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Dissolved gases in the b o u n d a r y  layer o f  gas-evolving electrodes, in contras t  to all o ther  substances 
generated or consumed  at  electrodes, undergo  two super imposed mass t ransfer  mechanisms.  Their  
in teract ion results in an increase o f  the effective mass t ransfer  coefficient o f  dissolved gas. A correct ion 
fac tor  to the coefficient calculated f rom available mass t ransfer  equat ions  is proposed.  The effect on 
the concent ra t ion  overpotent ia l  is discussed. 

Nomenclature  

a distance, Fig. 2 (m) 
A electrode area (m 2) 
A' liquid cross-sectional area (m 2) 
c concentration of dissolved gas (mol m-  3) 
C correction factor, Equation 5 
C~ quotient, Equation 32 
d bubble diameter (m) 
D diffusion coefficient (m 2 s- l ) 
f~ efficiency of gas evolution, Equation 2 
F Faraday constant, F = 96 487 A s mol-  
Fo' Fourier number, Equation 16 
j current density (A m-  z) 
k mass transfer coefficient at electrode (m s -1) 
kb mass transfer coefficient at bubble-liquid inter- 

face (ms -1) 
n/v charge number of production of dissolved gas 
N flux density of dissolved gas (mol m -2 s -~ ) 
N D flux of dissolved gas (mol s-J) 
p pressure (kg m-  l s- 2) 
r radius, Fig. 2 (m) 
R bubble radius (m) 
Rb radius of detaching bubble (m) 

R m gas constant, R m = 8.314kgm 2 s -~ mol -~ K -1 
t time (s) 
tb residence time (s) 
T temperature (K) 
u perimeter (m) 
y distance from electrode surface (m) 
z number of free bubbles 
Zb number of adhering bubbles 
7 interfacial tension (kg s -2) 
6c bubble layer thickness (m) 
fN Nernst diffusion layer thickness (m) 

gas volume fraction 
0 S shielding factor 
VL kinematic viscosity of liquid (m 2 s ~) 

density (kg m -3) 

Subscripts 

b bubble-liquid interface 
e electrode-liquid interface 
G gas 
L liquid 
s saturation 
o bulk 

1. Introduction 

For estimation of the rate of mass transfer to or from 
gas-evolving electrodes several design equations are 
available [1, 2], and these equations have proved use- 
ful in applied electrochemistry. However, it has 
obviously not been noted that these equations only 
apply to those substances the flux of which does not 
vary with distance through the electrode boundary 
layer. 

This condition is well fulfilled for indicator ions as 
used in mass transfer experiments. The available mass 
transfer equations are also useful for many substances 

in industrial electrochemistry, if homogeneous reac- 
tions do not occur. But the condition of constant flux 
in the boundary layer is not fulfilled for an important 
case, namely the transport of dissolved gas formed at 
the electrode to the liquid bulk. 

Mass transfer equations are also used to calculate 
the concentration of dissolved gas in an electrolyte 
immediately adjacent to the electrode [3-5]. Although 
this procedure is common practice it cannot be con- 
sidered satisfactory. As shown below, it can lead to 
substantial inaccuracy. The problem is particularly 
important in the estimation of the concentration over- 
potential of gas-evolving electrodes, a problem which 
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Fig. 1. Desorption in the concentration boundary layer of  a gas- 
evolving electrode. 

has attracted increasing interest mainly in connexion 
with the development of electrodes, the overpotentials 
of which are virtually controlled by concentration 
overpotential alone [6-8]. 

It is the object of the present paper to analyse how 
the available mass transfer equations should be modi- 
fied to make them equally applicable to dissolved 
gases and, with respect to the concentration over- 
potential, how the concentration of dissolved gas 
immediately at the electrode is affected. 

2. The two competing mass  transfer mechanisms 

It is a characteristic of dissolved gas that two mass 
transfer mechanisms are active in the concentration 
boundary layer adjacent to the electrode. One controls 
the flux of dissolved gas from the electrode to the 
liquid bulk, the other controls the flux from the super- 
saturated liquid to the liquid-gas interface of bubbles 
present in the concentration boundary layer of the 
electrode. This desorption means that the flux, NeD, of 
dissolved gas from the electrode to the liquid bulk 
varies with the distance from the electrode surface 
(Fig. 1). At a distance y it is 

Ne  = Ne~ __ j 1 fy dN~ (1) 
A (n/v)F A Jo 

where N~ denotes the flux to the gas-liquid interface 
where the dissolved gas is transferred to the gaseous 
phase. The (partial) current densityj is that generating 
dissolved gas. We introduce a valuefc determining the 
fraction of dissolved gas which is desorbed within the 
total concentration boundary layer of the electrode. 

