determination of the solubility of mercurous
chloride from the electromotive force of the cell :

Hg | Hg,Cl, in 4 NKC1| 4 NHg,N,0, + HNO, | Hg,

and from this result the solubility of mercurous sulphate from
the electromotive force of the cell,?

Hg,Cl, in 135 NKOI | Hg,80, in 1}y NK,SO,| 17,

1
$|" “and 2 NKNO, and 2 NKNO,

These examples are sufficient to illustrate the method. Some
of the errors that attend these measurements may now be men-
tioned. One difficulty is to get different electrodes of the
same metal to show exactly the same electromotive force when
placed in the same solution of one of their salts. This seems to
depend on the surface of the metal, and some method has to be
used to make them as nearly identical as possible. This can
often be accomplished by using an electrode covered electrolyti-
cally with a layer of the metal, or if the metal is more electro-
positive than mercury, amalgams of equal concentrations may
be used.t The electrolytic solution pressure is thereby some-
what changed, but by the same amount for each electrode, and
since the electrolytic solution pressure drops out, the resulting
electromotive force is unaffected. Another method of obtaining
constant results is to use the metal in a finely divided form.
This may be done by depositing electrolytically with a high-
current density or by decomposing some compound of the metal

2 Goodwin, Z. f. phys. Ch. 183, 641, (1894).

8 Wilsmore, Z. f. phys. Ch. 35, 20, (1900).
4 Goodwin, l.c. p. 676.
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in question.? Another source of error is the potential at the
junction of the different solutions, but this can generally be
either calculated or reduced to an insignificant amount by
adding some indifferent salt® or by connecting the liquids with
saturated solutions of potassium chloride” or ammonium nitrate.3

A method based on potential measurement has been worked
out for determining the amount of carbonic acid in gases.? The
gas bubbles through a solution of bicarbonate, and the result-
ing hydrogen ion concentration of the solution is determined by
potential measurements, from which the partial pressure of the
carbonic acid can be computed.

The principle involved in determining the amount of sub-
stance in a solution by conductivity measurement ! is the
same as when any other physical property, such as specific
gravity, is used for the purpose; that is, the relation between
the conductivity and quantity of substance in solution must be
known. These data have already been obtained in a large
number of cases and have been collected by Kohlrausch and Hol-
born. If the solution contains a single electrolyte whose con-
ductivity at given concentrations has already been determined,all
that is necessary is to interpolate graphically or arithmetically
in the table. If, however, there is a maximum conductivity, as
in the case of sulphuric acid, there would be two possible con-
centrations for a given value of the conductivity. It is easy
to tell on which side of the maximum such a solution lies by
diluting a little and redetermining the conduectivity. If the
solution were more dilute than corresponds to the maximum
value, further dilution would decrease the conductivity ; if less
dilute, the conductivity would be increased. In case the solu-
tion has a concentration near that of maximum conductivity,

5 Richards and Lewis, Z. f. phys. Ch. 28, 1, (1899) ; also Lewis, J. Am. Chem.
Soc. 28, 158, (1905).

¢ Bugarszky, Z. f. anorg. Ch. 14, 150, (1897).

" Bjerrum, Z. f. phys. Ch. 53, 428, (1905).

8 Cumming, Z. f. Elektroch. 13, 17, (1907).

9 Bodlédnder, Jahrb. d. Elektroch. 11, 499, (1904).

1 See Kohlrausch and Holborn, Das Leitvermdgen der Elektrolyte, p. 124,
(1898).
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where the determination would be inaccurate, it can be diluted
enough to remove it from this point, and the contents of the
new solution determined. From this the concentration in
the original one can be calculated.

This method has been shown to be useful in the determina-
tion of impurities in sugar and of mineral waters.”t  On account
of the fact that the equivalent weights of the impurities likely
to be present in mineral waters vary only within certain limits,
it has been found that the quantity of the impurities can be
estimated with a fair degree of accuracy from conductivity
without analyzing the water to see which of the usual impurities
are present.

This method is also useful in the case of mixtures of two
salts when the conductivity of the mixture is the arithmetical
mean of the single conductivities. This is often the case with
nearly related compounds, which are generally difficult to sepa-
rate chemically. For two substances for which this rule holds,
having at equal concentrations the specific conductivities K
and K, the conductivity of a mixture of the same total concen-

tration would have the conductivity k=% ::'_I( . By
PrT P2
this means it has been found possible to analyze satisfactorily

mixtures of potassium chloride and bromide, and sulphates of
potassium and rubidium.2 Conduectivity has also been applied
extensively for the determination of the solubility of very
insoluble salts.1®

The use of a galvanometer as an indicator depends for the
end point either on a sharp change in the resistance of the cell
containing the solution titrated or in the change in the electro-
motive force on electrodes dipping in this solution. An example
of the first case is the titration of silver nitrate with a standard
solution of potassium chloride.l® A measured guantity of a
standard solution of potassium chloride is placed in a beaker
with two silver electrodes. In series with the two electrodes

11 Reichert, Z. f. anal. Ch. 28, 1, (1889).
12 Erdmann, B. B. 30, 1175, (1897).
13 Salomon, Z. f. Elektroch. 4, 71, (1898).
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are connected a galvanometer and a source of electromotive
force, which must be less than the decomposition value of the
potassium chloride. On closing the circuit, only a very small
residual current will be detected. On adding a little of the
silver nitrate to the solution, silver chloride is precipitated, and
a certain amount of silver ions, corresponding to the solubility
of the chloride, will be in solution. We now have the cell

Ag | AgCl solution | Ag,

which has no decomposition point, but the quantity of silver is
so small that the large resistance prevents the current from
increasing to any great extent. As nitrate is added, the
quantity of silver in solution changes very little until the last
of the potassium chloride is used up. The first drop of silver
nitrate in excess now increases the silver ions enormously, and
there is a corresponding large increase in current, due to the
reduced resistance of the cell. The following table shows the
sharpness of the change :13

CuBic CENTIMETERS OF AG¢NOjg GALVANOMETER READING
3.00 15
4.40 20
5.00 16
5.50 21
5.60 20
5.65 42

The use of a galvanometer as indicator when the electro-
motive force changes suddenly at the end point is illustrated by
the following examples: * Suppose two beakers, one containing
a tenth normal solution of mercurous nitrate, the other a definite
quantity of mercurous nitrate solution to be titrated, are con-
nected by a siphon containing tenth normal potassium nitrate.
The bottom of each beaker is covered with a layer of mercury
which makes contact with a platinum wire sealed in the glass.

14 Behrend, Z. f. phys. Ch. 11, 482, (1893).
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Such a cell would have the electromotive force BT log Sl, where
2
¢, is the concentration of the mercury ions in the tenth normal

solution and ¢, is their concentration in the unknown solution.
If ¢, is equal to ¢, the electromotive force would be zero, but
in general ¢; and ¢, would be somewhat different, so that there
would be a reading in a galvanometer connected across the
terminals of the cell. If a standard solution of potassium
chloride is now added from a burette to the unknown solution,
the concentrated ¢, will be diminished, due to the precipitation
of the mercury, and consequently the electromotive force will
increase. As the end point is approached the change in electro-
motive force for each drop of potassium chloride added will
be greater and greater, because of the larger percentage change
in the concentration. With the drop of chloride which throws
out the last of the mercury, the percentage change will be the
greatest of all, and there will be a corresponding change in
the reading of the galvanometer. The quantity of mercury ions
now in the solution is due to the solubility of the mercury
chloride. Since this solubility is diminished by adding a salt
with a common ion, the electromotive force will continue to
increase slowly on adding more chloride, but no further sudden
change will occur. This change then indicates the end point.
It is evident that this method would serve equally well to
determine the strength of the chloride and that the titration can
be carried out, starting with potassium chloride in one beaker in
place of mercury nitrate. In this case there would be a decrease
in voltage at the end point instead of an increase. Bromides
can be titrated as well as chlorides, but a sharp end point is not
obtained with iodides.

Since the determination of the end point depends on the
concentration of the ions, the final volume of the solution must
be kept within such limits that a drop of the solution from the
burette will cause a marked change in the galvanometer read-
ing. Starting with tenth normal solutions, for this reason the
final volume should not exceed 80 cubic centimeters, and
therefore not over 10 cubic centimeters of the unknown
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solution should be taken for analysis. Since the end point
can be obtained only to 0.05 cubic centimeter, this means an
accuracy of 0.5 per cent. In titrating potassium chloride the
change in voltage at the end point is from 0.1 to 0.15 volt; in
the case of the bromide it is 0.2 volt. Silver electrodes and
silver nitrate can be used in place of mercury and mercury
nitrates, and by this arrangement it is possible to determine
directly the iodine in the presence of chloride and bromide, if
an ammoniacal solution is used. Silver iodide, unlike silver
chloride and bromide, is nearly insoluble in ammonia. There-
fore on adding silver nitrate to an ammoniacal solution of
potassium chloride, bromide, and iodide, only the silver iodide
will precipitate. When all the silver iodide is precipitated,
there is a sudden change in the galvanometer reading. On
acidifying, the combined amount of chloride and bromide may
be determined. If also the total quantity of silver chloride,
bromide, and iodide is weighed, the original amount of potas-
sium chloride, bromide, and iodide can be calculated. This
procedure, however, is not very accurate for the chloride and
bromide, as is shown by the following analyses.

GraMS TAKEN | AMOUNT FoUunD Grams TAKEN [ AMouNT FounDp
KCl1 0.0223 0.0246 KC1 0.0448 0.0431
KBr -0.0359 0.0314 KBr 0.0354 0.3800
KI 0.0662 0.0666 KI 0.0167 0.0169
0.1244 0.1226 0.0969 0.0980

An exactly similar method has been shown to be useful in
the titration of acids and bases.’® Neglecting the small poten-
tials due to the liquid-liquid junctions, the electromotive force

of the cell

acid of | neutral salt

cone. ¢q

H, acid of H,

cone. ¢,

is given by the equation
e= RTlog4,
Cy

15 W. Bottger, Z. f. phys. Ch. 24, 253, (1898).
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assuming complete dissociation. If alkali is now added to
one of these acids, the hydrogen ion concentration diminishes,
causing a gradual increase in the electromotive force. Asin
the cases described above, there will be a sudden change in the
galvanometer reading when the end point is reached. The
hydrogen electrode is shown in Figure 8, and consists of palla-

dium-plated gold, which gives more constant val-
r(Ub/ ues than platinized platinum. The concentration

of the hydrogen soon becomes constant in the
electrode, as it is not absorbed by the gold at all.
In place of a hydrogen electrode as standard in
L the above cell, a normal electrode would do
equally well. '

In carrying out a titration, the acid or alkali to
be titrated is placed in a beaker and the hydrogen
electrode put in position so that the palladium-
plated gold is partly immersed. This electrode
is then connected with the standard electrode and
with some means for measuring the electromotive
force; for example, a Lippmann electrometer and
slide wire bridge. Hydrogen is then bubbled
over the hydrogen electrode till a constant poten-
tial is reached, which should require only a few
minutes, and then alkali or acid, as the case may be, is added
from the burette. After each addition the liquid is stirred up
and the potential measured. This will be found to increase
gradually till the end point is reached, where there will be a
sudden change in the potential.

o)
¥

%

FiG. 8.— Hydro-
gen electrode

2. ELECTROLYTIC METHODS

The methods of analysis described above have not come into
general use. The electrolytic method, on the contrary, is ex-
tensively employed, and in some cases has entirely displaced
other methods. It consists in depositing by electrolysis the
substance to be determined on one of the electrodes in a form
that can be dried and accurately weighed. A number of
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different cases may be distinguished. A metal is usually
deposited on the cathode in the pure state or in a mercury
cathode as an amalgam. Lead and manganese are exceptional
in that they are deposited on the anode as peroxide. By the
use of a silver anode, chlorine, bromine, and iodine may be
obtained and weighed as the chloride, bromide, and iodide of
silver, though such determinations are not often carried out.

The possibility of electroanalysis was first pointed out by
Cruikshank in 1801. It was very little used, however, until
subsequent to the work of Wolcott Gibbs on the electroanalysis
of copper and nickel in 1864.1 It has since formed the subject
of a great number of investigations and has been employed
extensively in analytical laboratories. A considerable number
of improvements have been made in electroanalytical methods
during this time. One of the greatest of these is the saving of
time by stirring the solution during the electroanalysis, in
place of trusting to electrolytic migration and diffusion to
bring the ions to the electrode on which they are to be
deposited. Table 8 gives an idea of the difference in time
required for analyses with and without stirring.?

TABLE 3

Average Duration of Electroanalysis with and without Stirring

METAL TiME IN MINUTES WITIIOUT TiME IN MINUTES WITH
STIRRING STIRRING
Nickel 180 40
Zinc 120 15
Copper : 360 20
Cadmium 180 10
Lead 60 15
Silver 180 15
Mercury 105 15
Antimony 105 30
Tin 360 20

1 A. Fischer, Elektrolytische Schnellmethoden, p. 11, (1908).
2 A. Fischer, l.c. p. 13.
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A second improvement consists in increasing the number of
metals that can be determined electrolytically, by substituting
a mercury for a platinum cathode. Mercury was first sug-
gested for this purpose by Wolcott Gibbs,? but not much atten-
tion has been paid to its use until recently. With a mercury
cathode the metal deposited is dissolved by the mercury and is
weighed as an amalgam. E. F. Smith showed that even the
highly electropositive metals belonging to the alkali and alka-
line earth groups can be determined by this means.3

In order to explain the theory of electroanalysis, an acid
sulphate solution of some metal standing below hydrogen in
the electromotive series, given in Table 4, will first be con-
sidered.* The concentration of the hydrogen ions and metallic
ions is assumed to be one gram ion per liter.

TaBLE 4

Electrolytic Single Potential Differences between Elements and a Solation contain-
ing one Gram Ion of the Element per Liter. The Normal Electrode on the Scale
Chosen =—0.56 volt

Magunesium . . . . . 2.26? Arsenic . . . . . .<-0.57
Aluminum . . . . . +0.999? | Bismuth . . . . . . < —0.668
Manganese . . . . . 40.798 Antimony . . . . . <—0.743
Zine ... . . . . oo 0493 Mercury . . . . . . —1.027
Cadmium . . . . . 40143 Silver . . . . . . . -1.075
Iron . . . . . . . +0.168 Palladium . . . . . <—1.066
Thalliuom . . . . . +40.045 Platinum 5o to o ox<=Il1EN)
Cobalt . . . . . . 401788 | Gold . . . . . . .<—1.358
Nickel . . . . . . +40323% | Chlorine . . . . . . —1.680
g, S 101085 Bromine ik viar. s SR a7
Lead . . . . . . . =0129 Todingi s NS LRSS SR = 01905
Hydrogen . . . . . —0277 Oxygen . . . . . . —0.670
Copper . . . . . . —0.606

Suppose two platinum electrodes are dipping in this solution,
and that a gradually increasing electromotive force is applied.

3 E. F. Smith, Electroanalysis, p. 55, (1907). :

* Le Blanc, Electrochemistry, English translation, p. 248, (1907).

® Calculated from Richards and Behr, Carnegie Institution of Washington,
publication No. 61, p. 81, on the assumption that normal FeSO, is 24 per cent
dissociated. ¢ Approximately,
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At first only a small diffusion current will flow, but when the
decomposition voltage of the salt is reached, electrolysis will
begin. The decomposition point is the sum of the potential
differences at the anode and the cathode. Since the sulphate
radical does not escape from the solution, the potential at the
anode will remain nearly constant during the electrolysis, and
the potential at the cathode at the decomposition point is equal
to the potential which the precipitating metal would itself
have in the solution.” This will be clear from the following
considerations.® Suppose a metallic electrode dips in a solu-
tion of one of its salts in which the osmotic pressure of the
ions of the metal is p. There will be a certain tendency for
the metal to go into solution as ions, called the electrolytic
solution pressure, which will be designated by P. Suppose
that P is less than p,° as must be the case if the metal stands
below hydrogen. A certain amount of the ions of the metal
will then be deposited on the electrode, charging the solution
negatively and the electrode positively. The metallic ions in.
solution will then be repelled by the positively charged elec-
trode with a force %, increasing with the quantity of metal
deposited. This force finally becomes so great that equilib-
rium is established according to the following equation :

The potential difference between the electrode and solution
is then given by the equation

where R is the gas constant, 7’ the absolute temperature, n the
valence of the metal, and F the electrochemical constant. Sup-
pose now the force £ is diminished slightly by applying an
external electromotive force in a direction tending to deposit
the metallic ions on the electrode. The value of e will be

7 Le Blanc, l¢. p. 219.
8 See H. M. Goodwin, Z. f. phys. Ch. 138, 579, (1894).
9 There will be no change in the method of the demonstration if P> p.



24 APPLIED 'ELECTROCHEMISTRY

changed only slightly from that given by the equation above,
but the metal will be deposited continuously, because the sum
of the forces P and Fk, tending to send the metal in solution,
is now slightly less than the force p, tending to cause the
metal to deposit.

As the ions of the metal become more dilute, p becomes less,
and the potential difference e, as well as the decomposition
voltage of the solution, will consequently increase in value.
The potential difference between the solution and the cathode
eventually becomes so great that the value necessary for the
deposition of hydrogen is reached. This potential difference,
en is given by the equation

RIT, P
=== log, —1 L
e 7 0F 5 2+
where 7 is the overvoltage of hydrogen on the metal deposit-
ing. After this condition has been reached, the metal and
hydrogen are deposited simultaneously. The following rela-
tion then holds as long as the electrolysis continues:

e=%log§=1—zﬁz’logz%‘f+n.
If electrolysis is continued, the overvoltage 5 gradually in-
creases, due to the increasing proportion of the current used
to liberate hydrogen,!® and consequently p becomes less. It is
evident that the reduction can never be absolutely complete,
for if p =0, e would be infinite.

J4

From the equation e=%log f, it is evident that to
nir

reduce the quantity of metal in solution to a negligible
amount, —for example, to ;5d55 of the original quantity, —

the increase in voltage at the cathode will be ¢ = %Z—Y log 10000

= 0.23 volt for a monivalent metal, or half this value for a
bivalent metal. Monivalent and bivalent metals must there-
fore stand respectively 0.23 volt and 0.12 volt below the

10 F. Foerster, Elektrochemie wiisseriger Losungen, p. 183.
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potential at which hydrogen would be deposited on the metal
in question in order to be so completely separated from the
solution considered.

In consequence of overvoltage and of the possibility of re-
ducing the concentration of hydrogen ions, the potential dif-
ference at which hydrogen is deposited may, under certain
conditions, be very much greater than that given in table of
electrolytic potentials. Consequently, metals standing above
hydrogen in the electrolytic series can be deposited in case the
overvoltage of metal in question is high and the concentration
of the hydrogen ions is low.

It is evident from what has been said that hydrogen plays an
important réle in electrolysis. It acts as a safety valve in pre-
venting the potential difference at the cathode from rising
above a certain value. This value depends on the concentra-
tion of the hydrogen ions and on the overvoltage, and it is
therefore possible to vary this maximum voltage by changing
the concentration of the hydrogen ions. For example, the po-
tential difference of a hydrogen electrode in a normal acid solu-
tion differs by 0.81 volt from a hydrogen electrode in a normal
alkali solution.”  The lower the concentration of the hydrogen
ions, the higher will be the voltage necessary to deposit hydro-
gen, and for this reason solutions of low hydrogen ion concen-
tration must be employed for depositing electropositive metals.
Such solutions are those containing ammonia, ammonium, or
sodium sulphide, and potassium cyanide. In these solutions
the metals form complex salts, and the concentration of their
ions is greatly reduced, and a greater potential difference is
also required to deposit metals from such solutions than from
solutions of their simple salts. Solutions of complex salts are
of great importance in electroanalysis; some metals, such as
iron, nickel, antimony, and tin, can be reduced quantltatlvely
only from such solutions.2

Two metals can in general be separated in an acid solution
when they stand in opposite sides of hydrogen in the electro-
lytic series, for the hydrogen prevents the cathode potential

11 Le Blanc, l.c. p. 209. 12 Fischer, l.c. p. 81.
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volt is necessary. This applies only when the two metals do
not alloy with each other; if they form an alloy, the decompo-
sition point of each is affected by the presence of the other.
For this reason it is difficult to separate mercury from other
metals. ‘
The above theory makes no attempt to explain why some
metals deposit in a compact form and why others donot. This
is a very important question in electroanalysis ; for if the deposit
does not adhere well to the cathode, it cannot be washed and

Fic. 10.-— Platinum gauze cathode for electroanalysis

weighed. The structure of the deposit depends, first of all, on
the nature of the metal itself. Some metals, such as zine,
cadmium, and bismuth, have a tendency to deposit in a spongy
form. Others, among which is silver, deposit in large crystals.
The character of the dissolved salt from which a metal is de-
posited is of great influence on the properties of the deposit.
In general, metals are deposited ina compact, smooth layer from

14 Fischer, l.c. p. 37.









CHAPTER III

ELECTROPLATING, ELECTROTYPING, AND THE PRODUCTION
OF METALLIC OBJECTS

1. ELECTROPLATING

THE object of electroplating is to cover a metal with a layer
of another metal for the purpose of improving its appearance
and durability. The principal metals used for the coating are
nickel, copper, zine, brass, silver, and gold.

