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The kinetics of electrochemical reactions resemble those of all other heterogeneous processes and are deter-
mined by the rates of the three basic steps: 1) transfer of reagent fons and atoms from the body of the solutionto
the electrode surface, 2) electrochemical reaction proper, and 3) movement of the final reaction products away
from the electrode surface, ' '

The transfer of the reagents to the electrode and the removal of the reaction products will be grouped to-
gether arbitrarily and designated as the "diffusional” step of the reaction, even though the first of these processes
s not usually considered as being purely diffusional. The diffusional step is not of direct significance for the ki-
netics of the electrochemical reaction ttself but is rather a factor which makes for complications in the process,
In practice, however, it is the diffusional step which very frequently determines the over-all reaction rate and
this is particularly true under the conditions which prevail in industrial electrolyses, Moreover, the study ofelec-
trode reactions at higher velocities is always complicated by the fact that diffusion is then the slow step in the
process and the one which Hmits the rateof over-all reaction. It is customary to speak of diffusion reaction kinet
fcs in the last case,

The importance of the diffusional step for electrochemical kinetics has led to numerous experimental and
theoretical studies of diffusion processes in solution, The basic laws applying to the diffusional step of the elec-
trochemtcal process can now be considered as established through the combined efforts of various workers, A
quantitative theory has been developed for the diffusional processes which are involved in the over-all electro~
chemical reaction under various operating conditions,

This report will attempt to characterize the present state of the theory of the diffusion kinetics of hetero-
geneous reactions in solution (and of electrochemical reactions, in particular) and to give a more complete quan
titative test of this theory by comparing it with certain new experimental data,

The first paperson the diffusional processes in electrolysis (these date back to 1890) considered the solution
in the cell to be at rest, It quickly became evident (as will be shown below) that the case of the immobile solu-
tion was the exceptional one, and attention was therefore directed to the problem of diffusion in moving solutions,
There has recently been a renewal of Interest in the study of the transfer of reagents through a stationary solution
to a surface, This situaiion has arfsen because of the development of a new technique of measurement which ob~
serves the electrochemical reaction over a period which is so short that liquid contvection does not have the op-
portunity to develop., There is, moreover, the formal possibility of reducing the problem of diffusion at the drop-
ping electrode to the companion problem of diffusion in a stationary medium, Thus there 15 a close relation be-
tween the study of the theory of the dropping electrode and a consideration of diffusion problems in stationary
media. Solutions have been developed for the diffusion through stationary media in electrolyses and electro-
chemical reactions under various conditions and these have been presented in a number of papers, A review of
this group of papers has been given in the monograph of Delehaye [1].

We will now consider briefly the background of the problem of the transfer of reagents through a stationary
medium to the electrode surface, The general case is that in which both diffusion and migration of fons contri-
bute to current passing through the solution.
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The fon currents of the first and second type in a binary electrolyte are respectively expressed by equations
of the form:

Ji== — Dl% —un e, E,
o == — Dy 2% 4 ugn,FeokE, 1

in which E is the field strength and u, the ionic mobility. The concentration of ion outside the double layer
must be such as to satisfy the condition of electrical neutrality:
nlcl == ngcz. (la)

The law of conservation of the number of ions has the form;
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Two equations are obtained on introducing the molar concentration, ¢ = %— = Fz_. combining (1) and (2),
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and eliminating the electrical field:
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The first of these equations determines the concentration distribution, while the second can be used to fix the spa-
tial distribution of the electric field strength once the concentration distribution is known. The partial differen-

tial equation (3a) is known as the Diffusion Equation, Most electrolyses are carried out with anexcess of a foreign
or inert, electrolyte, This increases the conductivity of the solution to the point where the migrational contribu-
tion to the current becomes small in comparison with that due to diffusion, The usual diffusfon equation canthen
be used to describe the transfer of fons, as well as neutral particles

dc ad%¢ :
5t =D 57 4)

The actual physical conditions of electrolysis must be known if the concentration distribution in space and
time is to be found and the current passing through the electrolyzer determined. These conditions are character-
ized by the initial concentrations and by the boundary conditions which the concentrations and particle currents

must satisfy at the electrode surface., The concentration is usually uniform throughout the electrolyzer at the be-
ginning of electrolysis,