( n / v ) F  
f~c dN~ (2) fo  = j A  

This important quantity, the efficiency of gas 

evolution, 0 ~< fo ~< 1, is known to increase as the 
bubble population density on the electrode increases 
- commonly linked with an increase of the current 
density. Values of f~ were calculated [3, 20] and 
measured [18, 19, 26] but at present a general, reliable 
correlation is not available. Nevertheless, f~ can here 
be used to express the flux density Ne; immediately 
at the electrode, y = 0, it equals the total amount of 
dissolved gas generated 

J 
(Ne)y=~ - (n/v)F (3a) 

At the inner edge of the boundary layer, y -- 6c, it is 
lowered to 

- (n~)r_ (1 - f c )  (3b) (Ne)y=~c 

For all substances which do not react and/or are not 
desorbed in the electrode boundary layer, the flux is 
constant at all distances within the boundary layer 
and equals that leaving (or reaching) the electrode 
surface. Mass transfer at electrodes can, therefore, be 
described by the common form 

J 
(No)y=0 = ( N e ) y = 6  c - ( n / v ) V -  k ( c ~ -  Co) (4) 

However, for a dissolved gas an extension of Equation 
4 is required taking account of the flux variation: 

J 
- Ck(c~ - Co) (5) 

( n / v ) F  

C is a new correction factor to the mass transfer 
coefficient k as calculated from available mass transfer 
equations, e.g. [27] 

k d  
Sh = - -  = 0.93Re~ Sc ~ 

D 
(6) 

( j f~RmTd~O.5 / ,0.487 
= 0 . 9 3 \ ~ ]  ( - ~ )  

Equations 3a and 3b show the limits of the correction 
factor: 

1 <~ C ~< (1 - f c ) - '  (7) 

3. Desorption in the electrode boundary layer 

The flux dN~ desorbed in the boundary layer adjacent 
to the electrode can generally be written 

dU~ = kbdAb(C-- cb) (8) 

where the mass transfer coefficient, kb, refers to the 
gas-liquid interface of bubbles in the electrode bound- 
ary layer. Cb is the interfacial concentration of dis- 
solved gas. Due to the curvature of the interface, Cb is 
larger than the saturation concentration, Cs, at a 
planar interface [1] 

_ 27 ~L Cb = 1 + (9) 
cs Rp qL - O~ 

However, introducing realistic values of the bubble 
radius, R, shows that the difference of these concen- 
trations is small, (Cb -- Cs)/Cs ~ 1, and commonly it is 
not detrimental to assume that the interfacial con- 
centration equals the saturation concentration. 
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Fig. 2. Geometry of an adhering bubble. 

The concentration of dissolved gas remote from the 
gas-liquid interface (but inside the electrode boundary 
layer) is controlled by mass transfer from the electrode 
to the liquid bulk and varies with the distance from the 
electrode. In this paper we will refer to the Nernst 
diffusion layer starting from an assumed concen- 
tration profile 

Y-- (10) c = C ~ - - ( C e - - C 0 )  rN 

where ce denotes the concentration at the electrode, 
y = O, and co the bulk concentration at y = 6N. It 
must be kept in mind that the concentration field 
around each bubble near the electrode is superimposed 
on the field in the electrode boundary layer as already 
discussed earlier [9, 10]. Using the Nernst diffusion 
layer involves the possibility of  equating its thickness 
with the (not explicitly defined) boundary layer thick- 
ness of the electrode, 

bit = 6N (11) 

and Equation 2 takes the form 

(n/v)F frN 
fc - jA Jo dN~ (12) 

A special problem is the active mass transfer area Ab 
in Equation 8 which will be treated differently for two 
cases: the Nernst diffusion layer thickness is either 
smaller or larger than the mean diameter of bubbles 
adhering to the electrode. In the first case, the area of  
bubbles before detachment from the electrode will be 
effective. In the second case, the mass transfer area 
wilt be furnished predominantly by freely moving 
bubbles in the bubble layer of  the electrode. 

