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180° C., or, more strictly, to be a curve whose curvature is so
slight that it can be so described.”

This conclusion is practically in agreement with that stated
in this paper.

Discussion.

Mr. Rose-INNES said that in his paper the author had used
the generalizations of van der Waals, although the author
himself had shown that they were not strictly true.

Dr. Youxc said that the generalizations held accurately
in some cases, although they did not in others. In all cases
in which molecular association or dissociation did not occur
they were approximately true, and it was advisable to study
them in order, if possible, to ascertain the cause of the small
deviations.

XXXI. On the Concentration at the Electrodes in a Solution,
with special reference to the Liberation of Hydrogen by
Electrolysis of a Mixture of Copper Sulphate and Sulphuric
Acid. By Hexry J. 8. Sanp, Ph.D., Bowen Research
Scholar at Mason University College, Birmingham*,

ConTrNTS :—Iistorical introduction.—Theoretical consideration of
the Liberation of Two Constituents at an Electrode.—Calculation of the
Concentration in a Solution contained in a cylindrical vessel, across one
end of which a constant flow of salt is taking place.—Application of
results to obtain Values for the Concentration at the Electrode of the
Solution of a single Salt and of a Mixture.-—Experimental determination
of the Time required till Hydrogen appears during Electrolysis of an
Acid solution of Copper Sulphate.—A new method for determining
the Diffusion-Coefficient of Copper Sulphate.—Experiments to show the
great influence of Convection-Currents on the quantity of Hydrogen
given oft in the Electrolysis of an Acid Solution of Copper Sulphate—
Summary of results.

SINCE the electrolysis of mixtures first attracted the atten-
tion of scientists, three distincet views have been held about
the processes which take place at the electrodes.

In 1857 Magnust put forward the theory that in the

* Read October 26, 1900,
t Pogg. Ann. il p. 17,
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solution of a mixture of two salts, only one is decomposed
if a current of small density be employed ; if, however, the
current-density exceeds a certain definite value, the second
salt also suffers decomposition. He attempted to find this
definite value in the case of a mixture of copper sulphate
and sulphuric acid, ascribing it to a current-density which
roduced a visible amount of hydrogen at a vertical cathode
within fifteen seconds. The result obtained was, that the
value was roughly independent of size, distance, &c. of the
electrodes, and only a function of the composition of the
electrolyte.

About the same time Hittorf was engaged in his funda-
mental researches on the processes which take place within
the electrolyte. His experiments, as is well known, proved
that in the interior of the solution of a mixture of two salts,
both take part in the conduction of the current at all current-
densities. Regarding the process which takes place at the
electrode, he at that time assumed that the ions of both salts
were primarily deposited in the same proportion' in which
they had taken part in the conduction of the current within
the liquid. In most cases, however, one of the components
would act chemically upon the solution with a definite reaction-
velocity; and it was only when this velocity was exceeded by
the rate at which it was being primarily deposited at the
electrode that its liberation would become perceptible *.
Thus in a mixture of copper sulphate and sulphuric acid,
hydrogen would be primarily liberated at all current-den-
sities; but it would only become visible when the velocity
with which it was supposed to decompose copper sulphate in
the nascent state was exceeded by the rate at which it was
being primarily set free.

It appears that it was Le Blanc who first insisted sufficiently
* on the fact that the mode of conduection of the current within
any part of the interior of the electrolyte does not necessitate
the same mode at the electrodes. His investigations having
proved that the same minimum electromotive force must be
applied to various acids and bases in order to cause the con-
tinuous passage of a current of appreciable magnitude through
them, Le Blanc framed his well-known theory, that whereas

* Pogg. Ann. ciii, p. 46,
2m 2



498 DR. H. J. S. SAND ON THE CONCENTRATION

conduction through the interior of an acid or a base is due
in almost exclusive preponderance to its own ions, the trans-
mission from the solution to the electrode must be ascribed
primarily to the ions of water. Generalizing this statement,
he expressed the view * that in a mixture of ions at an elec-
trode those exclusively are set free which require the smallest
E.M.F. for their liberation; and it is only when their con-
centration at the electrode has gone down to zero, that those
requiring a higher E.M.F. for their liberation also appear.
Thus in a mixture of copper sulphate and sulphuric acid,
copper only should be deposited till its concentration at the
electrode has gone down to zero, after which hydrogen also
would be liberated.

The decomposition of mixtures has recently been examined
theoretically by Nernst+. We shall consider the same subject
from a slightly different point of view.

For this purpose we adopt the view, probably best adapted
for the treatment of chemical problems, that the energy ex-
pended by the current in passing through the drop of potential
at either electrodeis the equivalent of the free energy required
to effect the change from ionic to free state, or wvice versa,
taking place there, plus the energy expended on any other
processes which may accompany the passage of the current,
and which finally result in an irreversible heating-effect. For
our purposes we are justified in considering each electrode
separately, as we can always suppose the electrode not under
consideration so large that the nature of the processes taking
place there and the energy expended there per g.-ion do not
vary appreciably with the current-strength. We shall sup-
pose a mixture of two salts given, and consider the depo-
sition of n; g.-equivalents of the cation most easily deposited.
For the present we shall assume that if processes occur which
irreversibly cause the production of heat, this quantity of
heat shall be proportional to the number of g.-equivalents
liberated, so that it can be represented by An;, % being a
constant. Under these conditions, if w;, be the quantity of
free energy required to liberate one g.-equivalent, the amount

* Zeitschr. phys. Chem, xiii. p. 172,
T Zeitschr. phys. Chem. xxii. p. 541.
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of work done in the deposition of {he n, g.-equivalents will be
independent of the current-density and equal to ny(aw;+ 7).
Now the quantity of electricity which causes this will,
according to Faraday’s law, have the value fn;, f being
) - 1~ AIMp. X sec. .
Faraday’s constant of 96540 —————-—. Therefore, if the
g.~equiv.
drop of potential from the electrode to the liquid be B, the
work done by the current in passing through it will be
En,f, and this according to our assumptions is equal to
ny(wy+ k), or Ef=w,+A5.

This means that the difference of potential between the
electrode and the liquid is independent of the current-density
employed, and is always the same as the minimum E.M.F.
necessary to deposit those ions which are most easily set free.
If therefore there be ions of a second substance present, which
require for their liberation a minimum E.M.F., B;>E, none
of them will be liberated so long as any of the ions first con-
sidered are left in contact with the electrode. It is only
when E;=E that simultaneous deposition of both occurs. Our
suppositions have thus proved equivalent to Le Blanc’s view.

It should be noted that our assumption that any heating
effect which may take place is proportional to the number of
ions deposited, excludes the liberation of heat owing to
anything in the nature of electrolytic resistance in the vicinity
of the electrode, being bound up with the deposition of the
ions—electrolytic heating in a given electrolyte being, as is
well known, proportional to the square of the current. In
arriving at our result, we also excluded the supposition that at
high current-densities ions of the two salts should enter into
chemical combination, forming complex ions.

As is well known, the B.M.F. necessary to deposit an ion.
from a solution on a given electrode varies within certain
limits with its concentration in the solution. In the case of
reversible processes it can he calculated in volts by Nernst’s

formula: BE=0'860 x 10‘4% Tin ;, T being the absolute tem-

perature, n the valency of the ion, p its osmotic pressure in
the solution, and P its so-called solution-tension. When two
monovalent metals of solution-tension P, and P, are being
simultaneously deposited as a mechanical mixture, this
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equation in connexion with E;=E, leads to
0860 Thn 2t = 0860 Tln 2* or 21 =1,
b P P2 Py

a formula which is given by Nernst in the paper quoted *,

* Note~—In his paper Nernst also gives a formula for the ratioy of the
quantity of the metal (1) deposited in g.-equivalents to the total number
of equivalents liberated, the conditions being as above. This formula is
based on the consideration which follows from the results just obtained,
that if we have a solution containing the salts of two metals in a pro-
portion in which they are not simultaneously deposited, the metal which
is in excess of this proportion will at first be deposited alone until the
proportion for simultaneous deposition be again attained. If we there-
fore start with a solution which contains the salts of two monovalent
metals in the proportion given by the equation % = %, or, assuming

s :
complete dissociation and indicating concentrations by ¢,

,

Poooeoe e
2

5
02

... (A)

then if we stir in such a manner as to keep the concentration uniform
as nearly as possible, the ratio of concentrations which before stirring
varied throughout the electrolvte, will have the tendency to become
again uniformly
r
o= s . ... (B

It is easyto see that from the two equations (A) and (B) the ratio y men-

tioned above can be calculated to be y= 5 l:_IP . This is the formula
1 2

given without explanation by Nernst. It should, however, be parti-
cularly noted that this ratio ¢ is not the result of simultaneous, but of
successive deposition of the two metals, depending on the rate of stirring,
and that, as will be seen later (note, p. 518), the ratio of simultaneous
deposition, e. g. at the beginning of the experiment, has a different value,
irrespective of the fact whether the current employed be large or small.