€ = ¢, = const at (=0, ©)

The boundary conditions will depend on the nature of the electrochemical reactions which occur on the
electrode surface and on the conditions of the electrolysis, The well-known Nernst Equation relates the potential
and the solution concentration near the electrode for the case of a reversible reaction,

The relation between the concentratfons and the potentials in irreversible reactions is essentially complex.
It is frequently possible to assume that an irreversible electrochemical reaction is of the first order with respectto
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the concentration, Under these conditions, the diffusion current on the elec-

£ d
Co trode surfaces, j = D(ﬁ), is equal to the rate of reaction so thats
100+
dc
D(5)=A@e, (®)
475
with A (¢) a function of the potential and n,a normal to the surface. In prac-
430 tice, electrolysis is so carried out that: 1) the electrode potential is constant,
or 2) the potential increases linearly with time, or 3) the potential varies with
425} time, more particularly, varies periodically, or 4) the current flowing through
the electrolyzer is constant, or 5) the current flowing through he electrolyzer
. , . fluctuates,
g a5 1 gff The various boundary conditions correspond to various concentration
4/ distributions in time and space, The simplest cases of reversible processes
Fig. 1, Concentration distri- at constant potential, or reversible processes with constant current flow through
bution at the surface of a disc. the electrolyzer, were investigated by A, I, Sokolov [2] and by Sand [3] in

[P]
1890 (boundary conditions, j = D(Eﬁ ) = const. on the electrode surface. A theory

of stationary electrolysis in a binary €lectrolyte was given by Eiken in 1905 [4]. The theory of a reversible pro=
cess on the dropping electrode was developed by Ilcovic in 1934, and more exactly, by MacGillavry and Rideal
in 1937 (6], and it was shown that this case could be reduced to the problem of diffusion in a stationary medium.
These last results are widely known in the field of electrochemistry, for they give a theoretical basis for polaro-
graphy. The principal interest of recent years has been directed to irreversible reactions since their study is of
fundamental interest for electrochemistry. In 1948, N. N. Maiman and the present author developed a method
for reducing the equation of convectional diffusion to the dropping mercury electrode to the diffusion equation
[7]. This made it possible for N. N, Maiman to solve the complex mathematical problem of developing the po-
larographic wave for an irreversible electrochemical reaction at the dropping mercury electrode in this same
year[8]. The work of N, N, Maiman was tested experimentally by V. S, Bagotskii [9] and the theory shown to
be in excellent agreement with experiment. A similar solution for the dropping mercury electrode was obtained
in 1953 by Koutetskii [10] while a solution for the case of the stationary solution containing an excess of neutral
electrolyte was developed by Delahaye [1}, Smutek [11], and Evans and Hush [12]. Much theoretical and experi~
mental work has been done by American and Czech investigators in an attempt to describe electrolysis under a
potential varying linearly, or periodically, with time. Note should first be made of the work of Delehaye 1,
Sevcik [13] and Randles [14]. Methods involving periodically altering potentials have given good results; these
were introduced in the work of B. V. Ershler [15] and were developed in the theoretical and experimental inves=
tigations of Delehaye [1], Grahame [16], Jaffe [17),Gerisher [18], and others, More complex cases of the diffu-
sional kinetics of electrode processes which are complicated by the presence of reactions in the body of the solu-
tion have been studied by Koutetskii and other Czech investigators [1, 10, 19). An additional member must be
here appended to the diffusion equation to cover the production, or consumption, of diffusing particles in the body
of the solution which results from the bulk reaction (i.e., to account for the existence of volume sources),

