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Abstract 
.... 

UCRL..;l9098 

The discrepancy between Slendyk's polarographic limiting 

·currents in 0.01 ,!1 HCl solutions arid predictions of the effect of ionic 

migration is attributed to the formation of hydrogen gas at the elec-

trode and the consequent perturbation of the convective velocity. 

Neglect of activity coefficient variations in the earlier calculations 

cannot account for the discrepancy. Diffusion coefficients of some 

gases in electrolytic solutions could conceivably be measured with an 

_electrode at the upper end of a stagnant capillary by taking advantage 

of the limited solubility. 
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..... Introduction · 
. . 

. . . . l 
· . An earlier work treated ·the effect of ionic migration on 

limiting curr~nts~ The effect is particularly dramatic for the dis-

charge ofhydrogen ions from HCl-KCl solutions..,.where the limiting 

current may be enhanced by a factor of 3· 34 over the diffusion limiting 

current for a growing mercury drop. 
..... 2 

The data of Slendyk provided con-

firmation of the calculations for 0.001 M Hdl solutions with KCl con-

centrations ranging from 0 to 0.1 M. However, the data for 0.01 _!1 HCl 

solutions. with KCl concentrations ranging from 0 to 1 M deviated 

significantly from the theory •. 

The first attempt to resolve this discrepancy involved a 

refinement of the' mass..:"transfer theory to account for the activity 

· coefficients of the .ions~ In advance, one should not expect this 

explanation to be sufficient because the data for 0. 001 !:!. HCl solutionsJt 

which agree with the theory.., involved ionic strengths as high as some 

.of' the 0. 01 _!1 HCl · solutions 1 and the activity coefficients should be 

just as important. 

A second.., more plausible explanation for the discrepancy 

lies in the limited solubility of the hydrogen produced by the electrode 

reaction. This solubility .is 0.000763 !',1 for pure water at 25°C. An 

+ . 
assumption of equal diffusion coefficients for H ions and for H2 would 

lead to a concentration of H2 at the surface of 0. 0005 !:! for the 0. 001 !:! 

HCl solutions and; an excess of KCl. This is just under the solubility 

limit, but with the more concentrated, 0.01 _!1 HCl solutions, the 

solubility limit should be exceeded by a considerable amount. 
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For a growing mercury d!'lop., the formation of hydrogen gas at 

the SUrface. should effectively increase the stirring of the solution, 
.., 

thereby increasing the limiting current. Sle.ndyk' s data 

· Table 1. Galvanometer deflections for limiting polarographic currents 
.... 2 

· in HCl-KCl solutions, after Slendyk. 

0.001 M HCl 

KCl 0 0.0001 0.001 0~01 0.1 

.. A deflection . 58 46 29 19 .14 

0.01 M HCl 

KCl 0. 0.0001 0.001 0.01 0.1 , 
'.l.. 

. B 
deflection · 83 69 54 36 24 21 

ratio 1.43 1.18 1.24 1.26 1. 50 

A Galvanometer sensitivity of 0.6 AA/mm. 

B Galvanometer sensitivity of 6 AA/mm. 

support this supposition since the current increased by more than a 

factor of ten for the same ratio of KCl toHCl, as·indicated in table 1. 

Activity Coefficients in Electrolytic Mass Transfer 

The theory of electrolytic mass transfer in dilute solutions 

inherently assumes that the activity coefficients of all neutral comb ina-

tions of ions are equal to unity. Since activity coefficients are strong 

functions of composition in electrolytic solutions, one might expect 

' 
that a good first correction to dilute-solution theory should involve 

the activity coefficients. Thus the ionic flux might be written 
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= - . {1) 

where ll:i.is the electrochemical potential of species 1. ·The first term 

on the right thus represents both diffusion and migration.· In this 

first improvement over dilute-solution theory the diffusion coefficients 

Diare takep. to be constant and equal to their values at infinite dilu

tion, and v can be regarded as the solvent velocity or a mass-average . -
velocity. Equation 1 represents an approximation to the multicomponent 

theory appropriate to concentrated solutions in that it still neglects 

the friction interaction between solute species, as represented, for 

example, in the Stefan-Maxwell equation. 

It is c?nvenient, particularly in calculations, to introduce 

a quasi electrostatic potential ct> by the definition .. 