In plating, the first step is to clean the surface thoroughly, in
order to make the deposited coating adhere well. In case the
surface is rough, it must be ground smooth and polished on a
suitable buffing wheel. The next operation is the removal of
the grease and oxide from the surface. The grease is removed
by dipping in a hot solution of sodium hydrate or carbonate.
The alkali is then washed off, and the object is dipped into a
bath called a pickle, the purpose of which is to remove the
oxide and to make it bright. The pickle varies with the metal
to be treated, since a solution which works well with one metal
is not necessarily suited to others. Cast iron and wrought iron
are pickled in a solution made by mixing 1 part by weight of
concentrated sulphuric acid with 15 parts of water! A
suitable pickle for zinc is simply dilute sulphuric or hydrochlorie
acid. Copper, brass, bronze, and German silver are treated
with a preliminary pickle consisting of 200 parts by weight of

1 Langbein, Electrodeposition of Metals, 4th ed. p. 162. The English
measures used by Langbein are converted to the metric system when quoted.
Unless otherwise stated, the formule given for solutions in this chapter are taken
from the above work,

30
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nitric acid of specific gravity 1.33, 1 part of common salt, and
1 of lampblack. The last ingredient has for its purpose the
formation of nitrous acid. After all impurities are removed by

Fra. 12. — Plating tank

this bath, the object is washed in boiling water so that on re-
moval it will dry quickly, and it is then immersed in a so-called
bright dipping bath, to give a bright surface. This is made up
of 75 parts by weight of nitric
acid, of specific gravity 1.38,
100 parts of concentrated sul-
phuric acid, and 1 part of
common salt. The object is
then washed off in water and
put while wet in the plating
bath, where all electrical con- ‘
nections should have been  Fi&: 13'_Tm§bj£2§s platipg emall
made so that the plating begins

immediately. Instead of the acid pickles following the removal
of grease by alkali, brass is sometimes pickled in a hot solution
of potassium cyanide, which dissolves the oxides,— somewhat
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more slowly, however, than the acid,—but does not alter the
original polish. After the plating is finished, the object is
dipped in hot water and put in warm sawdust to dry.

The tanks used for holding the plating solutions are usually
of wood and are lined with lead or a mixture of pitch, resin,
and linseed oil. The anodes are hung on brass bars running
lengthwise with the tank, and the objects to be plated are hung
on similar bars between two rows of anodes, in order to plate
both sides uniformly. This is illustrated in Figure 12.
Small objects which are to be carefully plated are strung to-
gether in rows on wires and hung in the bath. Where not so

Fi1G. 14. — Drum for holding small objects while plating

much care is required, as in the case of small nails, it is suffi-
cient to place them in a tray, shown in Figure 13, and hang
them in the solution, or in a drum whose sides are perforated,
as in Figure 14. The drum turns on its axle slowly, and the
current is conducted from the pile of small objects to the axle
by metal strips. Of course the tray or the axle and metal
strips are also plated.

When plating is done on a large scale, the current required
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is always supplied by a dynamo, but there are the two other
following methods, sometimes used for small jobs, which do not
require a battery or dynamo. If a metal is dipped into a solu-
tion of a salt of a metal standing below it in the electrolytic
series, the more électropositive metal will go in solution and
the more electronegative will be precipitated on the former. A
well-known example of this is the precipitation of copper on
iron, when iron is dipped into solution of copper sulphate.
This is known as plating by dipping. As soon as the metal is
thinly coated, the action, of course, stops. In case the metal is
not electropositive enough to precipitate the one in solution,
the same result can be produced by connecting it with a piece
of zinc placed in the solution. The zine is dissolved as the
negative pole of a battery and precipitates the metal in solu-
tion on the cathode, which is the metal to be plated. This
method is known as plating by contact. Neither of these
methods is used on a large scale.

Figure 15 shows the plating plant of the National Cash
Register Company,? where nickel plating with nickel, copper,
silver, and zinc are all carried out.

Nickel Plating 1

Nickel cannot be deposited from a strongly acid bath, since
it is above hydrogen in the electrolytic series. The solution
ordinarily used consists of nickel-ammonium sulphate of the
formula NiSO, - (NH,),SO, - 6 H,0, with an additional amount
of ammonium sulphate to increase the conductivity. The
exact proportions of the salts are not important. Different
receipts are given, varying from 25 to 50 parts of ammonium
sulphate to 50 parts of the double sulphate, in 1000 parts of
water. The solution is made acid enough to redden litmus
paper faintly by adding sulphuric acid, or citric acid, as some
receipts specify. This slight acidity is supposed to give a

2 Met. and Chem. Eng. 8, 275, (1910).

1 For an account of the origin of nickel plating, see Adams, Trans. Am.
Electrochem. Soc. 9, 211, (1906).
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whiter nickel than alkaline or neutral solutions. Baths of
nickel chloride may be used for plating any metal but iron, for
iron always rusts if plated in a bath of this salt. The anodes
are of cast or rolled nickel.

The proper current density at the cathode is 0.6 ampere per
square decimeter. The whole surface will then be perceptibly
coated with nickel in two or three minutes, and a few bubbles
of gas will come off continuously. If the current is too weak,
the surface becomes discolored. If the current is too strong,
gas is evolved more violently, and the color of the nickel soon
turns dark. Inlarge objects the current density is not uniform.
The more deeply immersed in the solution, the stronger is the
current, so that unless turned during plating, large objects
would receive a thicker coating on the surface that is deepest
in the tank. Iron is sometimes copper plated to prepare it for
nickel plating. This is supposed to make the nickel adhere
better, but nickel adheres perfectly well to iron if the surface
is properly cleaned.2

Copper Plating

The metals usually copper plated, such as zine, iron, and tin,
are more electropositive than copper. If these are dipped
into a bath of copper sulphate, they are coated immediately
with copper. The copper, however, frequently comes down in
a spongy form that does not adhere well, so that plating from
such a bath is impossible. It is therefore necessary to reduce
the coneentration of the copper ions to such an extent that the
copper will be relatively more electropositive than the metal to
be plated, without at the same time reducing the total amount
of copper in the solution. This is accomplished by using
the double cyanide of copper and potassium of the formula
KCu(CN),. The only copper ions present come from the dis-
sociation of the anion Cu(CN),, which is very slight. Copper
will therefore not be precipitated from this solution by zinc or
any other metal that is to be plated. The solution can be made

2 Langbein, Z.c. p. 203.
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up by dissolving cuprous cyanide in potassium cyanide to form
a 3 to 8 per cent solution, or the double cyanide may be used.
In either case 0.2 per cent potassium cyanide and from % to 1
per cent sodium carbonate is added.® The object of the car-
bonate is probably to increase the conductivity, that of the free
cyanide to dissolve the anodes more readily. In case the
cuprous cyanide is prepared by starting with a cupric salt, the
latter must be reduced to the cuprous state before adding
the cyanide; otherwise poisonous cyanogen would be liberated.
Sodium sulphite is generally used for this purpose. The
copper cyanide bath is heated by a steam coil to 50° to 60° C.
and electrolyzed with such a high current density that there is
a violent evolution of gas. Copper plating is used not only as
a preliminary coating for other metals, but largely also for a
final ornamental covering for iron. Various colors are then
produced on the copper by dipping into a bath of sodium sul-
phide, producing the so-called oxidized copper.

Zine Plating

A zine covering is very useful as a protection for iron. It
has the advantage over tin for this purpose that it is more
electropositive than iron, so that in case a part of the iron
becomes exposed and wet, zinc tends to dissolve in place of the
iron. Iron is covered with zinc by the two methods of electro-
plating and of dipping in a bath of melted zinc. A third method,
called sherardizing, consists in heating objects in zinc dust to
800° C.1 The zinc deposited electrolytically is not so bright
and pleasing in appearance as the dipped zine, but it has
been shown to protect the iron much more thoroughly.? A
good solution for zinc plating is 200 grams of zine sulphate,
ZnS0,- T H,0, 40 grams of sodium sulphate, Na,SO, - 10 4,0,
and 10 grams of zinc chloride per liter, slightly acidified with
sulphuric acid. The current density is from } to 2 amperes per

8 Haber, Grundriss der technischen Electrochem. p, 283,
1 Electrochem. and Met. Ind. 5, 187, (1907).
¢ Burgess, Electrochem. and Met. Ind. 3, 17, (1905).
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square decimeter.® The anodes are of zine. Since a little
more zinc dissolves than is deposited, the solution would lose
its acidity unless a small amount of sulphuric acid is added as
it is used up. The resistance may be reduced by warming to
40° or 45° C.

Brass Plating

In order to cause copper and zinc to deposit simultaneously,
it is necessary that the metals should be dissolved in a solution
in which a zinc and a copper plate would have potentials nearly
equal. This is the case in a cyanide solution. By replacing
half of the copper cyanide in the bath given above by zinc cya-
nide, a suitable bath for brass plating is obtained. Brass anodes
are used. If a current density of only 0.1 ampere per square
decimeter is used, only a small amount of zinc is deposited with
the copper ; with 0.3 ampere per square decimeter, however, the
deposit contains only 80 per cent of copper. Increasing the
current density changes the composition of the brass only
slightly, though the color becomes greenish.!

There is quite a large resistance to be overcome in deposit-
ing both copper and zinc from their cyanide solutions, as meas-
ured by the potential difference that must be produced between
the solution and the cathode. This potential difference is
found to be greater than the potential of the metal dipping
into its eyanide solution when no current is flowing, and this
resistance increases with the current density, so that the poten-
tial is soon reached at which hydrogen is deposited on the cop-
per or zinc cathode, in place of the metal.?

Zinc and copper are deposited together from a solution of
zine and copper cyanides considerably below the potential of a
pure zinc electrode, which shows electrolytic brass is an alloy
and not a mixture of particles of pure copper and pure zine.2

8 Foerster, Elektrochemie wiisseriger Losungen, p. 255,
1 Foerster, l.c. p. 253.
2 Spitzer, Z. f. Elektroch, 11, 367, (1905).
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Silver Plating

The double cyanide of potassium and silver is universally
used for silver plating, because of the smooth deposit obtained
from this solution. As stated in Chapter I, silver is deposited
from a nitrate solution in a granular form entirely unsuited for
plating. A solution containing from 1 to 5 per cent silver,
as potassium silver cyanide, KAg(CN), with } per cent of free
potassium cyanide, has been found satisfactory.! Too little or
too much free cyanide causes a bad color in the deposit. The
anodes are silver, and the current density on the cathode is
from 0.15 to 0.5 ampere per square decimeter. Silver is de-
posited only on a copper surface. Other metals than copper
or copper alloys which are to be silver plated are first copper
plated. In order to make the silver adhere to this surface it
must be amalgamated before plating. This is accomplished by
dipping into a quicking bath, consisting of a solution of 30
grams of the double cyanide of potassium and mercury,
K,Hg(CN),, and 80 grams of potassium cyanide, in one liter
of water. Articles are washed after quicking and placed im-
mediately in the silver-plating bath.

Gold Plating

The solution used for gold plating consists of the double
cyanide of gold and potassium, KAu(CN), This can be pre-
pared by precipitating gold with ammonia in the form of ful-
minating gold, AuNH - NH, + 8 H,0, from a solution of gold
chloride. This is washed and dissolved in potassium cyanide,
and the ammonia boiled off. The concentration of gold varies
between 0.85 and 1 per cent of gold, with twice as much potas-
sium cyanide.! The anodes are of gold, and the current density
on the cathode is about 0.2 ampere per square decimeter. Gold
plating is carried out in both hot and cold baths. The metal
deposited from a hot solution is more dense, uniform, and of a
richer color.

1 Haber, l.c. p. 284.
1 Haber, I.c. p. 28T7.
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2. GALVANOPLASTY

Galvanoplasty, or the art of reproducing the forms of objects
by electrodeposition, was discovered by Jacoby of Petersburg
in 1838. It is now used extensively for electrotyping and the
production of copper tubes and of parabolic mirrors.

Electrotyping

The first operation in making an exact duplicate of type set
up ready for printing is to take an impression of the type in
wax. The wax sometimes used is ozokerite. The thickness of
the sheet of wax used for the purpose is about half an inch.
After this has been carefully inspected to see that every letter
is perfect, fine graphite powder is well worked into the surface
by soft brushes. This is done in several operations, by machines
and by hand. Copper sulphate is then poured over the surface
and iron powder sprinkled over it to produce a thin layer of
copper, which will make the whole surface more conducting than
the graphite could do. This is an example of the use of plating
by contact, explained above. The sheet is then hung in an acid
copper sulphate bath and electrolyzed for an hour and a half.
It is then removed from the tank, and the wax is warmed and
separated from the thin copper sheet. The copper is next backed
to give it mechanical strength by pouring on it an alloy of lead
and antimony. The subsequent purely mechanical operations
of making the sheet perfectly level, so that each letter will print,
and of mounting them on wood need not be described in this
place. The advantages of electrotyping are the saving of wear
on the type, and the fact that a small stock of type will prepare
unlimited number of pages; for when once a page is electro-
typed, the type used for preparing this page may be used over
again for another. Nearly all books are now printed in this
way.
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Copper Tubes,) Foil, and Wire

Tubes are produced by depositing copper evenly on a cylin-
drical cathode, and the copper is removed when it has become
sufficiently thick. In order to keep the outer surface of the
tube smooth, it must be pol-
ished during the electrolysis;
this is done in the Elmore 2
process by means of an agate
wheel whose edge bears on
the tube, as shown in Figure
16. The wheel turns on its
axis and polishes the surface
over which it travels. In
the process of the Société
des Cuivres de IFrance, the
polishing is obtained by

F16. 16. — Agate wheel for polishing tubes allowing two tubes to rotate
during electrolysis E .
in contact with each other.
Polishing not only keeps the surface smooth, but also makes
the use of higher current densities possible.

The tubes made by the Elmore process are usually 3 meters
long and vary up to 1.6 meters in diameter.®> In order to sepa-
rate the finished tube from the axle, the surface of the axle
must be specially prepared so as to conduct and yet not make
the contact with the copper deposited too intimate. This may
be done by slightly oxidizing the metal on which the copper is
precipitated. The tube can then be worked loose by pressure.

Numerous patents have been taken out for the production of
copper wire, but only those would be of special interest which
have proved their value in actual use. It is not apparent, how-
ever, from an examination of the literature that any electrolytic
process for making copper wire is in actual use, and the same

1See Pfannhiiuser, Die Herstellung von Metallgegenstinden auf Elektro-
lytischem Wege, Engelhardt Monographs, Vol. 5, (1903).

2 Electrochemist and Metallurgist, 8, 151, (1903).

3 Pfannhiuser, lc. p. 109.
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is true in the case of metal foils. Nevertheless a few of the best
known patents will be described.

In 1891, J. W. Swan patented a method of producing copper
wire, which consists in depositing copper on a wire so as to
thicken it, and in then drawing down the wire to the original
size. The apparatus is so planned that this is a continuous
process. Saunders has patented a method in which the copper
is deposited on a conducting spiral wound on a drum. The
wire is stripped off when sufficiently thick, and is then drawn
down.

For the production of metal foil, Reinfeld’s patent calls for
an oxidized nickel cathode. When a thin deposit of metal has
formed, it can be stripped off. The principle of Endruweit’s
method is the same. The cathode is a metal ribbon which passes
through an oxidizing solution, then through a bath for clean-
ing, after which the metal foil is deposited upon it.

Besides the production of tubes the only other galvanoplastic
industry which is of importance is the production of parabolic
mirrors.t This process has been worked out by Sherard Cow-
per-Coles. It savesthe expensive grinding of a parabolic surface
for each mirror, for by this method any number of parabolic mir-
rors can be produced from one mold. The details of the pro-
cess are the following : First a perfectly parabolic glass surface
is prepared by pressing a glass plate about 3 centimeters thick,
and hot enough to be soft, into a cast-iron mold of approxi-
mately a parabolic form. The glass surface which was next
the iron is now made perfectly parabolic by polishing on a
lathe with more refined means as the surface approaches nearer
to perfection. The next step is to clean the surface and cover
it with a thin layer of metallic silver by the ordinary process
used in silvering. The glass form, covered on the parabolic
side with silver, is then placed in a copper sulphate bath, ro-
tated at the rate of five times a minute, and copper plated.
The object of the copperis to give the mirror mechanical
strength. In order to separate the silver and copper from the
glass, they are placed in a water bath and heated to 50° C.

4 See Coles, Engelhardt Monographs, Vol. 14, (1904).
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made is treated with the electrolyte in which ferric sulphate
has accumulated. The ferric sulphate is reduced to ferrous
sulphate, and cuprous sulphide and oxide is changed to copper
sulphate. The solution is then returned to the electrolyzing
baths.

Favorable results were obtained in the laboratory in Genoa,
and on a larger scale at Stolberg from February to April, 1885.
The copper obtained was 99.92 per cent pure. A large plant
was then built to produce 500 to 600 kilograms of copper in 24
hours with 58 vats, 2.2 meters long, 1 meter deep, and 1 meter
wide. At first all expectations were realized. The baths
worked well and the copper produced was pure. Within a few
days, however, the voltage across the baths began to rise, in
some cases to 5 volts. This was due to the deposition of sul-
phur on the anode and the disintegration of the anode due to
the dissolving of the copper and iron. Large pieces became
detached from the anode and fell to the bottom of the tank,
filling up the space between anode and cathode and producing
a short circuit. The copper also became impure, containing
antimony, bismuth, lead, iron, zine, and sulphur. Insoluble
lead electrodes were then tried, but the polarization due to the
formation of lead peroxide was excessive, and the yield in cop-
per fell to 60 per cent of the theoretical amount. The Siemens
and Halske process was then tried by the same company. The
principal difference between this and the Marchese process is
the use of insoluble anodes and the separation of anode and
cathode by a diaphragm. Copper is deposited from a solution
containing ferrous sulphate and copper sulphate. The solution
then circulates to the anode, where ferrous sulphate is oxidized
to the ferric state. The oxidized solution is then used to dis-
solve more copper from the ore. For three months an attempt
was made to carry out this process, but it was finally given up,
partly at least on account of mechanical difficulties, such as the
tearing of the diaphragm and disintegration of the carbon
anodes.

The Hoepfner2 process is similar in principle to the Siemens

2 7. f. angew. Ch. p. 160, (1891); Chem. Zeitung p. 1906, (1894).



REFINING OF METALS IN AQUEOUS SOLUTIONS 45

and Halske process. The unroasted ore is dissolved by cupric
chloride, and the cupric chloride is reduced to cuprous chloride.
This is kept in solution by sodium chloride. The action of the
cupric chloride is the following :3

Cu,S + 2 CuCl, =4 CuCl + S.

The solution containing cuprous chloride is electrolyzed in
the cathode compartment, where it loses part of its copper. The
solution then circulates to the anode compartment, from which
the cathode compartment is separated by a diaphragm, and the
remaining copper is oxidized to cupric chloride. The anode
solution is then ready for treating the ore a second time. This
process was also tried on a large scale, but seems to have failed
largely on account of mechanical difficulties, especially with the
diaphragm.

The Winning of Zinc

Zinc is one of the few metals in the winning of which elec-
trolysis may take an important part. This is due to the fact
that in the ordinary metallurgical process a loss amounting
sometimes to 25 per cent of the metal occurs.! Only under
peculiar circumstances is zinc refined by electrolysis, on account
of the fact that commercial zinec never contains noble metals,
and also because there is not much demand for zinc of a high
degree of purity.?

In either a refining or a winning process it is of the first
importance to find the conditions under which a smooth deposit
of the metal can be obtained.

Under certain conditions zinc is deposited in a spongy form
that cannot be melted down on account of its tendency to
oxidize.? The nature of sponge zinc is still unknown,* though
the conditions under which it forms and the ways to avoid it

3 See Blount, Practical Electrochemistry, p. 81, footnote.
1 Foerster, Elektrochemie wisseriger Losungen, p. 289.
2 Giinther, Die Darstellung des Zinks, p. 26.

8 Mylius and Fromm, Z. f. anorg. Ch. 9, 144, (1895).

¢ Foerster, l.c. p. 291.
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TABLE 5
Awp. PER 8q. METER 0° 100 20° 80°
10 Firm Incipient Spongy Spongy
sponginess
50 Firm Spongy . Incipient Spongy
sponginess
100 Firm - Firm Spongy Incipient
) sponginess
150 Firm Firm Firm Spongy
200 Firm Firm Firm Firm

In the winning of zinc by electrolysis, the steps are to roast
the ore if it is insoluble, to dissolve the resulting product, and
to deposit the zinc from the solution by electrolysis with in-
soluble anodes. A process devised by Hoepfner to carry out
the winning of zinc in this way was in operation for a while in
Fiirfurth, Germany, and is now in operation in Hruschau,
Austria, and at the works of Brunner, Mond, and Company,
at Winnington, England.®? The process consists in electrolyz-
ing zine chloride with carbon anodes, separated by a diaphragm
from the cathode.l® One great difficulty is to obtain a
diaphragm that will last, and it seems doubtful if this problem
has yet been satisfactorily solved. The chlorine obtained
from the anode compartments is collected and used in making
bleaching powder.

2. THE ELECTROLYTIC REFINING OF METALS
Copper Refining

The object of copper refining is to get as pure a copper as
possible for electric conductors, since a very small amount of
impurity lowers the conductivity materially,! and also to ob-
tain the gold, silver, and other impurities.

