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On the Concentration at the Elect~vdes in a Solution. 45" 

the spectrum as sufficiently accurate to make this point certain. 
'['he work in this region will have to be repeated under more- 
favourable conditions. 

I t  was our intention to apply the results of the work to a 
proof of the Ketteler-Helmholtz dispersion formula, buL the 
discovery of the second absorption-band makes this impossi- 
ble until the extent of the band has been determined, and the 
extinction coefficient measured, a matter of considerable 
difficulty. Some of the discrepancies /burial by Ffliiger 
between his calculated and observed curves, he thought 
might be explained by the possible presence of an absorption- 
band in the remote ul~ra-violet. 

University of Wisconsin, 
Madison. 

l I I .  On the Concentration at the Electrodes in a Solution, with 
special reference to the Liberation of Hyd,rogen by .Electro- 
lysis of a Mixture of Copper Sulphate and Sulphuric Acid. 
By HENRY J.  S. SA~D, Ph.D., Bowen Research Scholar at 
Jlfason Universit!/ College, Birmingham * 

CO,eVENTS :---Historical introduction.--TheoretioaI 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 Vahms 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 (luring Electrolysis of an 
Acid solution of Copper Sulphate.--A new method for determinino. 
the Diflhsion-Coeflicient of Copper Sulphate.--Experiments to show t~e 
great influence of Convection-Currents on the quantity of ttvdroaen 
given oil' in the Electrolysis of an Acid Solution of Copper Sulp'hate~.-- 
Summary of results. " 

S INCE the electrolysis of mixtures first attracted the 
attention of scientists, three distinct views have been 

held about the processes which take place at the electrodes. 
In  1857 M a g n u s t  put  forward the theory that in the 

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 fi'om decomposition. He attempted to find 
this definite value in the case of a mixture of co~per sulphate 
and sulphuric acid, ascribing it to a current-~lensity which 
produced a visible amount of hydrogen at a vertical cathode 
within fifteen seconds. The resulg obtained was~ that the 

�9 Communicated by the Physical Society �9 read Oct. 26, 1900. 
t Pogg. Ann. cii. p. 17. 
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46 Dr. H. J.  S. Sand on the Concentration 

value was roughly independent of size, distance, &c. of the 
electrodes, and only a fimction of the composition of the 
,electrolyte. 

About the same time ttittorf 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 ra~e at which it was being prbnarily 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 
t)eing primarily set free. 

I t  appears that it was Le Blanc who first insisted sufficiently 
on the fact that the mode of conduction of the current within 
~my part of the interior of the electrolyte does not necessitate 
the same mode at the electrodes. His investigations having 
]?roved 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 
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 electrolyte must be ascribed 
primarily to the ions of water. Generalizing this statement, 
he expressed the view J- 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. 

Pogg. Ann. ciii. p. 46. 
f Zeitschr.Thys. Chem. xiii. p. 172. 
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at the Electrodes in a Sblntion. 47 

The decomposition of mixtures has recently been examined 
theoretically by Nernsta. 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 electrode is the equivalent of the free energy required 
to effect the change from ionic to free state, or vice versa, 
taking phtce there, plus the energy expended on any other 
processes which may accompany the passage of the current, 
and whichfinally result in an irreversible heating-effect. For 
our purposes we arc 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 expendecl 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 nl g.-equivalents of the cation most easily deposited. 
For the present we shall assmne 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 hal, h being a 
constant. Under these conditions, if wl be the quantity of 
fl-ee energy required to liberate one g.-equiva]ent, the amount 
of work done in the deposition of the n t g.-equivalents wil{ be 
independent of the current-density and equal to nl (wl+h) .  
Now the quantity of electricity which causes this will, 
according to Faraday's law, have the value .fnl, f being 

Faraday's constant of 96540 amp. xsec. Therefore, if the 
g.-eqmv. 

drop of potential from the electrode to the liquid be E, the 
work done by the current in passing through it will be 
Enlf,  and this according to our assumptions is equal to 
nl (wl + h), or E l =  w I + h. 

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 t;o deposit those ions which are most easily set free. 
If therctbre there be ions of a second substance present, which 
require for their liberation a minimmn E.M.F., E~ > 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. 

�9 Zeltsd, r.phys. Chem. xxii. p. 541. 
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48 Dr. H.  J .  S. Sand on the  Concen t ra t i on  

I t  should be noted that  our  assumption that  any hea t ing  
effect which may  take place is propor t ional  to the number  o f  
ions deposited, excludes the l iberation of  heat owing t(~ 
a n y t h i n g  in the nature  of electrolytic resistance in the vicinity 
of the electrode, being bound up wi~h tile deposition of the  
ions- -e lec t ro ly t ic  heat ing in a giveu electrolyte being, as is 
well known,  proport ional  to the squar~ of  the current .  I n  
ar r iv ing at our result, we also excluded the supposition that  at 
h igh current-densit ies ions of the two salts should enter into 
chemical  combination,  fo rming  complex ions. 

As is well known,  the E . M . F .  necessary to deposit an ion 
from a solution on IL given electrode varies within certain 
limits with its concentrat ion in the solution. I n  the case of  
reversible processes it can be calculated in volts by  Nerns t ' s  

J , l O _ 4 1 T l n  ~ ,  T being the absolute tern- formula:  E = 0"860 • n p 

I)erature~ n the valency of the ion, p its osmotic pressure in 
the solution, and P its so-called solution-tension. W h e n  two 
monowdent  metals of solution-tension P1 and P2 are being 
s imultaneously deposited as a mechanical  mixture,  this equa- 
tion in connexion with E l = E 2  leads to 

0 " 8 6 0 T l n  PA = 0 " 8 6 0 T i n  P-2 or P ,  _ P l  
iv* P2 P ~ -  P-~' 

a formula  which is given by Nerns t  in the paper quoted ~ 

* Note . - - In  his paper Nernst. also. gives a formula, for the ratio 7 of the 
quantity of the metal (1) deposited m g.-equlvalents to the total number 
of equivalents liberated~ the conditions being as above. This formula is 
based on the consideration which tbllows from the results just obtained r 
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 
tP.orOportion for simultaneous depositi(m be again attained. If  we there- 

re start with a solution which contains the salts of two nmnovalent 
p~ P~ 

metals in the proportien given by the equation ~ = ~ ,  or, assuming 

complete dissociation and indicating concentrations by c, 

E =  ~,_; . . . . . . . . .  (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 electrolyt% will have the tendency to become 
again unitbrmly 

e,I ])1 
e )  = i '~  . . . . . . . . . .  (B} 
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at the Electrodes in a Solution. 49 

Accord ing  to Nemnann *, when copper is deposited from 
the normal  solution of  its sulphate on a copper electrode, 
it produces an E .M.F .  aiding the cur rent  of 0"515 volt 
hyd rogen ;  on the other  hand, when it is reversibly deposited 
on a platinized pla t inmn hydrogen  electrode an E .M.F .  of  
only 0"238 volt, i. e. a voltage h igher  by  0"277, is required to 
liberate hydrogen  reversibly f rom a normal  solution of its 
sulphate than is required to liberate copper under  the same 
conditions. 

