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180’ O., or, more strictly, to be n curve whose carvature is so 
slight that it can be so described.” 

This conclusion is practically in agreement with that, stated 
in this papei-. 

DISCUSSION. 
Mr. ROSE-INNES said that in his paper the author had naed 

t,he generalizations of van der Waals, although the aiitlior 
himself‘ had shown that they were not strictly true. 

Dr. YOUNG said that the generalizations held accurately 
in some cases, although they did not in others. In all cases 
in which inolecular 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 sinall 
deviations. 

XXXI.  Chi tlze C o ) z c e u t i d o n  a t  the Elect?-odes in a Solution, 
iv i th special i‘efereizce to tlie L ibemt ion  of Hydrogen by 
Electrolysis of a Mixture of Copper Sulphate and Sulphuric 
Acid. By REXEP J. S. SAND, PA.D., Bowen Research 
&Jtolar ut 11hsoit Uiiive,*sity Col ley ,  Birm’ngJinn~ *. 

CONrENTS :-Ihtorical introduction.-Theoretical consideration of 
the  Liberation of Two Constituents a t  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 
resslts to  obtain Values for tbe Concentration a t  the Electrode of t h e  
Solution of a single Salt and of a 3Iixture.--Experimental determination 
of the  Time required till Hydrogen appears during Electrolysis of an 
Acid solution of Copper Sulphate.--4 new method for determining 
the  Diffusion-Coefficient of Copper Sulphate.-Experiments t o  show the 
great influence of Convection-Currents o n  the  quantity of Hg-drogen 
given off in  the  Electrolysis of an Acid Solution of‘ Copper Snlpliate,- 
Summary of results. 

SIKCE the electroly& of inistures first attracted tlie att,en- 
tion of scientists, t h e e  distinct v i e w  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. cii. p. 17. 
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solutioii of a mixture of two salts, only one is decomposed 
if a current of small density be employed ; if, however, the 
cL1rrent-density exceeds a certain definite value, the second 
salt also suffers decomposition. H e  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 
produced 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- 
inental 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 a t  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 whioh 
they had taken part in the conduction of the current within 
the liquid. I n  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 priinnrily liberated a t  all current-den- 
sities j but it would only becotne visible when the velocity 
with which it was supposed to decompose copper sulphate in  
the nascent state was exceeded by the rate n t  which it was 
being primarily set free. 

It appears that i t  was Le Blanc who first insisted sufficiently 
on the fact that the mode of conduction of the current within 
any part of the interior of the electrolyte does not necessitate 
the same mode at  the electrodes. His imwtigations having 
proved that the same initiiinuin 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. Anla. ciii. p. 46. 
2 M 2  
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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 ascrihed 
primarily to the ions of water. Geiieralizing 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 j-. W e  shall consider the same subject 
from a slightly different point of view. 

For this p r p o s e  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 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 inture of the processes taking 
place there and the energy expended there per g.-ion do not 
vary appreciably with the current-strength. W e  shall sup- 
pose a tnixture of two salts given, and consider the depo- 
sition of nl g.-equivalents of the cation most easily deposited. 
For  the present we shall assume that i f  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 Anl, IL being a 
constant. Under these conditions, if w1 be the quantity of 
free energy required to liberate one g.-equivalent, the ainonnt 

* Zeitschr.yhys. Chena. xiii. p. 172. 
t Zeitschr,phys. Chem. xxii. p. 541. 
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of work done in  the deposition of the n, g.-equivalents will be 
independent of the current-density and equal to n l ( q  + / I ) .  
Now the quantity of electricity which causes this will, 
according to Faraday’s law, have the value fnl, f being 

Fartiday’s constant of 96540 . Therefore, if the 

drop of potential from the electrode to the liquid be E, the 
work done by the current in passing through it will be 
EnJ,  and this according to our assumptions is equal to 
nl(wl+h),  or  E f = q + 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 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., 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 E2=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 proportions1 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. I n  
arriving at our result, we also excluded the supposition that a t  
high current-densities ions of the two salts should enter into 
chemical combination, forming complex ions. 

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

1 P  formula: E=0*860 x 1 0 - 4 -  TZn -, T being the absolute tem- 
n P  

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 PI and P2 are being 
simultaneously deposited as a mechanical mixture, this 

amp. x sec. 
g.-equiv. 
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equation in colinexion with E,=E2 leads to  

a formula which is given by Ncbriiit in  the paper quoted*. 

* A'ote.-In his paper Kernst also gives a formula for the ratio y of the 
quantity of the metal (1) deposited in g.-equiyalents 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 a t  first be deposited alone until the 
proportion for siinultaneous deposition be again attained. If we there- 
fore start with a solution which contains the salts of two nionovaleut 

metals in the proportion given by the equation & =  5 or, awuuing 

complete dissociation and indicating coucentrtLtiuns by c, 
2's p,, 

then if we stir in such a nianner as t o  keep the concentration uiiiforu 
as nearly as possible, the ratio of concentrations which before stirling 
varied throughout the electrolyte, mill liave the tendency t o  become 
again uniformly 

It is easy t o  see that from the two equations (A) and (B) the ratio y nieii- 

tioned above can be calculated to  be y= 2. This is the foimiuln 

given without explanation by Nernst. It should, however, be parti- 
cularly noted that this ratio y 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. 513), the ratio of simultaneous 
deposition, e. g. at the beginning of the experiment, has R different value, 
irrespective of the fact whether the current employed be large or small. 

I n  order to obtain for inub  referring t o  simultaneous deposition, wheu 
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 I, 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 2 to less, F,cZ$ aud F,dt respectively j then, assuming 
complete dissociation, we have for simultaneous deposition of the two 
(monovalent) metals as above, 

P 
p,+p, 
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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 0.515 volt ; 
hydrogen, on the other hand, when it is reversibly deposited 
on a platinized platinum hydrogen electrode an E.M.F. of‘ 
oiily 0.238 volt, i. e .  a voltage higher by 0.277, is required to 
liberate hydrogen reversibly from a normal solutiou of its 
sulphate than is required to liberate copper under the same 
conditions. 

Now according to Caspari’s experiments t, 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 R 

normal solution of sulphuric acid 0.507 volt inore 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 solution, to deposit 
copper from which would require the same voltage as to 
liberate hydrogen from a normal solution of sulphuric acid at 
15O, we find a value of about 2x 10-l8 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 dowii 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 

froni which follows : 
= 3 for .T=O; 

at p, at 
and as in every cross section = a_c this gives :- 

a x  at’ 

(See also note on p. 513.) 
* Zeitschr. phys. Chem. xiv. p. 222. 
t Ibid. xxx. p. 93, 
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based were not a t  fault. I t  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 mhich hydyogen is being given off has not 
been entertained by any of the esperimenters who have 
published work on a mixture of copper sulphate and sulphuric 
acid. 