12 Kershaw, Electrometallurgy, p. 272.
13 For a detailed description see Giinther, I.c.
14 Kershaw, l.c. p. 273. 1 Addicks, Electrochem. Ind. 1, 580, (1903).
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In copper refining, copper anodes containing only a small
percentage of impurities are electrolyzed with the proper
current density in an acid copper sulphate bath of suitable
concentration. The copper and the soluble impurities, which
are not more electronegative than copper, dissolve, while the
insoluble impurities become detached from the anode and fall
to the bottom of the tank, forming what is known as anode
mud or slime. The soluble impurities gradually accumulate
in the solution till purification is necessary. As long as the
impurities are below a certain concentration in the solution, the
copper deposited on the cathode is of much greater purity than
that of the anode. The reason the impurities in solution are
not deposited when dilute is that the voltage drop from solu-
tion to cathode has not reached the decomposition point of
these ions. The decomposition point of an ion changes with
0.058

its concentration by the amount volt at 17°C., where n .

the valence of the metal, for a change in concentration of the
ion in the ratio of one to ten. As the concentration of any
given ion increases, its decomposition point is gradually lowered
until it equals the potential difference between the solution and
the cathode. At this point it is deposited with the copper.
But not all of the impurities found in the cathode are deposited
from the solution. Some are taken up from the slime, of which
a certain amount is always suspended in the solution, on account
of the circulation of the electrolyte. This is true in the case
of silver and gold.2

It will be interesting next to see what the impurities of
anode copper commonly are, how they behave when the anode
dissolves, and what impurities are deposited on the cathode.
The following table gives a representative composition of
anodes for American refineries :

Copper. . . . . . . . . . . . 98-99.5 per cent
Silver . . . . . . . . . . . . 0to 300 oz. perton
God . . . . . . . . . . . . 0to40 o0z perton
Arsenic . . . . . . . . . . . Oto2percent

2 Addicks, Electrochem. and Met. Ind. 4, 16, (1906).
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with small amounts of antimony, bismuth, iron, nickel, sulphur,
selenium, tellurium, and silicon.

A more specific case is given in the following tables, showing
the composition of the anodes and cathodes at the Great Falls
and the Anaconda refineries.3

CompPosITION OF ANODES IN PER CENT

GreAT FaLLs ANACONDA
Copperallal -t T T 99.27 99.25
Arsenic and antimony . . . . . . . . 0.07 0.10
Oz.silverperton . . . . . . . . . 61.40 90.00
Oz.goldperton . . . . . . . . . . 0.22 0.50

For comparison the cathodes are given below.

ComrosiTioN oF CATtHODES IN PER CENT

GREAT FaLls ANACONDA
Copper . . . . . . . . . . . . . 99.95 99.96
ANEDH® W8 oo oo o o afo 8 o o 0.0012 0.0009
Antimony . . . . . . . . . . .. 0.0033 0.0023
Oz. silverperton . . . . . . . . . 1.0 0.25

The behavior of these impurities in the anode under the
action of the current was first determined by Kiliani.t His
experiments were carried out with a constant current density
on the anode of 20 amperes per square meter and with a solu-
tion of 150 grams of copper sulphate and 50 grams of concen-
trated sulphuric acid per liter. His results will be briefly
recapitulated. Excepting the above statement regarding cur-
rent density and concentrations, his method of experimenting
is not indicated.

Cuprous oxide is not attacked by the current, but goes into
the slime, where it is slowly dissolved, making the bath richer
in copper and poor in sulphuric acid.

8 H. O. Hofman, Electrochem. Ind. 1, 416, (1903).
4 Berg- und Iiittenm. Ztg. 1885, pp. 249, 261, and 273,
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reason copper refineries sometimes have a plant for silver
refining.$

The electrolyte used in copper refining consists of a solution
of copper sulphate and sulphuric acid. The quantity of cop-
per sulphate (CuSO, + 5 H,O) varies between 12 and 20 per
cent, the acid between 4 and 7 per cent.” Table 6 gives the
conductivities per centimeter cube of two acid copper sulphate
solutions, one containing approximately the smallest amounts
of salts and acid used, and the other, the largest amounts.?

TABLE 6
CONDUCTANCE OF A SOLUTION CONTAINING
TevMP. CENTIGRADE 8.75% H,80, 9.29% 11,80,

12.5% CuSO,- 5 H,0 18.3 % CuS0, - 5 H;0
Spe. gr. at 22.2, 1.007 Spe. gr. at 21.2, 1.199

25 0.1573 0.3260

40 0.1752 0.3754

60 0.1895 0.4252

This shows the limits between which the conductance of a
copper sulphate solution used in copper refining would proba-
bly lie. The actual composition of the baths at Great Falls
and Anaconda are the following :

GREAT Faris ANACONDA
170 grams sulphuric acid per liter - 150 grams sulphuric acid per liter
42 grams copper per liter 40 grams copper per liter

A small amount of hydrochloric acid is also added to prevent
the solution of silver and antimony, as well as to produce a
smoother deposit on the cathode. Where a current density as
low as ten amperes per square foot is employed, as at Anaconda,

8 Easterb.rooks, Silver Refining Plant of the Raritan Copper Works, Electro-
chem. and Met. Ind. 6, 277, (1908).

7 Ulke, Die Elektrolytische Raffination des Kupfers, p. 42, (1904).

8 Thompson and Hamilton, Trans. Am. Electroch. Soc. 17, 292, (1910).
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the electrolyte can be used for many years without purification,?
while with a 60 per cent higher value some part must be re-
newed frequently. A foul solution at Great Falls has the fol-
lowing composition : 8

51.80 grams copper per liter,
13.20 grams iron per liter,
14.00 grams arsenic per liter,
0.62 grams antimony per liter,
48.00 grams sulphuric acid per liter.

This shows that the impurities can become fairly concentrated
before purification is necessary.

In those refineries where the electrolyte has to be purified,
the operation of purifying is carried out continuously on a cer-
tain fraction of the total amount of electrolyte. The copper is
separated either by electrolyzing with lead anodes or by crys-
tallizing as copper sulphate.

The circulation of the electrolyte, which is maintained by
arranging the vats as in Figure 17, is an important factor.
With no circulation the solution at the cathode would become

Fia. 17. — Circulation of electrolyte

too dilute for satisfactory deposition, while with too much ecir-
culation the slime would be stirred up and contaminate the
cathode. The higher the current density the higher must be
the rate of circulation. This is illustrated by the fact that
at Great Falls, with tanks 93 feet in length, 21 feet in width,
and 3% feet in depth, where the current density is about 40 am-
peres per square foot, the circulation through a tank is 6 gal-

9 Magnus, Trans. Am. Electrochem. Soc. 4, 77, (1903).
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lons per minute; while at Anaconda, with tanks 81 feet in
length, 4 feet in width, and 4 feet in depth and a current
density of 10 amperes per square foot, the circulation is 3
gallons per minute. At the Raritan Copper Works the rate
of circulation would empty a tank in 1} hours.?

There are two different systems of arranging the electrodes
used in refining copper, known as the series and the multiple
systems. In the se-
ries system a num-
ber of copper anodes
are suspended in
the bath at equal
distances apart, and
only the two end
ones are connected
to the dynamo, as
shown in Figure 18.
The current then dissolves copper from the first plate, which is
connected directly to the opposite pole of the dynamo, and
deposits it on the near side of the next plate. The other side

of the second plate

— C C C C Cc i i
G 18 dl.SSOIVed and
deposited on the

+
ez R
\ N \ \ third, and so on

throughout the
whole series. In
order to separate
the deposited cop-
per from that
which has not been
dissolved, the sides
facing the positive pole are covered with some conducting
material which allows the refined copper to be stripped off.
Of course in this system the tanks cannot be lined with con-
ducting material, for such a lining would cause a short circuit.
Another difference between these tanks and those of the multi-

3

7
7

OOy

%
%
7
2

N
N
N

Fig. 18. — Series system

F1G. 19. — Multiple system

10 Addicks, Min. Ind. 9, 270, (1900), and Ulke, l.c. p. 63.
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ple system is their greater size. Those at the Nichols Works
in Brooklyn are 16 feet long, 5 feet wide, and 53 feet deep.!
The anodes are from } to § of an inch thick, and are placed
from } to % of an inch apart.

~ In the multiple system the anodes and cathodes are arranged
alternately, as shown in Figure 19. All the anodes are con-
nected to the positive pole of the dynamo and the cathodes to
the negative pole. The cathodes are thin sheets of electrolytic
copper, made by depositing copper on lead or copper covered
with a conducting material from which the copper can be sepa-
rated. At the Raritan Copper Works® the cathodes remain in
the tanks 14 days. At the end of 28 days 13 per cent of the
anodes are still undissolved, but at this stage they are removed
and cast into fresh anodes.

In order to reduce the power required, the temperature of
the baths in practice is between 40° C. and 50° C., though from
some experiments of Bancroft? 70° C. and a current density
between 8.5 and 8.75 amperes per square decimeter would
seem to be more economical as far as power is concerned.

The voltage between the anode and cathode varies between
0.1 and 0.3 volt, depending on current density, temperature,
distance between anode and cathode.® This voltage is used
up partly in overcoming the ohmic resistance of the bath and
partly in overcoming the electromotive force of polarization.
Polarization, of course, varies with the current density and the
rate of circulation, but a representative value is 0.02 volt.}

The actual cost of refining 98 per cent copper has in recent
years been reduced from $20 to $4 or $5 a ton. This im-
provement is due to the more economical use of power and
the more practical handling of the material. About 24 per
cent of the power is still lost in the contact resistance.®

11 Ulke, l.c. p. b et seq.

12 Trans. Am. Electrochem. Soc. 4, 73, (1903).

18 Ulke, I.c. p. 43.

14 Addicks, Trans. Am. Electrochem. Soc. 7, 62, (1905).
15 Ulke, I.c. p. 3.

16 Magnus, Electrochem. Ind. 1, 561, (1903).
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Nickel Refining

If nickel is deposited from a cold solution of nickel chloride
or sulphate in a layer more than 0.01 millimeter thick, it has a
great tendency to separate from the underlying metal, but this
difficulty can be overcome by heating the solution from which
the nickel is deposited to 60° or 70°.1 At this temperature and
with a current density of from 0.01 to 0.02 ampere per square
centimeter, nickel is obtained of such ductility that it can be
rolled. Nickel is more electropositive than hydrogen, and the
overvoltage of hydrogen on nickel is not great. Nickel must
therefore be deposited from a very weakly acid solution.

The Balbach Company at Newark, New Jeresy, was one of
the earliest refiners of nickel, as well as of copper. Nickel was
refined by this company from 1894 to 1900 by a secret process.
The product contained 0.25 per cent iron and a small amount
of cobalt.? Another process that was in successful operation
for some time is that of David H. Brown.? This was not a re-
fining operation, as it had for its object the separation of nickel
and copper in an ore. The ore contained 2 per cent nickel
and as much copper. Anodes were made consisting of 54.3
per cent copper, 43.08 per cent nickel, and the remainder of
iron and sulphur. They were 75 centimeters in width, 60 in
length, and 2} in thickness. The connections were those of
the multiple system. The tanks were of concrete, 256 centi-
meters long, 85 centimeters wide, and 67} centimeters deep.
Each held 1.534 cubic meters of electrolyte. The circulation
was effected as in copper refining, by overflow from bath to
bath. The solution at one time consisted of 44.3 grams of copper
per liter as cuprous chloride, 55.6 grams of nickel as nickel chlo-
ride, and 100 grams of sodium chloride, but these concentrations
were subsequently modified. The voltage for 24 baths in series
was 6 to 10 volts and the current 500 amperes. In this stage
copper was deposited in a coherent but not dense form. The

1 Foerster, Z. f. Elektroch. 4, 160, (1897).
2 Ulke, Electrochem. Ind. 1, 208, (1903).
3 Haber, Z. f. Elektroch. 9, 392, (1903).
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relative amount of copper and nickel in the solution flowing into
the baths was the same as that in the anodes. On leaving the
baths the ratio of copper to nickel was reduced to 1 : 80. Sodium
sulphide was then added to the solution, to precipitate the 1.25 per
cent of copper still remaining. After filtering, the solution was
treated with chlorine to change the iron to chloride, which was
precipitated with sodium hydrate and filtered. As much as pos-
sible of the sodium chloride was then removed by concentrating
the solution by evaporation. The nickel was then obtained by
electrolyzing the hot solution with graphite anodes. The current
yield was 92.5 per cent of the theoretical. The chlorine pro-
duced at the anode was used in another part of the process.
The nickel obtained was of the following average composition:
99.85 per cent nickel, 0.085 per cent iron, 0.014 per cent
copper, and was free from arsenie, sulphur, and silicon.

Up to 1902, 454 kilograms of nickel were produced daily in
Cleveland, when it was discontinued by the International Nickel
Trust, in favor of the Orford* Process with which it formerly
competed. The nickel produced by the latter process has vary-
ing compositions, as the following table of percentage composi-
tion shows:

NI&’J{::‘L:ND CoPPER FLUORINE CARBON SULPHUR SrLIcoN
98.91 0.13 0.40 0.23 —_ 0.05
98.34 0.41 0.93 —_— 0.078 _

This is pure enough for anodes in nickel plating and the
manufacture of steel. For other purposes, however, such as
making German silver, a better quality is required, and since
1906 the Orford Copper Company has taken up the electrolytic
refining of nickel.® Very little is known about the details of

4 This process depends for the separation on the fact that sodium sulphide
forms double compounds with iron and copper sulphides, which float on the top
of melted nickel sulphide.

5 Electrochem. and Met. Ind. 4, 26, (1906).
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this process. The cathodes are said to be 8 by 4 feet in area
and } inch in thickness, and their purity is 99.5 per cent. The
nickel is deposited from a chloride solution.

Silver Refining

Two different cases arise in refining silver: one being the
problem of separating silver and copper in an alloy consisting
mainly of these two metals; the other, the separation of silver
from relatively small amounts of gold and platinum. From
the relative positions of silver and copper in the electrolytic
series, it is evident that if the attempt were made to separate
these metals by electrolyzing an anode containing approximately
equal amounts of each in a solution which dissolves them both,
more silver would deposit on the cathode than dissolves at the
anode. The copper in solution would therefore become so con-
centrated that its decomposition point would be reduced to a
value equal to that of silver. In carrying out this operation it
is therefore necessary either to find a solvent in which only one
of the metals dissolves, or to precipitate one of them by some
other means. In 1877 to 1878 Wohlwilll succeeded in separat-
ing silver and copper at the Norddeutsche Affinerie in alloys
containing as much as 30 per cent of silver. The solution was
copper sulphate, more dilute than is used in refining copper, and
the current density was lower. A sponge rich in silver re-
mained adhering to the anode, which had to be removed me-
chanically, and the copper was deposited at the cathode. Another
method for accomplishing the same result, due to Dietzel 2 and
used at the Gold- und Silber-Scheide Anstalt at Pforzheim, de-
pends ondissolving both copperandsilverin a weakly acid solution
of copper nitrate at the anode and carrying this solution im-
mediately into another vessel where the silver is precipitated by
contact with copper. After the silver has been thus completely
removed, the copper nitrate solution is made slightly acid and
enters the electrolyzing vat, where a certain amount of the copper

1 Borchers, Electric Smelting and Refining, 2d English ed. p. 309 et seq.
2 Z. f. Elektroch. 6, 81, (1899-1900).
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is deposited as it passes the cathode. The arrangement is shown
in Figure 20, which represents a cross section of the dissolving
vessel. KK are the rotary cylindrical copper cathodes, coated
with a thin layer of grease or graphite, on which the deposition
of copper takes place. When the copper grows outin the form
of trees, it is knocked off.
The copper cylinders are
suspended on flanged con-
tact rollers, which, when set
in motion, cause the cylin-
ders to rotate. Thus the
shafts and driving mecha-
nism are out of contact with
the solution. P is a loose
bottom for supporting the
material to be treated, S,
i . and is of hard rubber, cellu-
F1c. 20. — The Dietzel apparatus for silver .
refining loid, or glass. The plates
P are provided with plati-
num wires for conducting the current to §. DD are filter
cloths, the object of which is to catech any copper falling from
the cathodes and to prevent any of the anodic silver solution
from rising to the cathode. The desilverized electrolyte is
admitted from above, as shown. A small amount of silver —
0.03 per cent—is deposited at the cathode with the copper.
The solution contains from 2 to 5 per cent of copper and 0.05
to 0.4 per cent of free nitric acid. The current density is 1.5
amperes per square decimeter (14 amperes per square foot) and
the voltage is from 21 to 3 volts.

The electrolytic separation of silver and gold was first carried
out by Wohlwill in 1871. These experiments were made simply
to reduce silver from the solution obtained by boiling the metal
in sulphuric acid. The electrodes were platinum, and the silver
was deposited in loose, pure crystals. When the silver became
dilute, the current decomposed the hot concentrated sulphuric
acid, separating sulphur. No copper was deposited with the
silver, as copper sulphate is very slightly soluble in hot con-
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centrated sulphuric acid. In 1873 experiments were made
with the same solution, but with anodes of auriferous silver.
Pure silver crystals were obtained on the cathode, to which they ,
adhered sufficiently well to be removed from the bath. The
anode slime also adhered firmly to the anode. The slime con-
tained all the gold and most of the copper. This process was
in operation for some time, during which 2000 kilograms of
silver were refined. It was given up, however, on account of a
number of practical difficulties, which increased when the pro-
cess was carried out on a larger scale. One objection was the
loss of silver caused by the crystals becoming detached from
the cathode before it could be removed from the bath. These
fell to the bottom of the tank and became mixed with the slime
which also became detached from the anode to a certain extent.

The process now most extensively used for refining silver
electrolytically is due to Moebius. There are two processes
known by this name, the old and the new. The former uses
fixed cathodes, and is in operation at the Deutsche Gold- und
Silber-Scheide Anstalt at
Frankfurt-am-Main, at
the Pennsylvania Lead
Company’s works near
Pittsburg, and at Pinos
Altos, Mexico.? Thenew
process has a rotating
cathode and is in opera-
tion at the Guggenheimn
Works at Perth Amboy,
New Jersey.*

The following descrip- L. ==
A Fic. 21. — Vertical section of the old Moebius
tion of the 12 lant of t]_le apparatus for silver refining, showing anode
Deutsche Gold- und Sil-

ber-Scheide Anstalt is condensed from Borchers. The cells
are made by dividing a wooden tank 12 feet long and 2 feet
wide into 7 equal compartments. The anodes and cathodes

3 Min. Ind. 4, 351, (1895).
4 Maynard, Eng. and Min. J. 51, 5656, (1891).



60 APPLIED ELECTROCHEMISTRY

are suspended parallel to the ends of the tank, as shown in
Figures 21 and 22. The anodes a are of such width that five
can be hung side by side
Y across the width of the
cell and are from 6 to 10
millimeters thick. The
cathodes % are thin, rolled
i s 2 sheets of silver that ex-
9 B = tend across the whole cell.
‘ S}  Each contains four cath-
odes and three rows of
anodes. The anodes are
inclosed in filter cloth
bags for collecting the
anode mud. Each cath-
ode has two wooden scrap-
ers s on each side to serape
off the silver, which falls
into a tray covering the
whole area of each cell.
The bottom of the tray is of filter cloth supported by a wooden
grid.

The electrolyte is an acid silver nitrate solution, which soon
takes up copper from the anodes as copper nitrate. The con-
centration of the acid varies from 0.1 per cent to 1 per cent,
and the silver con-
centration amounts
to about 0.5 per cent.
The copper concen-
‘tration may be as
high as 4 per cent. -
The current density Fie. 23. — Longitudinal section of the new Moebius
is largely d epen dent apparatus for silver refining
on the amount of copper in solution. At first, when not much
copper is present, 3 amperes per square decimeter is allowable,
but when the concentration increases to 4 per cent, the current
density must be reduced to 2 amperes per square decimeter on

Fi1g. 22. — Vertical section of the old Moebius
apparatus for silver refining, showing cathodes
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account of the danger of depositing copper with the silver.
The principle on which the silver is separated from the copper
is explained above under electroanalysis. Every twenty-four
hours the whole apparatus suspended in the bath is raised out
and the silver removed, washed, pressed by hydraulic power,
dried, and melted. The anode slime is removed from the bags
once or twice a week. In the later form, shown in Figure 23,
the tanks are 14 feet 3 inches long, 16 inches wide, and 7 inches
deep. An endless sheet of silver C, 3 inch thick, moves under
the anodes (F and carries the deposited silver to one end of the
tank, where it is carried out of the tank by the belt D, and is
scraped off by 8. Electrical contact is made by #. The
anodes are separated from the cathode by filter cloth, as in the
old process.
Gold Refining

The electrolytic refining of gold was first accomplished by
Wohlwill! at the Norddeutsche Affinerie in Hamburg. The
process consists in electrolyzing gold anodes in a hot acid solu-
tion of gold chloride. A cyanide solution would not do, be-
cause silver and copper would be deposited with the gold.
Wohlwill found that gold anodes do not dissolve when electro-
lyzed in a solution of gold chloride, AuCl, or of chloroauric
acid, HAuCl,, but that in both cases chlorine is set free. In
the solution of chloroauric acid the chlorine may be mixed
with oxygen when the current density is low or the solution
dilute. In order to have the gold dissolve, there must be some
free chloride present, either hydrochloric acid, which is com-
monly used, or some alkali chloride. At a definite temperature
there is a definite amount of free acid for every current density
that will prevent the evolution of chlorine. The amount of
free acid required decreases with increasing temperature.
With a solution containing 3 per cent of hydrochloric acid and
30 grams of gold per liter, at 70° C., as much as 3000 amperes
per square meter can be used without liberating chlorine, but
in practice as much as 1000 amperes per square meter would
hardly ever be used, for other reasons. In case chlorine ap-

1 Z. f. Elektroch. 4, 379, 402, 421, (1898).
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pears at the anode, its evolution can be stopped by adding
hydrochloric acid, or by raising the temperature.

The gold is formed on the cathode in large crystalline de-
posits which adhere in such a way that they can be easily
removed mechanically. The more gold in solution, the more
compact the deposit, while an increase in the current density
has the opposite effect. The impurities coming from the anode
also make the gold deposit more compact. With the largest
current density allowable for the anode, 30 grams of gold per
liter is sufficiently concentrated for precipitating the gold in a
convenient form.