·11 n 
= RTl.fte + z Fct> 

n n 
e 

+ l.ln (2) 

e 
where species n is a charged ion and 11 is a constant. It should be n 

noted that the behavior of the potential 4> depends on the (arbitrary) 

choice of the ionic species n. By means of equation 2, it is now 

possible to express the first term in equation 1 in terms of the 

(measurable) activity coefficients of neutral combinations of ions: 

(3) 

! . .~' 

i 
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·. for 'uniform temperature. :·The equations describine; the system thus 

. . . 1 .. . . 
become similar to those solved earlier except for the inclusion of 

activity coefficients referred to species n and the use of the Nernst-

Einstein relation ui = Di/RT for the ionic mobili-:~Jy. For the activity 

coefficients of ions in moderately dilute solutions of several electrolytes,:~ 

one can use, for example, the formulae of Guggenheim. 3 The numerical 

solution of. the final set of coupled, o'rdinary differential equations is 

.then complicated, but straightforward.
4 

This approach to ionic mass 

transfer has been used in, reference 10. 

The results of such calculations for 0.01 and 0.001 M HCl 

solutions for a growing mercury drop are expressed in table 2 as the 

ratio of, the limiting current to the value calculated by dilute-solution 

theory including the effect of migration, ac,s outlined earlier.
1 

The 

inclusion of the activity coefficients shows a small effect in each case,, 
. ..... 

.one which is not sufficient to.account for the discrepancy in Slendyk 1 s 

: data. It is of interest to note that the largest effect occurs in the 

.solutions without KCl, the most dilute solutions. This is because the 

ionic strength is more nearly uniform in the presence of KCl, and con-

· s,equently the activity coefficients vary less with p~sition. 
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·t ':[lable.2. · Fpr a growing mercury drop, calculated ratios of limiting 

currents to those calculated by dilute-solution theory. 

0-99504. 

0-95346 

. 0.70711 

~-30151 

0 

0.001 M HCl 

0.99998 

o. 99962 

0.99846 

0.99636 

0.99514 

r = c. /c · · in. the bulk solution. 
K+ Cl-

· The Limitation of Hydrogen Solubility 

0.01 M HCl 

1.00o65 

0.99983 

o. 99650 

0.99030 

0.98655 

To test the hypothesis that hydrogen gas evolution in 
..... ' 

Sl~ndyk's 0.01 M HCl solutions enhances the convection and causes the 

discrepancy with the calculations of the effect of ionic migration, 

experiments were run with an electrode a.t the upper end of a stagnant · 

capillary filled with solution and open at the bottom into a cell filled 

with solution (25°C) and containing the counter electrode. In the 

absence of extraneous stirring, the growing mercury drop and penetration 

into a stagnant fluid show essentially the same behavior. 1 Howeve,r, in 

the capillary system used here,. a gas blanket will cover the electrode 

when the !30lubility limit is excee,ded, and the current should be effec-

tively limited by the solubility of the gas produced in the electrode 

reaction. Furthermore~ the current decreases inversely proportional to 

the square root of time, and there is assurance that the solution at the 

electrode surface is saturated, but not supersaturated. 
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The cathode.was a platinum sheet sealed in.a stagnant 

capillary (1.19 mrn.diarwith mercury as electrical contact, see figure 1. 

The anod'e was a. platinum gauze hydrogen electrode. · Lab grade cyl,inder 

hydrogen was used without furtherpurification. The hydrogen pressure 

at the anode side was measured by an open end manometer (M) (Merian 

Fluid D'-8325, density 1.75 used as meter fluid) and maintained at 1 

inch pressure higher than atmospheric. 

Solutions were prepared from reagent-grade pota~sium 

chloride and hydrogen chloride (specific gravity 1.191). The current 

flow through the cell was measured from the voltage drop across a known 

resistor (R = lOoon) on a VIDAR-520 digital voltmeter, and the time was 

counted on a VIDAR-625 digital clock. 

Some current vs •. time curves are plotted on log scales and 

shown in· figure 2. The slopes of most curves are slightly less than 0.5 

(ranging from 0.45 to 0. 50) and poor in reproducibility. They tend to 

be flat at large time, which we believe to be caused by the stirring of 

hydrogen gas formed within the diffusion layer. 

