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At the present time descriptions are found in the literature of current maxima in the I - ~  curves for reduc- 
tion reactions on a mercury drop electrode, which are neither maxima of the first kind nor of the second kind, al- 
though the current strength at these maxima even exceeds the normal value of the limiting diffusion current. Doss 
[1] has observed current maxima at the potential where organic substances are desorbed from the electrode surface. 
According to Doss, the maxima occur as a result of tangential motions of the mercury drop surface when organic 
substances are desorbed. Doss has proposed the name "Electrocapallarophoresis" for these motions, andhas advanced 
the idea that the motions are the came of the well-known sharp maxima (desorption peaks) in the curves giving the 
differential capaci ty  as a function of potential. Veronskii has described a maximum at o-xylene desorption poten- 
tials in a copper reduction wave [2], Attention may also be called to the unusual maxima in the Co z+ reduction 
wave in the presence of  dimethylglyoxime [3], and in the presence of  8-hydroxyquiuoline [4], and the maxima on the 
tellurite reduction wave [5], There is no unity of  opinion among the authors as to the nature of  these maxima. 
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Polarization curves for the reduction 
of Hg ~+ on a mercury drop electrode: 1) 
0.68" 10 -4 M HgO12+ 0.1 M BaC12; 2) the 
same+ 0.013 M 04H9OH; 3) the same+ 0.026 
M 04H9OH; 4) the same+ 0.052 M 04H9OH. 
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Fig. 2, Polarization curves for the reduction 
of  Cu z+ on a mercury drop electrode: 1) 10 "s 
M CuSO4+ 0.25 M H2SO4; 2) the same+ 2.2" 
�9 10 -5 M o-xylene;  3) the same+ 6 .4 .10  -'~M 
o-xylene;  4) the same+ 5 .0 .10  -4 M o-xylene.  

The purpose of the present paper was to investigate the possibility of maxima occurring in the I - q  curveswhen 
organic substances are desorbed. The first thing to do is to t r y t o  find out whether or not the maxima observed at 
the desorption potential have anything to do with the tangential motions of the mercury surface produced when it 
flows out of the capi!lary. It is well known that ff the mercury flows out at high enough velocities so-called max-  
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ima of the second kind [6] appear in the I - ~  curves as a result of tangential motions of the mercury electrode sur- 
face. If adsorbed organic substances and charge are present on the surface of the mercury drop, the hindrance to 
motions of the Second kind is given by the sum of the adsorptive (Ta) and electric (Ts) terms, and in particular the 
rate of the tangential motion, v, with the hindrance present is related to the unhindered motion, v0, as 

where ~t 

v 2~ + 3~' 
Vo 2Ix + 3~' + "i% + q'a. 

and/~' are the kinematic viscosities of water and mercury. Further 

(i) 

~2 

(2) 

where s is the charge density on the mercury surface, and u is the specific electrical  conductivity of the solution 

and 

2 R T 1 ~ 6  

"la " "  Dac 
(a) 

under the assumption that the surface active substance is quite easily soluble, and that its adsorption rate is deter- 
mined solely by the rate of diffusion from the volume of the solution [6, 7]. Here c is the concentration of surface 
active substance, D is the diffUsibn coefficient, F is the amount of material  adsorbed per c m  z, 5 is the thickness 
of  the diffusion layer, and a ii the radius of the drop. 

If  adsorption is present, it may be assumed approximately that 

( ) r 
(4) 

where C is the capacity of the double layer in the absence of adsorbed material,  C'  is the capaci ty when the sur- 
face is filled, F~o is the limiting value o f F ,  and r is the electrode potential referred to the zero charge point. It 
is easily shown that the expression T~ q-  Ta can go through a minimum in the desorption region. If we make the 

o r 1 _  p simplifying assumptions C ' ~  C and (p ~ { ~ oo (the latter inequality will always be true if the desorption is 

sharply enough defined), it follows from Eqs. (2-4) that the minimum in T~ -~- Ta lies at 

r (%) r=o 
r ~  (Ta) r=roo + (~)  r=0 (5) 