The solution of the gold anode shows a certain similarity to
that of copper anodes, in that a portion of the gold is dissolved
in the monivalent state. This decomposes into trivalent gold
chloride and metallic gold, which latter goes into the slimes.
This reaction does not take place as rapidly as with copper,
however, and the monivalent gold exists through the entire
solution and is even deposited at the cathode, causing an in-
crease in the current yield. The higher the current density,
the greater will be the potential difference between the anode
and the solution, and the larger the proportion of gold that
will be oxidized to the trivalent state. This will make the loss
in weight of the anode more nearly equal to the gain at the
cathode. The following table illustrates this statement. The
solution contained 50 cubic centimeters of concentrated hydro-
chloric acid per liter and was at 65° or 70° C. 2

CuURRENT DENBITY AxopE Loss PER CATHODE GAIN PER
AMp./SQ. Dy, Axp, Hr. GrM. GoLD Awxp, Hr. GeM. GoLDp
44 3.35 3.06
74 3.02 2.79
15.0 2.50 2.48

With 15 amperes per square decimeter more hydrochloric acid
had to be added to prevent the evolution of chlorine.

2 Foerster, Elektrochemie wisseriger Losungen, p. 279.
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The impurities® in the anode may consist of silver, lead,
bismuth, and the platinum metals. Silver is converted to silver
chloride which drops into the slime or is removed mechanically.
Lead is changed to the chloride which dissolves slightly. If
present to any considerable extent, it is precipitated by adding
sulphuric acid to the solution from time to time. The anode
then becomes covered with sulphate, which either drops off
itself or is removed mechanically. Bismuth is changed to
the oxychloride and is also removed from the anode mechani-
cally. Platinum and palladium both dissolve completely, while
the other platinum metals go into the slimes. Platinum can
accumulate in the solution till its concentration becomes twice
that of the gold, without being precipitated at the cathode, but
when the solution contains & grams or more of palladium per
liter, traces of this metal are found in the gold cathode. The
platinum and palladium are allowed to accumulate to this ex-
tent and are then recovered. Since only gold is deposited,
while other metals are dissolved, the solution, if left to itself,
would become poor in gold. This therefore has to be made
up by adding gold chloride from time to time.

Besides the platinum metals, the slimes contain one tenth the
weight of the gold in the anodes, due to the decomposition of
aurous chloride, as explained above. The gold obtained is not
infrequently 1000 fine and only in quite exceptional cases is
less than 999.8 fine.

At the mint in Philadelphia 4 the cells are of white porce-
lain 15 inches long, 11 inches wide, and 8 inches deep. Each
cell contains 12 anodes and 13 cathodes, 1} inches apart, con-
nected in multiple. The anodes are 6 inches long, 3 inches wide,
and § inch thick. The cathodes are fine gold 1}7 inch thick.

Electrolysis is also used for precipitating the gold from the
very dilute solution obtained in the cyanide process.® The an-
odes are iron plates 2 to 3 millimeters thick, covered with filter

8 Z. £. Elektroch. 3, 316, (1897). Extract of the German patent, No. 90,276.

4 Electrochem. Ind. 1, 1567, (1903). For the mint at San Francisco, see tbid.
6, 355 and 408, (1908). .

5 See Cyanid Progresse zur Godgewinnung, by Uslar and Erlwein, Vol. 7, p. 14,
of the Engelbardt Monographs ; also Borchers, Z. f. Elektroch. 7, 191, (1901).
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cloth, and the cathodes are of thin lead foil. The solution
used for extraction contains from 0.01 to 0.1 per cent of po-
tassium cyanide. - The cells are of iron and are 7 meters long,
1.5 meters wide, and 1 meter deep, divided into several com-
partments. The electrolyte circulates from one compartment
to another. The current density is about 0.5 ampere per square
meter at 2 volts.® The gold sticks to the lead cathodes, which
are taken out every month and melted with the gold. In some
places the iron anodes have been replaced by peroxidized lead
and the lead cathodes by tin plate, on which the gold is pre-
cipitated as slime.®

Lead Refining

Lead is an ideal metal to refine electrolytically, on account
of its high electrochemical equivalent and of its relatively high
position in the electrolytic series. Its greater tendency to go
into solution than that of most of the metals occurring in it as
impurities makes it possible to dissolve the lead, leaving the
impurities behind in the metallic state. This avoids contami-
nating the electrolyte, which consequently does not need fre-
quent purification. The principal electrolytic difficulty to
overcome was to obtain the lead in a coherent, compact form,
from a solution that would not be too expensive to use on a
commercial scale. The chloride or sulphate, which are usually
the salts employed for metal refining, cannot be used in the
case of lead on account of their insolubility. The problem has
been solved by A. G. Betts,! who found that a solution of
lead fluosilicate with a small quantity of gelatine fulfilled the
requirements. The fluosilicate solution is not the only one
from which a good deposit can be obtained; but it was selected
on account of its low price as compared with other solutions
giving equally good deposits.?2 The object in refining lead is to
recover the copper, antimony, and bismuth, as well as the gold
and silver.

¢ Electrochem. Ind. 2, 131, (1904).

1 See Lead Refining by Electrolysis, by A. G. Betts. John Wiley and Sons
(1908). 2 Betts, tbid. p. 17.
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The solution of lead fluosilicate (PbSiFy) is prepared by
adding white lead or lead carbonate to fluosilicic acid. Fluosi-
licic acid is prepared by allowing a solution of hydrofluoric
acid, made from sulphuric acid and calcium fluoride, to trickle
through a layerof pure sand or broken quartz. Heat is applied
to start the reaction, which then furnishes sufficient heat itself
to maintain the necessary temperature. No precipitate is
formed on adding the lead to the acid unless an excess of lead
is added,® and the solution obtained is colorless. The strength
of the solution ordinarily employed in practice is from 6 to 7
grams of lead, and from 12 to 13 grams of SiF, per 100 cubic
centimeters. This means about 8 grams of free fluosilicic acid
per 100 cubic centimeters of solution. The gelatine is added
to the solution as a hot strong solution of glue. Enough is
added to make its concentration 0.1 per cent. The temperature
of the electrolyte has been found to have no effect in the
character of the lead deposit.® In practice about 30° C. is
maintained by the current itself.

The impurities in the anode may consist of iron, zine, sulphur,
copper, nickel, tin, antimony, arsenic, bismuth, cadmium, gold,
selenium, and tellurium. Only the zine, iron, nickel, and tin
would go into solution. The other metals are all below lead in
the electrolytic series and would therefore remain in the anode
slime. Zine,iron, and nickel are above lead and would therefore
not be precipitated from the solution with lead. Tin, however,
is so near lead in the series that it dissolves and precipitates
with the same facility and can therefore not be separated from
lead electrolytically. It must be removed by poling, before
casting the anodes. When only 0.02 per cent of tin is in the
anode, it is found in the cathodef With this exception, the
impurities are easily prevented from reaching the cathode, even
when present in the anode in large quantities. Pure lead can
be obtained when the anode contains only 65 per cent lead, the
rest being impurities of bismuth, antimony, arsenic, silver, and

3 Betts, l.c. p. 30. See also Senn, Z. f. Elektroch. 11, 230, (1905).
4 Betts, l.c. p. 265. 5 Senn, l.c. 6 Betts, l.c. p. 46.

F



66 APPLIED ELECTROCHEMISTRY

copper.” A low current density, — 4 amperes per square foot,
— was required with anodes of this composition.

The slime nearly all adheres to the anode and is consequently
easily removed from the bath. Its composition of course
depends on that of the anodes. It has been stated that the
handling of the anode slime has not been satisfactorily settled,?
and from the large amount of space given to this subject by
Betts in his book, it would seem to be an unusually difficult
problem. The method employed at Trail, British Columbia, by
the Consolidated Mining and Smelting Company of Canada,
consists in treating the slime with sodium sulphide, which
extracts 80 per cent of the antimony and some arsenic. The
antimony is then deposited electrolytically on steel cathodes
using lead anodes.

The cathodes used in lead refining are thin sheets of pure lead.
The current density allowable depends on the purity of the
anodes. As stated above, anodes containing only 65 per cent
lead can be refined if the current density is as low as 4 amperes
per square foot. In practice the anodes are about 98 per cent
pure,? and the current density is from 12 to 16 amperes per
square foot. The analysis of refined lead from Trail shows a
purity of about 99.995 per cent. The average voltage per tank
is from 0.30 to 0.38 volt and the polarization amounts to 0.02
volt. The tanks, made of southern yellow pine, are arranged
in the multiple system. The electrolyte is caused to circulate
by having the difference in the level of two successive tanks
from 2} to 3 inches. Five gallons per minute is a fair amount
of circulation for a 4000 ampere tank.

Lead is refined electrolytically at Trail, British Columbia,
New Castle on Tyne, England, and by the United States Metals
Refining Company at Grasselli, Indiana. The capacity of the
first plant in 1908 was about 80 tons a day, of the third 85 tons.
A detailed description of the plants at Trail and Grasseli will
be found in Betts’s treatise, referred to above.

7 Betts, l.c. p. 56. 8 Min. Ind. 15, 545, (1906).
? For the following statements, see Betts, l.c. p. 287, Table 110 ; p. 2565, Table
91; p. 287, Table 108, and p. 189, Table 73.
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Zine Refining

Tt is possible to refine zinc electrolytically, but commercial
zine contains no metals that it would pay to recover, and the
demand for very pure zinc is limited.

The only impurities occurring in commercial zinc are iron,
lead, and cadmium. In the slightly acid chloride solution, con-
taining about 56 grams of zinc per liter, with a current density
of 1.8 to 1.9 amperes per square decimeter, zinc can be freed
from its impurities to as great an extent as copper. The analysis
of some refined zine is as follows : !

99.955 per cent zinc,
0.036 per cent lead,
0.0012 per cent iron,
0.0080 per cent cadmium,

Though the refining of commercial zinc electrolytically is
seldom carried out, certain alloys of zinc rich in silver, obtained
in other metallurgical processes, have been successfully refined
on a commercial scale at Tarnowitz in Silesia.2 When lead con-
taining silver is treated with zine, most of the silver is taken up
by the zinec, forming an alloy which floats on the lead. This
zinc scum, containing the silver, is cast into anodes one centi-
meter thick, weighing from 20 to 30 kilograms, which are
electrolyzed in a solution of zinc sulphate. The composition of
the anodes is the following :

Silver . . . . . . . . . . . 11.32 percent
Tead . . . . . . . . . . . 313percent
Copper . . . . . . . . . . . 6.16 percent
Nickel . . . . . . . . . . . 0.5]1percent
Iron . . . . . . . .« .« ¢ .+ . 0.24percent
Zine . . « « « . . 78.64 per cent

Antimony, arsenic, bismuth, traces.
The current density is 80 to 90 amperes per square meter,

requiring 1.25 to 1.45 volts. The purity of the resulting zinc
is not given.

1 Foerster and Giinther, Z. f. Elektroch. 5, 16, (1898), and 6, 301, (1899).
2 Hasse, Z. f. Berg- Hiitten- und Salinenwesen, 45, 322, (1897).
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Molecular hydrogen has very little reducing power, and con-
sequently the reducing power of a cathode must be ascribed
to the hydrogen liberated on it while in the nascent state.
According to the mass action law, the reducing power of
nascent hydrogen is proportional to its concentration. The
potential difference between the cathode and the solution is
also dependent on the concentration of the nascent hydrogen,
as can be shown as follows: The potential of the hydrogen
electrode is given by the equation?

¢= RTlog Lm, )
Pu+

where Py, is the electrolytic solution pressure, and py, the
osmotic pressure, of the hydrogen ions in solution. But Py?2
= kyp, in which %, is a constant and p is the pressure of the
gaseous hydrogen in contact with the electrode and solution.?
By Henry’s Law, p must be proportional to the concentration
ey, of the molecular hydrogen in the solution immediately on
the electrode. The concentration of the molecular hydrogen
must in turn be proportional to the square of the concentration
of the nascent hydrogen on the electrode, since the reaction is
2 H = H,, and by the mass action law, for equilibrium,

(e)? = kyen,
The electrolytic solution pressure is therefore proportional to
the concentration of the nascent hydrogen on the cathode,
since, as explained above,

Py2=kp = kyoy, = ky®n.

Obviously, any of the gquantities proportional to P2?;, may be
substituted in equation (1). Substituting kgey,

3
e = RTlog (o) 2)
Cr+

which shows that the potential of the cathode is a measure of its
reducing power, since it is determined by the concentration of

1 Le Blanc, Electrochemistry, p. 183, (1907).
2 Le Blanc, Electrochemistry, p. 195, (1907).
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the nascent hydrogen, ¢y, assuming ey,, the concentration of
hydrogen ions, is constant.

If the cathode potential is to be expressed in terms of the
pressure of the hydrogen gas in contact with it and the solu-
tion, it may be done by transforming equation (1) and substi-
tuting as follows:

e=RT10gP_a=El'10g ﬁf____ﬁl’bg 1P, ®)
Pu+ 2 (pu)? 2 (pus)?

These equations give only the numerical value of the poten-
tial difference between the electrode and the solution, and take
no account of which is positively and which is negatively
charged. The charge on any electrode whose potential can be
represented by a formula similar to those above may be either
positive or negative, depending on whether the value of the
fraction following the logarithm sign is greater or less than one.

The two principal advantages of electrolytic reduction, over
that produced by adding some chemical reducing agent, which
must of course be oxidized itself, is that no such oxidized sub-
stance is left in the solution, and that the reducing power of a
cathode can be varied within wide limits and in small steps.
One method of varying the reducing power of the cathode is to
vary the current density on it. The increase in the potential
difference that can be obtained in this way, however, is not
very great. This is shown in Table 7, in which are given the
current densities and the corresponding potentials referred to
the normal hydrogen electrode as zero, of cathodes of different
metals dipping in twice normal sulphuric acid:3 It will be

TaBLE T
%];:;il;is 5 :? MERCURY TiN GoLp CoPPER NrickEL I;::;E:;?
0.01 1.19 0.97 0.74 0.57 0.56 0.05
0.05 1.26 1.11 0.89 0.70 0.67 0.06
0.11 1.30 1.16 0.95 0.77 0.73 0.08
0.15 1.32 1.18 1.09 0.82 0.76 0.09

8 Tafel, Z. f. phys. Ch. 50, 710, (1905).
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seen that the potential difference between electrode and solu-
tion does not increase much with increasing current density,
but that for a given current density it is quite different for
different metals. This is due to what has been called the over-
voltage for the metal in question, which means the excess
voltage necessary to liberate a gas on the metal over that
necessary to liberate it on a reversible electrode.* The reduc-
ing power of a cathode can therefore be greatly varied by mak-
ing the cathode of different metals.

This change in reducing power may be made to appear in
much larger numerical values by calculating the number of at-
mospheres to which these higher potentials, due to overvolt-
age, correspond ; that is, by assuming that the higher potentials
are produced by compressing the gaseous hydrogen surround-
ing a reversible electrode, and computing the number of atmos-
pheres pressure that would be necessary to make the potential
difference between electrode and solution some definite amount,
0.1 volt, for example. This can be done by writing the expres-
sion for the electromotive force of the cell :

H, + Pt Pt + H, at

El 1
at 1 atmosphere ectrolyte| atmospheres,

and placing it equal to 0.1 volt. The electromotive force of
this cell by (38) is then:

1 1 ':] RT, =z _0.0568
— Og 2 =——1 ==

BT
0.1= rlog 7 5108 7 7 log, 2.

' 2 I.. Pust Pu+
Solving this equation for z gives 2800 atmospheres. For 0.2
volt the value of  is 8 million atmospheres. This is the mean-
ing of the statement frequently met with,® that the pressure
of the hydrogen evolved by electrolysis can be increased to
millions of atmospheres. The values thus calculated, however,
can hardly represent the physical state of the gas evolved on
a cathode. .

Another important factor in electrolytic reduction is the

4 Le Blanc, Electrochemistry, p. 287, (1907).
5 Nernst, Theoretische Chemie, 6th ed. p. 756, (1909).
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catalytic effect of the metal composing the cathode. As a
result of this effect a substance may be more easily reduced on
one cathode than another, even though the overpressure is the
same for both cathodes.$

The electrolytic reduction of galena, or lead sulphide, in a
sulphuric acid solution was carried out for a while on a large
scale at Niagara Falls, but had to be given up eventually
on account of the poisonous effect of the hydrogen sulphide
produced.

The galena, which had been ground to pass a 40 to 50 mesh
sieve, was spread in a layer % inch thick and covered with
dilute sulphuric acid.” The current density was 80 amperes
per square foot, and the current efficiency was about 66 per
cent.!. About 97 per cent of the lead sulphide was reduced to
spongy lead, which was washed free of sulphuric acid, and con-
verted into litharge by roasting.

In case the substance to be reduced is in solution, it must be
prevented from coming in contact with the anode, where it
would be oxidized again. This is accomplished by separating
the anode from the cathode compartment by some kind of
diaphragm, such as porous clay, that allows the electrolytic
passage of the current, but which prevents the mechanical
mixture of the liquids in the two compartments. An example
of this kind is the production of chromous sulphate from chromic
sulphate. The solution contains 500 grams of chromic sulphate
in 500 cubic centimeters of concentrated sulphuric acid, and is
electrolyzed on a lead cathode with 0.1 to 0.15 ampere per
square centimeter. The blue-green chromous sulphate deposits
on the cathode, as the solution about the cathode becomes satu-
rated with it.?

¢ Foerster, Elektrochemie wisseriger Losungen; p. 315, (1905).
7 Salom, Trans. Am. Electrochem. Soc. 1, 87, (1902).

8 Salom, Trans. Am. Electrochem. Soc. 4, 101, (1903).

9 Foerster, Elektrochemie wisseriger Losungen, p. 319, (1905).
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2. OXIDATION

The oxidizing power of an anode is related to the potential
difference between the electrode and the solution in the same
way as the reducing power of a cathode and the potential dif-
ference between it and the solution. There is also an over-
pressure for oxygen on different metals, as in the case of
hydrogen.! The results of the following table were obtained
in a normal solution of potassium hydrate. The potential dif-
ferences given between anode and solution were measured when
oxygen first appeared on the anode against a hydrogen elec-
trode in the same solution.

TABLE 8

Potential Difference between Anode and Solution when Oxygen first Appears

METAL PoTENTIAL
CXalsl, wd'mo dondeo o oB o " ago 6 By omo & o o o 1.75
Platinum, smooth . . . . . . . « « « . . . . . . . 1.67
IENIEG ™™o ® o f o 8 0 omo opmo 0 "o ld%0 o omc omo o 1.65
ORemiin S "o pd Dm0 6 oo o™l o o ggo o omo o o o 1.65
SHRGE fo "cmio o ponblo % 60 ™ ogo™ o0l&mo 0o o o o 1.63
el o o lomo 0 omol oMBuomo 0 000 0”0 © o o o 1.53
Copper  « ¢ v ¢ v e 0 e v e e e e e e e e e 1.48
TR “SW N s % o "® " %% 0 omo o0 o o o c 147
Platinized platinum . . . . . . . . . . o . o0 . 147
LB o Fao Fomor P80 5" 8% 6 0 0 0 0 omo'o oo 1.36
W ARSI e ok lc o © 9. 0 0.0 0o O O ° O o o 1.35
Nickel, spongy . . . . . . . . . . o o ..., 1.28

The number of metals that can be used as anode is much less
than those that can be used as cathode, and is limited to those
metals that would not be dissolved by an action of the current.
Platinum, lead, and carbon are the principal materials for un-
attackable anodes in acid solutions, while besides these both
nickel and iron may be used in alkaline solutions.

Coehn and Osaka also found a decomposition point of 1.1
volts for all of the metals investigated, which they identified

1 Coehn and Osaka, Z. f. anorg. Ch. 34, 86, (1903).
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with the value of the hydrogen-oxygen cell, then thought to be
1.06 volts. The true value of this cell, however, has since been
found to be 1.22 volts,? so that their first point cannot have this
significance. The overvoltage of a spongy nickel electrode is
evidently very small, for its value in the above table is only
a little greater than 1.22 volts, the true potential of an oxygen
electrode, assuming a hydrogen electrode in the same solution
equal to zero.

There is also a catalytic effect of the anode material on oxi-
dation, which may be of more practical importance than the
overpressure. For example, the yield in oxidizing iodic to
periodic acid on smooth platinum was found to be 1 per cent,
on platinized platinum 3 per cent, and on lead peroxide 100 per
cent, though the potential differences between the anodes and
the solution were 1.72, 1.48, and 1.52 volts respectively.? In
the oxidation of chromium sulphate, described below, smooth
platinum anodes give practically no yield of chromate, while
with lead peroxide anodes current yields between 20 and 97
per cent are obtained, depending on the concentration of the
chromium sulphate, though the overpressure of oxygen on the
peroxide is only a few hundredths of a volt higher than on
platinum.4

The following are some of the most important technical ap-
plications of electrolytic oxidation.

In dye works, solutions of sodium or potassium bichromate
and sulphuric acid are used for oxidizing anthracene to anthra-
chinon: '

CH4\é >CH +80= CH4\ >OH +H,0.