It must be reinarlied 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 esperimentnlly to do 
away with convection-currents almost entirely by the methods 
described in the experimental part j besides from its very 
nature convection must he an erratic phenomenon, not 
amenable to calculation ancl which could not Le depended on, 
continuously and uniformly, to  neutralize changes of coii- 
centration arising on the total surface of an electrode. I n  
order to test the theorj- experinientally, i t  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 casc. 

Prohlena : 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 1 from the electrode forining 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 conceutration be uniform and equal to 
.-equivalents per unit of volume. Bind the concentration CO A 

the interior of the liquid and at the electrode at any given 
tiine t 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 iii 
which a flow F was produced by a suitable gradient of con- 
centration being artificially kept up immediately behind the 
electrode. I n  such a solution, and therefore also in the ono 
under consideration, we have for the determination of the 
state of the liquid the first equation : 

for x=O, 
if concentrations at any point are indicat,ed by c ,  distances 
from the electrode by x, and the diffusion-coefficient of the 
salt by K. 

The uniforniity of the concentration at the beginning of 
the experiment affords US the second equation : 

c = c o ,  . . . * . . . . (2)  
between x= 0 ancl x = 1 for t = 0, 

and the general expression of Ficli’s law gives u s  the third : 

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

(4) c =  - 
K n=O 

* Note.-Theequations given here asfnr as No. 5 have already been giveu 
by €1. P. Weber in the elaboration of his beautifully conceived method 
for the determinatiou 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. lxvii. p. 496). 
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and in order t h a t  equation 2 inay be fulfilled, viz. that 

between x = O  and z = l ,  

we mnst, according to Fourier, rnake 

which is equal to 0 or 
2 1" F 

.rr2nn'K 
--- 

according as n is even or odd. 
Substituting these wlues in  equation (ti),  we oL)tain 

or 

and remembering that : 
7 9 1 1 1  _ -  - --+7,+ T + .  . . . . .  

1 2  3 5 
we find 

The infinite series in the above expressions for c converge 
so slowly for large values of I, as to make them useless for 
numerical application. For I =  c/3 all the single members of 
the series in the last equation become infinitely sinall, and 

It cau 

therefore be taken accurately t o  represent the concentration in a cylinder 
of length I ,  filled e.g. with CuSO, into which F g.-equivalents are 
introduced per nnit of surface and time ut the anode and the same amount 
i s  being taken away a t  the cathode, a fact which is utilized by Weber. 

* This equation also fnlfils the condition F=K dc for x=Z. 
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the series assunies the nature of a definite integral. W e  
shall convert it into a definite integral and make 1 infinite by 
the substitutions : 

1 2 = -  4 1  -=  - K 
dy’ 7r clq’ 

t ip being the differential of the variable q which assumes 
successively the values dq, 2 4  . . . . . q . .  . . .a, and K an 
arbitrary positive const,ant. We thus obtain : 

The value of K being arbitrary, we can make : 
4 K t  

K* 
- = 1, i. e. K =  2 

and we find 

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

The value of the integral occurring liere being known to b6 
J& 22 -ee-- 4 ~ t ,  we have : 

and making use successively of equations (3) ancl (2) we 
find 

an equation froni which it is not difficult to obtain numerical 
values for  c by one of the approximation methods. For the 
concentration at the electrode for which ,v =0, this equation 
assumes the extremely simple form 
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Expe&nental application of equation (7).-(a) Application 
to the Solution of Q Single Sult. 

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

a.-equiv. 
sec. the cathode in e- - is 

amp. 
cm i being the current-density in 7 , na the transport value of 

the anion SO,, and n, that of the cation Cu in the solution. The 
concentration a t  the electrode after electrolysiiig for t seconds 
will therefore be 

This formula can be employed for 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 011 which 
i t  is based can be fulfilled in electro!ytic experiments. 

Let us suppose electrolysis of a pure copper-sulphate solu- 
tion to take place in a cylindrical vessel of length I, bounded 
at the top by n horizontal cathode, at the bottom by a 
horizontal copper anode. I n  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 aiiode 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. It 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 

1 concentration at  the distance- below the cathode is (either 2 
according to  Weber's forinula (5) or from considerations of 
symmetry) constantly co ; the difference between real and 
calculated values therefore is 

12 

8 K It is easy to  see tha.t a s  long as t < -  the value of this 
function is smaller than 

and from statement No. 2 we can conclude that the espres- 
sion just given is also an upper limit for the difference 
between the real and calculated values at the cathode. I n  
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. J?. 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 ;t cylindrical vessel given for each 
ion in our notation by the formula 

in which c is the concentration of the ion under considera- 
tion, a is its mobility, and IC 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 

* Wid.  Ann. lxii. p. 209 (1897). 
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ac 
.1: to greater). As is kuown, - = n  is Hittorf's transport 

value of the ion under coiiside~-atio~~. nncl we can write the 
above equation in the form 

n 

f'roni whicli i t  can be concluded that  in t,he interior of a 
solution of a, single salt iu  which the transport values :re 
independent of concentration, no change of concentration is 
ever brought about by the p s s a g e  of the current. I n  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 Kirinis as  

0 1 1 1 . ~  an, - - - 0.047 . .  
a c  lllg.-eqLllv. 

We have, therefore, for differences of concentration brought 
about by the pasqage of' the current a t  evwy point of a copper- 
sulphate ~olu t ion :  

in our *elutions being altvays posiiiii e. we can conclude a c  
% 
that  this effect will cause a general lowering of' concentration, 
and t h a t  the valne given hy equation (8) for c is slightly too 
large and must 1)c regarded as an upper limit. 