C ~ where (T~)r=0 ~- q)2, i.e., the value of T~ in the absence of adsorption, and , (Ta)r_rc ~ 2 R T F ~ 6  = - b a c  , i .e.,  the 

value of 7a at /1 ~--- / ~ .  It may be seen from Eq. (5) that the minimum in T~ -~- Ta , and, accordingly, the max-  
imum in v /v  0 and the maximum current in the I - r  curve in the desorption region will be observed in those cases 
where the value of- /~/ff~, in the adsorption region is greater than the value given by gq. (5). If  (T~)r=0 
<<. (Ta)r=rco, this latter value will be small, in other words, the maximum will lie at very small values of filling 
of the surface by the adsorbed material,  where the current is only slightly different from the value which it reaches 
after complete desorption. Thus, a clearly defined maximum in the I -  ~ curves will be observed in those cases 
where the adsorptive hindrance is not too great in comparison with the hindrance coming from electr ic charges. 
Such maxima in the I - r  curves in the cathode desorption potential region are visible in Figs. 1 and 2, and partic- 
ularly in the curves given in [8]*. However the value of I at the maximum in the I - r  curve in the desorption re- 

* It follows from an analysis of the form of the I - r  curves given in [8] that the hindering effect  of butyl alcohol 
on the reduction of H ~" ions in the presence of 01" ions is l imited to hindrance of the tangential motions and does 
not affect the kinetics of the process itself, which is justified from an application of the considerations given in the 

text. 
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gion in the cases investigated lies below the value on the curve found in the absence of surface active material, in 
other words, adding surface active material and solution lowers the value of the current in all cases. For the op- 
posite condition to occur would require at some value of the potential satisfying the inequality 

Substituting for 
the inequality 

+ "ra< (rdr=0 (6) 

Te the expression from (2), it is easily shown that satisfying the inequality (6) means satisfying 

F 

(6a) 

Since the inequality (6a) cannot be satisfied at a small value of _P/.P~, the condition which it expresses is not 
very different from the condition 

(Th)r=r,2 ~ (Y~)r=0 (6b) 

Where (Ta)r=rm is the adsorptive hindrance corresponding with maximum surface filling at the concentration in 
question in the adsorption region. In other words, acceleration of the tangential motions from the effect of adsorb- 

ing an organic substance would be expected in those cases 
I, gA where the hindrance from charges in the absence of ad- 

t sorption is greater than the adsorptive hindrance when the 

g t  ~ surface is to a considerable extent filled. 

gxt~ o In the investigations made previously on hindrances 
J to motions of the second kind, the conditions were chosen 

g in such a way that T~ was as small as possible, and the 
principal effect was that of the hindrance caused by ad- 
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Fig. 3. Polarization curves for the reduction of T1 + 
on a mercury drop electrode: 1) 9.3" 10 -4 M T1CI+ 
+ 0.02 M BaCl~; 2) the same+ 0.016 M C4HgOH; 3) 
the same+ 0.032 M C4HgOH; 4) the same+ 0.064M 
C4HgOH; 5) the same +0.113 M O4HgOH; 6) the 
same+ 0.43 M C4HgOH. 

sorption of dissolved molecules. In this case, in the range 
of potentials in which adsorption occurs, a reduction is ob- 
served in the rate of motion which disappears at the de- 
sorption potential. However, the relations between the 
hindrance m motion coming from adsorption and the hind- 
rance to motion coming from charges could be changed if 
conditions were set up favorable to a large value of q'~ in 
the absence of adsorption and a relatively small value of 
Ya when the surface is filled with an adsorbed substance 
that sharply reduces 3"5 as a result of the reduction in ] 8 [. 
It follows from Eqs. (2) and (3) that this result would be ex- 
pected if the value of T~ were large with ~t small, i.e., at 
small electrolyte concentration [especially in the case of 
multiply charged cations, for example in La 2 (SO4) s solu- 
tion], and with a concentration of surface active substance 
such as to insure sufficiently high surface fillings*. 