The bichromate is thereby reduced to chromium sulphate and
must be regenerated before it can be used again. Formerly
this was accomplished by precipitating with calcium hydrate

2 Nernst, Z. f. Elektroch. 11, 835, (1905) ; Haber, ibid. 834 ; Lewis, Journ.
Am. Chem. Soc. 28, 185, (1906).

8 Miiller, Z. f. Elektroch. 10, 61, and 62, (1904).
4 Miiller and Soller, Z. f. Elektroch. 11, 863, (1905).
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and heating the resulting pasty material, consisting of chromium
oxide, calcium hydrate, and calcium sulphate, to red heat.
This treatment produces calcium chromate, which, when treated
with sodium sulphate, gives sodium chromate and calcium sul-
phate. Onremoving the insoluble calcium sulphate the sodium
chromate can be used for oxidation. This method is uneco-
nomical on account of the loss of sulphuric acid and of chromium
which it involves, and it has been superseded by the electro-
lytic process patented in 1898 by the Farbewerke vorm. Meister,
Lucius, und Brunig.? This process consists in oxidizing on a
lead peroxide anode a solution of chromium sulphate contain-
ing free sulphuric acid, in the anode compartment of a lead-
lined electrolytic cell. The anode and cathode compartments
are separated by a diaphragm. The chromium is oxidized from
a cation to an anion in changing from a chromium salt to
a chromate, and at the same time sulphuric acid concentrates
in the anode compartment, due to the migration of the sulphate
ions. After using the anode liquid for oxidation, it is first
placed in the cathode compartment, where the sulphuric acid
concentration decreases, after which it is again oxidized.

It is very difficult to construct diaphragms of size great
enough for technical use that can resist the action of the
chromic acid produced. Le BlancS after a number of experi-
ments, produced diaphragms consisting of 25 per cent alumina
and 75 per cent silica, which he considered satisfactory at the
time, but it seems eventually not to have been successful, for he
has since patented a process for this oxidation in which the two
compartments are separated by a partition reaching not quite
to the bottom of the cell, in place of a conducting diaphragm.?
The liquid is circulated from the cathode to the anode com-
partment.

Another example of technical oxidation is the production of
insoluble salts and oxides of metal by a process patented in
1894 by C. Luckow.? The difficulty encountered in the electro-

5 Z, f. Elektroch. 6, 256, (1899). 8 Z. f. Elektroch. 7, 290, (1905).
7 Z. f. Elektroch. 18, 791, (1907) ; 14, 12, (1908).
8 Borchers, Z. f. Elektroch. 3, 482, (1897).
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lytic manufacture of insoluble salts or other compounds by the
oxidation of the metallic anode is that the compound sticks to
the anode and produces a high electrical resistance. In the
Luckow process this difficulty is overcome by using a 1} per
cent solution of a mixture of two salts, the anion of one forming
a soluble salt with the metal of the anode, and the anion of the
other forming the insoluble salt desired. The mixture consists
of 80 parts of the first, or auxiliary salt, to 20 parts of the
second, or principal salt. The anions of the principal salt,
being present in a much smaller number than those of the aux-
iliary salt, are soon used up in the layer of solution next to the
anode, and are replaced slowly because the auxiliary anions
carry most of the current on account of their greater number.
The ions of the anode, on dissolving, do not, therefore, come in
contact with the anions of the principal salt directly on the
anode, but the precipitate is formed a slight distance from the
anode and therefore does not stick, but falls down to the bottom
of the cell.?

If the auxiliary salt is not added, the salt desired cannot be
produced with a satisfactory yield, for either the anode is
covered with an insulating layer of the insoluble salt, or the
desired salt is not produced at all. For example, in electro-
lyzing a lead anode in a 0.12 per cent solution of potassium
chromate, a mixture of lead peroxide and lead chromate formed
on the anode, but practically no yield of lead chromate could be
obtained.’® Kven when the two salts are in the right propor-
tion, if the solution is too concentrated, the same difficulties are
encountered.

In manufacturing white lead, for which the Luckow process
seems well suited, a 11 per cent solution of a mixture of 80 per
cent sodium chlorate and 20 per cent sodium carbonate is elec-
trolyzed with a soft lead anode and a hard lead cathode, with a
current density of 0.5 ampere per square decimeter. Carbon
dioxide is passed through the solution over the anode to replace
that removed by the lead. If enough of the gas is passed

9 Le Blanc and Bindschedler, Z. f. Elektroch. 8, 262, (1902).
10 Isenburg, Z. f. Elektroch. 9, 275, (1903).
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through the solution, the pure carbonate of lead is produced, and
in order to get basic carbonate the quantity of carbonic acid
must be limited. The same result can be accomplished by
diluting the carbonic acid with an indifferent gas, such as air,
and passing an excess through the solution. Table 9 shows the
relation between the concentration of the gas and the product : 10

TABLE 9
RaTio oF Arr TO CO BY Per CENT PbO 1N WuiTE LEAD
VoLuns 2 Per Cent PbO 1N Propucr 2 PbCO, « Ph(OT),
97:3 86.50 86.31
80:20 85.92 86.31
60:40 83.41 86.31

It is evident that the carbon dioxide is too concentrated when
mixed with air in the proportion of 40 to 60.

In producing oxides by this metal, the mixture of salt elec-
trolyzed contains only 0.5 per cent of the auxiliary salt. For
lead peroxide, a 1} per cent solution of a salt mixture con-
sisting of 99.5 per cent of sodium sulphate and 0.5 per cent of
sodium chlorate, acidified with sulphuric acid, is used. The
current density on the anode is about 0.2 ampere per square
decimeter.

The electrolytic method of producing iodoform has almost
entirely displaced the older chemical method. The electrolytic
method was patented as early as 1884 by the Chemische Fabrik
auf Aktien, vorm. E. Schering.!! According to this patent,
iodoform is made by electrolyzing a hot solution of potassium
iodide and alcohol, through which carbon dioxide is passed.
The addition of alkali carbonate also was found advantageous,
when the study of this subject was taken up.!! The final
result of the chemical reaction of iodine on alcohol in the pres-
ence of alkali carbonate is represented by the equation :

C,H,OH + 10 I + H,0 = CHI; + CO, + 7 HI.

11 Elbs and Herz, Z. f. Elektroch. 4, 113, (1897).
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The iodine may be furnished by liberating it electrolytically
from potassium iodide on a platinum anode. This is an oxida-
tion, since the iodine ion is deprived of a negative charge.
A suitable solution for this electrolysis is made up of 5 grams
of sodium carbonate, 10 grams of potassium iodide, 20 cubic
centimeters of aleohol, and 100 cubic centimeters of water.

The iodine does not act on the alcohol directly, as given by
the above equation, but first forms alkali hypoiodite with the
hydroxyl ions from the hydrolysis of the carbonate according
to the equation :

OH-+1,=10-+H*+1I".
The hypoiodite is hydrolytically dissociated as follows:
NalO + H,0 = NaOH + HIO.

Hypoiodous acid, being unstable, decomposes in the following
two ways : 12

3 HIO = HIO,+ 2 HI
and  C,H,0H + 5 HIO = 2 HI + CHI, + CO, + 4 H,0.

That iodine does not act directly on alcohol was proved by
determining the decomposition point of the solution with and
without the addition of alcohol. If the alcohol combined di-
rectly with the iodine liberated, it ‘would reduce the concen-
tration of the free iodine on the electrode and lower the de-
composition point. Since the potential of an iodine electrode
ig 18

_RT
@

KC, |
(0)?

in which (1, is the concentration of the free iodine and (. is
that of the iodine ions, any substance in solution which reduces
the value of (', will change the numerical value of the potential.
It was found that alcohol has not such depolarizing effect,
but that the carbonate has, which fact points to the explana-
tion given above.

e log

12 Dony-Hénault, Z. f. Elektroch. 7, 57, (1900).
18 Foerster, Elektrochemie wisseriger Losungen, p. 124, (1905).
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if the concentrations are taken in moles per liter.2 It is evi-
dent from the large value of this constant, and from the fact
that the concentration of free chlorine in a saturated solution
at 25° is only 0.064 mole per liter,® that the concentration of
hydrochloric and hypochlorous acids that can exist together in
solution are very small. If brought together in greater con-
centrations, chlorine will be produced, according to equation
(1), taken from right to left.

If chlorine is passed into a solution of alkali hydrate, the
following reaction between the chlorine and hydroxyl ions

takes place: g1 4 OH- 2= HOC1+ Ol 2
The value of the equilibrium constant of this equilibrium is
given by the following equation : ¢

= CCl2 - Con-
2" Ca- - Cuoar
which is derived from the equations

Cq, Ky _1.4x10"#
Cuy * Car- + Cuoa Con- a Con-

In all of these equations the concentrations are in moles per
liter. Hypochlorous acid then reacts with the unchanged

hydrate to produce a hypochlorite, and this reaction also
leads to an equilibrium represented by the equation:

HOC1+OH~- 2 OCl- + H,0, )
for which the equilibrium constant is

K =38.6 x 101, 3)

= 2570 and Cy, =

This is the hydrolysis constant of the hypochlorite. The value
of K, can be obtained from the dissociation constant of hypo-
chlorous acid : C .0
K, = —00=" VHt — 3.7 x 107,
C
HOC1
2 Luther, Z. f. Elektroch. 8, 602, (1902).
3 Foerster, Elektrochemie wisseriger Losungen, p. 341, (1905). )
4 Foerster and Miiller, Z. f. Elektroch. 8, 921, (1902). The value of Ky is
taken from van Laar, Theoretische Elektrochemie, p. 174, (1907).
& Sand, Z. f. phys. Ch. 48, 610, (1904).
G
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and the dissociation constant of water:

Kw = CH+ < COH— = 1.4 X 10—14-
Dividing K, by K,

Ky _ Cps - Con- - Croar _ 1 B L -7
K,  Con 1Cus =Ke=g %10 =5 =880ty
When therefore any quantity of chlorine acts on alkali hydrate,
the resulting quantities of hydrate, chlorine, chloride, hypo-
chlorous acid, and hypochlorite are determined by the equilibria
represented by equations (2) and (4). Only when there are
at least two equivalents of hydrate to one mole of chlorine does

the following reaction hold :

Cl, + 2 NaOH = NaOl + NaOCl + H,0. )

This is the sum of equations (2) and (4), and is the one usually
given to represent the reaction between chlorine and hydrate.
Since the equilibria represented by equation (3) and the equa-
tion for the value of K, exist simultaneously, the values of Cop-
and Cgoq are the same in both. From the equation for K,

Croa _ . . Coa-
‘OH- CzOH—,
and combining this with the equation for K,
CCl: = CHOCI COCI- ]
Cor K, G =K,K;- o O
This equation is convenient for pred1ct1ng what effect a change
in the concentration of one substance will have on that of the
others.

From equation (6) it would seem that for a given value of
Cq, and Cg,_, the value of Cyq_ could be increased in propor-
tion to the value of Cog_. This would be true, if the concen-
tration of the hypochlorite, Coc -, were not limited by another
reaction, — the oxidation of hypochlorite to chlorate by hypo-
chlorous acid, according to the equation :8

2HOCI 4+ OCl- = C10; + 2Cl1~ 4+ 2H*. @)

¢ Foerster and Jorre, J. f. prakt. Ch. 69, 53, (1899) ; Foerster, ¢bid. 63, 141,
(1901).
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The free hydrochloric acid then sets free an equivalent amount
of hypochlorous acid according to the equation :

2H*+2Cl-4+20C1-=2HOCl 4+ 2Cl-, ®)

and the hypochlorous acid thus set free oxidizes more hypo-
chlorite. This process continues until all of the hypochlorite
has been changed to chlorate.

Substituting the numerical values of K, and K, in (6), we
have

CQ% =36x10-18ma_ 1 4 x 10-7 —Sgw- : )

Cl—- OH- OH-—

In order to illustrate the use of the above equation, the rela-
tive concentrations of chlorine ions, hydroxyl ions, free chlorine,
and hypochlorous acid in a neutral solution normal with respect
to hypochlorite ions will be calculated. From the value of K,,
the values of Cgoe and Coy_ are each 6.2-10-* mole per liter,

and from (9) the value of the fraction %ﬂL is 8.6 x 10-11. If
cl~

the concentration of chlorine ions is also normal, that of the

free chlorine is only 3.6 x 10~ mole per liter.*

If chlorine is led into a solution of alkali hydrate, nothing
but hypochlorite and chloride are produced as long as some of
the hydrate remains unneutralized. This is because the excess
of hydroxyl ions drives back the hydrolysis of the hypochlorite
and therefore prevents the formation of a free hypochlorous
acid. When an amount of chlorine equivalent to the hydrate
has been added, there is still so small a quantity of free hypo-
chlorous acid present that the solution is fairly stable. An
excess of chlorine, however, increases the concentration of the
free hypochlorous acid to such an extent that the hypochlorite
is rapidly oxidized to chlorate, according to equation (7). The
fact that an excess of chlorine was necessary to produce chlo-
rate was first discovered by Gay-Lussac.” The addition of a
small quantity of free acid would have the same effect as an
excess of chlorine, for it would set free hypochlorous acid.

7 Liebig Ann. 43, 153, (1842).
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If chlorate were formed only by means of free hypochlorous
acid, hypochlorite would be more stable the greater the excess
of hydroxyl ions in the solution. Chlorate is produced, how-
ever, slowly in alkaline solutions, presumably by the reaction

8 NaOCl = NaClO, + 2 NaCl. 10)

Hypochlorous acid breaks up in exactly the same way, when it
decomposes of itself. The solution has to be heated to 70° C. to
make this reaction proceed with an appreciable velocity,’ and
it is also catalyzed by light. With increasing alkalinity the
velocity of the reaction increases somewhat, and it is always
accompanied by the reaction:

2 NaOCl = O, + 2 NaCl. (11)

The last reaction is catalyzed by some metallic oxides, espe-
cially by the oxide of cobalt, to such an extent that all of the
hypochlorite can be decomposed in this way without forming
any chlorate.®

Perchlorate cannot be formed by the further action of
chlorine on chlorate, but is produced by the decomposition of
chlorate, as will be explained below.

The Electrolysis of Alkali Chloride on Smooth Platinum Elec-
trodes without a Diaphragm

If a concentrated neutral solution of alkali chloride is electro-
lyzed between smooth platinum electrodes, the alkali is de-
posited on the cathode and reacts with the water according to

the equation :
2 Na + 2 H,0 =2 NaOH + H,,. a2)

The hydrogen produced escapes, unless it is used up in reduc-

ing some substance in the solution. On the anode, chlorine is
liberated from the ionic form to free chlorine, as follows :

2Cl- 4+ 2F =Cl,. 3)
The liberated chlorine partly dissolves in the water and at

first partially escapes from the solution. Soon, however, the
alkali hydrate produced at the cathode and the dissolved
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chlorine are brought together by the stirring produced by the
escaping hydrogen, and after this no more chlorine escapes
from the solution. Chlorine and alkali hydrate are produced
in equivalent quantities, so that the equation (5),

Cl, + 2 NaOH = NaCl + NaOCl + H,0,

is practically quantitative. It is evident that only 50 per cent
of the chlorine liberated is obtained in the active form as hypo-
chlorite. Asthe electrolysis proceeds, the hypochlorite becomes
more and more concentrated, until finally a limiting concentra-
tion is reached, whose value is determined by a number of factors,
such as the material of the anode, the current densities on the
anode and cathode, the temperature, and the original concentra-
tion of the chloride solution. This is due to the fact that the
hypochlorite, almost from the start, is also decomposed by the
current, and this decomposition increases as the concentration
of the hypochlorite increases, until the amount decomposed is
just equal to the amount produced. This decomposition takes
place in two ways; at the cathode the hypochlorite is reduced
by the hydrogen as follows:

NaOCI + H, = H,0 + Na(l, 15)

and at the anode the hypochlorite ion is liberated, since it is
more easily discharged than the chlorine ion,! and reacts with
the water, producing chlorate and oxygen according to the
following reaction :2

6ClO- +3H,0=2Cl04~+4Cl-+6H*+110,.  (1¢)
This has been called the anode chlorate formation, since it takes
place only on the anode and not throughout the solution.

It may help in understanding the chloride electrolysis if,
before discussing it further, a method of analysis is explained
which has been extensively used in the study of this subject
for following the reactions taking place during the electrolysis.

1 Foerster and Miiller, Z. f. Elektroch. 8, 634, (1902).

2 Foerster and Miiller, Z. f, Elektroch. 8, 667, (1902). This equation is con-
sidered fairly well established, as will be shown below, though other explanations
of the results are possible.
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This consists in analyzing the gas evolved from the cell and
comparing the amount of hydrogen and oxygen in it with that
evolved by the same current from a water coulometer.® If there
is less hydrogen from the chloride cell than from the coulometer,
the difference must have been used in reducing the hypochlorite,
according to equation (15), as this is the only reducible substance
in solution. The oxygen in the gas evolved from the cell con-
taining the chloride solution must be due to the discharge of the
hypochlorite ion, which reacts with the water according to equa-
tion (16), producing chlorate and oxygen. Oettel believed
that the reaction was simply the evolution of oxygen according
to the equation :

2 C10~ + H,0 =2 HOCI + } O,, an

and he therefore called this portion of the current loss ¢ water
decomposition,” but this view has since been found to be incor-
rect. Since the proportion of oxygen evolved to the hypo-
chlorite ions discharged is the same in either case, Oettel’s
calculations will not be changed, but the explanation of the
oxygen evolution will be given by equation (16) in place of
(17).  According to equation (17), the oxygen evolved is pro-
portional simply to a current loss without destroying hypochlo-
rite already formed, while according to (16) it is proportional to
a fraction of the current that changes hypochlorite to chlorate.

The following example, illustrating the use of gas analysis for
determining the yield in hypochlorite as the electrolysis pro-
gresses, is taken from Oettel.?

The cell containing the chloride solution was connected in
series with a water coulometer. During a given time, at the
beginning of the electrolysis, 60 cubic centimeters of gas were
evolved from the coulometer and 82 cubic centimeters from the
chloride solution. In the coulometer, 40 cubic centimeters of
the gas must have been hydrogen. By analysis it was found
that the gas from the chloride solution had the following com-
position: 30 cubic centimeters of hydrogen, 1.6 of oxygen, and
0.4 of chlorine. This shows a difference in the amount of hy-

3 F. Oettel, Z. f. Elektroch. 1, 354, (1894).
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drogen in the two cells of 10 cubic centimeters. This amount
must therefore have been used to reduce the hypochlorite
already formed. Since 40 cubic centimeters of hydrogen repre-
sents the total current, or 100 per cent, the loss of current due
to reduction was 100 x 1$ = 25 per cent. The loss due to the
evolution of chlorine equals 100 x %, or 1 per cent. The 1.6
cubic centimeters of oxygen are equivalent to twice as much
hydrogen, or 8.2 cubic centimeters. The loss of current by
changing hypochlorite to chlorate was therefore 100 x i—“ =38
per cent. The current used to produce hypochlorite is propor-
tional to the amount of hydrogen evolved from the chloride
solution, diminished by the quantity of chlorine evolved, and
twice the amount of oxygen: 80— (3.2+40.4)=26.4 cubic
centimeters. The current yield is therefore 100 x 2§ = 66 per
cent. This, of course, means that 66 per cent of the current
produces hypochlorite according to equation (5):

Cl, + 2 NaOH = NaCl 4+ NaOCl 4 H,0.

The rest of the current destroys hypochlorite already produced,
or produces chlorine which escapes from the cell. Chlorine is
evolved, however, only at the very beginning of the electrolysis,
before the hydrate and chlorine have had time to mix. The
following table sums up the results of this calculation :

Current used to produce hypochlorite . . . . . . . . . 66 percent
Current used to reduce hypochlorite . . . . . . 25percent
Current loss by changing hypochlorite to chlorate °o 9, 0 o 8 per cent
Current loss due to evolution of chlorine . . . . . . . 1percent

100 per cent

The curves in Figure 24 ¢ will illustrate the results of the elec-
trolysis of a neutral 4.87 normal sodium chloride solution with
a current density on the anode of 0.075ampere per square centi-
meter and on the cathode of 0.18 ampere per square centimeter.
The electrolysis was continued for 18 hours, but the plots are
given for only 8 hours, as no change in the direction of the

4 Miiller, Z. f. anorg. Ch. 22, 33, (1900), and Z. f. Elektroch. 6, 14, (1899).
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curves took place during the following 10 hours. The quanti-
ties of hypochlorite and chlorate were determined by direct
analysis, and are plotted in

®  terms of oxygen contained by

A 7% eachin grams per liter. The

& o ®  corresponding scale of ordi-

g \Q‘%\ -+ nates is on the left. The

g & «», other curves were obtained by

£ o oY1 ,8 gas  analysis as  deseribed

£ 40§ above. The scale of ordinates

E T~/ | forthese is given on the right,
% N@y‘ 1”  in per cent.

s _(—-4-—-"*"'*” It will be seen that the

VowToN OF Y 4 fraction of the current used in

T o T evolving oxygen and for re-

HOURS duction, and the concentration
o, 2 _Eletrlyl o ush 497 ot tho. ypochlorite_become

_ constant at the same time.
At first the concentration of the chlorate remains low, but
increases steadily as soon as the concentration of the hypo-
chlorite becomes constant. This shows that hypochlorite is
the first product of the electrolysis and that it is the starting
point for the formation of chlorate ; also that it is responsible
for the evolution of oxygen, as would be expected from equa-
tion (16).

The same general effect is produced by electrolysis at 50° C.,
except that the concentration of the hypochlorite becomes con-
stant at a lower value. This is due to the increase in the
hydrolysis of the chlorine as the temperature rises, thus pro-
ducing a greater concentration of hypochlorite ions on the
anode from the beginning. The quantity of hypochlorite ions
that has to be supplied to the anode from the solution before
they are discharged is therefore less than at a lower temper-
ature; consequently the concentration in the solution will not
reach as high a value as in the cold solution before the amount
of hypochlorite decomposed equals the amount produced.®

6 Foerster, Elektrochemie wisseriger Losungen, p. 364, (1905).
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Both the reduction of the hypochlorite at the cathode and
the discharge of the hypochlorite ion on the anode are made
more difficult by increasing the current density, as will be seen
from the following cousiderations. The greater the quantity
of chlorine coming from the anode, the more it tends to prevent
the hypochlorite from reaching the anode, where it would be
discharged,’ and the smaller the cathode is made, the less oppor-
tunity will the hypochlorite have of coming in contact with
nascent hydrogen. This is the explanation of the experimen-
tal fact that increasing the current density on the cathode low-
ers the reduction, and on the anode it makes the evolution of
oxygen less in the first stages of the electrolysis, which is equiv-
alent to making the concentration of hypochlorite attainable
greater.