In order to obtain formule referring to simultaneous deposition, when
no stirring takes place we assume the electrolysis to take place in a
cylindrical vessel bounded by its cathode, and indicate distances from it
by z, times by ¢, and name the quantity of each ion crossing any section
in the differential of time in the direction towards the electrode, 7. e. from
greater values of a to less, Fd¢ and F,d¢ respectively; then, assuming
complete dissociation, we have for simultaneous deposition of the two
(monovalent) metals as above,

e = g;c, for a=0;
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According to Neumann *, when copper is deposited from
the normal solution of its sulphate on a copper electrode,
it produces an E.M.F. aiding the current of 0315 volt ;
hydrogen, on the other hand, when it is reversibly deposited
on a platinized platinum hydrogen electrode an E.M.F. of
only 0238 volt, ¢. e. a voltage higher by 0:277, is required to
liberate hydrogen reversibly from a normal solution of its
sulphate than is required to liberate copper under the same
conditions.

Now according to Caspari’s experiments f, a 0:23 volt
higher electromotive force is required to set hydrogen free on
a copper than on a platinized platinum electrode; i.e., in
order to deposit hydrogen on a copper electrode from a
normal solution of sulphuric acid 0°507 volt more is required
than to deposit copper on the same electrode from the normal
solution of its sulphate. If we employ Nernst’s formula to
calculate the concentration of a copper solation, to deposit
copper from which would require the same voltage as to
liberate hydrogen from a normal solution of sulphuric acid at
15°, we find a value of about 2% 10~!8 normal. This means,
according to the theoretical considerations advanced, that
hydrogen will notbe given off from an acid solution of copper
sulphate till the concentration of the copper has practically
gone down to zero at the electrode.

In apparent opposition to this, the experimental liberation
of hydrogen from a not too concentrated acid solution of
copper sulphate is a matter which can be accomplished by
comparatively low current-densities, and doubt might well
arise, whether the suppositions on which our deductions are

from which follows :
00 _ li 0%, for a=0;
o8 P, ot '

F ¢ L. .
and as in every cross section %5 = %, this gives :—

oF, _ B, 3F,

3% =D, 32 for =0,
(See also note on p. 513.)
* Zeitschr. phys. Chem. xiv. p. 222,
T Tbid. xxx. p. 98,
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based were not at fault. It might be supposed that diffusion
of the copper sulphate in the liquid would effectually hinder
its concentration from going down to zero at the electrode
with the rapidity which the experiments require in order
to justify the theory. Indeed, as far as I can see, the idea
that the concentration of the copper is zero at parts of an
electrode from which hydrogen is being given off has not
been entertained by any of the experimenters who have
published work on a mixture of copper sulphate and sulphuric
acid.

It must be remarked here that changes of concentration in
a liquid are in most cases no doubt effaced to a much greater
extent by convection-currents than by diffusion. But in
order to test the theory, it is possible experimentally to do
away with convection-currents almost entirely by the methods
described in the experimental part; besides from its very
nature convection must be an erratic phenomenon, not
amenable to calculation and which could not be depended on,
continuously and uniformly, to neutralize changes of con-
centration arising on the total surface of an electrode. In
order to test the theory experimentally, it would be necessary
to calculate the concentration of the copper ions at the
electrode of an acid solution of copper sulphate from which
copper alone was being deposited, under the supposition that
only diffusion, and no convection, neutralized differences of
concentration brought about by the current. Unfortunately
neither the laws of conduction of the current nor those of
diffusion in a mixture are completely known, and if they were,
their application would probably involve extremely great
mathematical difficulties. It is therefore not possible accu-
rately to solve the problem just stated. As will be seen later
on, we can, however, solve it within certain limits by first
turning our attention to the following simpler case.

Problem : Let us suppose electrolysis to take place in
a cylindrical vessel bounded at both ends by its electrodes.
Let F g.-equivalents of salt be uniformly and constantly
removed at one end, per unit of surface and time, and let the
distance ! from the electrode forming the other end be so
great that changes of concentration occurring there do not
affect the concentration at the electrode under consideration.
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Further, let the initial concentration be uniform and equal to
0o g--equivalents per unit of volume. Find the concentration
in the interior of the liquid and at the electrode at any given
time ¢ under the suppositions, that changes of concentration
are neutralized by diffusion only, that this takes place
according to Fick’s law, and that it is not affected by the
passage of the current through the liquid *.

As the concentration at any point of the liquid cannot be
influenced by the nature of the cause producing the removal
of the salt, it will be the same as that in a similar liquid in
which a flow F was produced by a suitable gradient of con-
centration being artificially kept up immediately behind the
electrode. In such a solution, and therefore also in the one
under consideration, we have for the determination of the
state of the liquid the first equation :

¢
= Kax N ¢ )
for =0,

if concentrations at any point are indicated by ¢, distances
from the electrode by @, and the diffusion-coefficient of the
salt by K.

The uniformity of the concentration at the beginning of
the experiment affords us the second equation :

C = Cy, . . . . . . . . (2)
between =0 and 2=1 for ¢=0,

and the general expression of Fick’s law gives us the third :

0¢__ g O’
a_t Kawz L (3)

Equations 1 and 3 are satisfied by the following general
solution :

; iy
c=«£m+2ancos (——z’) - Kt; N CY)
n=0

* Note.~—Theequations given here agfar as No. 5 have already been given
by H. F. Weber in the elaboration of his beautifully conceived method
for the determination of the diffusion-coefficient of ZnSO, (Wied. Ann.
vii. p. 539). Concentrations in a solution subjected to alternating currents
have been recently examined by Warburg (Wied. Ann, 1xvii. p. 495).
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and in order that equation 2 may be fulfilled, viz. that

F n=w ( nar >

Cp— > £= a cos @
TR A T )
between =0 and 2=/,

we must, according to Fourier, make

¢ 1% F
la=f Co— = & Jdo=3lc,—~1 = I
% (i} %0(0 K ) 2¥%0 4 3

yla,= fl(co—-IE{x) cos( )dw——

which is equal to 0 or

2

(cos nr—1),

73

20°F
mn*K
according as n is even or odd.
Substituting these values in equation (4), we obtain

) F, 4F @ e 1 z o™ ’
c= KZ‘-l—CO 2KZ+ zK(00=777 n K + 9‘ 005371'—26 912Kt+.,,>
or
= %‘T‘Fco Z}Ij{ 17?~ cos 'n"%e—EK"— ;—cos 377-‘—?9‘9 T K¢ >
and remembering that :
7 1 1 1
§ lt) + 3_2 + 52+ b e e b e
we find
F n=ew \
c= %w'l' Co— KE 1;(—2”’——T)2 [l Ccos (Zn—— 1)71‘ e~ @D “K‘J

The infinite series in the above expressions for ¢ converge
so slowly for large values of /, as to make them useless for
numerical application, For I=co all the single members of
the series in the last equation become infinitely small, and

