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Abstract Studies of organic compounds oxidation at
constant current conditions with different anodes, indicate
that the oxidative action of these anodes is related to their
absorption characteristic i.e. the low or high difficulty of
the generated hydroxyl radicals in reaching the solution.
This paper shows that the adsorption does not concern the
anodic surface, but an adjacent thin layer (adsorption
layer) of the aqueous solution. An estimation of the frac-
tion of hydroxyl radicals that move from the adsorption
layer to the adjacent reactive/diffusive layer is obtained as
well as a suitable tool for comparison the result of this
approach with the experimental results. This comparison
shows how the adsorption layer modulates the runway of
the organic species oxidation.

Keywords Anodes - Adsorption layer -
Electro-oxidation - Hydroxyl radicals - Modulation -
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1 Introduction

Experimental results of electrochemical organic species
oxidation with BDD anodes indicate that when the anode
achieves a sufficiently high potential the oxidation of the-
ses compounds occurs thanks to the generated hydroxyl
radicals HO® [1]. Indeed the high oxidative action of BDD
anodes is attributed to loosely adsorbed hydroxyl radicals,
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i.e. to their capacity to leave the anodic surface and to enter
in the aqueous solution. The low or high oxidative action of
other anodic materials used in this field is also be attributed
to the adsorption state of the generated radicals on their
surface. The experimentally detected increase of oxidative
action of the anodes RuO,-TiO,, IrO,-Ta,0s, Pt, PbO,,
Sn0O,—-Sb,05 and BDD was attributed to the decreasing
electrode-hydroxyl radical interaction resulting in a low
electrochemical activity for oxygen evolution reaction
(OER) and to high chemical reactivity for organics oxi-
dation [2]. The high effect of interaction electrode-hydro-
xyl radical suggests to study the adsorption process.

The term adsorption refers to the process by which spe-
cies are accumulated on the surface of electrode and form a
layer adjacent to this surface (adsorption layer). In the case
of an electrode the adsorbed species reach this layer from the
electrolyte or they are generated by electrochemical reac-
tion. When such adsorption is due to the universal weak van
der Waals interaction, a multilayer of these species is formed
and it is defined physical adsorption, while when a stronger
interaction occurs between one species and the electrode, a
mono-layer is adsorbed and the process is defined chemical
adsorption. The interaction, which concerns the adsorbed
species has been considered by Gibbs [3], but its measure is
not related to its exact structure.

The effect of adsorption on the electro-oxidation will be
studied in this manuscript, by assuming that it occurs not
on the anodic surface but into a thin adsorption layer
adjacent to it. The principal propriety of the adsorption, i.e.
the attraction of the species by the anodic surface, will be
related to there mobility and then to their diffusion coef-
ficient. Reaction and diffusion mechanisms of hydroxyl
radicals, into this layer will be considered in order to
establish how many radicals react with the organic species.
Available experimental results of organic species oxidation
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with PbO, and BDD anodes will be considered in order to
ascertain if the proposed approach provides to obtain more
details concerning the complex mechanisms of organic
electro-oxidations.

2 Adsorption layer

The physical adsorption of species on the various elec-
trodes is attributed to the universal van der Waals inter-
action between the electrode and these species. This
interaction, which is due to induced dipole—induced
dipole attraction is highly dependent on their distance as
well as, on the specific species. In fact the interaction
between a molecule and the electrode, expressed as
potential energy w(x), depends on such parameters and the
interaction is expressed the following equation [4]:

ncejpe 1
w(x) = — e o

(1)

where C,;, is a specific constant related to the considered
electrode and the molecule, p,., is the number density of
molecules in this anode, and x, is the distance between
electrode and this molecule.

When an electrode is immersed in the electrolyte, the
intrinsic chaotic motion of species, due to the temperature, has
two opposite effects on the adsorption. The positive effect is
that such motion allows the species i, to reach the position that
optimize the attractive van der Waals interaction. The nega-
tive effect is that this motion removes the species i that have
just achieved their optimum position. The forward growth
rate of the adsorption 7y, is related to the attractive effect,
while its backward removal rate r,, is related to the chaotic
motion effect. The stationary state of adsorption is reached
when the whole growth rate (r = r; — 1), becomes zero, and
this occurs when a quantity n, of molecules has been
adsorbed forming a thin adsorbed layer of thickness d,.