* The considerations given assume that the surface concentrations are leveled out as a result of convective diffusion 
in the volume of the solution. If the leveling out occurs as a result of surface diffusion [8], the adsorptive hindrance 
is expressed by the quantity 

2a f (Oa)  
D~ O-f " 

In the case the sum 'ra-4--T~ could also g o t o a m i n i m u m a t t h e  desorption potential, since at this potential the 
adsorption isotherms take on a pronounced S-shape [9], which corresponds with small values of a o/i~F over a wide 
range of values o f F .  
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E X P E R I M E N T A L  

In order to check these conclusions we made measurements of the polar izat ion curves of a number of systems 
under conditions favorable to the appearance of max ima  of the second kind, the compositions of the systems being 

taken such as to satisfy the inequal i ty  (4), i .e . ,  the solution had small  e l ec t r i ca l  conduct ivi ty  in the presence of 
large concentrations of not very surface act ive substances. Thus, for example ,  a study was made of hindrance to 
motions of the second kind by butyl a lcohol  in the reduction of Hg z+ and of T1 + on a background of KC1, Bat12, and 
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Fig. 4. Polar izat ion curves for the reduction 
of T1 + on a mercury drop electrode:  1) 9.3- 
�9 10 -4 M T1CI+ 0.02 M Lag (SO4)s; 2) thesame  
+ 0.016 M C4HgOH; 3) the same+ 0.032 M 
C4H9OH; 4) the same+ 0.064 M C4HgOH; 5) 
the same+ 0.113 M C4t-I9OH; 6) the same+ 0.48 

M C4HsOH. 

with I Y~ I /~=0 ~ I]'a lr=V,n- 

La z (SO4) s (Figs. 1, 3, 4). Further, a study was made of h ind-  
rance to motion of the second k i n d b y  o-xylene ,  n-butyl  and 
secondary octyl  alcohols in Cu ze reduction, and of the hind-  
rance to the motions of propyl alcohol in Hg ~+ reduction. The 
measurements were made on a mercury drop electrode with the 
capi l la ry  constants: M=6.18 rag/see,  r =1.63 sec, in 0.1 N 
KC1 in an open circuit .  The salts KC1, BaClg, Lag (SO4) a, and 
CuSO 4 were twice recrysta l l ized from double dist i l led water, 
and the organic mater ia ls  were redist i l led.  All the solutions 
were prepared from double dist i l led water�9 The mercury was 
given a chemica l  purification and was twice disti l led.  Al l  the 
potentials  in the paper are given against a normal ca lomel  
electrode.  

As may be seen from Figs. 1, 3, 4, we were not able to 
observe an increase in current above the value which it has in 
solutions without additives during desorption of an organic sub- 
stance from the e lec t rode  surface as a result of acce lera t ion  of 
motion of the second kind. Apparent ly in making our exper i -  
ments we were not able to achieve the condit ion 

OT~ 0Ta 
o T ~ a T  

Further investigations in this direct ion are desirable. 
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Fig. 5. Polar izat ion curves for the reduc-  
tion of Cu z+ on a mercury drop electrode:  
1) 5.7" 10 -4 M CuSO4+ 0.5 M NazSO4; 2) 
the same+ saturated solution of secondary 
octyl  alcohol.  
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Fig. 6�9 Polar izat ion curves for the reduc-  
tion of Cu ~ on a mercury drop electrode:  
1) 5.7" 10 -4 M CuSO4+ 1 M NazSO4; 2) 
the same+ saturated solution of C4HgOH. 
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Another reason for the motions in the mercury surface could be inhomogenei ty  in the adsorption of the sur- 
face act ive substance, which can occur as a result of a concentrat ion gradient  existing in the adsorbed substance in 

the volume of the solution adjacent  to the drop. A concentrat ion gradient  can occur as a result of the adsorption 
process itself. Actua l ly ,  if the drop grows in a solution with a smal l  concentration of surface act ive substance, i .e. ,  
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Fig. 7. Polar izat ion curves for the re-  
duction of Cu 2+ on a mercury drop e l e c -  
t_rode: 1) 5.7" 10 "'1 M CnSO4+ 1 M 

Na~SO4; 2) the same+ saturated solution 
of CtHgOH (without droplets). 