In a dilute solution of chloride, the maximum hypochlorite
concentration is less than in a concentrated solution, because at
a given concentration of chloride the hypochlorite must carry
relatively more of the current than when there is a greater
amount of chloride present, and this results in its being changed
to chlorate. Table 10 illustrates the effects of temperature,
current density, and concentration changes on the electrolysis
of alkali chloride solutions.

The reduction of the hypochlorite can be nearly entirely pre-
vented by the addition of a small amount of potassium chro-
mate to the solution.! Under the action of the current a thin
diaphragm is produced that gives the cathode a brownish yel-
low appearance when compared with a fresh piece of platinum,
and which gives a test for chromium when dissolved in nitric
acid.” This diaphragm is probably an oxide of chromium,
since a cathode of metallic chromium does not prevent reduc-
tion. Potassium chromate is as effective with a low-current
density as with a high density. The curves?® in Figure 25 show
the effect of adding 0.18 per cent of chromate to a solution con-

6 B. Miiller, Z. f. Elektroch. 5, 469, (1899); Imhoff, German Patent, 110,420,
(1898).

7 E. Miiller, Z. f. Elektroch. 7, 401, (1901).

8 E. Miiller, Z. f. Elektroch. 5, 470, (1899).
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oxygen in the solution and  produces free oxygen, at the same
time changing the active oxygen from hypochlorite to chlorate,
according to (16). Therefore, excluding reduction and the for-
mation of chlorate by equation (7), when the concentration of
the hypochlorite has reached a maximum, in a neutral or slightly
.alkaline solution, 83.8 per cent of the current will be used to
produce free oxygen, and 66.7 per cent to produce active oxygen
in the solution.® The oxygen evolution can never be greater
than 33.3 per cent unless the concentration of the solution is
small, in which case oxygen would be evolved by the discharge
of hydroxyl ions. Except for these points, this relation is inde-
pendent of the other conditions of the experiment, such as tem-
perature, current density, and, within certain limits, the
concentration. This is illustrated by the results in Table 10,2
column 5.

TasBrLe 10
Solution : 4.8 Normal NaCl and 2 Grams KyCrO4 per Liter
LiMiTing CoNe. oF OXYGEN P C c N
I¥ NaClO. GRM. PER ER CENT OF CURRENT PRO-
AMPERES PER 100 .0, DUCING OXYGEN
TEMPERATURE 8qQ. Cx. oN
ANODE
Smooth Platinized Smooth Platinized
Pt. Anode Pt. Anode Pt. Anode Pt. Anode
13 0.017 0.34 0.61 33.3 31.0
13 0.17 0.68 0.89 30 to 33 34.5
50 0.017 0.17 0.31 30 to 31 22.0
50 0.17 0.42 0.64 30 28.0

The Solution Changed to One 1.7 Normal NaCl and Containing 2 Grams K,CrOy4 per

Liter
13 0.017 0.28 0.48 34 33.5
13 0.17 0.47 0.65 32.5 35
50 0.017 0.15 0.23 33.5 29 to 31
50 0.17 0.35 0.40 33 33 to 34
75 0.017 0.09 0.15 34 25 to 27
75 0.17 0.25 0.32 35 to 36 29

9 Foerster and Miiller, Z. . Elektroch. 9, 199, (1903).
10 Foerster and Miiller, Z. f. Elektroch. 9, 196, (1903).
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In the above experiments, when the oxygen evolution is less
than 33.8 per cent, hypochlorite is lost by the secondary forma-
tion of chlorate. Columns 3 and 5 show that the maximum
concentration of hypochlorate is different under different con-
ditions, but that when this concentration is reached, the frac-
tion of the current used in oxygen evolution is practically the
same under widely differing conditions.

If the solution of sodium chloride is made acid with hydro-
chloric acid at the beginning of the electrolysis, the first effect
of electrolysis is to decompose the acid until the solution be-
comes nearly neutral.l® There always remains a small quantity
of the free acid throughout the solution, however, liberating free
hypochlorous acid, which oxidizes the hypochlorate to chlorate
through the entire solution, according to equation (7). This
gives a method of increasing the. yield in chlorate over that
attainable in neutral or alkaline solutions, in which it has been
shown above that the maximum yield is 66.7 per cent. If,
before the maximum concentration of hypochlorite has been
reached, a quantity of acid is added to the solution which is
equivalent to only a fraction of the hypochlorite in the solution,
the latter is completely oxidized to chlorate. Further elec-
trolysis produces more hypochlorite, to which acid may again be
added, producing more chlorate.!! By this means, chlorate can
be produced on smooth platinum electrodes with nearly 90 per
cent of the theoretical current yield. In place of adding the
requisite amount of hydrochloric acid from time to time, the
solution may be kept slightly acid by the addition of potassium
acid fluoride, KHF1,, as patented by the Siemens and Halske
Company,? or of alkali bicarbonate, which is patented by the
Aktiengesellschaft vorm. Schuckert & Co.13

Oettel found in his early experiments that adding 0.3 gram
of potassium hydrate to 100 cubic centimeters of a solution
containing 20 grams of potassium chloride does not materially
affect the result of the electrolysis, but that as the alkalinity is

11 Foerster and Miiller, Z. f. Elektroch. 8, 13, (1902).

12 Foerster and Miiller, Z. f. Elektroch. 10, 731, (1904).
13 Foerster and Miiller, Z. f. Elektroch. 8, 12, (1902).
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increased, the maximum concentration of hypochlorite becomes
less, and the principal product of the electrolysis is chlorate

4

o
Kolog, re

GRAMS OF ACTIVE OXYGEN PER LITER
I

[] n o 20 3¢ 44
GRAMS OF Na OH PER LITER

F1a. 26.— Effect of alkalinity on the elec-
trolysis of a solution of sodium chloride

and free oxygen.* The curves in Figure 26 % show the quanti-
ties of chlorate and hypochlorite produced per liter by electro-
lyzing for one hour solutions
containing 200 grams of so-
dium chloride and varying ]
quantities of sodium hydrate . / /—‘\
in one liter. The ordinates
are grams of oxygen per liter
contained in the chlorate or =
hypochlorite of the solution, / E’
and the absciss®, the number ¢ |/ \o
of grams of sodium hydrate I \"2
added to one liter of the solu- \
tion. The current density on
the anode was 0.04 ampere
per square centimeter.

This reduction in the hypo-
chlorite concentration and increase in that of the chlorate with
increasing alkalinity is explained as follows: The reaction by
which the chlorate is formed in strongly alkaline solutions is
the same as that in neutral or slightly alkaline solutions, and is
given in equation (16), and the difference produced by the
strong alkalinity is that the chloride finds hydroxyl ions with
which to react immediately on the anode, forming hypochlorite.
There is therefore a much higher concentration of hypochlorite
immediately on the anode than throughout the rest of the solu-
tion, and consequently its discharge and the production of
chlorate take place when the concentration throughout the
solution is very low.® When the alkalinity is further in-
creased, the hydroxyl ions also begin to be discharged and the
yield in chlorate falls below 66.7 per cent, which accounts for
the maximum point in the chlorate curve.

14 Z. f. Elektroch. 1, 474, (1895).

15 Miiller, Z. f. Elektroch. 6, 20, (1899) ; Z. f. anorg. Ch, 22, 72, (1900).

16 Foerster and Miiller, Z. f. Elektroch. 9, 182, and 200, (1903) ; also Foerster,
Elektrochemie wisseriger Losungen, p. 366, (1905).
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Another difference in the electrolysis of strongly alkaline
solutions Is the effect of temperature. Higher temperature in
neutral solutions decreases the maximum concentration of hypo-

chlorite obtainable, but in

- strongly alkaline solutions
\ . the effect of temperature is
e just the reverse, as shown in

2 sy ] o=l

The ordinates are the number
o] Sk f)f grams of oxygen contained
in the hypochlorite or chio-
+ rate in one liter of a solu-
20 40 60 80 9 e ..
TEMPERATURE tion originally containing 200
F1c. 27. — Effect of temperature on the grams of sodium chloride and
lectrolysis of an alkaline solution of .
o  oviqan afaline solution f 40 grams of sodium hydrate
in the same volume. The
electrolyses lasted one hour each, with a current density on the
anode of 0.045 ampere per square centimeter. Increasing the
anode current density tends to counteract this temperature
effect. From the explanation given of these curves! it does
not seem that the effect of temperature in strongly alkaline
solutions is thoroughly understood.

\\% the curves in Figure 27.1

GRAMS OF ACTIVE OXYGEN PER LITER
-

The Electrolysis of Alkali Chlorides with Platinized Platinum
Anodes

Lorenz and Wehrlin! showed that the use of a platinized
platinum anode increases the maximum concentration of hypo-
chlorite, and that the oxygen evolution and the production of
chlorate do not begin at a time when, on smooth platinum,
under the same conditions of the experiment, the oxygen evolu-
tion would be considerable. When the electrolysis is continued
for a longer time, however, oxygen evolution and chlorate for-
mation begin just as on smooth platinum anodes, and according
to the same reaction.? The only difference is that a higher

17 Foerster and Miiller, Z, f. Elektroch. 9, 205, (1903)

1 Z.1. Elektroch. 6, 437, (1900).
2 Foerster and Miiller, Z. f. Elektroch. 8, 515, (1902).
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concentration of hypochlorite is produced before the quantity
decomposed in a given time is equal to that produced. This is
illustrated by the curves in Figure 28, obtained with a 5.1

normal solution of
sodium chloride, con- N —— e T 100
.. cu;"\\ ~\‘\.’V7'L
taining 2 grams of N St %
: CP R RN
potassium chromate = 80

per liter.” The brok-
en curves were ob-
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Fic. 28. — The electrolysis of a 5.1 n. sodium chloride

used for the evolu-
tion of oxygen, while
on the left the ordi-

solution, containing 2 grams of potassium chro-
mate per liter
Dotted lines refer to smooth platinum anode, full lines to

. platinized piatinum anode
nates give the num-

ber of grams per liter of oxygen in the form of chlorate and
hypochlorite. The current density on the anode was 0.067
ampere per square centimeter. An explanation of the higher
concentration of hypochlorite obtained with platinized anodes
will be given below in discussing potentials and decomposition
points.

The Electrolysis of Alkali Chlorides on Carbon Anodes

All carbon electrodes are more or less porous; that portion
of their entire volume which consists of pores, or the porosity,
varies from 11.2 to 27.8 per cent for different kinds of carbon.
For Acheson graphite the porosity is 22.9 per cent.! The
porosity is calculated from the true and the apparent densities.

1 Foerster, Elektrochemie wisseriger Losungen, p. 372, (1905).
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The apparent density b is the weight of one cubic centimeter of
the material, while the true density a is the weight divided by
the volume actually occupied by the material. The value of a
is determined by mixing bromoform and chloroform in such
proportions that small pieces of the carbon will neither sink nor
float when saturated with the mixture.2 The density of the
mixture is then determined by any of the well-known methods,
and thus gives that of the carbon directly., The value of the

porosity is then 100“7'_6 per cent.

On dipping a carbon electrode into a solution, the pores become
filled with the solution, and the solution contained in the electrode
is electrolyzed as well as that on the surface; but since the dis-
solved salt cannot be replaced in the pores as rapidly as in the
solution on the surface of the electrode, where stirring replaces
the salt decomposed, the solution contained in the pores becomes
more dilute than on the surface. Consequently the evolution
of oxygen and the production of chlorate will begin sooner,
and the maximum concentration of hypochlorite will be less
than on a platinum electrode, when the other conditions of the
experiment are the same.? :

The effect of changing the chloride concentration or the
anode current density on the yield of hypochlorite and on the
maximum concentration attainable with carbon anodes is in
the same direction as with platinum electrodes.

A part of the oxygen liberated oxidizes the carbon to carbon
dioxide, part of which, remaining in the solution, makes the
solution slightly acid, and therefore changes the hypochlorite to
chlorate by equation (16). The formation of carbonic acid
takes place in solutions at 20° only to a small extent and after
several hours, but at 60° it begins at once, and the total quantities
contained in the gases evolved and dissolved in the solution
amount to as much as 27 per cent of the amount that would be
produced if this were the only product on the anode of the
electrolysis.4

2 Zellner, Z. f. Elektroch. 5, 450, (1899).

8 L. Sproesser, Z. f. Elektroch. 7, 1083, (1901).
4 Z. f. Elektroch. 7, 944 and 1014, (1901),
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Carbon anodes are also subject to mechanical destruction, due
to crumbling, and in some kinds of carbon this may exceed the
loss due to chemical action.

The solution in the pores of the carbon may eventually be-
come so dilute that hydroxyl ions are discharged, causing the
production of hydrochloric acid around the anode ; for hydrogen
ions are left behind by the discharge of hydroxyl ions and, com-
ing in contact with chlorine ions migrating from the anode,
form hydrochloric acid. This fact will be shown later to be
of some practical importance.

Acheson graphite has been found to last better in the elec-
trolysis of chlorides than any other kind of carbon.!

The Mazimum Concentrations of Hypochlorite and the Maxi-
mum Current and Energy Yields of Hypochlorite and
Chlorate

From what has preceded, it will be evident that the best
conditions, for obtaining a high concentration in hypochlorite
are to have a neutral, concentrated chloride solution, a low tem-
perature, platinized anodes, and to prevent reduction by potas-
sium chromate. Column 4 in Table 11 shows the maximum
amount of hypochlorite obtainable under different conditions
of the experiment.! 'The values givén in grams of oxygen may
be changed to grams of chlorine by multiplying the former by
35~1—'i1§= 2:22.2 The solution was 4.79 normal with respect to
sodium chloride and contained 2 grams of potassium chromate
per liter. In the last experiment the solution was only 1.73
normal. Both electrodes were platinized. -

Since the decomposition value of a concentrated solution of
sodium chloride on either smooth or platinized platinum is 2.2
volts, the minimum amount of energy necessary to produce

1 Foerster and Miiller, Z. . Elektroch. 8, 10, (1902).

2 Foerster and Miiller use the ratio 4.44, which is the ratio of the chemical
equivalence of the chlorine and oxygen contained in hypochlorite. The ratio of
the weights contained, however, is 2.22.

H
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one gram of oxygen in the form of hypochlorite is 7.4 watt
hours. From the table it is evident that with the lowest
current density this value is very closely approached.

TasLE 11
GraMs PER LITER
TEMP. IN AMPERES CURRENT ‘Watr Hours
CENTIGRADE | PER Sq. CM. Vorrs 0f 0, in Of Ol, in YieLp 1IN | PER GRAM O, 1IN
DrGREES ON ANODE Hypochlo- | Hypochlo- Per CENT | HYPOCHLORITE
rite rite
13 0.017 2.40 4.20 9.3 96 8.4
13 0.017 2.40 5.24 11.6 90 8.95
10 0.07 3.10 6.8 15.0 96 10.84
13 0.17 3.6 5.28 11.7 99 12.2
13 0.17 3.6 8.7 19.8 87 13.5
14 0.17 4.7 5.20 11.5 95 16.6

If chlorate is produced entirely secondarily by acidifying the
solution from time to time, no energy is required for its forma-
tion beyond the 7.4 watt hours necessary for the production of
the hypochlorite. By working in this way and by using plati-
nized electrodes, an average current yield of 98 per cent was
obtained in a run in which 3.66 volts were applied to the cell.?
This is 12.5 watt hours per gram of oxygen in the form of
chlorate. The current density was 0.117 ampere per square
centimeter. By reducing the current density the theoretical
value of 7.4 watt hours could of course be more nearly
approached.

The Production of Perchlorates

A perchlorate is a more stable compound than a chlorate, since,
as is well known, a chlorate on heating first breaks up into
perchlorate, chloride, and oxygen, according to the equations:?!

2KCl0;=2KCl 4 8 O,, 18)
4 KClO; =3 KCIO, + KCl. 19)

3 Foerster and Miiller, Z. f. Elektroch. 8, 16, (1902).
1 Roscoe and Schorlemmer, Treatise on Chemistry, 1, 285, (1905).
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A solution of chloric acid is also unstable when its concentra-
tion exceeds a certain value, and breaks up as follows :2

2 HC10, = HCIO, + HCIO,,. (20)

The chloric and chlorous acids then react according to the fol-
lowing reversible reaction :

HC10, + HC10, 2= H,0 + 2 C10,,. (21)

These reactions are similar to those by which hypochlorous
acid breaks up,
3 HC10 = HC1O,; + 2 HC],
HCIO + HCl 2 C12+ H,0.

Perchlorates are produced in a purely chemical way only by
the breaking up of a chlorate, and not by direct oxidation.

The electrolytic production of perchlorate and of perchloric
acid was discovered by Count Stadion?® in 1816, but the way
in which this oxidation takes place was not understood until
recently. This is not a direct oxidation of chlorate to per-
chlorate, as would be expressed by the equation :

Cl0; +20H- + 2 F = CIO; + H,0,

but is due to the discharge of the chlorate ions and their sub-
sequent reaction with water, as follows:4

2 C10; + H,0 + 2 F = HCIO, + HCIO, + 0.  (22)

The oxygen does not escape, but oxidizes the chlorous acid
back to chloric acid :

HCIO, + O = HCIO,, (23)

The principal facts concerning the production of perchlorate
are: (1) If the concentration of the chlorate is over 8 per cent,
a change in its concentration has no appreciable effect on the
current yield; (2) the yield increases with increasing current
density; (8) the yield falls with increasing temperature;
(4) platinizing the anode decreases the yield and (6) in

2 Qechsli, Z. f. Elektroch. 9, 807, (1903).
8 Gilbert’s Ann. 52, 218, (1816).
4 QOechsli, l.c., p. 819.
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electrolyzing alkali chlorides, perchlorate is not produced until
nearly all of the chloride has been changed to chlorate.

In an acid or neutral chlorate solution, perchlorate can be
produced with a high current yield, as Table 12 shows, giving
the results of an experiment in which 66 per cent sodium
chlorate solution was electrolyzed with a smooth platinum
anode on which the current density was 0.083 ampere per
square centimeter. The temperature was 9° C.

TasLE 12

TiME 1N MINUTES FROM BEGINNING

CurreNT YIELD PER CENT
oF ELECTROLYSIS

5 96.4
20 99.5
35 99.9

180 99.9
210 99.8
300 99.1

Alkalinity prevents the formation of perchlorates; the cur-
rent yield falls to 16 per cent for a solution 0.242 normal with
respect to sodium hydrate, with the same current density as in
the experiment above. This is probably due to the smaller
number of chlorate ions that are liberated as the alkalinity is
increased, furnishing hydroxyl ions that are more easily dis-
charged than the chlorate. An increase in the current den-
sity would be expected to counteract this effect of the alkali,
and experiment shows that it does. The lower yield with
platinized anodes is due to the lower current density produced
by the larger surface.

The reduction in the yield by an increase in the temperature
is supposed to be due to the greater concentration of hydroxyl
ions of water from the increase in the dissociation with the
temperature.
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The Electrolysis of Alkale Chlorides with a Diaphragm

If the object in electrolyzing an alkali chloride is to produce
an alkali hydrate and chlorine, the anode and cathode must be
separated in order to prevent the hydrate and chlorine from
mixing. There are four ways in which the separation of the
hydrate and chlorine is effected. These are: (1) by the use of
a diaphragm; (2) by inclosing the anode in an inverted, non-
conducting bell, with the cathode outside; (3) by charging a
mercury cathode with sodium in an electrolytic cell and decom-
posing the sodium amalgam with water in another vessel; and
(4) by a mercury diaphragm, which acts as an intermediate
electrode.

(1) Since electrolytic conduction takes place through a dia-
phragm, it is evident that the separation in this case will not
be perfect, for the diaphragm prevents only mechanical mixing.
The hydroxyl ions will migrate through the diaphragm and
react with the chlorine in the same way as described above.
The hydroxyl ions also pass through the diaphragm by ordi-
nary diffusion. Electro-osmosis, on the other hand, drives the
liquid through the diaphragm from the anode to the cathode,
and therefore opposes the diffusion and migration of the
hydroxyl ions.!

If diffusion and osmosis just balance each other, the yield in
hydrate can be calculated as follows.! Before sodium hydroxide
appears at the diaphragm, the sodium chloride transports all
of the electricity, but when the hydrate is mixed with the
chlorine, the hydrate will also take part in carrying the current
through the diaphragm. If the fraction of the current carried
by the hydrate is z, that carried by the chloride will be 1 — =,
and z and 1 — 2 must be proportional to the conductivities of
the hydrate and of the chloride in the solution. If L, is the
conductivity of the chloride and L, that of the hydrate, this is
expressed by the equation :

1—x=_LJ_=clal)J°C @9
z L, cyu\ x’

1 Foerster and Jorre, Z. f. anorg. Ch. 23, 1568, (1899).
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and for sodium,

0.
ANB. = 100 1 - 83

1+0.502 &y

G
Catty
It is evident from these equations that, as the hydrate becomes
more concentrated, the fraction in the parenthesis becomes
greater, which reduces the value of 4. Table 13 shows how
the yield decreases as the concentration increases.® The elec-
trolysis was carried out with 700 cubic centimeters of a solution
containing 200 grams of potassium chloride per liter in the
cathode compartment, and 500 cubic centimeters of the same
solution in the anode compartment. The electrodes were plati-
num, and the diaphragm was of Pukal clay. The current
density on the diaphragm was 0.016 ampere per square centi-
meter. The yield which was being obtained at the end of each
period was calculated by formula (27) from the values of the
concentrations of chloride and hydrate existing at the end of
the period, assuming that the dissociation of the hydrate and
chloride are equal.