The main characteristic of the adsorption layer is its
higher order respect to the rest of this solution. This makes
is easier if its high order is subject to a sharp variation. In
order to estimate this variation the attractive potential of
the adsorbed layer is considered [4]:

$3
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6 x3

Xo

where x,, is the minimum distance electrode—adsorbed
species i, while p,(x) concerns the number of adsorbed mol-
ecules of species i and x is the distance from the electrode.
As Eq. 2 shows when the distance reaches a specific value
x = J,, the van der Waals interaction that locates the mol-
ecules in their optimum positions, becomes lower than the
chaotic motion due to the temperature that remove these
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species from their optimum position. The consequence is a
reduction of the density p,(x), i.e. an additional reduction of
the van der Waals interaction. The synergism of two nega-
tive effects (longer distance and lower density), suggests that
when the distance reaches this specific value (J,), a rather
sharp transition is observed, i.e. the layer that is inside this
distance is ordered while outside this layer the species are
subject to a chaotic motion. In the adjacent chaotic layer
(x > d,), the diffusivity assumes its normal value D;, while
into the adsorbed layer the diffusion coefficient D, ,, is
related to lower mobility of its ordered state and then a lower
value of diffusivity is expected (D;, < D;) [5].

A low diffusion into the adsorption layer means high
residence time of species in this layer. A such higher time
increases the fraction of hydroxyl radicals that is degraded
into this layer and decreases the fraction of hydroxyl rad-
icals that reaches the adjacent layer. A similar low diffu-
sivity of the organic compounds into the adsorption layer
obstruct their entering into this layer where the concen-
tration of hydroxyl radicals is high. More details of the
adsorption layer processes are required. This is the object
of the following section that consider the simpler case, i.e.
when the solution does not contains organic species and
other trapping species of hydroxyl radicals.

3 Absence of organic and other reactive species
of hydroxyl radicals

The above Eq. 2 shows that the attractive van der Waals
interaction as well as the diffusion coefficient of the vari-
ous species (D;,), decreases in the adsorption layer. In
order to allow a simple mathematical treatment of the
balance equation in this layer, the mean values of diffusion
coefficients will be considered. The adjacent region of the
solution was reached by the survival hydroxyl radicals
whose reaction continue these (see Fig. 1). The thickness
of the said adjacent layer 9,, is related to the presence of
such radicals and its value depends to the operating con-
ditions. The diffusion of the hydroxyl radicals and their
reaction occurs into this layer and is defined as reactive/
diffusive layer. If the solution contains other species the
flow of them from the bulk of the solution toward the
reactive/diffusive layer occurs in a region that is know as
diffusive layer which thickness d,, is related to the transport
of these species. Anode, adsorption layer, reactive/diffu-
sive and diffusive layers are shown schematically in Fig. 1.

If the absence of organic and other trapping species is
assumed, the effect of various parameters on the generated
hydroxyl radicals can be obtained by their balance into the
adsorption and reactive/diffusive layers. The hydroxyl
radicals are generated on the anodic surface according the
following equation [6, 7]:



J Appl Electrochem (2010) 40:1743-1750

1745

8o & | g

Fig. 1 Scheme of anode with the adjacent layers of the solution (not
in scale)

H,0 — HO®* + H' +¢™. (3)

If the adsorption layer is present the generated hydroxyl
radicals enter in the layer and can react with each other to
produce hydrogen peroxide, as given by the following
equation:

HO* + HO®* — H202. (4)

The produced hydrogen peroxide is successively
oxidized to oxygen and the whole reaction is the oxygen
evolution reaction. The balance of hydroxyl radical into the
adsorption layer is applied by considering their consumption
due to the reaction (4), and their diffusion. The equation of
this balance assumes the following form [6]:

d*Cuor 4

T OSXSéa. (5)
X

Do 4 = kno* «Ciror @
While a similar equation is obtained for the subsequent

reactive/diffusive layer:
d 2 CHO' N

e 0, < x< 6, (6)
X

Dyor = kno*Chior 1
The balance equation that concern the adsorption layer

assumes the following dimensionless form:

dz)’a 2 Oq
=y <, < —. 7
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While a formally similar equation is obtained for the
successive reactive/diffusive layer:
2
Dy o Oa e O
dé; Aa