W e  can al-o find a lower liiiiit for c by the following con- 

 ide er at ion^. The w l u o  of -- for  z= 0 is given byequatioa (I), 
we theref'ore kiio\v that :it the electrode, owing to the effect 
we are considering a1011e 

0.047 . a c  a c  
at - ~ 5 4 0  a i  - - - - - _  % - - -  

b c  
ad* 

0-047 2//,, ac - -_____ dt - 9t-;54o"li 
0*047 i%(, A c = -  ~ 

> ) t i c j * 0 2 1 < t s  

This wliie i*, Iiowever, too large wlien take11 to represent 
the total lowering of' concentration. TVe see this when we 
reinember that the gradient of coilcentration is always a 
maximum at the elcctrocle, dec*rensirig continuously as we 
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depart froni it,, and that the lowering of concentration due only 
to  pnssage of the current will therefore, according to the 
general equation ( I O ) ,  also be a maximum a t  the electrode, 
decreasing with increasing distance froni it ; this iu 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 lam, the values given by the equa- 
tion 8 and by the equation 

I t  is of importance to know by how much the value of 

differs when determined hy either the one or the other of 

these equations. This calculation does riot offer sufficient 
interest to  give it in detail, we shnll therefore only state the 

i2t 
result that the ratio of the difference between - calculated K 
by (11) or calcalatecl 1)s (8) is given sufficiently accurately 
by the expression 

. K  

d x 0,047 ~ 0 - c .  
1’13542 12, ’ - _ _ _  -- 

which for va!ue,s of 

and c=0, 

the oiily oiieb employed in the experiments, amounts to about 
24 per cent., i.e. I<, calcnlated by (8), is 2.1, per cent. smaller 
than calculated by (11). 

I n  coiicluding these reninrlis it i i iuat  be mentioned that, 
according to Wiedeburg’s * cnref 01 investigation of the 
diffusion of copper snlphatc. thi. does not accurately follow 
Ficlli’s law, the diffusion-coefficient decreasing slightly with 
increa-in& coiiceii tration. A thorough esairiination based 
upon Wietleburg’b law would, however, lead beyond the 
scope of this papcr. 

* W e d .  A m ,  xli. p. (376. 
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(b) Application of Equation (7) t o  a mixture of Coppet. 
Sulplmte and SuLplwric Acid.  

As has already been stated, we shall in dealing 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 mill not be required, 
and we shall be justified in wholly neglecting influences 
which only slightly affect the results. We sliall 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. 

W e  first proceed to determine liniits 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 cin.2 sec ' 

and the flow towards the latter, due to electrolysis 
ac i g:.-eqiiiv. 
x 96540c1n.~ sec.' 

The flow F due to  Jiflusion is therefore 

-- 

i 
96540 

This quantity is variable, increasing continually frotn its 
original value to the value -;--- which it assumes when c 

hits gone down to 0.  The quantity - =gzc, which we may 

call the transport value of the copper in the solution, can, 
as is known, be determined oxperiinentally for the values of 
concentration and conductivity which exist at the beginning 
of the experiment. For this purpose i t  is necessary to pass 
an  arbitrary quantity of electricity q through the solution, 
and to determine the decrease in copper in a region bounded 

i 
9 0 4 0 '  ac 

IC 
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011 the one side by the anode, on the other by solution stil. 
having the original composition of the liynitl (making the 
necessary correction for copper dissolved from the anode). 

flc 9 This decrease is equal to - - g.-equiv., and has been 
K: 96340 

determined bp  Sclirader * in the case of certain mixtures - 
the same iiiixtures 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 voltaineter by the 
current employed be 6, both of these values having been 
giyen by Schrader, then 

10i.tiG 

the numbers 31.59 and 107.66 being the eqnivalent weights 
of‘ copper a n d  silver respectively. 

W e  thus find that if we pass a current of constant density i 
through an acid solution of copper sulphate, until the con- 
centration a t  the cathode hac gone down to zero, the values 
of F at  the beginning and at the end of the experiment can 
hoth be cnlculatecl, and we shall be justified in assuming that 
the concentration actually attained a t  m y  time t could also 

have been attained if a coiistant flow F’= ?- lying sonie- 

where between the extreme values of F hacl taken 1)lace. 
l’h~is, as  far as variability of F is concerned, we mil express 
the coiiceiitration at the electrode :it any time 1 ) ~  the formuln 

di 
Yb540 

12’ bcing cont:Liiietl between 1 and the valne of 1 - 71, given 
in equation (12). 

ITTo now come to the consideration of the effect of tho 

* Ztschf t . f ,  Ekktrochetiiie, iii. p. 502. 
VOL. XYII ,  211’ 
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passage of the current througli the liquid on its con- 
centration. As fins already bcen itated. th i ?  is expresml 
for a positive ion by the cqu:itioii 

In the case we are now considering tlic concentration c of 
t,he copper will vary estreinely rapidly as we approach the 
cathode, the conductivity K of the solution 011 the ot,her hand 
will remain fairly coiistant, as the solution, while becoming 
poorer in Cu and SO, ions, will a t  the same time become 
richer in  H ions, which are brought t o  the electrode without 
being liberated there. S s  we only desire to obtain rough 
vahies, we shall therefore be justified in assuming IC constant 
and equal to the condnctivity a t  the beginning of the 
experiment. The iiiobility of thc coppcr we n l ~ o  ass~inie 
conetnnt. We thus h ive  

a,* . _  Aks - 15 ~ I w ~ J - : ,  positive, we can ~ o i i ~ l u t l e  t h t  the passage a ,L' 
of' the current will haye the geiierd effect of raising tho 
coiicentrirtion in parts of the liquid near and at the electrode 

a c  where - is of appreciable magnitude. The value given by 33 
eqiiatioii (13) ninst therefore be rcgttrcled ns :i lower limit. 
Still more iiinSt 

\\le can also find an upper limit for c, by tletorminiiig the 
increase of concentration Ac at the electrotlo due only to 
passage of the current through the eolutioii, by n precisel!- 
similar inethod to that employed for finding the corresponding 
decrease in the caw of' pure CuSO, on page 508. I n  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 
diffiision and passage of the current. As the final result, 
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co-c being nIwnys positive, this 
written 

inequality can also be 

mllerc E is R number sinnller than 1. The values of' i & 
* iVots.--If me had made no nssnmption about, a and K this inequality 

froin which, in cou-junction with inequality So.  14, can be concluded 

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

ratio -I, in  which two monovalent metals can be deposited, which is 
iiientioned in the note on p. 501, if we  suppose that  in the mixture 
assumed there the two salts diffuse independently of each other. The 

F 
F, 

equation 

then 1t.ads to 
- -  

from which for t = O  me obtain, renieiiibering that for this d u o  of t 

U' = 1 - nc ; and also that  7- i, - 1'1 . 
a2 F2' 

This equation for the limiting valoe of the ratio in which the  two 
metals separate out in  the  first difEerentia1 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). 