* This equation also fulfils the condition F=K _g_c_ for #=1 It can
x

therefore be taken accurately to represent the concentration in a eylinder
of length 7, filled e.g. with CuSO0, into which F g.-equivalents are
introduced per unit of surface and time at the anode and the same amount

is being taken away at the cathode, a fact which is utilized by Webenr.
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the series assumes the nature of a definite integral. We
shall convert it into a definite integral and make / infinite by
the substitutions :

=i, Lo

Tdy w dg
dg being the differential of the variable ¢ which assumes
successively the values dg, 2dg ..... Gorvnen w, and « an

arbitrary positive constant. We thus obtain :

F 4 (= K 2 _AgKe
C=K-Z‘+Co—7?KJ; dqi?(l—cos(—;ane 2 )

The value of « being arbitrary, we can make :

—_— = i.e.k=2VKt,

and we find

c=%w+co K*/Kj‘ dq(l— cos —_—e 9‘)

This expression is further simplified in the following manner:
we differentiate twice according to x and obtain

& r *9 e~ ¢
Y WK\/Kt dg cos OB

The value of the integral occurring here being known to be

\/'n— x2

3 €7 iKt, we have :
e ___F .=
02~ T KuzKe®
and making use successively of equations (3) and (2) we

find

F t dt @2
.. (6)

e~ Ey; . .
VaKJo vt
an equation from which it is not difficult to obtain numerical
values for ¢ by one of the approximation methods. For the
concentration at the electrode for which #=0, this equation
assumes the extremely simple form

c=co—-2F\/;T—tI—<=co——l'l284F \/I—t—{

=CO
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Faperimental application of equation (7).—(a) Application
to the Solution of a Single Salt.
If we electrolyse the solution of a single salt, for example
that of pure copper sulphate, we know that the value of F at

. g.-equiv. .
the cathode in Q_g._ is
cm.? sec.

ing __i(l—n,)
96540 — 96540 °

i being the current-density in EL% , n, the transport value of

the anion 8O, and n, that of the cation Cu in the solution. The
concentration at the electrode after electrolysing for # seconds
will therefore be

11284, \/T_ 1-1284 \/T
=% ~56540 "*V B=%" ggsa0' 1"V g+ &)

This formula can be employed for the determination of K if
coordinate values of ¢ and ¢ are known. Before, however,
further attempting to apply it to electrolysis, it will be
necessary to consider to what extent the conditions on which
it is based can be fulfilled in electrolytic experiments.

Let us suppose electrolysis of a pure copper-sulphate solu-
tion to take place in a cylindrical vessel of length /, bounded
at the top by a horizontal cathode, at the bottom by a
horizontal copper anode. In such a vessel, kept at constant
temperature, convection-currents will be reduced to a mini-
mum, as the lighter layers of less concentrated solution are
continually being produced at the top, and the more concen-~
trated ones at the bottom.

Our formula being based on the assumption of an infinitely
distant anode does not comprise the fact that the anode of
the real vessel we are now considering is causing a con-
tinuous flow of salt into the liquid at the distance ! below
the cathode, which is equal to the flow out of it. 1t is, how-
ever, not difficult to see that the following statements are
correct :—(1) The real concentration at the anode and in the
solution is greater than that given by the formula. (2) The
difference between the real concentration and the calculated
value is a maximum at the anode, and decreases continually
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as we approach the cathode. These first two statements can
be inferred from the principle of superposition. (3) The real

concentration at the distanceTz below the cathode is (either

according to Weber’s formula (5) or from considerations of
symmetry) constantly ¢, ; the difference between real and
calculated values therefore is

F tdt el
vaKJ, vi

2
It is easy to see that as long as t<§lK the value of this
function is smaller than

F\/__t_ “i,
’lTKe 16K¢

and from statement No. 2 we can conclude that the expres-
sion just given is also an upper limit for the difference
between the real and calculated values at the cathode. In
all the experiments carried out, this quantity is absolutely
negligible.

We now come to the reconsideration of our assumption
that diffusion in a solution is unaffected by the passage of a
current through it. This question was first tested experi-
mentally by H. F. Weber in the case of a zinc sulphate
solution, and answered by him in the affirmative. It has
recently been very thoroughly examined theoretically by
Kohlrausch *. As shown by him, changes of concentration
are in general brought about by the passage of a current
through a solution of non-uniform concentration. These
changes are in the case of a cylindrical vessel given for each
ion in our notation by the formula

oc _ ) o (ac
%t 96540&(?)’ e ®

in which ¢ is the concentration of the ion under considera-
tion, @ is its mobility, and « the conductivity of the solution.
The positive or negative sign must be taken according as the
ion is positive or negative (in contrast to Kohlrausch’s nota-
tion, where the positive ions move from smaller values of

# Wied. Ann. Lxil. p. 209 (1897).
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. ac —
x to greater). As is known, —=nis Hittorf’s transport

value of the ion under consideration, and we can write the
ahove equation in the form

oc _ + i dn oc

9¢  — 96540 dc o T 0 7 ¢

from which it can be concluded that in the interior of a
solution of a single salt in which the transport values are
independent of concentration, no change of concentration is
ever brought about by the passage of the current. In the
case of copper sulphate, however, n., the transport value of
the copper, is not independent of the concentration. It is
given according to Koblrausch by Hittorf and Kirmis as

(10)

3
0% _ g7 Om°
oc mg.-equiv,
We have, therefore, for ditferences of concentration brought
about by the passage of the current at every point of a copper-

sulphate solution:
dc 0047 . D¢

5t = T 0654050

c. " . .
g_.z* in our solutions being always positive, we can conclude

that this effect will cause a general lowering of concentration,
and that the value given by equation (8) for ¢ is slightly too
large and must be regarded as an upper limit.
We can also find a lower limit for ¢ by the following con-
. . " c oo .
siderations. The value of g—r for =0 is given by equation (1),

we therefore know that at the electrode, owing to the effect
we are considering alone

de _ 0047 i,
ot T U85402K
0047 i%n,

C= == v rarris
A 065402 K

This value is, however, too large when taken to represent
the total lowering of concentration. We see this when we
remember that the gradient of concentration is always a
maximum at the electrode, decreasing continuously as we
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depart from it,and that the lowering of concentration due only
to passage of the current will therefore, according to the
general equation (10), also be a maximum at the electrode,
decreasing with increasing distance from it ; this in its turn
will have the effect of increasing the gradient at all points of
the liquid and thus also increasing diffusion. We have
therefore as extreme limits for the concentration at the elec-
trodes of a copper-sulphate solution in which diffusion takes
place according to Fick’s law, the values given by the equa-
tion 8 and by the equation

. 119284 \/T’ 0:047n, &% .

=%~ 9600 'V K "ok - (Y

It is of importance to know by how much the value of
¢
K

" these equations. This calculation does not offer sufficient
interest to give it in detail, we shall therefore only state the

differs when determined by either the one or the other of

2t
result that the ratio of the difference between ZI—{ calculated

by (11) or calculated by (8) is given sufficiently accurately
by the expression
2x0047 cy—c
711284 e
which for values of

Lo . Mg.~equiv, .
co=0'2096 —Q—C—lé—-» , and ¢=0,
cm.

the only ones employed in the experiments, amounts to about
2§ per cent., i.e. K, calculated by (8), is 24 per cent. smaller
than calculated by (11).

In concluding these remarks it must be mentioned that,
“according to Wiedeburg’s * careful investigation of the
diffusion of copper sulphate, this does not accurately follow
Fick’s law, the diffusion-coefficient decreasing slightly with
increasing concentration. A thorough examination based
upon Wiedeburg’s law would, however, lead beyond the
scope of this paper.

* Wied. Ann. xli, p. 675,
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(b) Application of Equation (7) to a mizture of Copper
Sulphate and Sulphuric Acid.

As has already been stated, we shall in dealing with mix-
tures be obliged to confine ourselves to obtaining upper and
Jlower limiting values for the concentration at the electrodes,
which will enable us to follow the real values in broad lines
in their dependence on initial concentration and current
density. Great accuracy in these values will not be required,
and we shall be justified in wholly neglecting influences
which only slightly affect the results, W e shall thus suppose,
that in a mixture of copper sulphate and sulphuric acid, the
diffusion of the former is not affected by the presence of the
latter.