~ o w  according to Caspari 's  experiments 1', a 0"23 volt 
h igher  electromotive force is required to set hydrogen  free on 
a copper  than on a platinized plat inum electrode; i .e. ,  in  
order to deposit hydrogen  on a copper  electrode from a 
normal  solution of  sulphurio acid 0"507 volt more is required 
than to deposit copper  on the same electrode from the normal  
solution of  its sulphate. I f  we employ Nerns t ' s  formula to 
calculate the concentrat ion of  a copper  solution, to deposit 

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

tioned above can be calculated to be ~---- PI-kP~" This is the formula 

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. 60), the ratio of simultaneous 
deposition, e. g. at the beginning of the experiment, has a diti~rent value, 
irrespective of the fact whether the current eml)loyed be large or small. 

In order to obtain formula~ 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 
1)y x, times by t, and name the quantity of each ion crossing any section 
in the differential of time in the direction towards the electrode, i. e. from 
greater values of x to less, Fldt and .F2dt respectively ; then,_ assumin_~ 
complete dissociation, we have for simultaneous deposition of the tw~ 
(monovalent) metals as above, 

cl---- P~c-. for .v~O; 
P2 

from which follows : 
~ e l -  PI ~c~ for x----0; 
~t P~ ~t 

~F Be 
and as in every cross section ~v = ~t' this gives : - -  

DF1 P1 DF~ for x----0. 
Dx -- P2 Dx ' 

(See also note on p. 60.) 
Zeitschr. phys. Chem. xiv. p. 222. 

t .[bid. xxx. p. 93. 
Phi l .  Mag.  S. 6. Vol. 1. No. 1. Jan.  1901. E 
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50 Dr. H. J. S. Sand on the Concentration 

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 -is normal. This means, 
according to the theoretical considerations advanced, that 
hydrogen will not be 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 
based were not at fault. I t  might be supposed that diffusion 
of the copper sulphate in tile 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 id&t 
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. 

I t  must be remarked here that changes of concentration in 
a liquid are in most cases no doubt effaced to a nmch ~reater 
extent by convection-currents than by diffusion. But in 
order to tes~ 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 ~ as heing deposited, under the supposition that 
only diffusion, and no convection, neutralized difibrences of 
concentration brought about by the current. Unfbrtunately 
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. I t  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 
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at the Electrodes in a Solution. 51 

a cylindrical vessel bounded at both ends by i t s  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. 
Further, let the initial concentration be uniform and equal to 
co g.-equivalents per unit of volume. Find the concentration 
in the interior of the liquid and at the electrode at any given 
time t under the suppositions, that changes of concentration 
are neutralized by diffusion only, that this takes placo 
according to F~ck's ]~w, and ~h~t it is not aff6cted by the 
passage of the current through lhe 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 solu{ion, and therefore also in the one 
under consideration, we have for the determination of the 
state of the liquid the first equation : 

F = K ~ ,  ~x . . . . . .  (1) 

for x = O, 

if  concentrations at any point are indicated by e, distances 
from the electrode by x, 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 o ,  . . . . . . . .  (2) 
between x = O  and x = l  for t=O, 

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

~ t - - K ~ ) x . ,  . . . . . . . .  (3) 

Equations 1 an(] 3 are satisfied by the following general 
solution : 

c = ~ x +  ~ a.  eos 
n = 0  

* Note.--The equations given here as far 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-coefflcient of ZnSO~ (Wied. Ann. 

- -  ( 1 . . . .  * �9 

vn. p. 539). Concentratmns m a solutton subjected to alternatmz currents 
have been recently examined by Warburg (Wied. Ann. lxvii. D ~495~ 

E 2  
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52 Dr .  I t .  J .  S. Sand  on the Concentration 

and  in order  tha t  equat ion 2 m a y  be fulfilled, viz. t ha t  

F ~=~ [n~r \ 
c0-  K x =  Y % cosi, T , ~ ) ,  

n=0 
between x----0 and x = l ,  

we must ,  according to Four ie r ,  make  
l F 

x ) d x  = }Ice-- �88 btao = �89 ~ ( co - F~ ~ l , "~ 

�89 o ~ ~  c ~  ~ K ( c ~  

which is equal to 0 ol- 
2l'2F 

w'-'n2K 

according  as n is even or odd. 
Subs t i tu t ing  these values  in equat ion (4), we obtain 

F F 4 IF  [ x "~ 1 cos x .2 ) .  
3~r te -9~Kt  §  , e =  K x  + co-ky~ l + - ( 5 )  

or  

~r2 
e - 9 T  ~Kt . . . )  F 4 /F  [1 : x --~=.K~ 1 37r /  "~ 

e = K z + c o - ~ ( ~ - c o s ~ [ e  - - f l e e s  _ 

and r e m e m b e r i n g  tha t  : 

~" 1 1 1 
~- = i~ + ~ + 5~+ . . . . . .  

we find 

F ~ F ~ : ~  l [ l _ c o s ( 2 n _ l ) ~ r l e _ ( 2 , , _ l ) , ~ x t ] .  c=  F x + co -  ~K~=~ ~(2~(- 1) -~ 

The infinite series in the above expressions for c converge  
so slowly for la rge  values of  l, as to make  them useless fbr 
numer ica l  applicat ion.  Fo r  l =  ~ all the single members  of 
the series in the last  equat ion become infinitely small, and 
the series assumes the na ture  of  a definite integral .  W e  

