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Chemistry. - "On tlte introduction of the conception of
l 
the solu'· 

bility of metal ions with electromoüve eqttilib1'iwn." By Dr. 

A. SIIlITS. (Oommunicated by Prof. H. W. BAKHUIS ROOZEBOOI\1). 

(Communicated in lhe meeting of April 27, 1906.) 

If a bar of NaOI is placed in pure water or 'in a dilute bolution, 
the NaCl-molecules will pass into the sUl'rounding liquid, till an 
equilibrium has been established; then the moleeular thermödynamic 
potentialof the Na Çl in the bar has become equal to that of the 
Na Ol in the sohltion. 

As known, this equilibrium of saturation, represented by the equation: 

tLNaCl = tL'NaCl 

is characterized by the fact that per second an equal llUmber of 
molecules pass from the bar into tbe solution, as from the Rolution 
into the bar. 

We shaU caU thîs equilibrium a purely chemical equilibrium. It 
is true that in solution the Na Cl-moleeules split up partially into 
particles chal'ged either with positive Ol' negative electricity, which 
are in equilibrium _ with the l1l1split molecules, but for the hetero­
geneous equilibrium solid-liquid under consideration tbis is not of 
di1'ect import~nce. 

If, however, we immerge a metal e. g. Zn into a solution of a 
salt of this metal, e. g . .znS04~ we observe a phenomenon strongly 
deviating from the one just discussed, which according to Dur present 
ideas may be accounted for by the fact that a metal does not send 
out into the solution electrically neutral molecules as a salt, but 
exclusively ions with a positzve charge. 

If the partieles ëmitted by the bar of zinc were electrically neutml, 
then the zinc would continue to be dissolved till the molecular 
thermodynamic potentialof the zinc in the bal' of zinc had become 
equal to that of the zinc in the solution, in which case the equation: 

tLzn = tL'ZIl 

would hold. 
This, ho wever, not being the case, and the emitted Zn-particles 

being electro-positive, an equilibrium is reached long before the 
thermodynamic potentialof the zinc-pal'ticles with the positive electric 
cllarge in the solution has become equal to that of the zinc in 
the bar of zinc with the negative electl'ic charge. That in spitè of 
this an equilibrinm is possible, is due to the fact that an lelectrical 
phenomenon acts in conjunction with the chemi~al phenorne,pon. 
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The zinc emitting positive Z1~-ions, the snrrounding solution beromes 
electro-positive, and the zinc ~tsel!, el~ctl'o-negative. As lmown, this 
gives rise to the formation of a so-called electric double-Iayer in 
the bounding-Iayer between the metal and the electrolyte, consisting 
of positive Z11-ions on the side of the electrolyte and an equivalent 
amount of negative electricity or electrons in the metal. 

By the fQrmation of this eleckic double-Iayer an electl'ic potelltial 
difference between metal and electrolyte is brought ,about, which at 
first incre_ases, but very soon becomes constant. This takes pI ace 
when the potential difference has become great enough to prevent 
the further solution of the Zn-ions. 

In order to compute the potential difference between the metal 
and the solution, we shall app]y the principle of the virtual dis­
placement, as has been done before by Mr. VAN LAAR. 1) 

If we have to do with a purely chemical equilibrium then with 
virtual disp]acement of this equilibrium the sum of the changes ot 
molecular potential will be . 0, which is expressed by the equa­
tion of eqnilibrium: 

:2 ({ll dnJ = O. 

lf" the 'equilibrium is a purely electrical equilibrium then with 
a virtual displacement of this equilibrium the sum of the changes 
of electric energy will be = 0. 

If however we have an equilibrium that is neither purely che­
mical, nor purely electrical, but a combination of the two, as is 
the case with electromotive equilibrium, then with vil'tual displace­
ment of this equHibrium, the sum of the changes of the moleculal'­
potential + the sum of the changes of the electric energy wilI 
have to be = 0. 