under conditions such that  during the growth of the drop the equ i l i -  
brium value F is not reached for the adsorption per cm 2, the values 
of the boundary tension o in different parts of the drop will  b e  di f -  
ferent.  An approximate  theory of these phenomena may  be given 
starting with the results of ca lcu la t iom made for the motion of a 
drop in an e l ec t r i c  f ie ld [8]. Let the x axis be in the direct ion of 
growth in the concentrat ion c.  The difference in the boundary tension 

o between the "poles" of a drop with radius _a is in order of magni tude 

O~ Oc [ IlTl'aa Oc I 
~c. ~ a == , e- Ox 

where F a and E are some mean values of F and c. This quanti ty is 

comple t e ly  analogous to the quanti ty ~ ~ a = eEa for a drop 

in an e l ec t r i c  f ield of intensity g. Accordingly,  for a rate of motion 
v of the drop in the presence of a concentrat ion gradient,  we can 

write 

RTI'aa Oc 

"7, Ox Y ~  
21. + 31: + 7a -t- ~;~ 

(7) 

The motion of the drop as a whole is in the direct ion of  increasing c,  while the motion of the surface is in the d i -  
rect ion of decreasing c .  

0e The quanti ty - ~  is proport ional  to Fa ,  depends on how the drop flows out, and on geomet r i c  factors, and 

for smal l  deviat ions of_c from the mean value of E is independent o f t .  Assuming that Te may  be neglec ted  in 
comparison with 7a, and that  the rate of level ing out of concentrat ion in different points of the volume of the solu- 

tion is accompl ished  by diffusion, we obtain from (7) 

V ~  
A ~ 1"a/ c 

1"2 
2g + 3~' -F B 

r (8) 

2RT~ 
where A is a coeff ic ient  which is a constant for f ixed conditions under which the drop flows out, and B ~ - -  

Da 
If F a changes from its max imum va lueF  m to 0, the quan t i tyvgoes  through a max imum at / ' a  ~ (c) I/2 (2~t q- 3~t')V~B -1/~, 
if the condi t ion satisfied is 

_ 2 ~  q -  31" 
C 

i .e . ,  if  the adsorptive hindrance is great  enough. The max imum value o f v  is equal  to 

A 
Vm "-" 2-B 

(9) 

(lO) 
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It thus follows from Eq. (8) that it is possible to have a maximum in the region of desorption potentials* 

We set up some experiments to investigate the limiting diffusion current as a function of potential in this 
range of of potentials with the usual dropping conditions. A measurement was made on a drop electrode with the 
capillary constants: m = 1.05 ml/sec,  r = 4.6 sec in 0.1 N KC1 solution with an open circuit. As may be seen from 
Figs. 5, 6, we were able to observe an increase in current above its normal l imiting value, but the maxima in the 
I - r  curves were not easily reproducible, and occurred only in those cases were the polarization curve was taken 
in saturated solutions of a surface active substance containing an excess of the substance, emulsified by stirring up 
in the form of drops. It was only necessary to let the drops peel off, to get I - r  curves without maxima in the same 
solution (Fig. 7). it is possible that having drops present, which on touching the mercury surface cause a reduction 
in boundary tension in a very short interval of t ime**,  makes it possib!e for large gradients in r to arise along the 
surface, but this question requires further study. 

Although in this way we come to the conclusion that under some conditions which still need to be precisely 
defined, additional agitation of the solution is actually observed in the range of potentials where desorption of the 
surface active substances occurs, it is impossible to agree withDoss's [1] opinion as to the relation between these 
motions and the occurrence of maxima in the curves giving the capaci ty as a function of the potentials. The quan- 
titative theory of these maxima,  which shows that they are completely  determined by the equilibrium and kinetics 
of  the adsorption process on the surface at rest, is quite well worked out, and in good agreement with the experi- 
mental  data [11, 19]. In addition, the experiments made in our laboratory by B. B. Damaskim have shown that a 
moderable amount of agitation of the solution, not causing deformation of the mercury surface, has no effect on 
the electrode capaci ty  as measured with alternating current. 

S U M M A R Y  
1. It is shown that it is,in principal,possibleto choose the composition of the solution in such a way that hind- 

rance from charges on the mercury surface exceeds hindrance by the surface active substance. It has,  however, so 
far not been possible to confirm this conclusion by experimental data. 

2. Approximate expressions are given for the motion of a mercury drop if a gradient is present in the con-  
centration of surface active substance, resulting from the adsorption process. 

3. Maxima have been observed in the desorption potential range on the curves giving the limiting current 
as a function of potential in solutions containing an excess of surface active material,  emulsified in the form of 

droplets. 
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