It has already been emphasized that the stationary solution fs met only rarely, The passage of current
through the electrolytic cell is accompanied by an alteration in the concentration in the solution, This leads in
turn to natural convection in the liquid, Other factors which can give rise to liquid convection are the evolution
of thermal energy during electrolysis, the presence of a free non-isothermal surface in the liquid, etc, Thus it
can be considered that the liquid will be in motion unless the natural convection is limited by special measures
such as the immobilization of the solution with structure-forming substances, On the other hand, forced and en-
ergetic agitation of the solution is required in order to obtain the highest possible currents in the electrolytic cell,
These facts have attracted special attention to a study of the diffusional kinetics of moving liquids. This type
of work has been carried out with special intensity in the Soviet Union in recent years,

Experimental studies on the dissolving of solid bodies in liquids led Nemst to the formulation of a theory of
the stationary diffusion layer on the solid surface. This theory has received wide acceptance in electrochemistry;
according to it, all of the concentration changes in the diffusing substances are localized in a stationary layer of
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solution of thickness g on the solid object's surface. The diffusioncurrentpersq. centimeter of electrode surface
is given by:

. o — C
] o] ]) _o..§._l , (7)
where c; is the equilibriumn concentration at the electrode; ¢, is the concentration in the body of the solution;
and D is the diffusion coefficient,

Agitation of the solution leads, according to Nernst, to 2 diminution in the depth of the diffusion layer
which follows an emprical law:

o 1
0~—v;, (8)

fn which v is the rate of movement of the liquid. The exponent n of this equation falls between the limits 1/2
=n=1andis dependent on the experimental conditions, The value of & can be obtained from measurements
of the current j. The magnitude of & proves to be so large as to show the incompatibility of the concept of a
stationary layer and the hydrodynamic data on liquid mobility, Direct measurements have shown the liquid to
be in movement at distances from the solid surface which are cons{derably smaller than the 6 values obtained
from the electrochemical data, The {nadequacies of the Nernst Theory have led the author to apply modern
hydrodynamics to a study of this problem [7].

The formulation of a theory of convectional diffuston in lquids must take account of the fact that the dif-
fusion coefficient in a lquid 1s quite small in comparison with the coefficient of kinematic viscosfty. This ind{-
cates that convection plays a major role in the transport of matter i{n liquids. Convection predominates over the
slow diffusion processes in transporting matter, even at low rates of movement. The stationary state in the convec-
tional diffusion of a dissolved substance through a liquid 13 described by the equation:

\?grad c= D Ac, ©)

-~
in which v designates the liquid velocity and c, the concentration,

The equation of convectional diffusion must be supplemented by the boundary conditions which are imposed
on the concentrations. The concentration has the fixed value ¢ = cy= constant at points far removed from the re-
action surface. The concentration must satisfy the condition.

b (g_:)s =@ )

on the reaction surface (the derivative is evaluated on this surface, S, and Q designates the rate of the heterogen-
eous reaction), The boundary condition (10) expresses a balance between the rates of supply and consumption of
a substance in the course of reaction, The reaction rate, Q, is proportional to the concentration of the substance
at the reaction surface, Cy, raised to a certain power m.- Thus

a
D (—5‘:—)9 = 7cc;". (11)

It is possible to pass to the limit Q —» o in the simplest case where the reaction rate is very great in comparison
with the rate of supply of the material and then write

c1—0 onsurface § (12)
in place of (11). Equation (12) can be replaced by

Cg = const, on surface S
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(cy Is the concentration of a saturated solution) when the heterogeneous reaction proceeds with the formation,
rather than consumption, of particles in solution, as would be the case in dissolution,

.. Itisuseful to reformulate Equation (9) for convectional diffusion by introducing the dimensionless velocity
V = V/u, and the coordinates Xj= xi/L, u and L being, respectively, the characteristic flow rate and dimension
of the system,

We then have;
o Jﬁ

! v 1
Phe— g e =0, (13)

where differentiation has been carried out with respect to the dimensionless variables Xj, Pe designates the di-
mensionless Peclet number:

e == -'—IT)P == Z;—I: . -:- = B(}'PI', (14)
Re being the Reynolds number and Pr, the Prandtl number. Pr is of the order of 10%, or greater, for diffusion in
such liquids as water, Thus, the Peclet number is very large unless the Reynolds number is quite small, This
indicates that the second member of (13), the equation for convectional diffusion, is small in comparison with
the first if the concentration c does not alter very rapidly in passing from one point to another, A solution of (13)
which will satisfy the boundary conditions far from the reaction surface is