For solutions of HCl (0.1 ~) and KCi (ranging from 0.0191 ~ 

to 0.178 ~) the observed values of i -ft (averaged over the time period 

where the current is inversely proportional to the square root of time) 

are shown in table 3· The measured values vary over a wide range from 

• 0.194 to ·0.46 mA-sec
1

/
2

/cm
2

• If this current were limited by transport 

· o~ hydrogen ions to the electrode surface, the diffusion coefficients of 

+ . 8 8 -10 2/ . H would vary from 3.1 to 17. x 10 em sec, considerably below the 

5 2 accepted value of 9· 31 x 10- em /sec. On the other hand, if the 
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N 

·· Oigi~al 
clock 

Digital 
volta mete 

' Constant 
voltage 
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R 

Pt 

XBL699-'3834 

Pt 

Figure 1. Limiting current measurements in HCl-KCl solution with a 
stagnant diffusion ceil. 
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Figure 2: .Limiting current curves of HCl-KCl in a stagnant diffusion 
cell at25°C (G Run 1; o Run 6; b.Ruh 8). 
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Table 3· Limiting current of HCl-KCl solution in a stagnant diffusion 

··cell at 25°C. 

Run# HC1 KCl Applied I .ft i .ft 
voltage 

M M v 10-3mA .J sec rnA 
2 

.J sec 
em 

1 . 0.10 0•0333 0.418 2.18 0.196 

2 0.418 . 2.16 0.194 

6 0.10 0.0191 0.296 4.95 0.446 

7 0.296 5·1 0.46 

8 0.296 3·9 0.35 
.. . 

9 0.296 3·9 0.35 (.1: 

10 0.296 3·7 0-33 

11 0.296 5-0 0.45 
.. 

12 
.. 

0.296 3.8 0.34 

24 0~10 0.0568 0.20.0 . 3·9 0-35 

25 0.253 2.6 0.234 

26 0.200 3.08 0.278. 

31 0.10 0.178 0.205 3·5 0.315 

32 0.181 3-4 . 0.3o6 

33 0.181 3.2 0.388 

34 . 0.181 2.25 0.292 

35 0.181 2.8 0.252 
'' 
' 

36 0.181 2.65 0.24 ., i 
J 

. l 
"i 

'' 
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solUbility of hydrogen gas is· taken to be 0.000752 ~ (the solubility5 

is lower than in pure water by 3.6% for o. 5 ~ HCl and by about 10% for 

0. 5 ~ KCl), the diffusion coefficient for. dissolved hydrogen turns out. 

to be 0.566 to 3.16 x 10-5 c'm2/sec. This is to be compared with the 

6 . ; 
values of 4. 09 (Tammann and Jessen ), 6. 9 (Davidson and Cullen 7 ) and 

3.B3 x 10- 5 cm
2
/sec (A'rkazyan and Fedorova

8 
at 23°C in 0.5 .!1 ~so4 ). 

Gubbins, Bhatia, and Walker
11 

obtained a value of 3·79 x 10- 5 cm
2
/sec 

in l M KCl. 

Discussion 

The experi~ental results support the claim that the solubility 

of hydrogen is reached or exceeded for limiting currents at a dropping~ 

mercury electrode or a sta.gnant-capillary electrode in HCl-KCl solutions 

for HCl concentrations greater than about 0.001 ~· With an excess of 

KCl, one. can refine the earlier estimate of the surface concentration of 

H2 by m~ltiplying byJn +/DH to yield a value of 0.00076 .!1· The effect 
H . 2 

of migration can increase this by an additional factor of three. 

Al;though these values can be slightly greater than the solubility limit, 

one suspects, on the basis of the agreement with the calculated migration 
v 

effect, .that in Slendyk 1 s experiments. with 0.001 ~ HCl solutions either 

the solution is supersaturated anci no gas is formed or the convective 

velocity ts not significantly enhanced by any gas which may be present. 

On the other hand, with 0.01 .!1 HCl solutions the solubility limit is 

exceeded by more than a factor of ten, and the stirring is sufficient 

to.cause the observed discrepancy. 
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Currents in a· stagnant capillary li.[llited by gas .solubility 

ca'n. provide. a method· for measuring the diffusion coefficient of a gas 
I 

di:ssolved in an electrolytic solution. For a reactive gas like hydrogen, 

it· is probably better to use anodic· limiting currents from a saturated 
. . 8 

bulk solution, as used by A'f.kazya.n and Fedorova. on a rotating disk 

electrode, but the method may be useful for a gas like oxygen, where 

slow electrode kinetics can cause difficulties.9 Care will be necessary 

· to ensure that a uniform gas blanket will cover the electrode and paths 

of electrolytic conduction will be blocked. 
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