* This equation also fulfils the condition F = K  i~c for x=L It can 

therefore be taken accurately to represent the concentration in a cylinder 
of length l, filled e.g. with CuSOa 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 Weber. 
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and making use 
find 

at the Electrodes in a Solution. 53 

shall convert it into a definite integral and make I infinite by 
the substitutions : 

1 n = ~ ,  ~=~,  

dq being the differential of the variable q which assumes 
successively the values dq, 2dq . . . . .  q . . . . .  ~ , and ~ an 
arbitrary positive constant. We, thus obtain : 

F 4F C| a ( 1  - ( ~ x )  a,~Kt, c=u +c0- j ~ cos e -  . :  ) 

The value of K being arbitrary, we can make : 

4Kt  
= 1 ,  i .e .  x = 2  v ~ ,  

and we find 

x + c0-- ~ - cos 
C = K  J0 q Z \  ~ / K t  /" 

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

b~e 2F f| 

The wdue of the integral occurring here being known to be 
~] 71" x2 

2- e -  4K---t, we have : 

~2e F ~ 
~)x ~ - -  K J ~ - - K t  e 4Kt, 

successively of equations (3) and (2) we 

F ~t dt ~2 
e-4gt; 

c = c o - -  J~-K.)o ~/t . . . .  (6) 

an equation from which it is not difficult to obtain numerical 
values for e by one of the approximation methods. For the 
concentration at the electrode for which x = 0 ,  this equation 
~tssumes the extremely simple ibrm 

c= ~o- 2F J ~ = ~ o -  1.r284F V/~ (7) 
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54 Dr. H. J .  S. Sand on the Concentration 

,Experimental application of equation (7).--(a) Application 
to the Solution of a Single Salt. 

I f  we electrolyse the solution of a single salt, for example 
that of pure copper sulphate, we know that the value of F at 

the cathode in g.-equiv..  
cmY sec. is 

ina _ i(1--nc) 
96540-- 96540 ' 

i being the current-density in amp. - -  n, the transport value o[ 
. c m . 2 ,  

the anion S04, and nc that of the cation Cu in the solution. The 
concentration at the electrode after electrolysing for t seconds 
will therefore he 

1"1284. / T  1"1284 i(1 --he) , ~ / t ~  
C=Co  =co- v654o - - 1 4 "  (8) 

]'his formula can be employed ibr the determination of K if  
coordinate values of c and t 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 elec~rolytic experiments. 

Let us suppose electrolysis of' a pure copper-sulphate solu- 
tion to take place in a cylindrical vessel of length l, bounded 
at the top bv a horizontal cathode, at the bot,~om by a 
horizontal cot)per 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 tile liquid at the distance l below 
the cathode, which is equal to the flow out of it. i t  is, how- 
ever, not dimcult 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 
as we approach the catho~te. These first two statements can 
be inferred from the principle of superposition. (3) 2"he real. 

concentration at the distance t below the cathode is (either 
according to Weher's formula (5) or from considerations of 
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at the Electrodes in a Solution. 55 

symmetry) constantly co; the difference between real and 
calculated values therefore is 

F ~t  dt ~ 
| -----7-- e-twfft. 

r  j0 v t  

I t  is easy to see that as long as t<~-~  the value of this 
function is smaller than 

F / - / -  ~2 v ~ e  1 ~ ,  

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 eathode. In 
all the experiments carried out, this quantity is absolutely 
negligible. 

We now coine 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 exl)eri- 
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-unifbrm concentration. These 
changes are in the case of a cylindrical vessel given for each 
ion in our notation by the fbrmula 

~ =  + ~ 6 ~ 0  ~ \  x ] . . . .  (9) 

in which c is the concentration of the ion under considera- 
tion, a 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 Kohlrauseh's nota- 
tion, where the positive ions move from smaller values of 

x to greater). As is known, ac - -  = n  is Hittorf 's transpor~ 

value of the ion under consideration~ and we can write the 
above equation in the form 

~c i ~n ~c 
5~ = + 965~0 ~ ~ '  . . . .  (lO) 

from which it can be concluded that in the interior of a 
solution of a single salt in which the transport values aro 

* Wied. Ann. lxii. p. 209 (1897). 
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56 Dr. H. J. S. Sand on the Concentration 

indepondent of concentration, no change of concentration is 
ever brought about by the passage of the current. In the 
case of copper sulphate, however, ne~ the transport value of 
the copper, is not independent of the concentration. It is 
given according to Koblrausch by Hittorf and Kirmis as 

~= --0"047-, cm2 
reg.-equiv." 

We have, therefore, for differences of eoneeutration brought 
about by the passage of the current at every point of a copper- 
sulphate solution: 

~c 0"047 . ~c 

b c .  
~--~ m 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 c is slightly too 
large and must be regarded as an upper limit. 

We can also find a lower limit for c by the following con- 
~c 

siderations. The value of ~-~ for x = 0 is given I)y equation (1), 

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

~c 0"047 i"n~ 
~ t - -  96540~K' 

0"047 i2n, 
~c------ 96540~K t. 

This value is, however, too large when taken to represent 
the total lowering of concentration. ~Ve see this when we 
remember that the gradient of concentration is always a 
maximum at the electrode, decreasing continuously as we 
depart from it, and that the lowering of" concentration- due only 
to passage of the current will therefore, according to thee 
general equation (10), also be a maximmn at the electrode, 
decreasing with increasing distance from it ; this in its turn 
will have the eithct of increasing the gradient at all points of 
the liquid and thus also increasing dii~hsion. 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 

1"1284 / ' t - -  0"047n. i:t 
c=co--  96540 in~ ~ /  K 96540 -~" K " (11) 
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at the Electrodes in a Solution. 57 

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

--i~t differs when determined by either the one or the other of 
K 
these equations. This calculation does not offer sufficient 
interest to give it in detail, we shall therefore only state the 

i~t 
result that the ratio of the difference between ~ calculated 

by (11) or calculated by (8) is given sufficiently accurately 
by the expression 

2 x 0"047 co-- c.  
1"12843 n~- ' 

which for values of 
. . . . .  mg.-equiv 

Co=O'zvvt) ~ ", and c=0 ,  

the only ones employed in the experiments, amounts to about 
2~ per cent., i.e. K, calculated by (8), is 2{ 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 accm'ately follow 
Fick's law, the diffusion-coeflicient decreasing slightly with 
increasing concentration. A thorough examination" based 
upon Wiedeburg's law would, however, lead beyond the 
scope of this paper. 