2 x 2  
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obtained froin this quadratic equution :we 
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Now as we know that for t = O ,  also co-c=O, we con- 
clude that only the nep t ive  sign before the square root is 

n‘ applicable. Remembering also that - is always greater 
than the valne 1-12, of equation (12), we can transform 
this equation into the inequality 

f 

the dimension of the nutnbar 5.447 occurring here is - 
amp. x sec. milliamp. x sec. 
g.-equ1v. mg.-equiv. ’ . or, which is the same thing, 

ing.-equiv. and tfhe dimension of the number 93.20 is - -  
In the following Table (I.) I have given the concentrations 

of the solutions esa~nined experiinenta1ly in g.-equivalents per 
n i w  -eqaiv. litre, or, which is the s:iiiie thing, in -E--- . They have c1n.J 

been made to corres1)ond to solutions examined by Schrader’. 
The concentrations given by liini have a slightly different 
meaning t o  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, f l ,  and IC) given 
by Schradrr, as well a5 the values for n taken from Kohl- 
rausch’s tables, which have been used, will also be found in 
the table. Under the hea(lings “ ?tu iiiax.’’ ant1 ?to min.” 
will be found the maxiinurn and niiiiirnuin d u e s  of i2t0. 
calculated from the expressions (15) and (14) respectively, 
to being the time required for c to go down to  zero. I n  the 
column iiiarked ‘‘ i2to ace. t o  (16) ” I have given values of 
i2t0 derived from the formula 

1--ne being found by equation (12) .  Tliesu values are 

* Zeitscht*. f. Elektroche~it. iii, p. 502. 
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intermediate between those in the other two columns and 
given merely for comparison with the experirnental numbers. 

A t  the end of the table I have also given the concentration 
of the solution of pure copper sulphate examined, and the 
value of .y derived for it  from equation (S), n, having been 
taken as 0.63 *. 

K 
z t  

TABLE r. 
I 1 My solutions. i 

I '  I 
l A. 4 ~ 01634 ~ 00881 

1 C. ' 2 ~ 0,06618 ~ 0.0275 

' D. j 10 I 0.1483 0,1804 

Schrader's solutions. 

CC. j CC. 
---- 

0.1670 00946 

0.2490 1 0,1375 
i 0.06618 , 00275 

01483 ~ 01804 

E. ' 0.2096 ... ..I ... 
1 I '.. 

Table I. (cont.). 

a in g. 

-- 
0.1743 

0.2057 

0.0903 

0.2501 

@ ill g. 

-- 
),00828 

)*00988 

PO0360 

1.00860 

A. 0027 1246 

B. 362x10690~10-8. 15x10-3 ~ 3330 

~ 9 ~ 5 % 1 0 6 9 0 ~ 1 0 - ~ .  17f10-3 j 265 c. I 
D.' 391~10690~10-8.1 15x10-3 1 1064 691.5 925 

K - =10-9x 1.195 (iuilamp., sec., cm.). 
I 

...... 
Z 2 t 3  

, -_ i 

&te.--The Talne of K for solution A has not been given by Schrader. 
number 0027 is an approximate value, calculated from Kohlrausch's tables. 

The 

* According to Kohlmusch's t.ables, its value a t  the concentration 
is 0,643, and at the concentration 0.02 it is 0.82. o.* mg.-equiv. 

cm .y 
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I n  the calculation of i2t, Wiedeburg’s value for the diffusion- 
coefficient of copper sulphate a t  ISo, 

crn 
sec. K,, = 44.7‘3 x 10-’(1--3.467 C) -L- 

was employed. Here the concentration c is supposed given 

in R* cus04; wlien it is given in -___-__ the number ing.-equiv. 
cma3 cm ,3 

0.2761 must be taken instead of 3.467. The value of lX 
for c= 0 has been taken in calculating the numbers coiitaiiiyd 
in the columns izt, i n n . ”  and ‘( i2t, acc. to (16) ” ; and the 
value of K for the initial concentration iu  calculating the 
number iYt, min. From the quantities i2to given in the table, 
xyhich are based upon the diffusion-coefficient of copper 
sulphate at Iso, we should find Ptto :it 8 degrees by the 
f ‘oriii ula 

?to = i ~ t 1 ~ [ 1 + O ~ O ~ 6 ( B - l s ~ ) ] ,  

in xvhich 0.026 is the tempernture-coefficieiit of diffusion 
assumed by TT’iedeburg. 

ESPERIMESTAL PART. 
Uetwminut ion oj’ Il‘inie mqti iwtE till IIydizogeti uppenrs in the 

Electrolysis of U ~ Z  m i d  solution of Coppe?* Sulpliate. 

A first series of esperiiiients was performed to ascertaiii the 
time required till hydrogen first began to appear on elcctro- 
lysing the inixtures of copper sulphate and sulphuric acid 
arraiiged in tlie preceding table, tlie solutions electrolysed 
being contained in cylindrical wssels, bounded at the top  
by horizontal cathodes. The d u e s  obtained are corn pared 
with the limits calculated by tlie formulae given in the 
preceding table. Had hydrogen eyer appeared before the 
lowest liinit of time was reached, this would have proTed 
conclusively that i t  was giyeii off before the col~centration 
of the copper at the electrode had gone dowii to  zero. 
The upper limit could not be exceeded niiless there were 
some considerable error in the experimental numbers em- 
ployed. 

Preliminary erperi inents were first carried out to study 
the subject qualitati~ely, I t  v a s  found that 011 electrolysing 
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the solutioiis with lo\\. current densities, horizontal cathodes 
being employed, which could be lit up for observation, a t  
first oidy copper vas  deposited, after a certain time, however, 
varying greatly with the current dcasity, the total surface 
of the electrode would suddenly within about half a minute 
becotne uniformly covered 17 ith tiiiy bubbles of hydrogen. 
The current W ' R ~  at the sanie time observed, the inensuring 
instrument, as de*cribed later 011, being either a TVestoII 
inillivoltineter or a n  Ayrton-JIather D'clrson\-al galvano- 
meter. When einploying the former, tho current seemed to 
remain absolutely constant till shortly before the hydrogen 
bubbles were visible, when suddenly a considerable drop 
would take place. I n  the actual quantitative experiments in 
which the Weston instrument 'was employed, the time which 
passed froni the beginning of the experiments till this drop 
of' the current occurred was taken as the tiine which elapsed 
until the hydrogen came off. 