We first proceed to determine limits for the flow F, defined
by Fdt being the quantity of copper brought by diffusion in
the differential of time to each unit of surface of the electrode,
when copper alone is being deposited on it. Using the same
notation as above, the flow of copper out of the solution at
the electrode is '

i g.-equiv,
96540 cm.Zsec ’

and the flow towards the latter, due to electrolysis

ac i g.-equiv.
« 96540 cm.® sec.’

The flow F due to diffusion is therefore

i (1_. ac

96540 k)
This quantity is variable, increasing continually from its
i

96540’
has gone down to 0. The quantity -~ =l which we may

original value to the value which it assumes when ¢

call the transport value of the copper in the solution, can,
as is known, be determined experimentally for the values of
concentration and conductivity which exist at the beginning
of the experiment. For this purpose it is necessary to pass
an arbitrary quantity of electricity ¢ through the solution,
and to determine the decrease in copper in a region bounded
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on the one side by the anode, on the other by solution stil.
having the original composition of the liquid (making the
necessary correction for copper dissolved from the anode).
—__96g40 g.~equiv., and has been
determined by Schrader * in the case of certain mixtures —
the same mixtures which have been employed for this present
work. If the value of this decrease in grammes be a, and
the quantity of silver deposited in a silver voltammeter by the
current employed be B, both of these values having been
given by Schrader, then

. . ac
This decrease is equal to —

aw _q _ = 9 _ B
K Y6540 7 3159 46540 ~ 10766’
and
B o
, 0762 21.50
1_%21—%:}97_96_6_3@" RET)
107-66

the numbers 31°59 and 10766 being the equivalent weights
of copper and silver respectively.

- We thus find that if we pass a current of constant density ¢
through an acid solution of copper sulphate, until the con-
centration at the cathode has gone down to zero, the values
of F at the beginning and at the end of the experiment can
both be calculated, and we shall be justified in assuming that
the concentration actually attained at any time ¢ could also

/e
9671541(5 lying some-
where between the extreme values of F had taken place.
Thus, as far as variability of F is concerned, we can express
the concentration at the electrode at any time by the formula

1-1284% . t i
=(0_9‘6540 II/’L»\/'K; o e \1‘3)

7’ being contained between 1 and the value of 1—n, given
In equation (12).
We now come to the consideration of the effect of the

have been attained if o constant fow "=

e

* Ztschift. f. Elektrochenie, iil, p. 502,
VOL, xXvii, 2N
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passage of the current through the liquid on its con-
centration. As has already been stated. this is expressed
for a positive ion by the equation

B_c i a ((t(‘)
ot~ 96540 da\ k/

In the case we are now counsidering the concentration ¢ of
the copper will vary extremely rapidly as we approach the
cathode, the conductivity « of the solution on the other hand
will remain fairly constant, as the solution, while becoming
poorer in Cu and SO, ions, will at the same time become
richer in H ions, which are brought to the electrode without
being liberated there. As we only desire to obtain rough
valnes, we shall therefore be justified in assuming & constant
and equal to the conductivity at the beginning of the
experiment. The mobility of the copper we also assume
constant. We thus have

o ia e
Dt~ 96540 &
As %i is always positive, we can conclude that the passage
] ¢
of the current will have the general effect of raising the
concentration in parts of the liquid near and at the electrode

c . . . .
where g_m is of appreciable magnitude. The value given by

equation (18) must therefore be regarded as a lower limit.
Still more must

IREETA
¢ Co 9654:0 ?- I{. . . . . . (14)

We can also tind an upper limit for ¢, by determining the
increase of concentration Ac at the electrode due only to
passage of the current through the solution, by a precisely
similar method to that employed for finding the corresponding
decrease in the case of pure CuSO, on page 508. In the way
shown there, it can also be seen here that the value obtained
is too large when taken to represent the combined effect of
diffusion and passage of the current. As the final result,
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we obtain
el _Ll.g~§i47l/5\/2+ ~,g?1"_,Ai.izt* .
T 96540 K~ 96540%« K~ °
co—¢ being always positive, this inequality can also be
written
1:1284 %/ \/? an’ %
«(v=0) = 5540 'V K~ 965404 K’

where € is a number smaller than 1., The values of iz\/

# Note—If we had made no assumption about ¢ and « this inequality

would be __ ;
11284 ,. t 7 ac)
T — Y {Zd
¢ < ¢— 550" z\/K +J;> 06540 3z ( <)
from which, in conjunction with inequality No. 14, can be concluded

ac___ 112849” ¢ 9 [ac
ot +G%5Ea.r <_)

¢ being a number contained between 0 and 1.
This formula enables us to obtain some further information about the

ratio 1;—‘, in which two monovalent metals can be deposited, which is

mentioned in the note on p. 501, if we suppose that in the mixture
assumed there the two salts diffuse independently of each other. The

equation
3 1o

ot , of

__}M_*_ v 3( )ac
P, __ 2x98540/ K] * 90540 dc d

T, 11284 »,'7, . At D [a,6,\Dc
2>\96540VK» 9604030( )ax

then leads to

from which for ¢=0 we obtain, remembering that for this value of ¢

-

: 7, F
W=1—n,; and also that L= 2}:
o, T,

Iil _ Pi(1—ne,) I\l
F, T P,(I-7n) K

This equation for the limiting value of the ratio in which the two
metals separate out in the first differential of time is based on no other
assumption than that the two salts diffuse independently of each other,
according to Fick’s law (besides those assumptions stated on p. 498).

2x 2
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obtained from this quadratic equation are
10-4¢ K = 5447 —+\/(5 447 ) —93-20 Mo 2)EK <”° C)“ :

Now as we know that for ¢=0, also ¢y—¢=0, we con-
clude that only the negative sign before the square root is

/
applicable. Remembering also that % is always greater

than the value 1—n, of equation (12), we can transform
this equation into the inequality

- lo—o)e o
10 4;\/K<5447—-\/(a447 ) 9320(1 oy (1

the dimension of the number 5447 occurring here is
amp. X sec.
g.-equiv.

milliamp. X sec.

mg.~equiv. ’

and the dimension of the number 93:20 is (nnlhamp. x sec.)z‘
mg.-equiv.

In the following Table (I.) I have given the concentrations

of the solutions examined experimentally in g.-equivalents per

or, which is the same thing,

mg.-equiv.

Cln.g__—
been made to correspond to solutions examined by Schrader*.
The concentrations given by him have a slightly different
meaning to mine, as his indicate the number of g.-equivalents
contained in the copper-sulphate crystals which were dissolved
in one litre of pure water. The quantities , 3, and «, given
by Schrader, as well as the values for a taken from Kohl-
rausch’s tables, which have been used, will also be found in
the table. Under the headings ¢ %, max.” and “¢*,min.”
will be found the maximum and minimum values of %,
calculated from the expressions (15) and (14) respectively,
ty being the time required for ¢ to go down to zero. In the
column marked ¢ %;ace. to (16) ” I have given values of
%, derived from the formula

1:1284 .
T OV RPN (5
1—n, being found by equation (12). These values are

litre, or, which is the same thing, in They have

¢ = ¢o—

¥ Zeitschr. f. Elektrochem. iii, p. 502,
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intermediate between those in the other two columns and
iven merely for comparison with the experimental numbers.
At the end of the table I have also given the concentration
of the solution of pure copper sulphate examined, and the

value of
taken as O 63 *,

derlved for it from equation (8), n, having been

TasLe I.
, \
! 1‘ My solutions. Schrader’s solutions.
|
11\'qu Schrader s’ Cone. of Conc. of | Conc.of | Conc.of | aing. ! Bing. .
© Cuin | H80,in | Cuin | H,80,in
| mg.- equw mg -equiv, | mg.-equiv. | mg.-equiv.
i ce. | ce. cc.
- H | —_—
— I 7
A 4 g 01634 | 00881 | 01670 | 00926 | 01743 | 0100828
' B. 5 | 02407 t 01827 | 02490 | 01375 I’ 02057 | 0:00988
C.| 2 | 008618 & 00275 | 006618 | 00275 | 00903 000360
; ‘ i i ; ‘ \
- D. ; 10 I 01483 f 01804 ] 01483 | 01804 | 0-2501 | 0-00860
' E. ; L 02096 | ; | ’ e
i ‘ ; | i | i
Table 1. (cont.).
' ¢ i
! My cin f ain %, max. (in z%‘l min. (in 222‘ acc1 to 16‘*
‘N . _ om*” milamp., sec.,| milamyp., sec.,| (in milamp.,
iho (ohm X em.)~1. johmnX mg.-equiv. cm.,) cm.) sec., cm,) !
| A. 0027 156 10—3 : 1609 836 1246
1 ‘
| B. [862%10690x 10~ si 15%10-3 3330 1773 276
|
C. |79-5% 10690 x 108, ’ 17+10-3 265 1410 192-3
| D.'| 891X 10690 10~8.|  15x10-2 1064 691'5 9256
B L Z—f{t- =10~9x 1-195 (milamp., sec., cm.).
9

{

Note.—The value of & for solution A has not been given by Schrader.