TaBLE 13
. 5 EQUIVALENTS PER @
EAN CURRENT JOMPUTED
EeD @ oD @ YIELD FOR THE CI:,:T:D;N(;:‘E, CURRENT
TiME KOH Pro- | DEPOSITED IN o -
ORRESPONDING PARTMENT OF IELD
DUCED COULOMETER 2 Hgs. Pre Cext
Chloride | Hydrate
1st 2 hrs. 17.78 1147 88.08 - 2.382 | 0.418 81.3
2d 2 hrs. 14.29 11.71 69.30 2.224 | 0.754 70.4
3d 2 hrs. 13.60 11.61 66.50 2.096 | 1.071 62.6
4th 2 hrs. 11.11 11.85 58.02 2.066 | 1.331 55.0

It will be seen from the numerical values in equations (27)
and (28) that the yield of hydrate with potassium chloride will
be better than with sodium chloride, at 18°, to which temperature
these numbers apply. Since, however, all transference numbers
approach the limit 0.5 as the temperature is raised, these formulee
indicate that the yield in hydrate would increase with the tem-

8 Foerster and Jorre, Z. f. anorg. Ch. 23, 193, (1899).
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perature and approach the same value for sodinm and potassinm
chlorides. Since a rise in the temperature also increases the
diffusion, the increase in the yield which would be predicted by
the formula would be somewhat too large.?

Since the hydroxyl ions that migrate to the anode compart-
ment find an excess of chlorine, hypochlorous acid will be pro-
duced according to equation (2):

Cl, + OH- = HOCI + Cl-.

If this proceeded indefinitely, the loss in chlorine would be twice
the loss in hydrate. On platinum anodes this has been found to
be true in the first stages of the electrolysis. As the hypochlo-
rous acid becomes more concentrated, compared to the chlorine,
it will be neutralized by the hydroxyl ions coming through the
diaphragm, forming hypochlorite. This is then immediately
oxidized to chlorate by the excess of hypochlorous acid, accord-
ing to equation (7). Consequently, no hypochlorite is found
in the anode compartment.

The process in the anode compartment is essentially the same

when carbon anodes are
s+ Kt su.bstituted for p%atinum,
with the exception, of
course, that carbon dioxide,
as well as oxygen, is pro-
duced.

(2) The principle of the
bell process is illustrated in
Figure 29. The anode is
placed in a bell and the

P cathode outside. The cur-
F1a. 29. — Bell process rent flows under the lower

rim of the bell from anode

to cathode. Chlorine is evolved and passes out through the
tube in the top of the bell, while hydrate is formed on the
cathode. The process that takes place in this cell is very simi-
lar to that in a cell with a diaphragm.t At first the solution

N\
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4 Gustav Adolph, Z. f. Elektroch. 7, 581, (1901).
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in the anode compartment is divided into three sharply defined
layers, the upper one saturated with chlorine, next to this a
layer of unchanged chloride, and below this a layer containing a
large number of hydroxyl ions. The hydroxyl ions migrate
towards the anode, and on coming in contact with an excess of
chlorine react in the same way as when a diaphragm is used.

With carbon anodes in the bell process, a much higher
hydrate concentration can be obtained without destroying the
middle layer of the neutral solution separating the chlorine
from the hydroxide; at the same time, however, the current
yield is less than the theoretical. This is due to the fact that
free oxygen is always evolved on carbon anodes, producing free
hydrochloric acid. The hydrogen ions from this acid migrate
towards the cathode and neutralize the hydroxyl ions migrating
towards the anode, and thus prevent their coming in contact
with free chlorine. In consequence of this, much more highly
concentrated solutions of hydrate can be produced by the bell
process with the same energy yield than by the diaphragm
process.b

In actual practice the bell process is always carried out with
a circulating electrolyte. Fresh chloride solution flows into
the anode compartment, where it must be spread out uniformly
over the entire area of the bell, so that the neutral layer will
not be disturbed.

In the bell process the losses of chlorine and hydrate are
equal, so that the current yields in chlorine and hydrate
must also be equal. The chlorine dissolved in the anode solu-
tion is carried through the neutral layer by circulation and is
changed to hypochlorite on coming in contact with the hydroxyl
ions below. This is reduced on the cathode, producing an
equal loss in hydrate. The loss in chlorine at the anode by
the evolution of oxygen also produces an equal loss in hydrate,
for the hydrochloric acid left behind by the oxygen neutralizes
an equivalent amount of hydrate.®

With a circulating electrolyte a current yield of from 85 to

5 Adolph, l.c. p. 589.
6 Otto Steiner, Z. f. Elektroch. 10, 320, (1904).
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94 per cent can be obtained, with the concentration of potassium
hydrate 120 to 130 grams per liter, and the chlorine 97 to 100
per cent pure, using a current density referred to the area of
the bell of 2 to 4 amperes per square decimeter, and from 3.7
to 4.2 volts.”

(3) The third method of separating the hydrate from the
chlorine consists in depositing the metal in a mercury cathode,
which is then removed from the cell and treated with water.
The sodium or potassium reacts with the water, forming the
hydrate, and the mercury is returned to the cell to be used over
again. The losses in this process are due to the recombination
of chlorine dissolved in the solution with the alkali metal in the
amalgam, and to the reaction of the alkali metal with the water
before leaving the electrolyzing cell. The former loss may
amount to 100 per cent under some circumstances, while the
loss due to the decomposition of water is small.® In order to
reduce the recombination of the chloride and the alkali metal,
the current density on the cathode should be high and also the
concentration of the amalgam. Strange as it may seem, the
potassium amalgam is more resistant to chlorine, the more con-
centrated it is. For example, increasing the concentration of
the amalgam from 0.012 per cent to 0.06 per cent increased
the yield in comparable experiments from zero to 90 per cent.
A current density of 0.1 ampere per square centimeter gave an
88 per cent current yield. Since the principal loss is due to a
recombination of the chlorine and the alkali metal, the yield
will be the same for both alkali and chlorine. If the amalgam
is covered with a diaphragm to protect it from the chlorine,
current yields of 98 per cent can be obtained.8

(4) The fourth method of separating the hydrate from the
chlorine consists in using mercury as an intermediate electrode.
The principle of this process is illustrated in Figure 80. The
electrolytic cell is seen to consist of three compartments; the
two outer are the anode compartments containing the graphite
~anodes AA, and the middle compartment contains the cathode

7 Z. f. Elektroch. 10, 330, (1904).
8 F. Glaser, Z. f. Elektroch. 8, 5562, (1902).
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C, consisting of an iron grid. The covers of the anode com-
partments have pipes, not shown in the figure, for leading off
the chlorine, but the cathode compartment is only loosely cov-
ered, so that the hydrogen escapes in the air.

The partitions separating the compartments do not quite
reach to the bottom of the cell,
but the opening is closed by a
layer of mercury covering the
bottom of the cell. The alkali
metal is electrolyzed into the
mercury in the anode compart-
ment and is electrolyzed out in
the cathode compartment. In
the cathode compartment the Fie.30.—Cell with mercury diaphragm
amalgam is the anode, and the
alkalli metal unites with the hydroxyl ions liberated on it and
forms hydrate. In order to stir up the amalgam so that the
alkali metal will get into the cathode compartment as soon as
possible, the whole cell is slowly tilted back and forth, causing
the mercury to flow from one compartment to the other.

In this system the current density on the cathode must also
be at least 0.1 ampere per square centimeter.® The speed of
rocking the cell also affects the yield, an increase in the rapidity
decreasing the yield. One of the difficulties encountered in
this process is that if the alkali metal becomes too dilute in the
amalgam, the mercury is itself oxidized in the anode compart-
ment. To avoid this, a part of the current is taken directly
from the mercury by a shunt circuit in which there is a suitable
resistance to make the shunted current about one tenth of the
total current. A decrease in the concentration of the chloride
solution reduces the current yield. With a 30 per cent potas-
sium chloride at a temperature of 40° and with a current
density of 0.1 ampere per square centimeter, Cantoni obtained
a current yield in hydrate of 90 per cent.

9 Le Blanc and Cantoni, Z. f. Elektroch. 11, 611, (1905).
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Decomposition Points and Potentials of Alkali Chloride Solutions

In a chloride solution before electrolysis there are only the
hydroxyl and chlorine anions, while after the electrolysis there
are also hypochlorite and chlorate anions. The cations are
the alkali metal and hydrogen both before and after electrol-
ysis. A knowledge of the potential differences between anode
and solution at which the different anions are discharged will
help in understanding the chloride electrolysis.

The potential difference at which an ionized substance is
discharged, or, what is the same thing, if the process is reversi-
ble, the potential difference produced by the substance when
brought in contact with a platinum electrode, is dependent on
its chemical nature and on its concentrations in the charged
and discharged conditions. Thus the potential difference
between a platinum electrode charged with chlorine and a
chloride solution is

kCqy

RT RT[ Ca
_ BT, kCo, _ RT 1ogk+1og_.._], (29
2 By 2 (Co)? )

where’ C, is the concentration of free chlorine in moles per
liter surrounding the anode, Cf_ is the concentration of chlo-
rine ions in the solution, and % is a constant. If Co, and O

e

are both equal, the value of e is %Y log &, and is called the

electrolytic potential. For a solution saturated with chlorine
at atmospheric pressure containing 0.064 mole per liter, and
normal with respect to chlorine ions, e = — 1.667 volts,! assum-
ing the potential of the dropping electrode to be zero. The
negative sign indicates that the solution is negatively charged.
Chlorine cannot therefore be liberated at atmospheric pressure
at a potential difference less than this value. On a platinized
platinum cathode in an acid solution, normal with respect to
hydrogen ions, hydrogen would be liberated at — 0.277 volt.
But the solution around the cathode is neutral to start with,
and soon after the electrolysis has begun is alkaline, due to the

1 Miiller, Z. f. phys. Ch. 40, 158, (1902).
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formation of alkali hydrate. The hydrogen ion concentration
is then very much reduced below its value in the original
neutral solution. This alkalinity might have any value, but
for the purpose of calculation the solution around the cathode
will be assumed normal, though it would not reach such a high
value in a cell not containing a diaphragm. The value of the
potential of the cathode on twhich hydrogen is being liberated
would then be 0.54 volt, 0.82 volt more positive than the po-
tential in a normal acid solution.? The cell would then have
an electromotive force of its own of

e=0.54 —(—1.66)= 2.20 volts.

The decomposition point of a concentrated solution of sodium
chloride, determined, as usual, with a very small current, is
1.95 volts, but this is because the solution around the cathode
is more nearly neutral than assumed above. Continuous elec-
trolysis requires from 2.3 to 2.1 volts.3
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F1a. 31. — Curves showing the relation between current and anode potential, in
solutions of sodium chloride and of sodium hypochlorite

As was shown above, when the hypochlorite reaches a certain
concentration, the hypochlorite ion is also deposited on the anode.
It has never been possible to determine the decomposition point
of this ion, however. It is evident from the curves in Figure
31,% in which the decomposition points of two solutions are

2 Le Blanc, Electrochemistry, p. 209, (1907).
8 Lorenz, Z. f. Elektroch. 4, 247, (1897).
¢ Foerster and Miiller, Z. f. Elektroch. 8, 634, (1902).
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given, one normal with sodium hypochlorite and 0.025 normal
with sodium hydrate, the other normal with sodium chloride
and 0.01 normal with sodium hydrate, that hypochlorite ions are
not liberated before hydroxyl ions. This is shown by the fact
that there was no increase in the current below the potential
— 1.16 volts, approximately the point at which hydroxyl ions
are liberated in a normal hydrate solution. It is also evident
that the electrolysis of a normal chloride solution begins at a
higher potential than the hypocholorite solution. The decom-
position point of the hypochlorite ion therefore lies between
those of the hydroxyl and the chlorine ions.

Since there is a difference of about 0.5 volt between the de-
composition points of chlorine and hydroxyl ions, it would
seem impossible to liberate chlorine ions in a strongly
alkaline solution. This would be the case if it were not
that the potential of an anode on which oxygen is liberated
increases continuously, and eventually reaches the potential
at which chlorine is liberated. If it were not for this in-
crease in the potential, caused by the liberation of oxygen, the
decomposition of a chloride in an alkaline solution would be
impossible.5 Another effect which tends to make chlorine de-
posit in an alkaline solution is the fact that the hydrate has a
depolarizing effect on the chlorine, in consequence of which
chlorine will be liberated at a lower potential than that neces-
sary forits deposition at atmospheric pressure. Table 14 shows

TasBLE 14
Per CeNT YIELD IN ACTIVE OXYGEN
ANoDE
AMPERES
POTENTIAL As Hypo-
Total chlorite As Chlorate
—1.09 —_ —_— 0.0 —
—-1.21 to —-1.27 0.016 — 0.9 —
—1.30 to — 1.51 0.28 to 0.14 3.2 2.6 0.6
—1.51 to — 1.595 0.5 to 0.4 16.4 8.2 8.2

5 Foerster and Miiller, Z. f. Elektroch. 9, 184, (1903).
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nized platinum and on smooth platinum anodes shows the same
difference, as is seen from the curves in Figure 32.8 It is evi-
dent that the overpressure of an anion is a function not only of
its own chemical nature, but also of the solution from which it
is deposited, of the current density, and of the material com-
posing the anode.

The cause of this overpressure of 0.58 volt on platinum is not
well understood; it may be due to the resistance of a film of gas
liberated on the anode. There is a corresponding overvoltage
in other solutions, such as sodium hydrate and sulphuric acid,
where oxygen, in place of chlorine, is liberated. These over-
pressures are not equal for the same current density in these
different solutions.?

Though the overpressure on smooth platinum anodes may
not itself be understood, its presence offers a possible explanation
of the higher concentration of hypochlorite obtained with a
platinized anode, for the relation between the decomposition
potential and the concentration of ions is that the decomposition
potential decreases as the concentration increases. Therefore,
with a lower anode potential, the concentration of the hypo-
chlorite ions would have to be greater before decomposition
takes place.1®

It is an experimental fact, as has been stated above, that very
little perchlorate is produced until most of the chloride has been
changed to chlorate. This is due to the fact that the decom-
position potential of normal sodium chlorate is 2.36 volts,!! while
that of the chloride is 1.95 volts.® The high potential re-
quired for the deposition of the chlorate cannot therefore be
reached until most of the chloride has been used up.

When chlorine- is dissolved in water, according to equations
(2) and (4), a certain amount of hypochlorous acid and hypo-
chlorite will be produced. Both hypochlorous acid and hypo-
chlorite are oxidizing agents, and therefore give an unattackable

& Miiller, Z. f. Elektroch. 8, 426, (1902).

? Foerster and Miiller, Z. f. Elektroch. 8, 533, (1902).
10 Foerster and Miiller, Z. f. Elektroch. 9, 199, (1903).
11 Wohlwill, Z. f. Elektroch. 5, 52, (1898).
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electrode a definite potential. If the reactions by which they
give off oxygen, or what is the same thing, hydroxyl ions, are

HOCl=OH- + Cl- 4 2F, (30)
Cl0-+ H,0=Cl"4+20H +2F, 3D
the potentials would be given by the equations
RT k, O

g 2Lnoct
TR O S @

RT ks Coere
e3="5- log-(—;E(;}zi:_—(_’(‘10T (33)

and for equilibrium concentrations,
e, = 6y = ¢, (34)

e; being taken from equation (29). When chlorine is liberated
on an unattackable anode, the equilibrium represented by (9),

Con =8 -1 Cuoat =1. -17 ‘q&

o 3.6 x 10 o 1.4 x 10 02
must be established, and, assuming the chlorine electrode is re-
versible, the production of hypochlorite and hypochlorous acid
must be, according to (31) and (32), taken from right to left.
This means that a primary production of hypochlorite and
hypochlorous acid takes place on the anode to a small extent.

Fluorides, Bromides, and Iodides

The electrolysis of the other alkali halogen compounds has
not attained anything like the commercial importance of the
electrolysis of chlorides; still, for the sake of completeness, the
behavior of the other alkali halides on electrolysis will be briefly
described. ‘

Fluorine decomposes water with the evolution of oxygen and
ozone :

20H-+2F1-=H,0+ O. (35)
No oxygen compounds of fluorine are known, consequently the
electrolysis of fluorides offers nothing to compare with what
is obtained in the case of chlorides.
I
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Bromine enters into exactly similar equilibria when added
to alkali hydrate to those already described in the case of
chlorine. They are represented by the equations:1

Br, + OH-=HOBr + Br‘}

(36)
HOBr + OH- = BrO- + H,0

Hypobromite is therefore always the first product of the reac-
tion when bromine acts on alkali hydrate. When one mole of
bromine acts on one equivalent of hydrate, the reaction is not
as complete as in the case of chlorine, but appreciable quantities
of bromine and hydrate remain unchanged.

The formation of bromate according to the equation

2 HOBr + NaBrO = NaBrO,; + 2 HBr Cip)

takes place with over 100 times the velocity of the correspond-
ing reaction for chlorate. This reaction takes place even in
slightly alkaline solutions with a high velocity, on account of
the greater hydrolysis of hypobromite, but in solutions that are
at least 0.1 normal with respect to hydrate, the hydrolysis has
been so far reduced that hypobromite is as stable as hypo-
chlorite. When a concentration of the hydrate is still further
increased, the rate at which bromate is produced increases,
probably according to the reaction :

3 NaBrO = NaBrO, + 2 NaBr. (38)

This differs from the corresponding reaction for chlorate, in
that it proceeds with scarcely any evolution of oxygen. This
reaction, however, is very much slower than that represented
by equation (87), and need not be considered in the practical
preparation of bromate.

In electrolyzing a bromide solution, free bromine is liberated
on the anode, accompanied by oxygen from the discharge of
hydroxyl ions, and produces hypobromite with the hydrate
formed at the cathode. The concentration of the hypobromite
increases up to a certain point, after which it remains constant,
and the only product of the electrolysis is then bromate. As

1 Horst Kretzschmar, Z. f. Elektroch. 10, 789, (1904).
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the hypobromite increases in concentration, the evolution of
oxygen also increases, the hydroxyl ions for which are fur-
nished by the hydrolysis of the hypobromite.

Bromate is formed partly by the secondary oxidation of hypo-
bromite by hypobromous acid, which is always present to a
certain extent on the anode, and partly by direct oxidation
according to the equation :

BrO- + 2 O = BrOj3. (39)

The hypobromite ion is not discharged, so there is no reaction
between it and water, as there is in the case of the hypochlorite
ion.

The concentration of hypobromite attainable is greatest with
a high current density, a high concentration of bromide, and a
low temperature. It is also higher on platinized anodes than
~ on smooth, as is the case with hypochlorite. The highest con-
centration of hypobromite attainable is about the same as that
of hypochlorite, but the current yield is less, on account of the
greater tendency to form bromate. Unless potassium chro-
mate is added to the solution, bromate, as well as hypobromite,
is subject to reduction on a smooth platinum cathode,? which
is another point of difference between chlorate and bromate.

Perbromic acid and its salts cannot be produced by elec-
trolysis, and it is doubtful whether they exist at all.3

When iodine is brought in contact with hydrate, the
equilibria

I+ OH- =HOI + I~ } (40)
HOI+ OH- = OI- + H,0

are established exactly as in the case of chlorine and bromine.*
Hypoiodite is very considerably hydrolyzed, and therefore,
unless the solution is very alkaline, it changes rapidly to iodate
by the reaction:

2 HOI + KIO = KIO; + 2 HI. “n
2 JI, Pauli, Z. f. Elektroch. 3, 474, (1897).

8 Roscoe and Schorlemmer, Treatise on Chemistry, 1, 358, (1905).
4 Foerster and K. Gyr, Z. f. Elektroch. 9, 1, (1903).
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If an excess of alkali is present, however, the hydrolysis is
driven back, and hypoiodite can be obtained free from iodate.
The formation of iodate is accelerated by an increase in the
temperature and concentration of the iodide, and by decreasing
the alkalinity.

The rapidity with which hypoiodite changes to iodate is
shown by the following facts: If 50 cubic centimeters of a
0.1 normal iodine solution are mixed with 50 cubic centimeters
of a normal sodium hydrate solution at zero degrees, a 0.05
normal hypoiodite solution would be 100 per cent yield. Imme-
diately after mixing, however, there is only 95 per cent of this
amount of hypoiodite, and after 2 minutes, only 75 per cent
remains. On dilution it is more stable ; a 0.01 normal hypoio-
dite solution remains practically unchanged for a few minutes
in a 0.1 normal alkaline solution at room temperature.

On electrolyzing a neutral solution of alkali iodide, the io-
dine liberated on the anode comes in contact with the hydrate
from the cathode, and the first product is hypoiodite. This
changes over to iodate rapidly, as shown above, even in an alka-
line solution, so that the electrolysis of an alkali iodide solution
is similar to that of a slightly acid chloride solution. Conse-
quently the hypoiodite solution reaches a limiting concentra-
tion, after which the product of the electrolysis is exclusively
iodate. This limiting concentration of hypoiodite is determined
by the current density, temperature, and the concentration of
iodide and alkali. An increase in the alkalinity increases the
limiting concentration of the hypoiodite, while it decreases
that of the hypochlorite. This is due to the different ways
in which iodate and chlorate are formed in alkaline solutions.