T h e n  employing the D'Arson val, however, it was seen 
that the current at first kept slowly decreasing, uutil it w ~ u l d  
:ifter a certain time drop considerably and then becolne 
fairly constant again. I t  was seen that after the drop had 
taken place, tlie hydrogen bubbles always began to uppear. 
In tlie experiments in which the IYArsonval was einployed, 
the time when the sudden drop was completed was taken as 
that \vlieii hydrogen bttbbles first appeared. I n  these 
experiments a Thouison-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 a 
slight sticking effect. 

lhree types of apparatus were employed, which will be 
understood from the accompanying figures 1-3. Tubes of 
the first type were eniploystl for experimenting on solution A. 
l he  cathode consisted of an engravers' plate. It was fixed to 
the elid of the tube, which was p o u n d  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 mako the 
(xthode porfectiy horizontal. The anode in this apparatus 
consisted of copper gauze .  A s  Seen froni the figure, the tube 
\\'as clo-et1 Is- n rubber stopper, into which a groove g WLS cut 

r 1  

r i  
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to allow air-bubbles to be easily removed. The 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. 
I n  Ihe first few experiments tabulated, the original surface 
of the plate was einployed. In  the later experilmiits it was 
amalganiated 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, b o d e s  it could not be readily 
removed for examination and cleaning purpo,~es. 

B Fig. 1. 

All the esperiineiits oii solutions B, C, U, and part of 
those on E were carried out in apparatus 2. It consisted of 
a polarimeter-tube. The top being originally berelled 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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nma]gfimated. This was done by cleaning it with nascent 
electrolytic hydrogen, after which it ainnlgamated extremely 
readily, on dipping it into mercury. It was then aRTin 
polished 011 perfectly clean chamois-leather, excess of nierciiry 
beilig remoyed froin the edges by a pipette, drawn out to a 
fine point. This proccss of cleaning and polishing was 

'repeated after each esperinieiit. In order to aroid any 
liquid coniing between the cathode and the surface of the 
glass forming the end of the tube hp capillary action, this 
WIS greased with a trace of v a d i n e ,  so much oiily as could 
11ot be mino\  c~d i y  a piece of dry filter-paper. The ci~tl~ode 
was always fixed on the apparatus before introduciiig the 
liquid, by 1)lacing it i n  the cap, into which i t  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 
inethod of obtaining metallic contact through the cap by 
ineans of a drop of mercury will be understood froin the 
figure. On tlie top of the cap n 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 elid of the 
polarimeter-tube by this I U ~ ~ ~ I I S .  The rest of the apparatus 
will be sufFiciently understood froin the figure. As seen, it 
was jnclietecl 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 0.699 sq. cm. 

The apparatus 3 was only employed in the series of 
experiments 011 pure copper-siilphate solution, and only the 
last three values of Tnble VI.  have been obtained with it. The 
cathode here again coiisisted of an engrarers' plate, which 
reached beyond the surface of the tube and allowed a small 
level to be placed on its projecting part. I n  this apparatus 
tho cathode could be easily oliserved, when suitably illu- 
minated. Its surface wa5 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. I t s  value was 

For  the experiments the tubes were tightly clamped to a 
very heavy tripod stand of 14 inch iron tubing, which was 

3.782 sq. clll. 
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adjustable by three levelling-screws. As I was anxious to 
avoid vibrations, which are exceedingly great at Masou 
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 experiineiit the tuhe5 
were allowed to rest for a t  least twel\-e hours. 

--L 
neiher 

I 
I I I  

The solutions for electrolysis were prepared by diluting the - -  
requisite ainouiit of carefully standardized coiper sulphate 
and sulphuric-acid solution to 1 litre. The former solution, 
which was prepared froin purest commercial copper sulphate, 
recrystallized twice, was analysed by electrolytic copper 
determination, the latter by precipitation with BaC1,. 

The electrical arraiigements, which mere in principle the 
Same throughout all the experiments described, ill be readily 
understood from the acconipaiiying diagram (fig. 4). The 
current from ti suitable iiuiiiber of accuiiiulators was passed 
through a kiiowii resistance, an adjustable resistance, the 
electrolytic cell, and the nieasuriiig instrument, which, :is 
already mentioned, consisted in all experiments either of a11 

Ayrton-Mather D’.4rsonvnl or a l\Teaton milliyoltmetcr, in  
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be sufficiently understood from the diagram, by determining 
the voltage on the ends of the known resistance by ~neans  of' 
:I separate poteiitioiiieter circuit. 

As regards the degree of accuracy obtaiiied in tlie experi- 
ments, the upper limit is probably reached by those arranged 
in Table V. The experiinents here having all been repeated, 
this table sho\vs tlie degree of coincidence which can be 
obtained in a series of' deterniinations. The readings have 
in  general been taken to within five seconds. The most 
serious errors are no doubt brought about by changes of 
telnperature which cause coiivection-curl.eiits 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 
hildii ig.  Indeed, cliffere~ices of ns mucl: as 10 per cent. have 

'Pet  e nt L o m e t e r ML r e  1 
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here in single cases bee11 obtaiiied in successive experiments 
which could not be accounted for in any other way. I have 
nevertheless not hesitated to  give these earlier value? as the 
ranges of the times obtaiiied 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 1S0, should 
be multiplied by 1 + 0.026 (8- 18) if' the esperiiiieiital values 
hare been obtaiiied a t  8'. I have iiiste,i(l iiintle the corrections 
a t  the experimen t a l  numbers theinsel\ e b ,  dividing them by 
1 +Om026 (8-1s). I t  must be acknonlodged that some 
U II cer tniiity is in trod U cecl by this h i 1  ge tein pera tnre correction, 
The temperature-coeffiicieiit for the tliffusion of copper 
sulphate never 1 1 , ~ ~  iiig been experimentally determined has, 
;la was also done by Wiedebnrg, been asnnied to Le the same 
as that of other substance.. 

From the ta1)lcs i t  \)ill he ieen that the esperiniental values 
are in all ca,.es coiitniiied lietween the tlieorctical Iiiiiit~, and 
their dii-ferences from those cnlcuhted by the intennediate 
formula are in most cases not great. When we coiisicler t h o  
extremely great ranges in which the tiiiies can be iriade to 
vary by v-aryiiig tlie current-density, :u1d also tlie numerous 
causes of experimental error: I tliink the medium formula 
No. 16  will bc coiisitlered suficieiit RS au empirical expression 
of the result.. From the fact that the balnes are aln-ays con- 
tained Letwecn the theoretical limits, and, besides. are far 
distant from the Ion-er limit, I thiiik we inay conclude that 
these experiments prove within the limits which our theoretical 
knowledge of the processes taking place in the electrolyte 
nllows, that liberation of hydrogen from a11 acid solution of 
copper sulphate takes place only after the conceiitration of 
the copper at  the electrode has gone docvi~ t o  zero. 