+ 
If we represent the mo1. potentialof the Zn-ions by {l;:m m case 

+ 
of electromotive equilibrium, we lmow that {l;:m is m~tch smaller 
than (lZII or the mol. potentialof the zinc in the bar of zinco 

If we now suppose th at a Z1~-ion emitted by the zinc vil'tually 
cal'ries a quantity of electricity de ti'om t,l1e metal towards the solu­
tion" then this quantity of electl'icity being cal'l'ied by a pondel'able 

. de 
quanhty - when v = valency of the metal and E = the charge 

VE 

of a univalent ion, the incl'ease of the thermodynamic potential 
dUl'ing thi~ process will be equal to 

1) Chem. Weekbl. N0. 41, 1905. 
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+ 
(..tzn-f.Lzn d 
---- e 

VE 

+ 
which increase is negative, because f.LZII > {J.ZII ' 

In the virtual displacement of the l quantity of eiectricity de 
from the metal towal'ds the solution the change of the thermodyna­
mic potential is not the onIy one that has taken place during this 
pl'ocess. 

If we eaIl the electric potentiaI of the solution Ve anel that of the 
zinc V,II , we know that in the above case TTe > TTm and TTe - TTIII = 1::.. 
indicates the potential difference of the electrolyte and the metal. 
With the virtual displacement of the quantity of electricity de from 
the metal to the electl'olyte this quantity has undergone an eiectrical 
potential increase 1::.., and so the electl'ic energy has incl'eased 
with 1::.. de. 

Fl'om the principle of virtual displacement fo11ows that with electro­
moth'e equilibrium 

or 

+ 
(..tzn_- (..tzn de -+- 1::.. de = 0, 

VE 

+ 
1::.. = _ f.Lzn - f.LZII 

VE 

. (1) 

(2) 

Now we lmow that the mol. therrnodyn. potentialof a snbstance 
may be 5pIit up as follows : 

f.L = (..t' + R l' ln C 
I • 

where in cliIutecl states of matter (..t' may be callecl a funeüon of 
the temperature aione. 

In non-diIuted states however, (..t' depends a.lso somewhat on the 
concentration. -If we now apply this splitting np also to equation (2), we geL: 

+ 
1::. = ~ {f.t'ZII - (..tZII) + R 1'ln C 

VE 
. . (3) 

where Crepresents the concentration of the Zh-ions in the electrolyte. 
If we now put: 

+ 
flzn - f.L'zlI 

R 11 = ln K. . . . r , , , (4) 

we ma.y say of thi5 J( that for I diluted states of matter it will only 
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depend on' the temperature, and wiIl therefore be a constant at 
constant temperature. 

Fl'om equation (3), (4) follows 

RT K 
Ij, =-ln-

Vil C 
. (5) 

Mr. VAN LAAR all'eady poil1ted out that ihis eqnatiol1, ah'eady 
derived by him in the same way is identical with that derived by 

Rl' p.. P l 

NERNST !::. = -- 1n -, III wluch therefore - stands ll1stead of 
Vil p P 

K . P l'epreRents the "elektrolytische Lósnngstension" of tIle metal, C .G"'." 

and 1) the "osmotie pressure" of the metal-ions in the solution. 
Rejflcting the osmotic phenomenon as basis for the del'ivation of 

the different physico-chemical laws, we must, as an inevitabIe con se­
quence of tbis, also abandon the osmotic idea "elektrolytische Lósungs­
ten sion" introduced by NERNST. 

'fhe principal purpose of this paper is to ~ prove that there is 
not any reason to look upon this as a disadvan tag e, for, when we 
seek the physical meaning of the quantity J[ in eqnation (5), it cau 
be so simply and sharply defined; that when we take the theory of 
the thermodynamic poteutial as foundation, we do not lOs'e anything, 
but gain in every respect. 

In order to arrive at tlle physical meaning of the quantity 1(, we 
put for a moment 

C=K 
from which follows 

!::. = O. 

From this follows th at there is a theoretical possibility to give 
sueh a eoneentl'ation to the metal-ions in a solution that when we 
immerge the eorresponding meta.l in it, neithe1' the metal1wl' the solution 
gets elect1'ically chal'ged. 

How we must imagine this eondition is shown by equation (2). 
IJet us put there !::. = 0, then follows from this fol' an arbitrary metal 

+ 
~m == ~m 

Ol' in words the molecular potentialof the tnetal in the bar is equal 
to that of the metal-ions in the solution. 