3.1. Small concentration boundary layer thickness 

The first case is characterized by the condition that the 
Nernst diffusion layer thickness is smaller than the 
mean height of adhering bubbles (Fig. 2). 

6N/(a + R)  < 1 (13 )  

It is assumed that the flux of  dissolved gas to the 

bubble is essentially parallel to the electrode surface. 
Assuming the bubble to have spherical form, a geo- 
metrical consideration yields 

dA b = 2~r du = 2~R dy (14) 

The bubble radius depends on time. During the 
residence time, tb, of one bubble, the amount  of 
desorbed gas referred to the electrode a r e a  A/z b apper- 
taining to one adhering bubble is 

d 2 Nb k b 2~R (t) 
- - -  [ e ( y )  - e d  ( 1 5 )  

dtdy tb A/gb 

where Zb denotes the number of simultaneously adher- 
ing bubbles to a (sufficiently large) electrode surface 
area A. Except for the very short initial period of 
bubble growth, the growth law can be expressed 
through the constant Fourier number for mass trans- 
port  condition [1, 11] 

Dt Dt b 
Fo' - R2 - R~ (16) 

where R b is the radius of  the detaching bubble. The 
flux of desorbed gas is thus 

dN~ 4 gRb(ee -- Cb) ( r e - - C o y )  
dy - kb 3 A--/~ 1 re Cb ~ (17) 

3.2. Large concentration boundary layer thickness 

In the opposite case, 

6N/(a + R) > I (18) 

mass transfer of dissolved gas to the adhering bubbles 
becomes less important as compared with the mass 
transfer to freely moving 
boundary layer adjacent 
transfer area, i.e. the 
depends on the bubble 

bubbles in the concentration 
to the electrodes. The mass 
gas-liquid interfacial area, 
distribution inside the gas 

bubble layer. In general, this layer thickness, 6b, need 
not coincide with the Nernst diffusion layer thickness 
but may extend over it, 6b/rN >~ 1. The active mass 
transfer area can be estimated by use of  a volume 
fraction, 5, of gas bubbles in the bubble layer, 

0z/6)d 3 
- (19 )  

AyA/z 

By definition, AyA/z is the average volume containing 
one bubble, if a number z of such cubes covers the 
total electrode area A (Fig. 3). With the bubble-liquid 
interfacial area of  one bubble, 

AAb/z = n d  2 (20) 

one obtains on transition to the differential form 

dab 6e 
- ( 2 1 )  

Ady d 

An assumption is necessary for the profile of  the 
void fraction, ~, within the bubble layer of  thickness 
6b. Experimental investigation shows that the void 
fraction varies non-linearly with the distance [12], and 
a non-linear profile is also taken into account in 
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 q at~ 27with Eqiati~ iads t~ tl 
NeD D 1 -- 1.5ee 1 - y dc 
A -  ~ ~yy (29) 

Eke 

4z. On the other hand, the flux density can be expressed 
by combining Equations 1 and 12: 

N# . F ry dR]~ 7 
J 11 e J~ / 

A/z 7 : - ' ~  2 7 h 7  ~ (30) 

Inserting Equation 17 yields after integration with 
kb = constant for case I 

"1" ~ N: a J f l e Y 2 -- CI J /~SN1._a 

(31) 

Fig. 3. Geometry of  a free bubble near the electrode, with the abbreviation 

theoretical investigations [13-15]. But here a linear 
profile will be assumed not least with respect to the 
linear concentration profile used. We set 

= e~(1 -- y/Ob) (22) 

for the range 0 <~ y/6 b <~ 1. 
Inserting Equations 10, 21 and 22 into 8 one obtains 

the flux of desorbed gas 

dN~ k 6geA (e~ ( 
dy = b----d-- -- co) - t Ce - -  C0 L ) 

C e - -  C b 

(23) 

4. Mass transfer from the electrode to the bulk 

Using the Nernst diffusion layer allows application of 
Fick's first law to the transport of dissolved gas from 
the electrode to the liquid bulk: 

N~ dc 
= D (24) 

A' dy 

where A' represents the area available for mass 
transfer to the bulk. This is the area not blocked by 
bubbles. In case I of adhering bubbles, 

yields 

A' ~ (1 - Os)A (25) 

d r  
NffA - D(1 - 0s) ~yy (26) 