A N e e o  ilIetJiod foi* the Ilcterm'nrrtion of tlaa D$u.sion- 
Coqj'icient 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 a t  the electrode had gone 
down t o  zero. 

After this is the case, diffusion can n o  longer bring sufficient 
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TABLE 11. 
Solution A ,  see Table I. Experiments i a  Apparatus 1. 

--. -- 
I'  

Xuperimontnl Values. 1 1  Theoretical Values. I 

~ amps. in sq. cm 
I -_-- -- 

I 

1 ... 933 ' 13.53 
2 ..,I 18.1 ~ 16.7G 
3 ... 20.5 ~ 13.53 
4 .../ 40.9 13.53 
5 ...! 51.6 I 13.53 
6 ... ! 528 i 13.53 
7 ... I ;74 

' 13.53 
8 ...; 18.2 j 1353 

-- 
0.690 
1.081 
1.515 
3.03 
3.88 
3.905 
4.24 

I-- I -  
1010 1 
110 j 

ea I 

2480 1 

510 i 

7.5 
73 

16 2617 2618 1 1756 3380 ~ 

14 1128 1068 717 1 1377 I 
17 524 1 1  913 364 701 
15 119 1 187 92 176 
13 1 86 ! 8.5 1 57 , 107 
14 8; 1 1  82 1 55 105 
15 6, i 69 I 47 90 

TABLE 111. 
Solution B, see Table I. Experiments in Apparatus 2. 

Surface of Cathode -699 sq. centim. 

I Theoretical Vnlaes. 
I, 

Esperilnentel Values. 

I ~ 

i Current- I Time 
NO.  in , density 111 ,observed 

, inilliimps. I in 
1 cul,s i seconcls.. 

1 

I inilli,zmps. 

I , I 
--I-- .-_. I-- 

3 ... 1-1S3 
2.09 
-3.50 
2.6 17 
3fi8 
5.10 
6.28 

1 ' 936 

I I i 
I 

t ~ C C .  t miiii- t maxi- 1 
Temp. I to  cq. 16.1 murn. mum 
in C .  I rected 1 

l to180 lt=1773 22- 1 t=  3330 - 
LA 1' 

12.4 2371 2201 1437 I 269s I 

138 1060 I 1038 078 I 1274 
13.6 711 725 I 473 889 e30 

990 13.8 318 I '  801 I99 372 
170 14.8 185 212 188 I 260 
l ( i , j  13.6 186 1 193 127 838 
8d 1 12.8 98 , 103 ($8 127 

38 62 40 1 13.8 45 ~ 51 
2.5 , 13.6 29 34 23 -1.2 

I I I I 
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TABLE IV. 

Surface of Cathode e699 sq. centim. 
Solntion C', see Table I. Esperiineiits i n  Ai)par:itus 2 .  

___  

I < y ~ r i i i i r ~ u t : ~ l  V;iluc* Tlieoret ic:il V;tl~ics. 

1 ... 02123 
2 . . I  o m 0 9  
3 ...I 0.280 
I ... 0.406 

-__,_-I-  --I-- 1 -  -- 
1040 12.0 ' 2299 2084 1528 
l 9 G O  130 ~ 2'253 1938 1421 
10-10 12.8 1203 1208 881 
550 136 I 621 I I  570 428 
330 
1.50 

(5 7 
23 

I .  I 

54 101 
117 21 ~ 2: 

TABLE V. 

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

I 

Thcoreticnl Value*. 

C'iirrent- Tiiiic 
density in obser\el 
niillian~ns. in 

C'iirren t 
N O .  i n 

1 .. 0'409 

3 ... 0734 

0.705 
0.597 
1.051 
1.054 

2600 
1355 
1 s i0 
750 
750 
YO5 
205 
120 
120 
5 .5 
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copper t o  the electrode to carry the current, for the formula 
that if the current were still conducted in the same 

lll:lnller as it \vas before, the concentration of tlic copper 
,rollItl hecome negative. Tt might therefore be supposed 
tll:it i t  would be iinpossible to keep tho current at its 
fol.lner strength. This is, however, fount1 not to  be the 

111 1844 Sniee* clcdcribccl an esperiiuent, in which he 
electrolysed a solution of pure copper sulphate in a tall vessel, 
in the upper part of which he placed the cathode. His 
&scription of the vn rying appearance presented by the 
deposition of the copper as the concentration of his solution 
went down to zero nins:-"On the action of tlie galvanic force 
hright 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 
WRS evolved." I liave in general been able to verify Smee's 
observatious 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 havc, however, in no case- 
neither when employing apparatus 3, nor wlien a form of' 
apparatus was employed in  which the solution was not con- 
tained in  8 closed vessel-been able to  observe bubbles of 
hydrogen. It is therefore probable that Smee's copper- 
snlphate solution was more acid t'haii mine. In my experi- 
ments the black spongy deposit always seemed to grow into 
the solution; in single mses 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 n copper 
hydride t . 
. The beli:ir.iour of t'hc current while electrolysing :I solution 

of pure copper sulphate was quite siinilnr to that when an 
acid solution was esainincd. The black deposit always ap- 
peared after the hi-gc drop had taken place. The completion 
of thc drop in t he  current was tnkeii as the time when the 
c o ~ ~ ~ e n t r n t i o n  of' the copper had gone down to zero. From R 

CCl se. 

* Phil. Mag. xxv. p. 437. 
t See Pogg. A m .  lxxv. p. 350. 



526 %fR. H. J. S. SAND OK THE CJOKCENTRBTIOF 

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 lias been done in Table VI.  

TABLE VI. 
Determination of Diffusion-coeficien6 K of copper sulphate. 

Experiments 1-3 in apparatus 2 j surface 
Experimeats 4-6 in apparatus 3 ;  

Solution E. 
of cathode 0.699. 
surface of' cathode 3,782 sq. cm. 

- 

Time Ob-' Temp. 0 served iii, In oo, 
seconds 

1530 14.2 
1516 1 138 
1095 1 12.4 
1285 150 
1275 144 

379x10-6 ~ 

3 . 7 9 ~  10-8 ' 
399x10-6 
4 08 xl(1-6 
4.41 x 10-6 
4.31 X10-6 

Bccorcliiig to Wiedeburg the diffusion-coeficieiit of coI)per 
sulphate at I$' is 4.479 x 1 0 - 6 b G  a t  the concentration 0, 
and 4.220 x :+ at the con~e~itrat ion of bolution E sec. 
(see p. 516 p. 509). Although the nieaii value for ISl8 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 knovr7n to have gone wrong 
in any respect, is too great to  justify the recoinmendation of 
the method in its present form for more than a rough deter- 
mination of diffusion-coefficien t s .  