So it appears that we have here to do with an equilibrium 
whieh is perfectly eompal'able with that between the Na Ol in the 
bar Na Ol; and the salt in the solution. 
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l'he only diffe1'ence is this thaI Ihe molecules of ar salt in sólutiol1 
are neutrally elect1'ir, whereas the metal particles in solution are 
charged with positive electricity, hence tlie physic!11 meaning of 

+ 
the equation f-tm = f-tm is simply this that in absence of a potential 
difference, pel' second án equal number of metal particles are dissolved 
as the1'e are deposited, 

If we express this in the most cm'rent terms, we may say, that 
when C = ]( the metal-ions have reached their concentmtion oJ 
satumtion, and that ]( thel'efol'e repl'esents the solubility of the 
rtîeta l-ions, 

To prevent confusion, it will be neéessal'y to point out th at .the 
fact that the dissolved metal-particles in equilibrium wHh the solid 
metal have an electric charge, is atténded by peculiarities' whÎch 
are met with in no other department. I 

Thus it wiJl appeal' presently that in every solution of copper­
sulphate which is not extremely diluteá, the concentration oJ the 
coppel'-ions is supersaturated with respect to copper, Yet such a 
copper-sulphate-solution is in a perfectly stabIe condition, because 
the copper-ions constitute a part of the following homogeneous 
equilibrium, 

CuS04 ~ Cu .. + SO/ 

which is pel'fectly stabie as long as the solution is unsaturate Ol' is 
just saturate with OtS04-molecules, 

If we now, however, insert a copper bar into the solntion, tlie 
condition changes, becau~e the Cu-ions which were at first only in 
equilibrium with the CuS04-mols and with the S04"-ions, must now 
also gel, into equilibrium with the coppel' bar, and, the concentration 
of the Cu-ions with respect to copper being stl'ongly sllpersatul'ate, 
the Cu-ions wiIl immediately depobit on the coppel', tIIl the furthet' 
depositing is prevented in consequence of the appeal'ance of a double 
layel', 

We sha11 furtlle1' see that in the most concentl'ated solution of a 
zinc-salt the concentration of tile zinc-ions always l'emains below the 
cOllcentl'ation of saturation, which appeal's immediately when we 
immerge a zinc-bar into such a solution; the zinc emits zinc parti­
cles with a .positive charge into tile solution, till tile appeal'ance of 
the electric double layer puts a stop to the phenomenon of solution, 

In order to find the values of !{ fol' different metals we make 
use of the observed potentia,l, diffel'ence with a, definite value of C. 
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We know the potential difference at 180 and with normal con­
centration of the ions; i. e. when solutions of 1 gr. aeq. per liter of 
water are used. These potential differences are called electrode 
potentials, and will be denoted here by L.o. 

If we express the concentration in the most rational meaSUl'e, viz. 
in the number of gl'. molecules dissolved substance divided by the 
total number of gr. molecules, we may write for the concentration 
of 1 gr. eq. pel' liter 

1 

55,5 1'+1 

in which v represents the yalency of the metal. In th is it has been 
fUl'ther assurned, that thè disRociation is total, and the association of 
the water molecules bas not been taken into account. 

If we now write the equation for the electrode potentialof au 
arbitrary m~tal, we get: 

or 

RT K 
L.o = - ln --1-. -

1'8 

55,5 1'+ 1 

RT 
L.o = -ln K(55,5 1'+ 1) 

1'8 

If we use ordinary logarithms for the calculation, we get: 

RT 
L.o = -----log K(55,5 1'+ 1) 

1'8 X 0,4343 

If we now express R in electrical meaSUl'e, then 

0,000198 
L.o = 1'log K(55,5 1'+ 1) 

v 

and for t = 18 Ol' T = 291 0 

0,0578 
L.o = --log K(55,5 l' + 1) 

v 

1f we now calculate the quantity log J( by means of this equation 
fl'om the obsel'ved values of L. o, we get the following. (See table p. B). 

In the succession in which the me!als are writtcn down hel'e, the 
value of b o decl'eases and with it tbe value of log R. 

For the metals down to Fe (Fe included) log J( is greater than 
zero, so J( greater than 1. • 

Now we lmow that C fol' a solutioll is always smaller than 1; 
hence IC will always be larg'el' than C fol' the metals mentioned, 
and as J( denotes the concentl'ation of saturation of the 'metal-ions, 

/ 
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Values of log K at 18°. 