0s denotes the shielding factor, i.e. the fraction of the 
electrode area shadowed by adhering bubbles in 
orthogonal projection. In case II, the area A' not 
blocked by freely moving bubbles depends on the void 
fraction e and varies with the distance from the elec- 
trode, Equation 22. By analogy to the effective con- 
ductivity of a dispersion of gas bubbles in electrolyte, 
as given by Maxwell [16] and Rayleigh [17], the are A' 
may be approximated by 

A' = (1 - 1.5e)A (27) 

C e - -  C O 
C l -  (32) 

C e - -  C b 

For case II one obtains from Equation 30 with 
Equation 23 

J 
- -  N e - -  

A (n/v)F 

y 
1 - - l e a n  

2 - 3 ~ -  ~ 3_~____b 

2 aN ( 23N'~ / 
- a T - q  1 a 

(33) 

Combination of Equations 26 and 31 for case I and 
of 29 and 33 for case II presents a basis for deter- 
mining the concentration profiles within the Nernst 
diffusion layer. 

5. Modified mass transfer coefficient 

Equation 5 is a generalized mass transfer equation, 

J 
(Ne)y=0 = (n/v)r = (Ck)(ce-  co) 

where (Ck) represents a modified mass transfer 
coefficient suitable for all transported substances 
including dissolved gases. To obtain expressions of the 
correction factor C, three different conditions will be 
studied. 

5.1. The Nernst diffusion layer is smaller than the 
diameter of adhering bubbles 

This condition refers to case I and is related to large 
current densities with correspondingly large mass 
transfer coefficients. Combination of Equations 26 
and 31 yields, after integration with the boundary 
condition 

c = Co at y : 6 N 
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a modified concentration profile 

D (1 - 05)(n/v)r  
6-7 - 7 -  (c - Co) 

1 Cl (~NN)2 ( l  
y 3 

= 1 - - - - f o  
fN 2 - CI 

For  the special condition 

c = ce at 

Equation 34 reduces to 

y = 0 

(34) 

1 C1 
(n/v)F 3 

(1 - 0 s ) - - - ~ ( c e  - Co) = 1 2 C"- - -~  f ~ -  

(35) 
The special mass transfer equation of  a non-desorbed 
substance is Equation 4; Equation 35 must coincide 
with Equation 4 for f a  = 0. The mass transfer coef- 
ficient is therefore 

D 
k = ~ (1 - 0s) (36) 

The general mass transfer Equation 5 here extended 
for the first time to substances desorbed in the bound- 
ary layer, is thus 

(n/v)-------Fk(ce - Co) = 1 1 - C , / 3 f c  (37) 
j 2 - Cl 

A calculation of the bulk concentration of electro- 
lytes in a cell with gas-evolving electrodes yields values 
of  Co which can be substantially larger than the satu- 
ration concentration q [19]. However, experimental 
investigations of  the gas concentration, G, at the 
electrode-electrolyte interface show that, except for 
very low current densities, G is always much larger 
than G [5, 17-19]. One must conclude that ce/q >> 
Co/G > 1 for the range of current density of  interest. 
The ratio, C1 of the concentration differences is only 
slightly smaller than unity: 

CI _ G - -  c0 ~ ! (38) 
C e -- C b 

With this simplification the modifed mass transfer 
coefficient (Ck) thus reduces to 

k 
(Ck) - (39) 

1 - -  2fc 

where k is the value calculated from available mass 
transfer equations, e.g. from Equation 6. It is further 
confirmed that the desired multiplier 

C = (1 - ~fG) -1 (40) 

is situated within the limits given by the inequality 7. 

5.2. The Nernst diffusion layer thickness is much 
smaller than the thickness of  the bubble layer but 
larger than the bubble diameter 

The condition fin r 6b means that the concentration, 

Co, is attained at a distance, y, far lower than the 
thickness of the bubble layer at the electrode. This 
case becomes the more important the larger the cur- 
rent density, linked not only with larger mass transfer 
coefficients, but also with larger values of  f t .  One 
must, therefore, expect small values of  6N together 
with large values of r However, the thickness 6b is 
not only controlled by the current density but also by 
hydrodynamics [14]. 