(3)

o
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where y, and y, are the dimensionless concentrations of
hydroxyl radicals into the adsorption and reactive/diffusive
layers:

_ CHO',a
Cho+(0)’

Two characteristic parameters were introduced having
the dimension of length, the first concerning the adsorption
layer 4, and the second the reactive/diffusive layer A,.
Such parameters are obtained by combining the various
parameters of the Eqgs. 5 and 6:

DHO' a DHO'
ha =\ A=\ o 10
‘ kHO' a CHO' (O) kHO’ CH()- (0) ( )

The above parameters defined characteristic lengths, are
used to define the two dimensionless distances into the two
adjacent layers: &, = x/A,, and &, = x/A,. The value of 4, is
a measure of survival distance of hydroxyl radicals while
they moved into the adsorption layer, while the value of 4,, is
ameasure of survival distance in the reactive/diffusive layer.
Available values of the characteristic reactive/diffusive
parameters, allow us to estimate the value of its char-
acteristic length A, If we consider a diffusion coeffi-
cient Dyor =2.2-10°m?s™!, a rate constant kyor =
55-10°m*mol's™!, and a concentration Cyoe(0) =
0.1molm™3, this length is A, = 32 nm. Moreover if a
value of 0.1 is assumed for the ratio 4,/4,, the characteristic
length of adsorption layer is 4, = 3.2 nm = 32 A.

The dimensionless ratio d,/4, relates the thickness of the
adsorption layer to the characteristic length of this layer. If
the thickness of adsorption layer increases respect to its
characteristic length the probability of the hydroxyl radi-
cals to transit this layer and achieve the adjacent reactive/
diffusive layer decrease, i.e. an increase of this ratio
decreases the fraction of the hydroxyl radicals that achieve
the adjacent reactive/diffusive layer.

The previously obtained dimensionless differential
equations (7) and (8), that concern the adsorption and
reactive/diffusion layers, thanks to the adopted dimen-
sionless variables are reduced to the following single
equation:
d2
é — 2 (11)

CHO',r (9)

Ya yrzm-

After its dissolution it is necessary to consider the two
different characteristic lengths 1, and 4,, in the two
consecutive adsorption and reactive/diffusive layers. In the
Appendix is reported the method that allow to obtain the
analytic solution of the Eq. 11. Its form is:

The derivative of this concentration that is related to the
hydroxyl radical flow into the adsorption and reactive/
diffusive layers is given by the following relationship:

(12)
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The ratio #,, of hydroxyl radical flow that reaches the
reactive/diffusive layer to the generated radicals on the
anodic surface, represents the efficiency of the considered
anode to produce free hydroxyl radicals. i.e. the fraction of
radicals that reach the reactive/diffusive layer. Its value is
related to the previously introduced dimensionless ratio
(84/24), and this relationship assumes the following form:

M= —— . (14)

80 }
(Vaz+1)

The diagram in Fig. 2. indicates that when the
dimensionless ratio is low d,/4, < 0.01, the value of 7, is
high, i.e. the effect of the adsorption layer is low and then
only a small fraction of the generated hydroxyl radicals is
degradated into this layer. In the opposite conditions of an
adsorption layer that is higher than the characteristic length
0424 > 1, the value of 1, is low, i.e. a low fraction of these
radicals reaches the reactive/diffusive layer. Finally the
value of 7, changes significantly when the parameter 6,/4,
is in the interval 0.01-1.

As the Eq. 2 indicates the effect of van der Waals
interaction that generates the adsorption layer is highly
dependent from the distance and the adsorption layer is
expected to be thin. To illustrate this Fig. 3. shown an
adsorption layer whose thickness assumes values between
1 and 10 A. Within this thickness range, the value of 7,
changes significantly when the ratio 4,//, assumes values
between 0.05 and 0.1. Assuming that the variation is due to
the diffusivity into the adsorption layer, its value is

& _
dé

S

(13)

Bal A,

Fig. 2 Free fraction 7, versus dimensionless ratio d,/4,
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Fig. 3 Free fraction 7, versus adsorption layer thickness J,, at two
different values of parameter A,/A.= 0.025, 0.1, and constant
characteristic length of reactive reactive/diffusive layer (4, = 32 nm)

respectively 0.0025 and 0.01 times lower than the diffu-
sivity into the solution.