(b) Application of Equation (7) to a mlxtu~'e of Copper 
Sulphate and Sulphw~'ic Acid. 

As has already been stated, we shall in deallng with mix- 
tures be obliged to confine ourselves to obtaining upper and 
lower 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. We 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 ~urface of the electrode, 
when copper alone is being deposited on it. Using the same 

" Wied. Ann. xli. p. 675. 

D
ow

nl
oa

de
d 

by
 [

D
uk

e 
U

ni
ve

rs
ity

 L
ib

ra
ri

es
] 

at
 0

9:
20

 0
7 

Se
pt

em
be

r 
20

12
 



58 Dr. H. J. S. Sand on  t he  C o n c e n t r a t i o n  

notation as above, the flow of copper out o[ the solution at 
the electrode is 

i g.-equiv. 
96540 cm3 sec.' 

and the flow towards the latter, due to electrolysis 
a c  i g.-equiv. 
tr 96540cm." sec." 

The flow F due to diffusion is therefore 

A (1-7) 
This quantity is variable, increasing continually f r o m  its 

i 
original value to the value 9654~' which it assumes when c 

has gone down to 0. The quantity a_c =no, which we may 

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 q through the solution, 
and to determine tim decrease in copper in a region bounded 
on the one side by the anode, on ~he other by solution still 
having the original composition of the liquid (making the 
necessary correction for copper dissolved from the anode). 

This decrease is equal to a c  q g.-equiv., and has been 
tr 96540 

determined by Schrader* in the case of certain mixtures 
the stone mixtures which have been employed for this present 
work. I f  the value of this decrease in grammes be a, and 
the quantity of silver deposited in a silver voltameter by the 
current employed be /~, both of these values having beer~ 
given by Schrader, then 

ac  q _ a q 

96540 31"59' 96540 -- 107"66 ~ 
and 

- - - -  ----- 1~07"66" 31"59 1 ac l--*~e = (12) 

107"66 

the numbers 31"59 and 107"66 being the equivalent weights 
of copper and silver respectively. 

* Z t s c h f t . f .  Elektrochemie,  lit. p. 502. 
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at the Electrodes in a Solution. 5Y 

We thus find that if we pass a current of constant density i 
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 cal~ 
both be calculated, and we shall be justified in assuming that 
the concentration actually attained at any time t could also 

n'i  
have been attained if a constant flow F I lying some- 

- 96540 
where between the extreme ~a]nes 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 Ci , . . . . .  (13) 
c----c0-- 965-~40 

n t 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 
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 

5-t = 96540 ~ x \  ~r 

In the case we are now considering the concentration c of 
the copper will vary extremely rapidly as we approach the 
cathode, the conductivity x of die solution on the other hand 
will remain fairly constant, as the solution, while becoming 
poorer in (Ju and SO4 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 
values, we shall therefbre be justified in assmning a constant 
and equal to the conductivity at the beginning of the 
experiment. The mobility of the copper we also assume 
constant. We thus have 

5c _ ia 5e  
~t U6540 K ~)x 

5c As ~-~ 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 ~-~ is of appreciable magnitude. The value given by 

equation (13) must therefore be regarded as a lower limit. 
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60 Dr .  H .  J .  S.  Sand  on the Concentration 

S t i l l  more  mus t  
1"1284 .  J ~  

c>c~  96540 z. K . . . . . .  (14) 

W e  can also find an uppe r  l imi t  i b r  c, b y  d e t e r m i n i n g  the  
increase  of  concen t ra t ion  Ac a t  the  e lec t rode  due on ly  to 
passage of the c u r r e n t  t h r o u g h  the  solut ion,  by  a prec ise ly  
s imi la r  method to tha t  emp loyed  for  f ind ing  the  co r respond ing  
decrease  in the case of  pure  C u S Q  on page  56. I n  the  way  
shown there ,  i t  can also be seen here  tha t  the  value obta ined 
is  too la rge  when  t aken  to r e p r e s e n t  the  combined  effect of  
(tiffusion and passage  of  the  cu r ren t .  As  the  final result ,  
we  ob ta in  

X/  " 
1"1284 t '  Y a d  * ' t *  

c < c0 9-65-40 n ~ ~.  + 96540~1r 

t Note.--If we bad made no assumption about a and �9 this inequality 
~vould be 

1"1284 ,. l - t -  ( ' t  dti O (% 
from which, in conjunction with inequality No. 14, can be concluded 

~c 1"1284 n'i . i D 
= _ • 

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

~atio Ft, in which two monovalent metals can be deposited, which is 

mentioned in the note on p. 49, if we suppose that in the mixture 
assumed there the two salts diffuse independentl3 of each other. The 
equation 

De, _ P~ D~_~ 
Dt 1)~ ~t 

then leads to 
1"1284n/i, i ~ / t  D [a~c~De 

= l'P284n~'i~ -- i., C/t- ~ /a,~c.2XDc 
- - -  / ~  I ' E ~ .  - -  - - 

2x96540~ K2 96540Dc t r )Dx 

from which for t=O we obtain, remembering that for this value of t 

n'----1-nc; and also that ir -- F, 

F1 P,(1--n~o) / K  l 
'VK; 

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 statecl on p. 47. ' 
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at the Electrodes in a Solut ion.  61 

Co--C being always positive, this inequality can also be 
written 

1"1284 n I . / - {  an t i2t 
~(co--e ) 

- -  9654~ ~ V K  96540~x K '  

where ~ is a number sfnaller than 1. The values of i ~ /  ~{ 
obtained from this quadratic equation are 

= __ 93.20 • ~ (Co--C)~x 10-41 K 5"447 a -4-_ 5"447 a nla 

1Wow as we know that for t = 0 ,  also c 0 - c = 0 ,  we con- 
clude that only the negative sign belbre the square root is 

/ ? !  o 
applicable. Remembering also that - is always greater 

E 

than the value 1--n~ of equation (12), we can transforln 
this equation into the inequality 