E.cpehnentu on the Efeect of C o 7 i v e c t i o r ~ - c i ~ r r e n t s  o n  t h e  Re- 
lative Qicuntity of Jlgclroyen given o$' in the 31ect idysis  
of ciii Acid Sol'~ctio?~ of Copper 8ulpliate. 

The following experiments deal with the relative quantity 
of hydrogen produced by electrolysis of an acid coppor- 
sulphate solution when considerably greater current-densities 

Cl l l  
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are eiiiploycd than those used in the preceding experiments. 
'This subject has been esperinientally treated by Schrader in 

Both investigators employed vertical electrodes and neither 
1,rornotecl nor Liiidered the nnturnl convection-currents of 
their electrolyte. They found that  their results were roughly 
expressed h v  hylmbolical fiinction?. 

Froin the results obtained in the forrgoing lmrt of this 
imper, the electrolytic evolution of' liydrogeii from an acid 
solution of copper sulphate i? esplnined in the following 
manner. The coiicentratioii of the copper goes down to 
practically zero with great rapidity, as shown by the forinuls, 
when current-densities are  eniployed which are  considerably 
larger than those used i i i  tlie 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 incre:isiiig quantity, until either the concentration of its 
ions has gone down to practically zero, or convection-currents 
I r ing new liquid to the electrode froni which copper alone is 
ligain deposited. It v ill thus l e  seen that con\-ection-currents 
play :IS great n 1)art in tlie determilintion of  the ratio of the 
t n o  constituents :is any of the  other conditiong of' the ex- 
I'eriinent, aiid a l w i y ~  have the effect of' dimiiii-hing the 
relative clunntity of hydrogen given of?'. 

A lower liinit of' this quantity, when sufficieiit convection 
t>ikes idace, i5 thus al\\-ay 0 per cent.; and the question iiiight 
hc ;ic.lie(l, Is there a11 iipper limit when we employ a giyen 
current-density, and me a. large quaiitity of electrolyte ; and 
what is its iiiagiiitucle? I (10 no t  propobe to discuss this 
question fully, but oiily to point out that, owing to tlie fact 
that coii\.eotioii-cul.r~iit~ alwva~i Iiavc the tencleiiuy to diniinjsh 
thc production of hydrogen, sucli a11 upper liiiiit c m  for all 
pl'actical purposcei be talieii :is re1)resented by tlie relative 
(luaiitity of' hydrogen produced in :I solntioii in 11 hich 110 

collvectioii-current. wliatever interfere, at tlie tiiiie when tlie 
(*o11ccntr>ttion of Loth coppcr and hydrogen ions at tlie cathode 
] la5 gone down to practicn1Iy zero. It is also possible to  see 
f'ronl tlie for111111~ given wliicli are the iniiin iiiflueiiccs that 

paper already quoted, and by Houllevigiie *. 
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deteriiiine this limit, 1)s deterinining the lengths of' t ime 
cliiriiig which copper only aiid during which iiiainly hgdro- 
geii have been given off. They arc, in the first place, the 
relative mngnitucies of the expressions for the hydro- 

geii and thc cop1)cr ions, and, to a sinnller degree, tlie relative 
values of the di~u~ion-coefficieiits of' sulphuric acid and copper 
SLI I pliate. 

1 have discussed tliis question iii view of boiiie esperiinents 
that have been quite recently performed by Toepffer *, :L short 
account of which will be found in the Z ~ i t s c > l ~ ? i f t  j%r plqsi- 
kalisclie Clmiie,  xxx. 1). 570. He deposited alloys of iron, 
cobalt, nickel, mcl zinc from mixtures of wveral of' their 
salts, with the result that when his so-called low current- 
densities were einployed, the metal requiring the higher 
E .M.F. for it3 liberation was alw.ays clepodecl in  relative 
quantities wliicli fa r  exceeded it3 relative coiiceiitratioii iii 
the solutions, 

Firstly, a5 regards tlio values of' tliu lojrest current-den. 
bities used by the author, it seen13 1)robahle that these would 
have been sufficient to inake the co~iceiitrittioiis ut, liis cathode 
go dowii to zero in times varying froin ten to one-tenth of a 
second if 110 con\rectioii-curreiits had interferecl. This can 
1)e taken from the values given for concentration, mcl curreiit- 
tlensity in the thesis referred to, it; in ordcr to obt ;~ i i i  ' niuue- 
rical values, we nssuine t h t  diffiisioii-coefticiuiits &c. had becu 
the same in the authorJs solutions ;is in niinu. None of' his 
ourreiit-densities call therefore be described a h  siiiall iii the 
sense used in this paper; and I do not think there can be an3 
doubt that if sufficiently s i d l  v a l u c ~  Lad Leen used, the  
metal requiring the lower E.M.F. for  its cle1)ositioii woiild 
ha17e prcponderated in the allo~r foriiied. Ab regiircls tlie 
actual preponderaiice of the baser of tlie two iiietal?, a great 
deal of light could no doubt be throw1 on this by deternii- 
nations of traiisport values in the solutions exmiined, as v ill 
bo seen from what has been stated i~boie .  If, a, ToepfYer 
iisiiines, the nobler metal h:is tlie teiicleiicy to  f'orni coiii~)lcx 
ailions to a greater extent than the baker, this would certainly 

e 
I - n o  

* Fully demibed in his theais kiudly sext iiie by the a ~ t l i u r .  
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rrreatly influence the transport values in the direction required 
to explaiii the results. 