The variation of the dimensionless concentration of
hydroxyl radicals versus distance from the anodic surface
is estimated by means of the Eq. 12 and this variation is
reported in Fig. 4. for two different cases: when the
adsorption layer is absent (J,/4, = 0.0) and when the
adsorption layer is present (d,/4, = 0.2). The comparison
of the concentrations obtained in the two cases clearly
indicates the high effect of adsorption layer on the con-
centration of hydroxyl radicals. The same figure also
shown a sharp variation of the concentration at the point of
the transition from the adsorption to the reactive/diffusive
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Fig. 4 Dimensionless concentration of hydroxyl radicals versus
distance from the anodic surface at two different conditions, without
adsorption layer (J,/4, = 0.0) and with adsorption layer (J,/
/e = 0.2). Characteristic lengths ratio A,/4, = 0.1
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layer. This sharp variation is due to the continuity of
hydroxyl radicals flow at this point (x = J,), and to the
completely different values of diffusivity at the two adja-
cent layers (Dyor o = 0.01Dyoe).

4 Hydroxyl radicals and presence of organic species

When organic species are contained in the solution they
reach the anodic region where are subject to oxidation by
the hydroxyl radicals. Such oxidation is represented by the
following form:

R + zHO® — Oxidation products. (15)

Reaction (15), is consists of several steps. In this paper is
assumed that the first step of hydroxyl radicals trapping by
the organic species, is very high. The second assumption is
that the trapped hydroxyl radicals oxidize efficiently the
organic species, however, the rate of this oxidation is not
necessarily very high. This second assumption assures that
the trapped hydroxyl radicals complete the oxidation even
into the bulk of the solution. Despite the previous
assumptions, the complexity of the mechanisms that occur
into the adsorption and reactive/diffusive layers imposes, to
consider a qualitative analysis in order to points out the
essential dimensionless parameters that relate their values to
the efficiency of electro-oxidation.

The organic species from the bulk of the solution reach
the reactive/diffusive layer, where start their oxidation by
the hydroxyl radicals that arrive from adsorption layer. The
following conditions exclude that the organic species reach
in the adsorption layer: (i) The low concentration of
organic compounds in the electrochemical wastewater
treatments field, that means a low value of organic species
flow toward the reactive/diffusive layer. (ii) The oxidation
of these organic species in the reactive/diffusive layer that
reduce their concentration in this layer and (iii) The low
diffusivity of the adsorption layer that obstruct the entrance
of said species into the adsorption layer.

The flow of the hydroxyl radicals that enter into the
reactive/diffusive layer from the adsorption layer r1,, and
the organic species flow coming from the bulk of the
solution m1, are the two reactive species of oxidation and
their ratio is an essential parameter. This ratio is related to
other operating parameters by the following equation:

@ o km (CR,b - CR,r) (16)
ma lzil; Na

where k,, is the mass transfer coefficient referring to the
diffusion layer, i, is the applied current density, Cg, is the
concentration of organic species in the bulk of the solution
(x >0, + 0, + d4), and Cg, the concentration of these
species at the point x = J, + J, (see Fig. 1).

4.1 Anode without adsorption layer

If the adsorption layer is absent, all the generated hydroxyl
radicals reach the reactive/diffusive layer (y, = 1), and
two regimes can be observed. The first regime occurs when
a sufficiently high concentration of the organic species in
the bulk of the solution assures an enough flow of organic
species toward the reactive/diffusive layer. In this regime
all the hydroxyl radicals that reach this layer are used and
then an equivalent flow of organic species is oxidized:

my
e = (= 1) (17)
where 7, is the utilization of the hydroxyl radicals into the
reactive/diffusive layer, is this regime it achieves its
maximum value. Moreover this parameter represents also
the current efficiency of the electro-oxidation.