, /  1 0 - 4 i v ~ <  5.447 a 

the dimension of the number 5"447 occurring here is 

amp. x sec. or, which is the same thing, milliamp, x see. 
g.-eqmv, mg,-equiv. ' 

(milliamp. x sec.~ 2 
and the dimension of the number 93"20 is \ ~ l ~ V .  / " 

In the following Table (I.) I have given the concentrations 
of the solutions examined experimentally in g.-equivalents per 

litre, or, which is the same thing, in reg.-equiv. cm? They have 

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 a,/9, and ~, given 
by Schrader, as weII as the values fbr a taken fi'om Kohl- 
rausch's tables, which have been used, will also be found in 
the table. Under the headings " i~t0max." and " i2 tomin .  '' 
will be found the maximum and minimum values of i2to, 
calculated from the expressions (15) and (14) respectively, 
to being the time required for c to go down to zero. In the 
column marked " [2t o arc. to (16) " I have given values of 
i'~to derived from the tbrmula 

1 . 1 2 8 4 .  , .  / T  
c = co---9~5T 0 ( l - n . ) , V K ,  " . . . (16), 

* Zeitschr. f. Elektroohem. iii. p. 502. 
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62 Dr. H. J. S. Sand on the Concentration 

I ~ n c  being found by equation (12). These values are 
intermediate between those in the other two columns and 
given merely for comparison with the experimental numbers. 

At ~he end of ~he table I have also given the concentration 
of the solution of pure copper sulphate examined, and the 

K 
value of z'~ derived for it from equation (8), n~ having been 

taken as 0"63 *. 
TABLE I .  

{ 
:NO. 

B. 

C. 

D. 

E. 

Sehrader's 
:No. 

4 

5 

2 

10 

My solutions. 

Gone. of Cone. o f "  Cone. of 
Gu in He_SO4 !n { Cu in 

ee. mg.-eqmv, m~.-eqmv. mg"equiv" / -  c o . - ' 1 - -  ~c. 

0"1634 0'0881 

0'2407 0"1327 

0'06618 0"0275 

0"1483 0'1804 

0'2096 ... 

Sehrader's solutions. 

Gone. of 
I ~2SO4 in 

m~.-eqmv. [ reg.-equiv. 

o25 
02490 0'1375 

006618 0"0275 

0"1483 0"1804 

a in 

0'17 

0'20 

0"09 

0'25 

fl iu g. 

9 '00828 

0"00988 

9"00360 

~)'00860 

Table I. (cont.) 

i n  
~o. (ohm • em.)- 1. 

0"027 

362 x 10690 x 10-8. 

C. 79.5 x 16690 • 10-8. 

D. 391 • 10690• 10-8. 

a in 
c n l  2 

ohm• mg.-equi~. 

15 • lO--a 

15xi0-3 

17+10-3 

15xi0-3 

z~to max. (in 
milamp., see., 

e r a . )  

1609 

3330 

2 ~  

1004 

ieto min. (in 
milamp., see., 

~nl . )  

836 

1773 

141"0 

691 "5 

K-K--- - 10-9 • 1"195 (milamp., see., cm.). 
i2t~ 

i2to ace. to 16 
(in milamp., 

see., 0112.) 

1246 

27"6 

192"3 

925 

Note.--The value of r for solution A has not been given by Sehrader. The  
number 0"027 is an approximate value, calculated from Kohlrauseh's tables. 

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

0"2 mg'-equiv" is 0.643, and at the concentration 0"02 i t  is 0'6.9, o. 
c m .  ~ 
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at the Electrodes in a b'olution. 63 

In the calculation of i~to Wiedeburg's value for the diffusion- 
coefficient of copper sulphate at 18 ~ 

Kis = 44"79 x 10-7(1--3"467 c) - -  
sec. 

was employed. Here the concentration c is supposed given 

in g" 0 u ~ 0 ~  when it is given in mz.-equiv, the number 
em.~ CITI ? 

0'2761 must be taken instead of 3"467. The value of K 
ibr c = 0  has been taken in calculating the numbers contained 
in the columns "ieto max." and "ieto ace. to (16)" ; and the 
value of K for the initial concentration in calculating the 
number i~tomin. From the quantities i2t() given in the table, 
which are based upon the diffusion-coefficient of copper 
sulphate at 18 ~ we should find i~to at 0 degrees by the 
formula 

i~to = ~ ~ t , ~ [ 1 + o . o 2 6 ( o - l s o ) ~ ,  

in which 0"026 is the temperature-coefficient of diffusion 
assumed by Wiedeburg. 

EXPERIMENTAL 1:)ART. 

Determination of 7~me required till Hydrogen appears in the 
Electvolysis of an acid solution of Col)per S~dphate. 

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 eleetrolysed 
being contained in cylindrical vessels, bounded at the top 
by horizontal cathodes. The values obtained are compared 
with the limits calculated by the formulse 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 subiect qualitatively. I~ was found that on electrolysim~ 
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 surface 
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64 Dr. H. J. S. Sand on the Concentration 

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 
Inillivoltmeter 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 iu 
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 tile D'Arsonval, however, it was seen 
that the current at first kept slowly decreasing, until it would 
after a certain time drop considerably and then beck)me 
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 D'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 instrument was probably due to ~. 
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 experimenting 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 it allowed 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 q was cut 
t:o allow air-bubbles to be easily removed. Tlae rubber 
tube r 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. 
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at the Electrodes in a Sulution. 65 

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 

" 1 7 ; ~  "1 

\ /  

Fig. 2. 
--gff3 

m 

~ ~ -ccrX" 

plate which was made perfectly flat, then polished and finally 
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 pertbctly clean chamois-leather, excess of mercury 
being removed froln the edges by a pipette, drawn out to a 
fine point. This process of cleaning and polishing was 
repeated after each experiment. 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 ~ ith 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 befbre introducing tho 
liquid, by placing it in the cap, into which it fitted accurately, 

.Phil. Mag. S. 6. Vol. l No. 1. Jan. 1901. F 
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66 Dr. H. J. S. Sand on tt~e Concen t ra t ion  

and then screwing down the glass tube on it. Bv 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 oll 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, i t  was 
found to be 0"699 sq. cm. 

I ~ i T ~ l J  ~ |I 
The apparatus 3 was only employed in the series o! 