As the hypoiodite never can become concentrated, the possi-
bility of the electrolytic discharge of the hypoiodite ion is
very small. Therefore the oxygen evolution, which takes place
only when the iodide is dilute and the solution is alkaline,
must be due nearly entirely to the discharge of hydroxyl ions.
It is therefore in no way connected with the formation of io-
date. )

6 Foerster and Gyr, Z. f. Elektroch. 9, 215, (1903).
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Periodates cannot be produced by the electrolysis of iodates
except with a diaphragm.® This is shown by the fact that
without a diaphragm no hydrogen is evolved on electrolysis,
but is all used in reducing the iodate. After electrolysis has
proceeded a while, the oxygen evolution also becomes zero.
There is then a constant amount of iodide and iodate in the
solution ; as fast as iodate is formed on the anode, it is reduced
on the cathode. In neutral solutions iodate is not oxidized to
periodate, and in alkaline solutions, potassium chromate does
not prevent the reduction of iodate to iodide.

By using a diaphragm, a current yield in periodate of about
26 per cent can be obtained. The best conditions are low tem-
perature, low-current density, and at least 4 per cent alkalinity.

2. TrcHNICAL CELLS FOR HYPOCHLORITE, CHLORATE, Hy-
DRATE, AND CHLORINE

Hypochlorite. — Hermite’s cell, patented in 1887, was the
first cell to be even moderately suc-
cessful for the electrolytic manufac-
ture of hypochlorite.! It consisted
of a rectangular box of ceramic with
a grooved channel around the top for
carrying off the solution of sodium
and magnesium chlorides, which
entered at the bottom. The cathode
consisted of numerous disks of zine
supported on two slowly rotating
shafts running through the box and
separated from each other by a parti-
tion. The anodes, consisting of thin
sheets of platinum held on a noncon-
ducting frame, were placed between

g : . . F1g. 33. — Elevation of Kellner
. the zinc disks. In practice this cell cell

6 B. Miiller, Z. f. Elektroch, 7, 509, (1901).
1'W. H. Walker, Electroch. Ind. 1, 440, (1903); Engelhardt, Hypochlorite
and Elektrische Bleiche, p. 77, (1903).
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gives a current yield of about 40 per cent and an energy yield
of one kilogram of chlorine for twelve kilowatt hours.2

The Kellner cell, made by the Siemens
+ - and Halske Company, is shown in Figures
33, 34, and 35. A glazed stoneware vessel
is divided into a number of compartments
by glass plates fitted into grooves in the
sides of the cell. The plates are wound
with platinum-iridium wire, which acts
as intermediate
electrodes, forn- __ [FERRRATRAT
ing the anodes U
on one side and
the cathode on
the other side of -
Ta. &k&,ﬂe?‘xd% of the glass plajces. it

The solution
enters through holes in the bottom of
the cell and the electrolyzed solution flows out spouts at the
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Fi1G. 35. — Plan of Kellner cell

top into a vessel containing a cooling coil. From here it is
pumped up through the cell again. This circulation continues

2 Engelbardt, Z.c. p. 86.
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It is made of stoneware and is divided into eight

The Schuckert cell is also made by the Siemens and Halske

until the desired strength of hypochlorite has been obtained.
Company.

This is illustrated in Figure 36.
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FiG. 37. — Horizontal section of Haas and Oettel

Each

cell has a cooling coil, and no pumps are needed for circulation.

The solution enters at one end and travels
The units are built in pairs and are designed for 110 volts.

or ten compartments, each having two graphite cathodes and a

in a zigzag direction through the different compartments.

Pt-Ir foil anode.
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The Haas and Oettel cell is shown in horizontal and vertical
cross sections in Figures 37 and 88.2 The electrolyzer & is im-
mersed in the solution in the storage vessel a. The electrolyzer
consists of a vessel divided into several compartments ¢ by
divisions 7, made of carbon or any suitable material, and form-
ing the intermediate electrodes. The liquid enters the elec-
trolyzer through the passage d, one of which leads into each
compartment. As soon as the current is turned on, gas is pro-
duced in each compartment, which rises and, carrying the liquid
with it, causes it to flow through the channels e, as shown by
the arrows. This automatic circulation is very efficient. A
cooling coil in the container prevents the temperature from
rising too high. The electrolysis is continued till the concen-
tration of the hypochlorite has reached the desired value.
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Fi1a. 38.— Vertical section of Haas and Oettel cell
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This cell was never put on the market in this country in the
form shown,* but an improved cell is made by the National
Laundry Machinery Company of Dayton, Ohio, the details of
which are not now available.

Among a number of other factors, the cost of the production

3 U. S. Pat. 718,249, (1903).
¢ Communication from the National Laundry Machinery Company.
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of hypochlorite depends on the cost of salt and of power, and
on the concentration of the hypochlorite produced ; for, as was
shown above, the current efficiency of the production of hypo-
chlorite approaches zero as the concentration increases. For
cotton bleaching the hypochlorite is diluted to three grams of
active chlorine per liter, and is discarded after using.® Less
salt will therefore be lost if as much as possible is changed to
hypochlorite, but the cost of power increases as the concentra-
tion increases. . The concentration to which it will be most
economical to continue the electrolysis will therefore depend
on the relative cost of power and of salt, assuming all other
conditions of the experiment constant. There will then be a
concentration of hypochlorite for which the cost will be a mini-
mum, assuming a definite cost for the salt and the power.
This minimum cost is found by plotting as ordinates the cost

TaBLE 15

The Kellner Cell

OrrciNaL NaCl neiaes mie | G Aotive PER CENT KW. Hr. PER K_G' SALT PER
Conc. Ka. PER & CURRENT Ka. AcTIvE Ka. ACTIVE
100 L. G Clezails YiELp - L ol
6.3 120 1.84 77.8 5.9 34.2
6.3 120 3.34 68.8 6.7 18.9
6.3 120 7.06 61.8 74 8.9
6.3 120 10.01 44.5 10.3 6.3
10.0 137 - 3.09 81.5 52 32.4
10.0 137 6.85 68.6 6.2 14.6
10.0 137 10.44 58.2 7.3 9.6
10.0 137 12.96 45.9 O ’ Usif
15.0 126 3.00 82.3 5.1 50.0
15.0 126 6.28 73.0 B 23.9
15.0 126 10.50 65.3 - 6.4 14.3
15.0 126 13.50 54.2 4ol 11.1
20.0 130 2.48 90.1 4.5 80.7
20.0 130 6.58 78.0 5.2 30.4
20.0 130 10.09 70.0 5.8 19.8

5§ W. H. Walker, Trans. Am. Electrochem. Soc. 9, 23, (1906).
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Chlorate Cells. — Since chlorate is made directly from hypo-
chlorite, a chlorate cell would not be expected to differ from a
hypochlorite cell in any mechanical details. The earlier chlo-
rate cells, however, contained a diaphragm, and the cathode
solution was allowed to circulate to the anode compartment.
This was to prevent the reduction of the hypochlorite from
which the chlorate is produced ; but since the discovery of the
action of potassium chromate, reduction can be avoided with-
out a diaphragm.

The first process to be used in practice was that of Gall and
Montlaur, patented in 1884.8 This cell originally contained a
diaphragm to prevent reduction, and the solution circulated
from the cathode to the anode by means of external pipes. The
solution must, of course, leave the anode compartment as rapidly
as it flows in, but whether it leaves the cell entirely or returns
to the cathode compartment is not stated. Since 1897 the
diaphragms have been given up. A plant employing this pro-
cess was put in operation at Vallorbe in 1891, and another in
St. Michel, Savoy, in 1896. Very little information concerning
these plants has been published.

In 1892 the National Electrolytic Company at Niagara Falls
employed ‘the chlorate cell of W. T. Gibbs.® A number of
these cells clamped together are shown in Figure 39, and a side
elevation of one cell on the line 22 of the preceding figure, in
Figure 40.2 Each cell consists of a frame A made of wood with
a metallic resistant lining B. The rods € forming the cathode
are attached on one side of this frame, and on the other, the
anode, consisting of a metallic plate D faced with platinum Z.
Copper is preferred for the cathode and lead for the plate D.
Successive frames are separated from each other by gaskets F.
@ are supply tubes and H are vents for the escape of gas and
liquid. The cells are clamped together by the plates JK and
the bolts L. Each pair of electrodes is separated by the corre-
sponding gasket. The horizontal insulating rods O prevent

8 J. B. C. Kershaw, Die Elektrolytische Chloratindustrie, p. 19, (1905).
% J. W. Richards, Electrochem. Ind. 1, 19, (1902).
1077, 8. Pat. 665,426, (1901).
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short circuit between the anodes and cathodes, which are only

from 1 to 8 millimeters apart.

The electrolyte circulates from

the cell to a cooling vessel where the chlorate is precipitated.
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Fia. 39.— Gibb’s cells clamped together

A convenient size for these cells is 66 by

More chloride is then added, and the solution is returned to the
45 centimeters and 7.5 centimeters thick.

electrolyzing cell.
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The cell of Lederlin and Corbin, used at Chedde, is of the
open type.ll It contains a platinum anode and two cathodes of
copper, bronze, brass, or iron. The anode has an area of 10
square centimeters and the cathode, 32.

o

The chlorate is generally purified by recrystallization, and
the recrystallizing apparatus is an important part of a chlorate
plant.

The yield at Vallorbe was at first 55.9 grams per kilowatt
hour, though this has since been considerably increased.1?

Fia. 40, — Section of single Gibb’s cell

11 Kershaw, I.c. p. 38. 12 Kershaw, I.c. p. 63.
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The yield obtained at Chedde with the Lederlin and Corbin
cell in a slightly acid solution containing potassium bichromate
was 0.69 gram per ampere hour, or 90 per cent of the theoretical.

Perchlorates. — The cells used for the production of chlorates
can be used equally well for perchlorates. Whether there is a
difference in practice cannot be stated, for no description of a
perchlorate cell has been published.

Alkali Hydrates and Chlorine. — In cells in which hydrate
and chlorine are to be the final product, the anode must be sep-
arated from the cathode so that the chlorine and hydrate can-
not mix. In the first type of cell to be considered, this is
accomplished by means of a porous diaphragm. A very large
number of such cells have been patented, but only a few need
be described.

One of the simplest of the diaphragm cells is McDonald’s,
used by the Clarion Paper Mill at Johnsonburg, Pennsylvania,!3
and the United States Reduction and Refining Company in
Colorado. At the latter plant, there are 75 cells, producing
1500 pounds of chlorine in 24 hours.* Two vertical sections of
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Fi1a. 41. — McDonald cell

the cell are shown in Figure 41. It consists of a cast-iron tank,
1 foot wide, 1 foot high, and 5 feet and 2 inches long, with
two longitudinal perforated partitions. The perforations are
75 inch in diameter, and there are 4 or 5 to the square inch.
A diaphragm is placed next each partition in the middle com-

13 Electrochem. Ind. 1, 387, (1903).
14 J. B. Crocker, Electrochem. and Met. Ind. 5, 261, (1907).
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partment, containing the anode. The diaphragms consist of
asbestos paper fastened to asbestos cloth by sodium silicate, and
are held in position by cemenf placed over both end walls and
the bottom of the anode compartment. This compartment is
closed by a cast-iron cover 5 inches deep, 6 inches wide, and
nearly 6 feet long, into which the anodes are cemented. It is
lined with cement and painted inside with asbestos varnish.

The anode consists of blocks of graphitized carbon, 4 inches
square and 10 inches long, into each of which a copper rod is
fastened by lead for the electrical connection. The partition
walls form the cathode.

The partition walls are flanged, forming a seat to hold the
cover, which is surrounded by a layerof cement. The chlorine
is conducted from the anode compartment by a lead pipe to a
gas main which leads to absorbing towers containing lime-
water. Brine circulates through the anode compartment.

The diaphragms last about 8 months,”® after which time the
pores become clogged.

The sodium hydrate solution leaving the cathode compart-
ment contains from 7 to 18 per cent sodium hydrate. When
the diaphragm is new, the level of the liquid in the anode and
cathode compartments is nearly the same, but when it becomes
more or less stopped up, the depth of the liquid in the cathode
compartment is only an inch or two.

The Hargreaves-Bird cell consists of a cast-iron box 10 feet
in length, 14 inches in width, and 5 feet in height.}® It is
divided into three compartments by two diaphragms made on
heavy copper gauze, which forms the cathode. The space
between the diaphragms is the anode compartment, through
which brine circulates. There is no liquid in the anode com-
partment except what percolates through the diaphragm.
Steam and carbonic gas are blown through the two outer com-
partments and change the hyrate formed on the outside of the
diaphragm to sodium carbonate. This cell takes 2000 amperes
at from 4 to 4.5 volts. The anode is a row of gas carbons,

15 I, Rostosky, Z. f. Elektroch. 11, 21, (1905).
18 Electrochem. and Met. Ind. 3, 350, (1905).
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which last 30 to 40 days. The diaphragms last about the same
length of time.

The Hargreaves-Bird cell is shown in Figure 42, which is a
partial longitudinal section and side elevation, and in Figure
43, which is a section perpendicular to the length." The
outside frame [ is of iron lined with cement and bricks m,
which are saturated with tar to prevent leakage.. The space
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F1c. 42. — Hargreaves-Bird cell, side elevation

f is the anode compartment through which the chloride solution
circulates, entering through the pipe g and leaving through A.
The diaphragms are made of asbestos paper, the pores of which
have been filled with hydrated silicate of lime or magnesia.®
In the cathode chamber a number of copper strips & are placed,
imbedded in cement e, extending from the cover plate ¢ to the
cathode d, and inclined downwards. These direct the con-

17 U, S. Pat. 655,343, (1900). 8 U, S. Pat. 596,157, (1897).
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densed vapor against the cathode to wash away the alkali as it
is formed. The lower edges of the strips have openings, in
order to allow the steam and gas to 2

pass freely over the cathode. o, a' are :— _/,—_ ;[—_r
the injectors for supplying carbonic I g7 |
acid gas and steam to the cathode LH T /et
: iy L ]
chambers. 2, 2 are pipes for draining ]
the cathode chammbers. The chlorine | e a“'
passes from the anode chambers to the »ﬂ W
towers, where it is absorbed by milk ée [ e
of lime. < Rea 4
AL 1k +H]
The West Virginia Pulp and Paper F16:2. — %
. Company, Me- - R
% . . p =G -4
chanicsville, 2 | PRI . g
AN New York, use i L
] this cell for SO AR,
= B & . < 5
making  their P 7
pr bleaching solu- Zf i 1‘. i | A
tions.?® This [} : U : <
plant consists i

of two rows of Fic.43.—Hargreaves-Bird cell,
14 cells each, GGG 2ot
all connected in series.

Perhaps the most efficient diaphragm
cell in use is the Townsend cell, repre-
sented in cross section in Figure 44,
and in perspective in Figure 450 The
anode space is inclosed between a lid C,
two vertical diaphragms D, and a non-
conducting body H. Graphite anodes

& pass through the lid on the cell. The

FiG. 4. — Townsend cell 2 .

~ perforated iron cathode plates S are in
close contact with the diaphragms. These plates are fastened
to two iron sides I, which form the cathode compartment. The
anode compartment is filled with brine 7, and the cathode com-
19 Electrochem. and Met. Ind. 6, 227, (1908).
‘2 Electrochem. and Met. Ind. 5, 209, (1907).
K
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partment with kerosene oil K. The brine percolates through
the diaphragm, and, when the current is turned on, it contains
hydrate. The
aqueous solution,
on passing the dia-
phragm, comes in
contact with the
kerosene and
forms drops which
fall to the bottom
of the compart-
ment, are collected
in the pocket A4,
and are drained off
through P. The
solution leaving P
contains 150 grams
of sodium hydrate
and 213 grams of
salt per liter. The
salt is separated
by evaporation and
is used over again.
The continual percolation prevents nearly all diffusion of hy-
drate back to the anode. The rate of percolation for a 2500-
ampere cell is from 15 to 30 liters an hour.2

The Townsend cell is 8 feet in length, 3 feet in depth, and
1 foot in width, and consists of a U-shaped concrete body
against which the two iron side plates are clamped. A rubber
gasket is placed between the concrete and the iron to make a
tight joint. Brine circulates through the anode compartment,
and during its passage the specific gravity falls from 1.2 to
1.18. On leaving the cell it is resaturated and is then ready to
be passed through again. There is a loss in kerosene which
amounts in cost to about two dollars a day for a large plant.

The diaphragms of the Townsend cell consist of a woven

F1G. 45. — Townsend cell

21 Baekeland, Electrochem. and Met, Ind. 7, 314, (1909).
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sheet of asbestos cloth, the pores of which are filled with a mix-
ture of iron oxide, asbestos fiber, and colloid iron hydroxide.
This mixture is applied with a brush like ordinary paint. Di-
aphragms may be renovated by scrubbing and washing the
surface with water, allowing to dry, and repainting with this
mixture. This operation is not necessary more than once in
five weeks, and sometimes not for several months.

The current efficiency of the Townsend cell is as high as 96
or 97 per cent under ordinary conditions, with a current density
on the anode of 1 ampere per square inch and about 4 volts on
each cell.Z This cell has been in use at Niagara Falls in the
plant of the Development and Funding Company since 1906.
This plant originally consumed 1000 kilowatts, and accordmg
to latest accounts it was being increased to four times this
capacity.2!

Not much information concerning the bell process as actually
arranged in practice is available. The process is carried out by
the Oesterreiche
Verein fiir
Chemische und
Metallurgische
Production in
Aussig, and at
several places in
Germany. Fig-
ure 46 shows
two cross sections of the cell, 25 of which are placed side by
side in each bath.2 The solution leaving the bath is said to
contain 100 to 150 grams of alkali hydrate per liter, at a cur-
rent yield of 85 to 90 per cent and with 4 to 4.5 volts per cell.*

The Castner cell? is represented in Figure 30. It is a slate
box 4 feet square, and 6 inches deep, the joints of which are

e

[ 1
m

F1a. 46. — Cell for Bell process

22 For laboratory tests on the efficiency of this cell, see Richardson and Patter-
son, Trans. Am. Electrochem. Soc. 7, 811, (1910).

%87, f. Elektroch. 7, 925, (1901).

2 Haeussermann, Dinglers polyt. J. 315, 475, (1900).

2% U. S. Pat. 528,322, (1894).
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made tight with rubber cement.® Two partitions, reaching to
within {% inch of the bottom, divide the cell into three compart-
ments. The two outside compartments contain the graphite
anodes A, and the middle compartment, the iron cathode C.
Brine circulates through the anode compartments, and pure
water is supplied to the cathode compartment. The cell is piv-
oted on two points at one end and the other is raised and lowered
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Fic. 47. — Whiting electrolytic cell, plan

about } inch once a minute, causing the mercury to circulate be-
tween the anode and cathode compartments. The hydrate
leaving the cathode compartment has a specific gravity of 1.27.
This is evaporated to solid hydrate in large iron pans. Each
cell takes about 100 pounds of mercury, which is a very large
item of expense. The current for each cell is 630 amperes at
4.8 volts, and the current efficiency is about 90 per cent.

26 J, W. Richards, Electrochem. Ind. 1, 12, (1902).
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The Whiting mercury cell is# of a different type from the
Castner cell. The sodium is not electrolyzed out of the amal-
gam, but the amalgam is withdrawn from the electrolyzing
chamber and treated with water in a decomposing chamber
where the hydrate is formed. A number of electrolytic com-
partments are placed in parallel and are operated successively,

F1c. 48. — Whiting electrolytic cell, cross section

so that the cell is continuous in its action, though intermittent
in principle.

This cell, shown in Figures 47, 48, and 49, is a massive con-
crete structure supported on four concrete pedestals, from
which it is insulated. It consists of a shallow box divided into
two compartments, A and B, by a concrete partition. The
bottom of the decomposing chamber is divided by low glass
partitions into a number of sections having V-shaped bottoms

27 Jasper Whiting, Trans. Am. Electrochem. Soc. 17, 327, (1910).
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sloping at a slight angle towards the central slot D. These
slots lead through the concrete partition into the oxidizing
chamber B, where they turn upward and are closed by valves
E. The valves are operated by the cams #, which are attached
to a slowly revolving shaft G. The other ends of the slots are
connected by the channel H, called the distributing level.
This connects with a secondary channel I, which leads through
one of the side walls of the cell to a pump o, at the extreme
end of the oxidizing compartment. Mercury covers the bottom
of the decomposing compartment, filling the above-described
sections to a common level. The anodes K are slabs of
Acheson graphite, perforated to allow the chlorine to escape,
and rest upon the ledges L, placed at the ends of the section in

G M T

F1G. 49. — Whiting electrolytic cell, longitudinal section

such a way as to make a very short distance between the anode
and the mercury cathode. The anodes are connected to the
dynamo by the leads M.

The oxidizing chamber is divided into three compartments
P, lined with graphite and sloping downward in successively
opposite directions, forming a zigzag path to the pump pit @,
where the stoneware rotary pump J is placed. Brine fills the
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decomposing chamber, and water or alkali hydrate fills the oxi-
dizing chamber.

The action is as follows : The floor of several sections of the
decomposing chamber is covered with mercury, maintained at
a common level by the distributing level. The current flows
from the anode through the brine to the mercury and out by
the iron rods R, partly imbedded in the concrete. When the
electrolysis has proceeded about two minutes, the valve at the
point of exit of one of the sections is opened by the action of
the cam, and the entire mass of sodium amalgam in the section
sinks into the slot and through the connecting pipe into the
oxidizing chamber. 'When the mercury is out of the cell, the
valve is closed by the cam. Mercury free from sodium then
flows into the empty chamber by way of the distributing level,
until the common level is reached. In the mea<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>