The

number 0-027 is an approximate value, calculated from Kohlrausch’s tables.

* According to Kohlrausch’s tables, its value at the concentration

p-p Mg-~equiv, .
cm.® !

s 0:648, and at the concentration 0:02 it is 0:62.
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In the calculation of i%, Wiedeburg’s value for the diffusion-

coefficient of copper sulphate at 18°,

- s . cm.?
Kig= 4479 x10-7(1-3467¢) oo,

was employed. Here the concentration ¢ is supposed given
& JUbYe Ous,o"‘; when it is given in {ng.—qulj’_. the number
cm@ m.
0'2761 must be taken instead of 3'467. The value of K
for ¢=0 has been taken in culculating the numbers contained
in the columns * 2%, max.” and * %, acc. to (16)”’ ; and the
value of K for the initial concentration in calculating the
number ¢’¢; min. From the quantities ¢%¢, given in the table,
which are based upon the diffusion-coeflicient of copper
sulphate at 18° we should find %, at 6 degrees by the
formula

in

iy = [ 1+0026(6—18%],

in which 0026 is the temperature-coefficient of diffusion
assumed by Wiedeburg.

ExreriMENTAL PART.

Determination of Time requived till Hydrogen appears in the
Electrolysis of an acid solution of Copper Sulphate.

A first series of experiments was performed to ascertain the
time required till hydrogen first began to appear on electro-
lysing the mixtures of copper sulphate and sulphuric acid
arranged in the preceding table, the solutions electrolysed
being contained in cylindrical vessels, bounded at the top
by horizontal cathodes. The values obtained are compared
with the limits calculated by the formule given in the
preceding table. Had hydrogen ever appeared before the
lowest limit of time was reached, this would have proved
conclusively that it was given off before the concentration
of the copper at the electrode had gone down to zero.
The upper limit could not be exceeded unless there were
some considerable error in the experimental numbers em-
ployed.

Preliminary experiments were first carried out to study
the subject qualitatively. It was found that on electrolysing
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the solutions with low current densities, horizontal cathodes
being employed, which could be lit up for observation, at
first only copper was deposited, after a certain time, however,
varying greatly with the current density, the total surfuce
of the electrode would suddenly within about half a minute
become uniformly covered with tiny bubbles of hydrogen.
The current was at the same time observed, the measuring
instrument, as described later on, being either a Weston
millivoltmeter or an Ayrton-Mather D’Arsonval galvano-
meter. When employing the former, the current seemed to
remain absolutely constant till shortly before the hydrogen
bubbles were visible, when suddenly a considerable drop
would take place. In the actual quantitative experiments in
which the Weston instrument was employed, the time which
passed from the beginning of the experiments till this drop
of the current occurred was taken as the time which elapsed
until the hydrogen came off.

When employing the D’Arsonval, however, it was seen
that the current at first kept slowly decreasing, until it would
ufter a certain time drop considerably and then become
fairly constant again. It was seen that after the drop had
taken place, the hydrogen bubbles always began to appear.
In the experiments in which the 1)’Arsonval was employed,
the time when the sudden drop was completed was taken as
that when hydrogen bubbles first appeared. In these
experiments a Thomson-Varley rheostat was always intro-
duced into the circuit, by regulating which the current was
kept perfectly constant until the large drop occurred. The
behaviour of the Weston matlument was probably due to a
slight sticking effect.

Three types of apparatus were employed, which will be
understood from the accompanying figures 1-3. Tubes of
the first type were employed for experlmentmo on solution A.
The cathode consisted of an engravers’ plate. It was fixed to
the end of the tube, which was ground perfectly flat, by
Chatterton cement. As itallowed a spirit-level to be placed on
its top, the apparatus could be adjusted so as to make the
cathode perfectly horizontal. The anode in this apparatus
consisted of copper gauze. As seen from the figure, the tube
was closed by a rubber stopper, into which a groove g was cut
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to allow air-bubbles to be easily removed. The rubber
tube » was filled by introducing a long thin glass tube into
it, down which the solution was poured by means of a funnel.
In the first few experiments tabulated, the original surface
of the plate was employed. In the later experiments it was
amalgamated in order to secure as uniform a deposit as
possible.  Apparatus of this type, of which several were
made, showed the disadvantage, that the plate forming the
cathode occasionally came off, besides it could not be readily
removed for examination and cleaning purposes.

3 Fig. 1.

Fig. 2.

—&H

leere?
= —)ﬁ?’ (I;V/O

“ / % -Cor#k

All the experiments on solutions B, C, D, and part of
those on E were carried out in apparatus 2. It consisted of
a polarimeter-tube. The top being originally bevelled had to
be ground perfectly flat, The cathode consisted of a copper
plate which was made perfectly flat, then polished and finally
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amalgamated. This was done by cleaning it with nascent
electrolytic hydrogen, after which it amalgamated extremely
readily, on dipping it into mercury. It was then again
polished on perfectly clean chamois-leather, excess of mercury
being removed from the edges by a pipette, drawn out to a
fine point. This process of cleaning and polishing was
‘repeated after each experimeut. In order to avoid any
liquid coming between the cathode and the surface of the
glass forming the end of the tube by capillary action, this
was greased with a trace of vaseline, so much only as could
not be removed by a piece of dry filter-paper. The cathode
was always fixed on the apparatus before introducing the
liquid, by placing it in the cap, into which it fitted accurately,
and then screwing down the glass tube on it. By always
proceeding in this manner, all risk was avoided of any
vaseline being spread on the surface of the electrode. The
method of obtaining metallic contact through the cap by
means of a drop of mercury will be understood from the
figure. On the top of the cap a piece of plate glass was
laid and on this a small spirit-level, it having been previously
ascertained that it was possible to level the end of the
polarimeter-tube by this means. The rest of the apparatus
will be sufficiently understood from the figure. As seen, it
was jacketed with water. The surface of the cathode was
measured by accurately determining the length of the polari-
meter-tube, and then weighing it out with mercury. It was
found to be 0699 sq. cm.

The apparatus 3 was only employed in the series of
experiments on pure copper-sulphate solution, and only the
last three values of Table VI. have been obtained with it. The
cathode here again consisted of an engravers’ plate, which
reached beyond the surface of the tube and allowed a small
level to be placed on its projeciling part. In this apparatus
the cathode could be easily observed, when suitably illu-
minated. Its surface was calculated as that of an ellipse
from the Jength of two diameters of the tube, taken at right
angles to each other with a screw-caliper. Its value was
3782 sq. e

For the experiments the tubes were tightly clamped to a
very heavy tripod stand of 1} inch iron tubing, which was
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adjustable by three levelling-screws. As I was anxious to
avoid vibrations, which are exceedingly great at Mason
College, I followed a suggestion of Prof. Poynting’s, and
mounted the stand on three 50 kg. weights, each resting on
three pieces of rubber. Before each experiment the tubes
were allowed to rest for at least twelve hours.