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 projecling part. In this apparatus 
the cathode could be easily ol)served, when suitably illu- 
minated. Its surface was calculated as that of an ellipse 
from the length of two diameters of the tube, taken at right 
angles to each other with a screw-caliper. Its value was 
3"782 sq. cm. 

For the experiments the tubes were tightly clamped to a 
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at the Electrodes in a Solution. 67 

very heavy tripod stand of lX~ inch iron tubing, which was 
adjustable by three levelling-screws. As I was anxious to 
avoid vibrations, which are exceedingly great at Mason 
College, I followed a suggestion of Pro[. 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 ['or at least twelve hours. 

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, 
reerystallized twice, was analysed by electrolytic copper 
determination, the latter by precipitation with BaCI~. 

The electrical arr~mgements, which were in principle the 
same throughout all the experiments described, will be readily 
understood from the accompanying diagram (fig. 4). The 

Fig. 4. 

~kt~vy t 
, "h 

, |  

I g a t t t  ~ v  

l , "  - ~l~d v~Lvtk6-"x 

~ ' . 

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 all 
Ayrton-Mather D'Arsonval or a Weston millivoltmeter, in 
either ease suitably shunted. The measuring instrument was 
carefully calibrated, and also standardized before each expe- 
riment by taking its reading when a current of approxi- 
nmtely the same magnitude as that employed in the experiment 

F 2  
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68 Dr. H. J. 8. Sand on the Coneent~'ation 

was passed through it. This current was measured, as will 
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 repeat~,[l, 
this table shows the degree of coincidence which can be 
obtained in a series of determinations. The readings hav(; 
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 much as 10 per cent. have 
here in single cases been obtained in successive experimpnts 
which could not be accounted for in any other way. I have 
,nevertheless not hesitated to give these earlier values as the 
Tanges 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 wdues. These being calculated for 18 ~ should 
be multiplied by 1 + 0"026 (0-- 1~5) if' the experimental values 
have been obtained at 0o. I have instead made the corrections 
at the experimental numbers themselves, dividing them by 
l+0"026 (0--18). It must be acknowledged that some 
uncertainty is introduced by this huge t~,mperature correction. 
The temperature-coefficient for the diffusion of copper 
sulphate never having been experimentally determined has, 
as was also done by Wiedeburg, been :tssmned 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 between the theoretical limit% and 
their differences from those calculated by the intermediat~ 
ibrlnula are ~n 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 wdues are ahvays con- 
tained between the theoretical limits~ and, besides, are far 
distant from the lower limit, I think we may conclude that 
these experiments prove within the limits which our theoretical 
knowled_~e of the orocesses takin_~ place in the electrolyte 
allows, float liberntmn 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. 
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at the Electrodes in a Solution. 69 

A .5~w 3lethod for the ])etermination of the Diffu.,:ion- 
Coefficient of Pure Copper Sulphate. 

A second series of exper iments  was pe, r formed in order to 
s t u d y  t h e  b e h a v i o u r  o f  a p u r e  c o p p e r - s u l p h a t e  s o l u t i o n  a f t e r  
the  c o n c e n t r a t i o n  o f  the  copper  at the  e l ec trode  had  g o n e  
d o w n  to zero .  

TABLE II. 

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

l{xperimcntaI Values. Theoretical u 

Current  Surface Current-  Ti 
o in " milli- of / density in I obs 

electrode / milliamps. ] : 
[ a m p s -  in sq ' cm '  / ~ / see 

... 9"33 13-53 [ 0-690 [ 2 

... 18'1 1676 ] 1"081 ] 1, 
�9 .4 205 la.53 / r515 / 
...] 40"9 13"53 / 3'02 [ 
�9 .-/ &1.6 13.53 | a s s  / 
�9 .,/ ~2 8 la.53 / 3-905 | 
""t 57"4 13'53 | 4"24 / 
..q 

ne. Time tot e~eci 
rye temp.  cot-  q" 
a in o C.I rectedll - 0 -  

16 ~ 2(;17 II 2618 
14 [ 1128 II 1068 
17 / 524 [I 543 

lO 15 / 11911 137 
75 13 | 86 II 85 
73 14 / 81 [I 82 

38 la / 3~11 37 

I 
t mini-  ] t maxi- 
mum. ' IBnUl. 

t, 836 / 160',) 
�9 = ~ = - 7 ; -  

1756 I 338o 

92 / 176 
57 / 107 
55 / lO5 
47 / VO 
25 / 48 

T A B L E  I I1 .  

Solution B, see Table I .  Expe r imen t s  in Appara tus  2. 
Surface of' Cathode "699 sq. centim. 

Experimental  -Values. Theoretical Values. 

i~To. 

I .  
2( . . i  
3 .., 
4- ... 

6 ... 
7 ... 
8 ~176 

Current- Time 
Current  ~ density m/observed 

an / mill iamps./  ia 
milliamps. --c~u.u. 2 - -  seconds. 

1 

0"776 1-111 2025 
1"13l 1-617 945 
1"183 1"936 630 
2"09 2"99 290 
2'50 358  170 
2"617 3"74 165 
3"58 5"12 85 
5'10 7"30 4O 
(; 22 8"90 '25 

Temp. Timeeor. 
l in o C. retted 

to 18 ~ 

2371 ! 
1060 

124 
13"8 
13"6 711 
13"8 318 
14"8 185 
13"6 186 
12"8 98 
13"8 45 
13"6 29 

t ace. t mini-  
to,~q. 16. munh 

~)716 ~ 1773 
t =  . . . .  i2- �9 22 

201 1437 
1038 678 

725 ! 473 
304 199 
212 138 
195 127 
103 68 
51 33 
34 2"2 

t maxi- 
mum. 

33O 

2698 
1274 

889 
372 
260 
238 
127 

62 
42 

l 
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Experimental Values. 

Dr. H. J .  S. Sand on the Concentration 

TABLE IV'. 

Solution C, see Table I. Experiments in Apparatus 2. 
Surface of Cathode "699 sq. centirn. 

(2urrent- 
density in 
milliamps. 