¢ = ¢y = const,

It is clear, however, that this solution cannot be valid in the neighborhood of the reaction surface. This indicates
that there s a narrow region near the reaction surface within which the alteration of the concentration is so rapid
that it is no longer permissible to neglect Ac, It is essentially within this region that the concentration changes
from ¢, to zero, or c;.” We will designate this region of rapid concentration change as the diffusional boundary
layer, It is clear that the depth of the diffusional boundary layer, 6", is very minute in comparison with the di~
mension of the system, L., This detail can be employed in bringing about a simplification in the equation for
convectional diffusion in the diffusional boundary layer. Thus, the last member of Ac = 2%c/a x* 4+ 8%c/By? ex-
presses the alteration of the concentration in a direction perpendicular to the reaction surface, whereas the first
member gives the alteration in the concentration along this reaction surface, Itisclear that a’c /oy’ » a%c/ox’
when the alteration in the concentration ¢ perpendicular to the reaction surface is limited to an interval &' << L,
so that it is then possible to write

| L

de de 2%
Uxa—x- —i—- vy —(:)';J == -617 . (15)

in place of (9). Estimates show that the two members of the left hand member of (15) differ by no more thanone
order of magnitude; although the derivative dc/dy is large in comparison with dc /0 the component Vysis small
in comparison with v, in this same expression, Thus the entire solution can be arbitrarily divided into'two regions;
the thin diffusional boundary layer of depth &, in which the principal alteration in the concentration takes place,
and the region lying outside of this boundary layer where the concentration is practically constant, It is to be
understood that the concept of a boundary layer of definite depth is an artificial one and that the two regions of
the liquid are not sharply separated from one another. The depth of the diffusional boundary layer will depend
on the rate of agitation of the liquid and on the properties of the diffusing particles, It must be emphasized that
the rate of movement of the liquid plays an essential role in determining the concentration distribution in the
boundary layer through Equation (15). The diffusional boundary layer is thus fundamentally different from the
Nernst diffusion layer. The diffusional boundary layer is the analog of the Prandtl hydrodynamic boundary layer,
The retardation of liquid flow by the forces of friction is known to occur within the Prandtl boundary layer, The
liquid velocity changes from the value u in the interior of the flow around the object to zero on the surface of
this object over a distance which is equal to the depth, &4, of the Prandtl layer. Liquid viscosity does not appear
outside of the Prandtl boundary layer where the velocity slowly alters from point to point according to the law of
ideal liquids, Theory shows the depth of the Prandtl layer to be given by the equation

f
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v x (16)

bo~ ) L=

o VRe'
in which x is the distance measured from the point of incidence of the flow,

The velocity distribution within the boundary layer is known from the solution of the corresponding hydro-
dynamic problem. The velocity distribution of convectional diffusion in liquids can be essentially simplified
when the Prandtl number is small in comparison with unity, It is natural to suppose that the depth of the diffu-
sional boundary layer, 67, is essentially less than the depth of the hydrodynamic boundary layer, 8, since the
Peclet number for convectional diffusion is always considerably larger than the Reynolds number and the depth
of the boundary layer diminishes with increasing Re according to
(16). Thus, the velocities v, and v, of Equation (15) can be ap~
proximated by'vx ~1u,y/8,, and vy~ vz? /8% .at very small dis-
tances from the surface. The depth of the diffusional boundary layer
can be estimated by setting expressions for v, and vy into (15') and
then comparing the orders of magnitude of the members of thisequa-
tion, This depth proves to be equal to

, vz (D\h Dy*" 17
3 ~ "_,.(.__)NBO-(V>, an

Uy v

L.e., it is only one-tenth as large as the depth of the hy.drodynamic
boundary layer 6. The principal change in the concentration occurs
in this layer of depth & and the density of the diffusion current can
be therefore be written as

Fig. 2. Velocity distribution in a liquid f~D.%=% _p. cl‘; el S {18)
which is flowing around a disc, 3 ( D ) I VA=A

v Uo

In addition to such estimations, a number of our papers have carried out quantitative solutions of the equa-
tion of convectional diffusion for cases of heterogeneous, or electrochemical, reactions which are simple from
the hydrodynamic point of view,

Experimental test of the theoretical work has been made in various fnvestigations and has shown such good
agreement that it is possible to apply these formulas: in practice with a high degree of confidence, A brief re-
view of certain theoretical work and its experimental confirmation will be given below.