Fig. 3.
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The solutions for electrolysis were prepared by diluting the
requisite amount of carefully standardized copper sulphate
and sulphuric-acid solution to 1 litre. The former solution,
which was prepared from purest commercial copper sulphate,
recrystallized twice, was analysed by electrolytic copper
determination, the latter by precipitation with BaCl,.

The electrical arrangements, which were in principle the
same throughout all the experiments described, will be readily
understood from the accompanying diagram (fig. 4). The
current from a suitable number of accumulators was passed
through a known resistance, an adjustable resistance, the
electrolytic cell, and the measuring instrument, which, as
already mentioned, consisted in all experiments either of an
Ayrton-Mather D’Arsonval or a Weston millivoltmeter, in
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either case suitably shunted. The measuring instrument was
carefully calibrated, and also standardized before each expe-
riment by taking its reading when a current of approxi-
mately the same magnitude as that employed in the experiment
was passed through it. This current was measured, as will

Fig. 4.
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be sufficiently understood from the diagram, by determining
the voltage on the ends of the known resistance by means of
a separate potentiometer circuit.

As regards the degree of accuracy obtained in the experi-
ments, the upper limit is probably reached by those arranged
in Table V. The experiments here having all been repeated,
this table shows the degree of coincidence which can be
obtained in a series of determinations. The readings have
in general been taken to within five seconds. The most
serious errors are no doubt brought about by changes of
temperature which cause convection-currents in the liquid.
The accuracy of the experiments contained in Tables B and C,
which were carried out in winter, has certainly been con-
siderably reduced, owing to the heating arrangements of the
building. Indeed, differences of as muchas 10 per cent. have
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here in single cases been obtained in successive experiments
which could not be accounted for in any other way. I have
nevertheless not hesitated to give these earlier values as the
ranges of the times obtained are so great that even differences
of as much as 10 per cent. do not preclude a comparison with
the theoretical values. These being calculated for 18° should
be multiplied by 1+0°026 (§—13) if the experimental values
have been obtained at 6°. I have instead made the corrections
at the experimental numbers themselves, dividing them by
140026 (#—18). It must be acknowledged that some
uncertainty isintroduced by this huge temperature correction.
The temperature-coefficient for the diffusion of copper
sulphate never having been experimentally determined has,
as was also done by Wiedeburg, been assumed to be the same
as that of other substances.

From the tables it will be seen that the experimental values
are in all cases contained bhetween the theorctical limits, and
their differences from those calculated by the intermediate
formula are in most cases not great. When we consider the
extremely great ranges in which the times can be made to
vary by varying the current-density, and also the numerous
causes of experimental error, I think the medium formula
No. 16 will be considered sufficient as an empirical expression
of the results. From the fact that the values are always con-
tained between the theoretical linits, and, besides, are far
distant from the lower limit, I think we may conclude that
these experiments prove within the limits which our theoretical
knowledge of the processes taking place in the electrolyte
allows, that liberation of hydrogen from an acid solution of
copper sulphate takes place only after the concentration of
the copper at the electrode has gone down to zero.

A New Method for the Determination of the Diffusion-
Coefficient of Pure Copper Sulphate.

A second series of experiments was performed in order to
study the behaviour of a pure copper-sulphate solution after
the concentration of the copper at the electrode had gone

down to zero.
After this is the case, diffusion can no longer bring sufficient
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TasrLe II.

Solution A, see Table I. Experiments in Apparatus 1.

e e T

Experimental Values. ” Theoretical Values.
‘Cmrent Surface | Current- Time. | Time | ace. mini- ¢ maxi-
X § in ! ' of . density in obsexved‘Teénp | cor- J‘{ to eq. 16‘ mum, ‘ mum,

0! milli- ‘electrode| milliamps. in  !in © 0. rected ||
4 amps. ‘in 8q, em, oem.2 seconds. \ ‘to 18%,it= ]046 =8§6 = 1609
; 1 ! i ;,‘ J vy

—_ ; — [ — - ;
L. 983 1353 | 0600 | 240 | 16 2617 2618 | 1756 | 3380 |
.. 181 | 1676 | 108l | 1010 | 14 '1128 | 1068 | 717 | 1877 |
3 205 | 1853 | 1515 10 | 17 | 524 | 543 | 86% . 701 |
4. 409 | 1333 | 302 10 | 15 © 119 137 92 , 176 |
50 516 l 13-53 3-88 5 | 18 86 8 | 57 ; 1o7
6.. 528 | 1353 3903 73 | 14 | 8L[ 82 [ 55 . 105
7 .. b74¢ 2 13:563 424 62 r 15 67 4 69 47 90 |
8.. 782 | 1353 578 28 | 18 | 82 ‘! 37 / 25 48 ‘}
{ i ! !
TasrLr LII.
Solution B, see Table I. Experiments in Apparatus 2.
Surface of Cathode ‘699 sq. centim.
Bxperimental Values. ; Theoretical Values.

: | [ ¢ Jt | ¢

: ; m | It acce. |¢ mini~ maxi-

j Current | Current- | Time ’ 11me[ to eq. 16, mum. 1 mum,
No | in | deﬁmty in obsexved’l’.[‘eéng rggtlt;d\ r ‘

i millinmps. n i |
J‘mummw I~ emz2 | seconds | 1to 18°. | t=°_7i‘"i J _1773 gt=3ﬂ i

t ! PR
; - —_— ! J I }_ [

Lol ooms o1 | 2025 124 | esm o1 | wsr 2608
2.0 1181 | 1617 | 935 138 | 1060 | 1038 678 | 1274
3. 1183 1036 , 630 (136 71| 725 | 473 [ 889
¢ 0200 . 209 | 200 138 318 , 304 199 . 872
2 250 j 358 | 170 1148 : 18 ; 212 @ 138 | 260

PBL 2617 374 . 165 136 . 186 | 195 127, 238
[ 358 H12 ; 85 [ 128 | 98| 103 68 127
8. 510 . 780 | 40 |138 . 45} 0l 33 62
9., 622 . 890 i 25 | 186, 29 34 22 42

! i | . i .
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Solution (!, see Table 1.

MR. H. J. 8.

TasLE IV,

SAND ON 1THE CONCENTRATION

Experiments in Apparatus 2.

Surface of Cathode ‘699 sq. centim,

Experimental Values.

Current Current- = Time  Time
No. n density in  observed: Temp.| cor-
" nilliamns, nilliamps.t o in o in ° G i vected !
P anps. em.? . sceonds, | ito 18v
SURN —_ |
P 1. 02123 0-304 1940 | 120 | 2299
C2 L 02202 0315 1960 130 | 2253
3..] 0280 (r400 1040 | 12:8 | 1203
4 .| 0406 0-581 550 1 136 | 621
5.0 0502 0718 330 | 132 | 378
6 ...i 0768 1:099 150 | 142 166
7 1 1183 1621 . 67 128 | 78
8. 1801 2576 0 23 1138 | eq

Theoretica) Values,

©f maxi

¢ ace. ' ¢ mini-
! toeq. l(i.i muin, mun,
.91 0" bI
o 10281410 2
| 2 -
e e o ——
2084 | 1528 2863
11938 1421 2671
| 1202 881 | 1656
570 418 785
| 373 274 514
159 117 219
‘ 73 54 101
29 21 40

Solution D, see Table 1.

TaBLe V.,

Experiments in Apparatus 2.

Surface of Cathode *699 sq. centim.

Iixperimental Values.

Current- |

Current t Time | - Time
No in . density in | observed| Temp.: cor- |
il . milliamps.© in in © C.irected |
JMIHIAmMPS. ——re T seconds. to 18°.)