Current 
N~... in 

milliamps. - -  

Time 
Temp. cot- 

in o O. ] reeted 
Lo 18 ~, 

12"0 2299 

13"0 2253 l 12"8 1203 
13'6 621 
13'2 378 
14'2 166 
12"8 78 
1 3 " 8  26 

70 

1 0'2123 
2 0'2202 
3 0"280 
4 0"406 
5 0 502 
6 O'768 
7 1'133 
8 1"801 

r 2 

Time 
observed 

in 
seconds. 

0"304 1940 
0"315 1960 
0'400 1040 
0"581 550 
0"718 330 
1 "099 ] 50 
1 ' 6 2 1  67 
2"576 23 

Theoretical Values. 

ace. I t mini- t maxi- 
~q. 16.11 IIlUm. mum. 

I 
192"31 41"0 t =  265 

~z--' t = ~  1 : i~'-' 
084 I 1528 / 2868 
938 / 1421 / 2671 
202 I 881 [ 1~56 
570 L 418 / 785 
a7.a / 274 I .~14 
159 / 117 I 219 

73 ] 54 / 101 
2 . !  21 i 4o 

TABLE V. 

Solution D, see Table 1. Experiments in Apparatus 2. 
Surface of Cathode "699 sq. centim. 

Experimental Values. 

i n l e  
levy( 
in 
~ond 

560 
:600 
355 
370 
750 
750 
305 
295 
120 
120 

55 

T 
]'era p. e 
LR o (2. re 

to 

12"7 o 
12"7 i 
12 5 
120  1 
12"0 
120  
12"4 
12"3 
12-4 
130  
13"4 

~[ heoretical Values. 

t ace ~ini- 
to eq. 1 rim. 

 91.5 
�9 _ .i ~ i t 

2801 09,t 

1457 089 
839 627 
833 622 
323 242 
328 245 
133 99 

~o, 
Current 

in 
milliamps. 

0"402 
0"405 
0"556 
0557 
0"734 
0"737 
1"182 
!"174 
1 '847 
1"885 
2'82 

Curre: 
densit~ 
milliai~ 

0"57 
0.;8 
0"79 
O'79 
1 " 0 5  
1 "05 
1 "69 
1"68 
2'64 
2"70 
4"03 

taxi- 
III In. 

1064 

218 
163 
684 
675 
963 
958 
372 
377 
1 5 3  
146 
66 
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at the Electrodes in a Solution. 71 

After this is the case, diffusion can no longer bring sufficient 
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 negative. It might theretbre be supposed 
that it would be impossible to keep the current at its 
former strength. This is, however, found not to be the 
c a s e .  

In 1844 Since* described an experiment, in which he 
eleetrolysed a solution of pure copper sulphate in a tall vessel, 
in the upper part of which he placed the cathode. I-Ii~ 
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 ibrce 
bright reguline copper first appeared at the negative pole, 
this was ibllowed by a brittle, this by a sandy, this by a 
spongy deposit;, this by black powder, and finally hydrogen 
was e[Tolved." 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 solutiou 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 intermiugled 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. i t  is probably a copper 
hydride t. 

The behaviour of the current while eleetrolysing 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 
knowledge of this time and of the current-density employed, 
it is possible to calculate the diffusion-coefficient of copper 
sulphate by means of the expression given at the end of 
Table I. This has been done in Table Vl. (p. 72). 

* Phil. Mag. xxv. p. 437. 
t See Pogg. Ann. Ixxvo p. 350. 
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72 Dr. H. J. S. Sand on the Concentration 

TABLE V I .  

Determination of Diffusion-coefficient K of copper sulphate. 
Solution E. Experiments 1-3 in apparatus 2; surface 
of cathode 0"6,q9. Experiments 3-6 in apparatus 3 ; 
surlhce of cathode 3"782 sq. cm. 

] Current 
~n 

~o. milli- _ _ _ _ _ _  
~il lI)$,  

2...I 1'004 
3.. .  1"038 

5""  668 
6-41 , iii 

Current- 
density in 
milliamps. 

Time ob- 
served in 

____era'2 __sec~ 

0 '!ii 
l "436 

1 '485 

l "766 

1 "694 

1 "683 

Temp. O 
in ~ 

14 '2 

13"8 

15"4 

15"0 

14"4 

KO by formula 
(Table 1.) 
K=10- -9  
• 1" 195i~to 
in cm.2%ce. 

3'79 x ] 0 -6  

3"79x 10-~ 
3 '99x10-6  

4"08x10-6 

4"4 l X 10 -6  

4"31 x 10-6 

K~a ~ by 
ibrmulu 

KO 
i +0-026(0-- 18)" 

4"16• 

4"21 • 10-6 

4"48 • 10-~ 

4'38 • 10-6 

4'78 • 10-6 

4"76 X 10--6 

~r eaYl 
value 

of Kis. 

~'46 X 10-r 

According to Wiedeburg the diffusion-coefficient of copper 

sulphate at 18 ~ is 4"379 x 10 -6cm3 at the concentration 0, 
sec .  

a n d  4"220  X 10 -6  cm'2  a t  t i le  c o n c e n t r a t i o n  of  s o l u t i o n  E 
see.  

(see p. 63 & p. 57). Although the mean value for K~s in the 
above table is about what should be expected from Wiede- 
burg's determinaticns, 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 ibr more than a rough deter- 
ruination of diffusion-coefflcients. 

.F~xperiments on tl~e L'ffect of Convection cvrre~ts on tile .Re- 
lative Quantlt!l of Hydrogen .qiveu off in tl~e Electrolysis 
of  an Acid Solution o f  Copl~er Sulphate. 

The following experiments deal with the relative quanti~y 
of hydrogen produced by electrolysis of an acid copper- 
sulphate solution when considerably greater current-densities 
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. 