metal 
D.o log K 

11 

metal log Tl ion ion D.o 

K' (+ 2,92) 1) (+t8,77 CO" - 0,045 1,805 2 

Na' ( » 2,54) 42,19 NI" » 0,049 1,872X 2 

Ba" ( » 2,54) 42,92 X 2) Sn" < » 0,085 <- 2,49 X 2 

Sr' ( )) 2,49) 4'2,O() X 2) Pu' )) 0,\3 327 X 2 

Ca' ( )) 2,28) 38,42 X 2) H' )) 0,28 6,6 

Mg' )) 2,26 38,07 X 2 CU" )) 0,01 -11,58 X 2 
-, 

Al" )) 1,00 16,56 X 3 Bz'" < )) 0,07 _<-1233 X 3 

1111z" » 0,80 12,81 X 2 11(12" » 1,03 -- 18,84 X 2 

Z1/" » 0,49 7,45 X 2 Ag' )) 1,05 -19,92 

Cd )) 0,14 1,39 X 2 Pd' )) 1,07 - 19,03 X 2 

Fe' )) 0,063 O,065X 2 Pt .... )) 1,14 - 20,62 X 4 

Tt" » 0,045 - 0,245X 2 - Au" )) 1,36 - 26,27 X 3 

tbe metal-ions will not yet have l'eached theil' concentration ofl 
saturation even in the most concentrated solutions of the corresponding 
metal-salts. Rence, when the corresponding metal is immel'ged, metal 
ions will be dissolved, in consequence of which the solution will be 
charged with positive and the metal with negative electricity. 

Theoretically the case, in which J( would always be smaller than 
C, can of course not occur. If log J[ is smaller than zero, so K 
smaller than 1, then the theoretical possibili1y is given to make the 
potential difference uetween the metal and the corresponding salt 
solution reverse its sign, which reversal of sign of course "takes 
place through zero. Whether it will be possible to .realize this, 
depends on the solubility of the salt. 

If we now take the metal copper as an example, we see that fol' 
this metal J( bas the very !imall vaille of 10-2'3. On account of this 
very small value of 1(, C is greater than 1( in neady all' copper­
salt-solutions, or in other words the concentl'ation of the Cu-ions is 
greater than the concentration of saturation. Rence coppel'-ions are 
deposited on a copper bar, when it is immerged, in ronsequence 
which the bar gets charged with positive, and the solution with 
negative electricity. 

But however small J( may be, it will nearly always be possible to 

1) The values of D.o between parentheses have been calculated from the quan4 

tily of heat. 

! 
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make C smàl1er than K. In a copper-salt-solution e.g. this can Vêty 

easily be done, as is knowJl, bjr addition of KC1Y, which in consequence 
of the formation of the complex-ions [O.t2 ( CN)J', causes copper-ions 
to be extracted from the solution. The solution, which- at first had a 
negative charge compared with the metal copper, loses this charge 
completely by the addition of KCN, and receives then a positive charge. 

In the above I think I have demonstrated lhe eypediency of 
replacing the vague idea "elektrolytische J.JóStll1gs-tension" by the 
sharply defined idea solubility of metn.l ions. 

Amste1'Clam, April 1906. An01y. Chem. Lab. of t/te Univel'sity. 

Physics. - "On the cow'se of t!te P, T-curves f01' constant concentm­
tion f01' t/te equilió1'imn solid-fluid." Ey Dl'. A. S~IITS. (Commu­

nicated by Prof. J. D . VAN DER WAALS.) 

(Communicated in the meeting of April 27, 1906). 

In connection with my recent investigations it seemed desirabie 
to. me to exmnine the hidden connection between tIle sublimation 
:tnd meltmg-point curves for constant concentration, more particularly 
'Yhen the solid subslance is a dissociable compound of two com­
ponents. This investigation offered some difficulties, which I, 
ho wever, succeeded in sol ving by means of data furnished by a 
recent course of lectures giving by Prof. VAN DER WAALS. Thollgh 
his r~snlts will be published afterwards, Prof. VAN DER WAALS allowed 
me, with a view to the -investigations which are in progress, to use 
that part that was required fol' my purpose. 

In his papers published in 1903 in connection with the invebti­
gation on the system ether-anthraquinone 1) VAN DER WAALS also 
discussed the P, T-lines for constant x for the equilibrium between 
solid-flllid 2), and more particularly those for concentrations in tile 
immediate neighbourhood of the points pand q, where satnrated 
solutions reach their critical cOlldition. ~ 

Then it appeared that the particularity of the case involved also 
particularities fol' the P, T-line, so th at the course of the P, T-line 
as it wOllld be in the usual case, was not discussed. 

1) These Proc. VI p. 171 :md p, 484 Zeitschr. f. phys. Chem. 51, 193 and 52, 
587 (1905). 

2) These Proc. VI p. 230 and p. 357. 