I

- — — ‘
1 ... 0402 0075 2560 | 127 | 2070
la.. 0405 0580 | 2600 | 127 ! 3016 |
2 ... 0556 0795 | 1355 | 125 11580
24, 0557 0797 ¢ 1870 | 120 ' 1604 |

3 ... 0734 1-051 750 | 120 888
Jea.. 0737 1-054 ‘ 750 | 120 888 |
4. 1182 1601 | 300 | 124 . 357 |
d4a.| 1174 | 1680 " 205 1123 | 345 |
s B 1847 | 2064 1 120 | 124 140 |
| ba ‘ 1-885 270 120 | 130 138 |
6 ‘ 282 | 403 55 | 134 | 63 |
! i i

i!

Theoretical Values.

t ace £ mini- | £ maxi- l
to eq. 16, mum. mum.

a9 "1 !

¢ i I

2801 2004 3218
2753 2058 3163
1463 10903 1634
1457 1089 1655
834 (27 963
833 622 958
323 242 372
328 245 377
133 99 153
127 96 146
a7 43 66
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copper to the electrode to carry the current, for the formula
shows that if the current were still conducted in the same
manner as it was before, the concentration of the copper
would become mnegative, Tt might therefore be supposed
that it would be impossible to keep the current at its
former strength. This is, however, found not to be the
case.

In 1844 Smee* described an experiment, in which he
clectrolysed a solution of pure copper sulphate ina tall vessel,
in the upper part of which he placed the cathode. His
description of the varying appearance presented by the
deposition of the copper as the concentration of his solution
went down to zero runs:—*On the action of the galvanic force
bright reguline copper first appeared at the negative pole,
this was followed by a brittle, this by a sandy, this by a
spongy deposit, this by black powder, and finally hydrogen
was evolved.” I have in general been able to verify Smee’s
observations as well as the fact, mentioned by him, that
copper hydrate is formed at the electrode after the black
powder has begun to appear. I have, however, in no case—
neither when employing apparatus 3, nor when a form of
apparatus was employed in which the solution was not con-
tained in a closed vessel—been able to observe bubbles of
hydrogen. It is therefore probable that Smee’s copper-
sulphate solution was more acid than mine. In my experi-
ments the black spongy deposit always seemed to grow into
the solution; in single cases it became intermingled with
bright branches of metallic copper. The black deposit is
evidently not pure copper, for it disappears when left for
some time in dilute sulphuric acid. It is probably a copper
hydride t.

. The behaviour of the current while electrolysing a solution
of pure copper sulphate was quite similar to that when an
acid solution was examined. The black deposit always ap-
peared after the large drop had taken place. The completion
of the drop in the current was taken as the time when the
concentration of the copper had gone down to zero. From a

* Phil. Mag. xxv. p. 437.
t See Pogg. 4nn, Ixxv. p. 350,
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knowledge of this time and of the current-density employed,
it is pos»lble to calculate the diffusion-coefficient of copper
salphate by means of the expression given at the end of
Tuble I.  This has been done in Table VI.

TasrLe VI.

Determination of Diffusion-coefficient K of copper sulphate.
Solution B. Bxperiments 1-3 in apparatus 2; surface
of cathode 0'699. Experiments 4~6 in apparatus 3 ;
surface of cathode 3'782 sq. cm.

1004+ 1436 1530 | 142 879%x 106 421 X 10~8
1038 | 1485 1515 | 138 | 399x10-6
468 1766 1095 | 154 | 408x10-6 438 10-8
841 1694 1285 | 150 | 441x10~8 478% 108
687 | 1683 1275 | 144 481 %x10-6 476x10—6

448x10-6  [446%x10-¢

D > N l X by formula Kmo by
! Current : dg!::ii;niil Time ob-| g, o|  (Table L) formula Mean
}ﬁ. { milliamps served in: To BO K=10-9 K= value .
miie B seconds. T X 1195, K9 o of Ky
awps. | om. inem/sec. | 1F0U26(8—18)
675 | 0066 | 8300 | 144 | 379x10-0 | 416x10-8

According to Wiedeburg the diffusion-coefficient of copper

sulphate at 18° is 4:479 x 10— 6—6—1? at the concentration 0,

and 4220 x 10-¢ ?‘“‘

(see p. 516 & p. 509) Although the mean value for K5 in
the above table is about what should be expected from Wiede-
burg’s determinations, yet the differences between the single
experiments, none of which were known to have gone wrong
in any respect, is too great to justify the recommendation of
the method in its present form for more than a rough deter-
mination of diffusion-coefficients.

at the concentration of solution E

Ezperiments on the Effect of Convection-currents on the Re-
lative Quantity of Hydrogen given off in the Electrolysis
of an Acid Solution of Copper Sulphate.

The following experiments deal with the relative quantity
of hydrogen produced by electrolysis of an acid copper-
sulphate solution when considerably greater current-densities
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are employed than those used in the preceding experiments.
This subject has been experimentally treated by Schrader in
the paper already quoted, and by Houllevigne *.

Both investigators employed vertical electrodes and neither
promoted nor hindered the natural convection-currents of
their electrolyte. They found that their results were roughly
expressed by hyperbolical functions.

From the results obtained in the foregoing part of this
paper, the electrolytic evolution of hydrogen from an acid
solution of copper sulphate is explained in the following
manner., The concentration of the copper goes down to
practically zero with great rapidity, as shown by the formule,
when current-densities are employed which are considerably
larger than those used in the preceding experiments. After
this, diffusion no longer brings sufficient copper to the elec-
trode to carry the current, and hydrogen is given off too in
ever increasing quantity, until either the concentration of its
ions has gone down to practically zero, or convection-currents
bring new liquid to the electrode from which copper alone is
again deposited. It will thus be seen that convection-currents
play as great a part in the determination of the ratio of the
two constituents as any of the other conditions of the ex-
periment, and always have the effect of diminishing the
relative quantity of hydrogen given off.

A lower limit of this quantity, when sufficient convection
takes place, is thus always O per cent.; and the question might
be asked, Is there an upper limit when we employ a given
current-density, and use a large quantity of electrolyte ; and
what is its magnitude? 1 do not propose to discuss this
question fully, but only to point out that, owing to the fact
that convection-currents always have the tendency to diminish
the production of hydrogen, such an upper limit can for all
practical purposes be taken as represented by the relative
quantity of hydrogen produced in a solution in which no
convection-currents whatever interfere, at the time when the
concentration of both copper and hydrogen ions at the cathode
has gone down to practically zero. It is also possible to see
from the formulee given which are the main influences that

# Apie, Chim, et Phys. 7711 p. 861 (1894).
VoL, XVIL, 20
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determine this limit, by determining the lengths of time
during which copper only and during which mainly hydro-
gen have been given off. They are, in the first place, the

% for the hydro-

—Ne

relative magunitudes of the expressions

gen and the copper ions, and, to a smaller degree, the relative
values of the diffusion-coefficients of sulphuric acid and copper
sulphate.

I have discussed this question in view of some experiments
that have been quite recently performed by Toepffer ¥, a short
account of which will be found in the Zeitschrift fir physi-
kalische Chemie, xxx. p. 570. He deposited alloys of iron,
cobalt, nickel, and zinc from mixtures of several of their
salts, with the result that when his so-called low current-
densities were employed, the metal requiring the higher
E.M.F. for its liberation was always deposited in relative
quantities which far exceeded its relative concentration in
the solutions.

Firstly, as regards the values of the lowest current-den-
sities used by the author, it seems probable that these would
have been sufficient to make the concentrations at his cathode
go down to zero in times varying from ten to one-tenth of a
second if no convection-currents had interfered. This can
be taken from the values given for concentrations and current-
density in the thesis referred to, if, in order to obtain nume-
rical values, we assume that diffusion-coefficients &e. had been
the same in the author’s solutions as in mine. None of his
current-densities can therefore be described as small in the
sense used in this paper; and I do not think there can be any
doubt that if sufficiently smuall values had been used, the
metal requiring the lower E.M.F. for its deposition would
have preponderated in the alloy formed. As regards the
actual preponderance of the baser of the two metals, a great
deal of light could no doubt be thrown on this by determi-
nations of transport values in the solutions examined, as will
be seen from what has been stated above. If, as Toepffer
assumes, the nobler metal has the tendency to form complex
anions to a greater extent than the buaser, this would certainly

# Fully described in his thesis kindly sent me by the author.
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greatly influence the transport values in the direction required
to explain the results.