Combination of Equation 29 and 33 with y/6b <<. 
fiN/fib ~ 1 and under consideration of Equation 38 
gives the simple form 

(n/v)F dc 
- D ( 1  - 1 . 5 ~ e ) - -  - j dy 2,o (1 

(41) 

Integration with the boundary condition 

c = Co at y = 6N 

yields 

D (1 - 1.5ee) (n/v)F 
6-7 - - 7 -  (c - Co) 

= 1 - 6 - ~ - f ~  - 1 -  y (42) 

Using the same procedure as in the previous section, 
one obtains with the condition 

c = ce at y = 0 

s (1 - 1 . 5 G ) ( n / v ) r ( G  - c o )  = 1 - 2 f a  ( 4 3 )  
6N J 

Irrespective of the fact that the mass transfer coef- 
ficient is now 

D 
k = 6NN (1 -- 1.5ee) (44) 

one finds the same correction factor to the mass trans- 
fer coefficient: 

C = (1 - ~ f~) - '  (45) 

5.3. The Nernst diffusion layer thickness equals the 
thickness of  the bubble layer 

For  the limiting condition 6N/6 b = 1, the concen- 
tration of disolved gas varies throughout the whole 
bubble layer and attains the bulk concentration c0 at 
y = 6b. Combination of  Equations 29, 33 and 38 with 
the condition 6N/6 b = 1 results in 

-D 1-1.5~o 1 - ~  

, [ ,  = 1 - 3 f o ~  l - g ~ +  5 ~ (46) 

For the sake of simplicity, we use an approximation 

[ ,  
1 + 2  1.5ee 1 --6-7N 
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The inaccuracy of Equation 47 up to ee < 0.4 is 
smaller than 12% and appears acceptable for the 
present purpose. Integration of Equation 46 with 47 
with consideration again of the boundary condition 

c = c0 at y = 6N 

yields a concentration profile 

D(n/v)F ln[1-1.5~e (1- f-NN)] 
- -  ( e  - c o )  - 

6N j 1.5~ 

+ 3f~ ~ (�89 + ~e.) - (�89 + 2e~) aN 

_ e~ _ 0.3~e) t 
J 

( 4 8 )  

The special form of Equation 48 for the conditions 
fG = 0 and c = c0 at y = 0 must coincide with 
Equation 4 and yields the expression 

D 1.5~e 
k = - (49) 

6N In (1 - 1.5ee) 

for the mass transfer coefficient, Equation 6. Corre- 
spondingly, one obtains from Equation 48 together 
with Equation 49 a correction factor 

= I1 + 9faee(1 + (50) c 
8 in (1 1.5~) / 

For the condition e~ ~ 0, the correction factor C 
approaches 

C = (1 - 0.75fc)-' (51) 

In the range % < 0.4 Equation 51 is an approximation 
of Equation 50 with a deviation of less than 4%. 

6. Discussion 

The effect off~ on the correction factor C is shown in 
Fig. 4. All the three conditions studied yield exactly or 
nearly the same effect on the mass transfer coefficient. 
The result for desorption into adhering bubbles, 
Equation 40, agrees with the result for desorption into 
freely moving bubbles under the special condition of 
a small Nernst diffusion layer thickness as compared 
to the bubble layer thickness, Equation 45. If the 
thicknesses of both layers coincide, the factor C takes 
a more complex form, Equation 50, slightly depending 
on the gas void fraction ee. A further approximation 
yields Equation 51 which differs only slightly from the 
previous results. What is common to all these results 
is the finding that the mass transfer coefficient of 
dissolved gas differs from that of non-desorbed 
substances. 

As a by-product, the analysis yields concentration 
profiles of dissolved gas within the Nernst diffusion 
layer (Fig. 5). One only needs to combine Equations 
34 and 36, 42 and 44, or 48 and 49 for the three 
conditions under discussion. Although the numerical 
factor in Equations 40, 45 and 51 is loaded with some 

La 
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. w  

g 
0 

U 

o.i/l 

,(/ 

I t  ~4 
11 ~?I /// // 

///./I 
1(ii; ill / ;;/ 

A:V 
.F 

0 0.5 

Gas yield fg 
Fig. 4. Correction factor vs gas yield ft .  ( ) Equations 40 and 45; 
(---) Equation 50. 