Theoretical studies have shown that a rotating disc is an especially suitable surface for investigating hetero-
geneous reactions, Such a disc has the advantage that all of the points on its surface (with exception of those in
a thin layer at the edge) are equally accessible for diffusion. This means that the depth of the diffusion layer
and the density of the particle current are constant over the entire surface of the disc. The problem of convec-
tional diffusion to the disc surface is one which admitsof an exactsolution. The current density at'the disc surface
is expressed by the equation

o Delto—c)  _ Fe(er—ac) .
! 1,616 (iv)-)’ (_"_)"' L @)

(4]

in which w is the angular velocity of rotation,

The calculated distribution of concentrations at the surface of a disc is shown in Fig. 1 and the distribu-
tion of velocities in a liquid which is flowing around the disc, Figure 2, The velocity of the liquid at a distance
8~ from the disc is only 10% of the velocity at infinite distance.

rd
B. N, Kabanov and Yu. G, Siver[20] (Fig. 3) and, later, Hogge and Krichmen [21], E, A, Alkazyan and A,
1. Fedorova [22], and Tobiash [23], have measured the maximum diffusion current to a rotating disc electrode and
thus subjected Equation (19) to a very careful check,
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Fig. 3. The relation between the maxi~
mum current density for the discharge

of hydrogen ions and the square-root of .

the rate of rotation of the disc:
1) HzSO4+ 0.5 N Nast4; 2) HzSO4 +0.1
N ;S04 3) HC1 + 0.1 N KC1,

The agreement between the experimental data and this theo=
retical equation is so good that the rotating disc electrode can be

successfully applied for measuring ionic diffusion coefficients and
for quantitative analysis of solutions,

The accuracy of measurements made with the disc is no less
than those carried out with the dropping mercury electrode. Notonly
has the maximum diffusion current corresponding to the boundary
condition ¢ = 0 been obtained but also a solution of the problem of

convectional diffusion to the disc under the general boundary condi-
tion of (11),

. This latter solution was used in the work of A, N, Frumkinand
E. A, Aikazyan [24] for analyzing the ionization of molecular hydxo-
gen on a platinum anode. These authors were able to obtain impor-
tant information on the reaction mechanism from a determination
of the reaction order, Ya, V. Durdin and Z, U, Dukhnyakova [25],
Bircumshaw and Riddiford [26], and Galpern [27] have used the ro-
tating disc in studying the dissolution of a number of metals, Frorn
the agreement between the dissolution rates and the predictions of
Equation (19) it could be established that the dissolution of zinc,

manganese, and magnesium proceeds according to diffusion kinetics
in many acids,

Another case of a heterogeneous surface reaction in which we have obtained a solution for the equation of
convectional diffusion is that of a sheet surrounded by a laminar liquid flow, Pohlhausen [28) has treated a simi~
lar problem in heat transfer, The Prandtl number is usually close to unity in the case of heat transfer, Thusthe
above-mentioned simplification of Equation (15) could not be applied in Pohlhausen's work and a solution was
there obtained by numerical methods, The density of the flow to the sheet proved to be equal to

j=0.33DAc (£v’.)—/ (%)/ .

(20

The flow of density varies from point to point in the case of the sheet, Equation (20) has been experimentally
tested in the work of Trumpler and Zeller [29] and shown to be in good agreement with the experimental results,

An important instance of agitation is that of the natural convection which arises from an alteration in the
concentration (and density, P) of the solution in the neighborhood of a surface of heterogeneous reaction, We
have carried out calculations on the current density for natural convection to a vertical sheet using the equation

4v?