The main purpose of the experiments I am now about to
describe is to show to how great an extent the relative
quantity of hydrogen, given off in the electrolysis of an acid
solution of copper sulphate, is influenced by convection-
currents; and also to show that when these are artificially
increased by stirring, the hydrogen can be made to disappear
altogether, even in cases in which otherwise more of its
equivalents than of those of copper would have been
liberated.

For this purpose the apparatus was devised, shown in the
accompanying figure (fig. 5), which allowed the course of

Fig. 5
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the electrolysis to be continually followed by measuring the

quantity of hydrogen given off, and in which, at the same

time, the solution above the cathode could, when desired, be

rapidly renewed by vigorous stirring. It will be seen that it

resembles a desiccator in general appearance, but has two

openings in the side and two in the lid. Through one of the
202
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side-openings the tube a passes leading to the cup ¢, which is
filled with mercury, forming the cathode, uniform deposition
of the copper being thus ensured. The glass tube b passing
through the other side-opening is continued by the rubber
tube ». It contains the wire leading to the anode, formed of
a piece of pure electrotype copper, which lines the inside of
the vessel. This tube also serves to pass hydrogen into the
solution before each experiment. The tube f leads through
the 1lid to the gas-burette. The gas-tight joint ¢, through
which the stirrer passes, will be understood from the figure.
It may be described as an inverted cup rotating in a ring of
mercury. Glycerine is placed at the top of the mercury,
and after the cup had become well moistened with the
glycerine it could be made to rotate up to over 500 revolu-
tions per minute without any considerable leakage occurring.
When rotating at these very high velocities, a very slight
escape of the hydrogen contained in the vessel took place;
but this was in the nature of diffusion occurring through a
porous cup, for it seemed independent of the pressure of the
gas, and a correction could therefore easily be made for it.
The stirrer s may be described as a modified Witt’s stirrer.
It has four hollow arms out of which the liquid is thrown by
centrifugal force, being replaced by solution drawn from
above the cathode. Owing to the great extent to which it
causes the liquid in the vessel to rotate, which hinders the
flow to the electrode, its efficiency decreases somewhat after
it has been going for some time, and its velocity must be
increased in order that the former efficiency may be obtained.
The stirrer was fixed at its top to the end of the shaft
from which it derived its motion by means of a short piece
of rubber tube. It was also in connexion with a speed-
counter.

In the experiments the apparatus was nearly filled with
600 c.c. of solution. Before use, a rapid current of hydrogen
was passed through it for about half an hour by means of the
tubes d, b, », the gas escaping through a tap in the gas-
burette.  After this, mercury was poured down the tube d,
which made a gas-tight joint and besides formed metallic
contact for the wire leading to the anode. Hither before or
after each experiment, the apparatus was tested for leakage,
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the stirrer always rotating at about the same speed as it did
in the experiment. The apparatus was mounted inside a
large water-bath, to which also the pulleys &c. for the
stirrer were fixed. It was made to order by Messrs. C.
E. Miiller & Co., of High Holborn, W.C.

The measuring-instrument for the current was in these
experiments always the millivoltmeter mentioned above, the
electrical arrangements being in principle exactly the same
as those employed for the experiments described above.

The solutions employed are Nos. A and B of the previous
experiments, which have also been examined by Schrader *;
the minimum current-density employed by me being greater
than the maximum value of 36 milliamperes per sq. cm. used
by Schrader. Some results are given in the following tables.
The quantities of hydrogen observed are corrected to 0° and
760 mm. The percentage ratio of the hydrogen given off
to the total number of equivalents liberated has been calcu-
lated from the current employed. The time required for the
concentration of the copper to go down to zero, calculated
by means of the empirical equation 16, has been given in
each case.

It will be seen from the results that when the solution is
not artificially stirred, the quantity of hydrogen liberated
decreases rapidly after the experiments have been going on
for some time. This is evidently due to the rapid convection-
currents brought about in the liquid by the electrolysis, and
not to slight changes in the average concentration of the
liquid, for when it was allowed to stand for about a day, the
values found at the beginning of the experiment were again
approximately attained. The experiments in which the
solution was stirred were performed on different days to
those in which no artificial stirring took place. It will be
seen that in cases where otherwise over 60 per cent. of the
equivalents given off would have consisted of hydrogen, the
hydrogen could be made to disappear altogether. When a
current-density was employed which would reduce the copper
to zero in about 0°035 of a second, the stirrer could not make

* Taken from his thesis kindly lent me by Prof. Warburg, in whose
laboratory the experiments were carried out.
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the hydrogen disappear altogether, but only decrease during
the first minute to the extent to which it would have
decreased if no stirring had been going on, owing to natural
convection alone, after three minutes,

SumyMARY oF RESULTS,

An equation (No. 8) has been derived and rigidly proved
for calculating the concentration at the electrode of a solution
of a single salt from which the metal is being deposited under
the conditions that (1) the solution is contained in a cylin-
drical vessel bounded by the electrode ; (2) that no convection-
currents occur ; and (3) that the diffusion of the salt obeys
Fick’s law and its transport values are constant. Thisformula
can be made the basis of a method for roughly determining
diffusion coefficients.

In the case of mixtures, it is possible to arrive at limits for
the concentration; and it has been experimentally proved
(1) that hydrogen always appears at the electrode of an acid
solution of copper sulphate in which no currents of liquid
are taking place, between the limits of time for the concentra-
tion to go down to zero; and (2) that the time when it
appears differs only slightly from that calculated by equa-
tion 16, which is the same in form as equation 8. It seems,
therefore, that this formula can be taken as a sufficient
empirical expression for the concentration at the electrode of
a mixture too.

Lastly, the great part played by convection-currents in
determining the ratio of the two constituents given off at the
electrode of an acid copper-sulphate solution has been shown,.
it having been proved experimentally that by artificial
stirring hydrogen can be made to disappear altogether in
cases where it would otherwise have presented over 60 per
cent. of the equivalents carrying the current from the
solation to the electrode.

The experiments described here have been carried out
entirely in the laboratories of Prof. P. F. Frankland and
Dr. D. K. Morris, at Mason College, Birmingham, pre-
liminary experiments having been performed in London at
University College in the laboratories of Profs, Ramsay and
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Callendar. I have pleasure in expressing my thanks to these
gentlemen, as well as to Mr. A. W. Porter, of University
College, London, for friendly interest shown in my work.

DiscussioN,

Dr. Lobcg, in summarizing the paper, said that nohydrogen
was liberated until all the copper had gone, and that the
formula for the concentration might be used again in further
investigations.

Dr. Dox~xaN asked if the time at which hydrogen was
liberated had been taken at the {ime at which hydrogen
actually made its appearance in the form of bubbles, or
whether any allowance had been made for saturation.

Dr. SAND said that in taking the completion of the increase
of apparent resistance as the time at which hydrogen began
to be given off, he had been guided simply by the empirical
fact that bubbles of gas appeared shortly after this took place
(10-40 seconds according to the current-density). He was
unable to say whether local saturation and supersaturation
perceptibly affected the increase of apparent resistance.

XXXIIL. On the Refraction of Sound by Wind. By Epwix
H. Barrox, D.8¢., F.R.S.E., Senior Lecturer in Physics
at University College, Nottingham *.

Ix his treatise on Sound (vol. ii. pp. 132-4), Lord Rayleigh

discusses the refraction of sound by wind where the rays

are everywhere but slightly inclined to the wind, and obtains
an approximate expression which, in the numerical illustration
adduced, gives a result differing by only a few minutes of arc
from the strict value. The theoretical interest of the wave
propagation in this case seems, however, to warrant a slightly
fuller examination of the problem on the basis of Huyghens’
principle of wavelets and envelopes. Let us retain Lord

Rayleigh’s assumption as to the distribution of the wind,

namely, that it is everywhere horizontal and does not vary

in any one horizontal plane but is different at different levels,

* Read November 9, 1900.