The second regime occurs when the concentration of
organic species in the bulk is low. In this case the not
enough flow of the organic species imposes a partial use of
the hydroxyl radicals that reach the reactive/diffusive layer
(n, < 1). In this regime the concentration Cg, becomes
more smaller than Cgy, and then (Cgp — Cr, )X Cgy.
Consequently the ratio of the two reactive flows becomes:

my, _ kuCryp
m_a =Ny ( iap ) : (18)

F

The partial use of the generated hydroxyl radicals
(0 <n, <1), also in this regime represents the current
efficiency.

If an electro-oxidation is performed at constant applied
current, with an anode absent of adsorption layer and with
an enough concentration of organic species, at its starting it
operates in the first regime and then the current efficiency
assumes its maximum value. In this regime the concen-
tration of the organic compounds decrease linearly with
time. When the concentration of organic species is reduced
to a specific value the limitation of organic species flow
toward the anode (m1;,) imposes a decrease of current effi-
ciency, proportional to the concentration into the solution.
In this regime an exponential decrease of organic species
concentration with time is observed.

4.2 Anode with adsorption layer

The presence of adsorption layer makes the oxidation of the
organic species more complex and less efficient. A high
concentration of organic species into the solution allows an
easy flow of organic species into the reactive/diffusive layer.
The quantity of the hydroxyl radicals that reach this layer is
lower than the previous case because a portion (1—#,), of the
generated radicals, is consumed into the adsorption layer.
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Their lower flow and their consumption by the organic
species, decrease the concentration of these radicals into the
reactive/diffusive layer. This decrease in concentration has a
positive effect: an increased flow of these radicals are sub-
tracted from the adsorption layer. The final effect is that an
increase of the organic species concentration in the bulk
increase the capacity of the reactive/diffusive layer to sub-
tract a greater fraction of hydroxyl radicals (y,), from the
adsorption layer. In this case this fraction is related to the
previously defined ratio 6,/4, and to organic species con-
centration in the bulk of the solution Cg:

Na :f(iacﬂ’,b>' (19)
/La

If the concentration of the organic species achieves low
values in the solution, as at the end of a treatment, it is easy
to show that the flow of hydroxyl radicals that reach the
reactive/diffusive layer mi,, proves to be higher than the
equivalent flow of organic species my,. At this condition
the electro-oxidation is controlled by the mass transfer and
then the current efficiency can be estimated by the Eq. 18.
In other words, if the assumption of the complete oxidative
action of the trapped hydroxyl radicals is valid, the current
efficiency is not related to the presence or absence of
adsorption layer

5 Comparison of experimental and theoretical results

The condition obtained on the current efficiency at the end
of a treatment suggests to consider the ratio of the exper-
imental obtained values of current efficiency with various
anodes to the estimated efficiency by the Eqs. 17 and 18.
This efficiency ratio was introduced and defined as nor-
malized current efficiency ¢. Moreover electro-oxidation
tests of 4-chlorophenol at constant values of current density
were performed using PbO, and BDD anodes and the
values of the normalized current efficiency at different
operating conditions were reported [8].

Values of normalized current efficiency ¢ versus con-
version X is reported in Fig. 5. The obtained values of ¢ for
BDD anode is close to unity, i.e. the behavior of such
anode is close to an anode without adsorption layer.
Moreover this result confirms that the assumption of the
complete oxidative efficiency of trapped hydroxyl radicals
is valid.

The results of PbO, anode show a different behavior, the
value of ¢ is distant from unity and its value decreases with
the decreasing of organics species concentration into the
solution. In particular when the concentration achieves low
values, ¢ is very distance from unity while, as previously
indicated, a value close to this value is expected. In order to
see what happen with the PbO, and not with BDD anodes
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Fig. 5 Normalized current efficiency versus conversion of organic
species. [4-chlorophenoc] = 2,000 ppm, i,, = 30 mA/cm?, +BDD
anode, * PbO, anode

is mandatory to focus the attention on the principal dif-
ference of the reactive/diffusive layer in the two cases. This
layer operates with a high concentration of hydroxyl radi-
cals in the case of BDD and with a low concentration in the
case of PbO, anode (Fig. 4, offers a clear indication of this
difference). More details of the effect of the hydroxyl
radicals concentration on the oxidation of organic species
are required.