_ Dey _ Deo-0,54-Pr [ga ]'/. @1)

o

Here o designates the quantity & = co/Po (¥p /3 c). The current density under natural convection s proportional
to the 5/4 power of the solution concentration and varies from point to point,

Equation (21) has been subjected to careful test in the work of IbI [30]. There is good agreement between
theory and experiment, Numerous other instances of convectional diffusion have also been considered, Solutions
have been obtained for the special case of diffusion to a heterogeneous reaction surface on which the boundary

conditions vary from one section to another, for convectional diffusion in solutions which are somoving astohave
low values of the Reynolds number, for diffusion to the inner surface of a tube, etc.

A number of experimental studies have aimed at confirming the results of these latter calculations, Much

theoretical work has been devoted to the problem of diffusion at liquid — liquid and liquid ~ gas interfaces, An
outline of this work would lead beyond the limfits of the present report,

The need for theoretical work on convectional diffusion in turbulent liquid flow has been brought out in
connection with the intensification of heterogeneous processes and in studying heterogeneous processes which take
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place at high velocity, It should be noted that the problem of convectional
. diffusion in industrial apparatus is one which frequently involves considera-
7 tion of turbulent flow, '

. €=C,

The development of 'a theory of convectional diffusion in turbulent’

: - flow has necessitated a refinement of the hydrodynamic concepts of the na-
d ture of the turbulence in the neighborhood of a solid surface. We have pro-
2 - posed a theory of the-damping of turbulence in the neighborhood of a solid
‘ . surface [7] which is essentially different from that suggerted earlier by

J G, ‘ Prandtl and Karman [31]. The structure of the turbulent flow near a solid

4 &% 4 surface proves to be rather complex, The turbulent pulsations are gradually
/ / I S damped on approaching the surface and the effect of viscosity appears in a
narrow film of thickness & 3, which is known as the viscous sublayer. We have
postulated that residual turbulent pulsations are responsible for a transfer of
matter even in this viscous sublayer so that the concentration here is approxi-
‘mately the same as in the depth of the solution (Fig. 4).

Fig. 4.\ The structure of turbu~
-lent flow, Concentration pro-
file: 1) basic turbulent flow;

2) turbulent boundary layer;

3) viscous sublayer; 4) diffu- ‘ A solution of the problem of convectional diffusion in turbulent flow
‘sional sublayer, . has been obtained on the basis of this hypothesis, The principal change in
) . concentration is that which takes place in a very thin liquid film

Distance, mm

Fig. 5. Interferometer measurements on the distribution of con~
centration ata wall in turtbulent flow,

where molecular diffusion predominates over the transfer due to the turbulent pulsations (Fig. 5). The depth, &,
of this so~called diffusional sublayer proves to be equal to & e & /. pri/4

Theory shows that the diffusion current to the disc surface in turbulent flow (whxch sets in at Re~ 10) is
given by

. 0,01ceSacs [ v-\Y
== () @2)
The experlmem:s of I, A, Bagotskii [32] have shown that Equation (22) correctly reproduces the relation between
J, @ and D, A more detailed test of Equation (22) has been set forth in the work of A, 1. Fedorova and G, L, Vidovich
- [33], Measurements on the temperature dependence of the diffusion current also indicate that Equation (22) cor-
rectly reproduces the relation between j, the solution viscosity, v, and the diffusion coefficient, D

The relation between j, v, and D which follows from the Prandtl - Kariman theory, and from the recently
_ published: work of Vielschtich [34], is not in agreement with the data of A, L Fedorova and G. L. Vidovich {33],
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Thus it can be considered that the various theories of convectional diffusion at a solid ~ 1iquid interface
which we have developed have now been rather convincingly confirmed by a wide mass of experimental materfal
which has been accumulated in working under various geometrical conditions and with various types of liquid
movement, This makes it possible to apply these concepts with assurance in predicting the rate of the diffusional
step in heterogeneous reactions under various conditions, and especially in electrochemical reactions, In addition
these theoretical concepts of the convectional transfer of matter in moving liquids find successful applications in
such neighboring fields as the theory of thermal transfer and the theory of aerosols and colloids,
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