The main purpose of the experiments I alii now about to 
describe is to show to how great an extent the relative 
q~:~i i t i ty  of hydrogen, given off in the electrolysis of a n  acid 
solutioii of' copller sulphate, is influenced by convection- 
currents; and also t o  show that when these are artificially 
increased by stirring, the hydrogen can be macle to disappear 
altogether, even in cases in which otherwise more of its 
equivalents thau 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 

n 

the electrolysis to be coiitiiiually folIowed 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 mill be seen that i t  
resembles a desiccator in general appearance, but has two 
openings in the side and two in the lid, Through one of the 

2 0 2  
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side-openings the tube a passes leading to the cup e, which is 
filled with mercury, forming the cathode, uniform depositioii 
of the copper being thus ensnred. The glass tube b passing 
through the other side-opening is continued by the rubber 
t,ube T .  I t  contains the wire leading to the :inode, foriiied 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 experinient. The tube ,I' lends througli 
the lid to the gas-bnrette. The gas-tight joint 9, throuih 
which the stirrer passes, will be understood from the figure. 
It niay be described as an inverted cup rotat'ing in a ring of 
mercury. Glycerine is placed at the top of the mercury, 
and after the cup had beconie well moistened with the 
glycerine i t  could lie made to rotate up to oyer 500 revoln- 
tmions per minute without any considerable lesliage occurring. 
When rotating a t  these very high velocities, a 17ery slight 
escape of the hydrogen contained in the yesael took place ; 
hut this was in the nature of diffusion occurring through R 

porous cup, for i t  seemed independent of the pressure of the 
gas, and a correction could therefore easily be niade foy it. 
The stirrer s iiiny be described as a modified Witt's stirrer. 
It, has four hollow arms out of wliiclz t.he liquid is throw1 by 
centrifugxl force, being replaced by solution dra~vii from 
above the cathode. Owing to the great extent to which it  
causes the liquid in the vessel to rotate, wlich hinders the 
flow to the electrode, its efficiency decreases somewhat after 
it) has been going for some time, aud its yelocity inust he 
increased in order that the foriner efficiency 111.1.3' be obtained. 
The st'irrer was  fixed a t  its top to the encl of the shaft 
from which i t  derived its motion by means of a short piece 
of rubber tube. It' was also in coniiesion with a speed- 
counter. 

In the experiments the xppmatus was nearly fillccl with 
600 C.C. of' solution. Before use, a rapid current o f  hydrogou 
was passed through i t  for about half' an  hour by means of the 
tubes d, 6, 77,  t,he gas escaping through :I tap in the gas- 
hurette. After this, mercury was poured down the tube ti, 
which made n gas-tight joint and besides fornied inetJallic 
contact for the wire leading to the anode. Either hefore or 
after each experiment, the apparatus was test.ed for leakage, 
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the stirrer always rotating a t  about the sanie speed as it dit1 
in the experiment. The apparatus was mounted inside :L 
large water-bath, to which also the pulleys &e, for the 
stirrer wcre fixed. I t  v a s  made to orcler by Messrs. C. 
E, Muller &i Co., of' High Holborn, V.C. 

The measuring-instrunieiit for the current was in these 
experiments always the inilliroltineter mentioned above, the 
electrical arrangements being in principle exactly the satne 
:is those eniployed for tlie experiments described above. 

The solutions employed are Nos. A and B of the previous 
experiments, which have also been examined by Schrader * ; 
the iniiiiiiiuni current-density employed by me being greater 
than the maximum value of 36 milliamperes per sq. em. used 
by Schrader. Some results are given in the following tables. 
The quantities of hydrogen observed are coi~ected to 0' and 
760 min. 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 eo down to zero, calculated 
by means of the empirical equation 16, has been given in 
ench case. 

I t  will he seen froni the results that when the solution is 
not artificially stirred, the quantity of hydrogen liberated 
decreases rapidly after the experiments have been going 011 

for some time. This is evidently due t o  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 mould 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 whoscl 
laboratory the  experiments were carried out. 

a. 
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the hydrogen disappear altogether, but only decrease during 
the first minuto to the extent to which i t  would have 
decreased if  no stirring had been going on, owing to nat,ural 
(:onvec t i o 11 a1 one, aft  er th ree ini nut e e ,  

SU;\I;\IARY OF RESULTS, 

An eqnntion (No. 8) has been derived and rigidly proved 
for calculating the concentration a t  the electrode of a solution 
of a single salt from which the metal is being deposited under 
the coiiditioiis 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 formula 
can be made the basis of a methot1 for ronghly determining 
diffusion coefficients. 

In  the case of mixtures, it is possible t o  arrive at limits for 
the concentration; and it has been experimentally proved 
(1) tha t  hydrogen always appears at the electrode of an acid 
solutioii of copper sulphate in which n o  currents of liquid 
are taking place, between the limits of time for the concentra- 
tion to  go down to zero ; ant1 (2) that the time when i t  
appears differs only slightly froni that calculated by equa- 
tion l G ,  which is the same in form as equation S. It seenis, 
therefore, that this formula can be tsken as a sufficient 
einpirical expresvioii for the concentration nt the electrode of 
a niisture too. 

Lastly, the great part played by convection-currents in 
deterinining the ratio of the two constituents given off at the 
electrode of an acid copper-snlplinte solution has been shown, 
it having been proved experimentally that by artificial 
stirring hydrogen can be made to disappear altogether in 
cases where i t  would otherwise have presented over CO per 
cent. of the equivalents carrying the current froin the 
solution 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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Calleiidar. I have pleasure in expressing my tliaiilis to these 
gentlemen, as well as to  Mr. A. W. Porter, of University 
College, Lonclon, for friendly interest s1ion.n in my work. 

DISCUSSIOS. 
Dr. LODGE, in suiiiniariziiig the paper, said that no  b y d r o p  

was liberated until all the copper had gone, a id  that the 
formula for the concentration might 1,c used again in further 
investigations. 

Dr. DONNAN asked if the time at wliich hydro gel^ MYI~ 

liberated had been taken at the time at  which hydrogen 
actually made its appearance in the form of bubbles, or 

Dr. SAND said that in taking the coinpletion of the increase 
of apparent resistance as the time at which hydrogen beean 
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). H e  was 
unable to say whether local saturation and supersaturation 
perceptiblv affected tlic increase of apparent resistance. 

whether any allowance had been made for satur a t‘ 1011. 

b 

XXXII. On t h e  12efw.xction qf Sound b j  TVi’ind. By EDWIN 
H. BARTON, -O.Sc., F.ITZ.S.E., Senioiq L e c t u w y  in PAysics 
at Vnicersity College, Nottinghain *. 

IN his treatise on Sound (vol. ii. pp. 132-4), Lord Rayleigh 
discusses the refraction of sound by wild where the rays 
are everywhere but slightly inclined to  the wind, and obtains 
an approximate expression which, in the numerical illtistration 
adduced, gives a result differing by only R few ininutes of arc 
from the strict value. The theoretical interest of the wRye 
propagation in this case seems, however, to warrant a. slightly 
fuller examination of the problem on the basis of Huygheas’ 
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 le~7els. 

* R e d  Korember 9, 1900. 