* Ann.  Chhn. et Phl/s. [7] ii. p. 351 (1894). 
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at the Electrodes i~ a Solutlom 73 

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. ]he concentration of the copper goes down to 
practically zero with great rapidity, as shown by the formulm, 
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 aIone 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 tbis quantity, when sufficient convection 
takes place, is thus always 0 per cent.; and the question might, 
he asked, Is there an upper limit when we employ a given 
current-density, and use a large quanti~y 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 diufinish 
the production of hydrogen, such an upper limi~ 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 lbrmul~e given which are the main influences that 
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 

('0 relative magnitudes of the expressions ~ for the hydro- 

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

I have discussed this question in view of some experiments 
that have been quite reeenlly performed by 'l:oepffera, a short 
account of which will be tbund in the Zeitschriftfi~rphysi- 
kalische Chemic, xxx. p. 570. lie 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- 

* Fully described in his the.~is kindly sent me by the author. 
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74 Dr. 1K. J .  S. Sand on tl, e Co~c e n t ra t i on  

densities were employed, the metal requiring the higher 
E.M.F.  for its liberation was always deposited in relative 
quanti~ies 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 wouht 
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 
he taken from the values given for concentrations and current- 
density in the thesis referred to, if, in order to obtain nmne- 
rical values, we assume that diffusion-coefficients &c. 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 small values had been used, the 
metal requiring the lower E.M.F. for its deposition wouht 
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- 
fiations 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 fo form complex 
anions to a greater extent than the baser, tilts would certainly 
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 
the electrolysis to be continually followed by measuring the 
quantity of hydrogen given oft; 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 i~ 
resembles a desiccator in general appearance, but has two) 
openings in the side and two in the lid. Through one of the 
side-openings the tube a passes leading to the cup c, which is 
filled with lnercury, forming the cathode, uniform deposition 
of the copper being thus ensured. The glass tube b passing 
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at the Electrodes in a Solution. 75 

through the other side-opening is continued by the rubber 
tube r. 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 

Fig. 5. 

solution before each experiment. Tile tube .f leads througtl 
the lid to the gas-burette. The gas-tight joint g, through 
which the stirrer passes, will be understood from the figm'e. 
It may be described as an inverted cup rotating in a ring of 
mercury. Glycerine is placed at the top of the mercmT, 
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 ; 
hut 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. 
I t  has four" hollow arms out of which the liquid is thrown by 
centrifugal force, being replaced by solution drawn from 
above t.he cathode. Owing to the great extent to which it 
causes the liquid in the vessel to rotate, which hinders the 
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76 Dr. H. J. S. Sand on tl~e Concentration 

flow to the electrode, its efl]eiency decreases somewhat after 
it has been going fbr 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. I t  was also in connexion with a speed- 
counter. 

In the experiments the apparatus was nearly filled w.ith 
600 c.c. of solution. Befbre use, a rapid current of hydrogen 
was passed through it for about half' an hour by means of the 
tubes d, b, r, 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 fbrmed metallic 
contact fbr the wire leading to the anode. Either befbre or 
after each experiment, lhe apparatus was tested ~br leakage, 
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. tor the 
stirrer were fixed. ]t was made to order by Messrs. C. 
E. Mtiller & Co., of High Holborn, W.C. 

The measuring-instrument for the current was in these 
experiments always the mittivoltmeter men~ioned above, the 
electrical arrangements being in principle exactly the same 
:~s those employed tbr the experiments described above. 

The solutions employed are iNos. A and B of" the previous 
experiments, which have also been examined by Schrader*; 
the minimuln current-density employed by me being greater 
than the maximum value of 36 milliamperes per sq. era. used 
l)y Schrader. Some results are given in the following tables. 
The quantities of hydrogen observed are corrected to 0 ~ and 
760 ram. 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. 

I t  will be seen fi'om the results that when the solution is 
not artificially stirred, the quanti U of hydrogen liberated 
decreases rapidly after the experiments have been going on 
tbr some lime. Tiffs 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 
]iquidj for when it was allowed to stand for about a day, the 

Taken from his thesis ]dndly lent me by Prof. Warburg, in whose 
laboratory the experiments were carried ont. 
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78 On the Concentration at the Electrodes in a Solution. 

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 hydroz~n, 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 
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. 

~UMMARY OF I:{ESULTS. 

An equation (No. 8) has been derived and rigidly proved 
or 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. This fol'mula 
can be made the basis of a method for roughly determining 
diffusion coemcients. 

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, tha~ this formula can be taken as a sumcient 
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 
electt'ode 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 
solution to the electrode. 

The experiments described hero have been carried out 
entirely in the laboratories of Prof. P. F. Frankland and 
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STec;fic Velocities of Ions i7~ Disel~arge from Points. 79 

Dr. D. K. Morris~ at Mason Colleg% Birmingham, pre- 
liminary experiments having been performed in London at 
University College in the laboratories of Profs. Ramsay and 
(hllendar. ][ have pleasure in expressing my thanks to these 
gentlemen, as well as to Mr. A. ~V. Porter, of University 
College, London, for friendly interest shown in my work. 

IV. On the Specie Velocities of Ions in the Disct, arge from 
Points. By A. P. CHAT'rOCK, Professor of Physics, 
University College, Bristol; and WI~rlFREO E. WALKER, 
.B.Sc., and E. H. Dlxos, B.Sc., Associates of Univers#y 
College~ Bristol ~. 

I N a communication to the Philosophical Mn~azine for 
November 1899~ it was shown by one of us that under 

suitable conditions the pressure of the electric wind furnishes 
a means of determining the specific velocities of the ions con- 
cerned in its production ; and results obtained in the case of 
air were given in illustration of the method. 

Subsequent experiments on other gases, while leading to 
values which were roughly in accord with the velocities of 
ions obtained by x-rays, have remained unpublished o~1 
account of the behaviour of hydrogen. The results for the 
negative ions in this gas were ibund to vary between the very 
wide limits 5"7 and ~5"3, and in later work 4"7 and 10"0 centi- 
metres per second in a field of one volt per centimetre. 

It is true that, owing to the smallness of the wind-pressures 
for hydrogen, exceptionally large errors were to be expected 
in the readings of the pressure-gauge, and hence in the 
deduced velocities ; but the magnitude of the observed varia- 
tions was much too great to be accounted for in this way, 
and it seemed possible that these might be due to real changes 
in the specific velocities themselves. 

Analysis of the results now obtained, without bein_~ abso- 
lutely conclusive, leaves little room for doubt that this view 
is correct. 

Specific ionic velocities have been measured in the five 
substances, Hyd~'ogen, Carbon Dioxide, Air, Ox~gen~ and 
Turpentine according to the ibrmula 

V=z/cp, 
where c is the current from the point, and 29 the increase in 
the total wind-pressure corresponding with a shift of the dis- 
charging point through z along the axis of the discharge- 
tube (l. c.). 

Communicated by the Authors. 
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