uncertainty, Fig. 5 shows that the concentration of the 
electrolyte immediately contacting the electrode is 
strongly affected by the gas yield, f~. In predicting the 
concentration overpotential of gas-evolving electrodes 
it must be taken into account that increasing gas yield 
substantially lowers the wall concentration. The effect 
is particularly large at large current densities of 
nucleate gas evolution with correspondingly large f~ 
values [3, 18, 19]. As seen from Equation 40, i f f c  = 
0.75 the effective mass transfer coefficient is twice 
the uncorrected one. It is thus generally inadmissible 
to use an uncorrected mass transfer coefficient as 

0 0.5 I 
Rel.wa[t distance y/5 N 

Fig. 5. Relative concentration profile in the Nernst diffusion layer. 
( ) Equations 34 and 36, C, = 1; ( -- , )  Equations 48 and 49. 
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calculated f rom available mass  t ransfer  equat ions if 
the concent ra t ion  of  dissolved gas has to be estimated.  

The  three condit ions discussed are o f  fur ther  use in 
elucidating the mean ing  o f  the quant i ty  f~  which has 
been in t roduced as an efficiency o f  gas evolut ion un- 
ders tood as the desorbed fract ion o f  the total  a m o u n t  
of  dissolved gas generated [3, 20]. In case I, as discussed 
in Section 4, f c  represents the fract ion passing over  the 
bubble - l iqu id  interface o f  gas bubbles  adher ing to 
a gas-evolving electrode. In  contrast ,  in case I I  fG 
includes the a m o u n t  desorbed into freely moving  bub- 
bles contained in the bubble layer adjacent to the elec- 
trode.  The  f~  values differ, the second being larger 
than  the first. And  further,  due to the fact tha t  the 
bulk concentra t ion,  co, is larger than  the gas- l iquid 
interfacial concent ra t ion  Cb [21-25], desorpt ion  con- 
tinues (to a smaller  extent) within the bubble  layer 
remote  f rom the electrode. I t  is not  surprising that  the 
values f c  obta ined  experimental ly  [18, 19] are larger 
than those calculated for  adher ing bubbles  [3]. A more  
precise definition o f  the par t icular  meaning  o f f ~  thus 
becomes  inevitable. 

7. Conclusions 

(1) Mass  t ransfer  o f  a dissolved gas f rom a gas- 
evolving electrode is dist inguished f rom mass  t ransfer  
o f  o ther  substances in that  the t r anspor t  f rom the 
electrode-l iquid interface to the bulk of  liquid is 
supplemented  by a second mass  t ransfer  o f  dissolved 
gas f rom the liquid to the gas- l iquid  interface o f  
bubbles  conta ined in the bounda ry  layer adjacent  to 
the electrode. Consequent ly ,  the flux o f  t ransferred 
dissolved gas varies with the distance f rom the elec- 
t rode surface. 

(2) Calculat ing the mass  t ransfer  coefficient for  the 
t ranspor t  o f  dissolved gas f rom a gas-evolving elec- 
t rode requires a t r ea tment  different f rom that  for  o ther  
species. The  mass  t ransfer  coefficient, k, as calculated 
f rom available mass  t ransfer  equations,  e.g. Equa t ion  
6, mus t  be modif ied to fit the par t icular  mass  t ransfer  
condit ions.  

(3) The present  analysis gives an effective mass  
t ransfer  coefficient (Ck) ,  where the correct ion factor  is 

C = (1 - 2 f ~ ) - ,  > 1 

to be used in the generalized mass  t ransfer  Equa t ion  6 
for  desorbed,  as well as for  non-desorbed,  substances.  

F o r  substances the flux of  which is not  affected by 
desorpt ion or  homogeneous  chemical  reactions on the 
way to or f rom the electrode a correct ion is not  necess- 
ary. The  condi t ion f~ -- 0 is tha t  for  which available 
mass  t ransfer  equat ions have been derived. 

(4) The par t icular  mass  t ransfer  mechanisms of  
dissolved gas effect a decrease of  the e lec t rode-  
electrolyte concent ra t ion  o f  dissolved gas as compa red  
to other  substances.  The  correct ion factor,  C, is an 
impor t an t  quant i ty  in est imating the concentra t ion  
overpotent ia l  o f  gas-evolving electrodes. 
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