Experimental electro-oxidation tests of m-cresol with
BDD and PbO, anodes operating at similar conditions
indicate a different values of current efficiency and sub-
stantially different concentrations of the produced inter-
mediate species, as well as, different products (polymeric
compounds with PbO, but not with BDD) [9]. The
obtained different intermediates indicates that different
oxidation runways occurs with the two types of anodes and
this event can be attributed to the different hydroxyl radi-
cals concentrations in the reactive/diffusive layer. Also in
the field of electro-oxidation with BDD is known that if a
low current density is applied a polymeric phase cover its
surface, while the same anode at higher current density
oxidize completely the same species [1]. This case more
clearly indicates that the different electro-oxidation run-
ways are not due to the anode but to the different values of
hydroxyl radicals concentration in the reactive/diffusive
layer.

The high activity of the hydroxyl radicals can be mod-
ulated by its concentration and then an organic species can
be by oxidized by different runways. The characteristic of
high activity of hydroxyl radicals is combined with the
characteristic of organic species, to be oxidized by a
variety of runways. In other words the concentration of
hydroxyl radicals becomes the parameter that modulate the
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runway of the oxidation. This consideration suggests that
the initial assumptions of the efficient oxidative action of
the trapped hydroxyl radicals is valid by using specific
anodes and operating conditions.

6 Conclusions

This paper starts by the generally assumed relationship
between efficient action of anodic material used in the field
of organic species electro-oxidation and capacity of these
materials to adsorb the generated hydroxyl radicals. The
universal and attractive var der Waals interaction has been
consider in order to obtain enough details on the adsorption
layer and to detect its characteristic dimensionless param-
eters. The fundamental effect of this attractive van der
Waals action is the reduction of diffusion coefficient into
the adsorption. This reduced value obstructs both hydroxyl
radicals toward the reactive/diffusive layer and organic
species toward the adsorption layer.

The hydroxyl radicals balance into the adsorption and
reactive/diffusive layers has been applied and the fraction
of the generated hydroxyl radicals that transit the adsorp-
tion layer and achieve the reactive/diffusive layer has been
related to the dimensionless parameters of the adsorption
layer. The higher effect of adsorption layer, i.e. its capacity
to reduce the hydroxyl radicals concentration in the reac-
tive/diffusive layer has been calculated. The effect of
organic species flow toward the anode has considered and a
previously introduced notion of normalized current effi-
ciency has been considered in order to compare the results
of the proposed approach to the available experimental
results.

The convergence between experimental and theoretical
results of the proposed approach in the case of BDD and
the divergence in the case of PbO, anodes were used to
point out that the concentration of hydroxyl radicals into
the reactive/diffusive layer has high effect on the oxidation.
The elaboration of experimental and theoretical result
points out that the concentration of radicals is the modu-
lating parameter of the organic species oxidation runways.

This manuscript make explicit two events that have high
effects in the field of the electro-oxidation of organic
species, the decrease of the diffusivity in the adsorption
layer and the modulating effect of hydroxyl radicals con-
centration. The adopted approach that is funded on these
events offers new tools that can be applied in other elec-
trochemical reactions in order to obtain more details on the
mechanisms that catalyse or inhibit the whole electro-
chemical reaction. Moreover, by considering that the
adsorption layer is funded on the universal van der Waals
action, this approach can be also applied in many other
heterogeneous reactions.
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Appendix
The differential equations is of second order:
d%y 2
it A 20
YRRl (20)
While the boundary conditions of this equation are:
dy
—= =0 0)=1 21
=0 50 (1)
The following new variable ¢ = ¢[y(&)], is introduced:

dy
_Y 22

=5 (22)

This new variable is elaborated in the following way:

dp dody dqb_d2y (23)
¢ dydé Tdy ad&

Using the obtained relationship in the second order
differential equation it is reduced to a first order equation
that is separable:

Pdp = y*dy. (24)

The integral of this equation is estimated by assuming as
initial values a generic value of y at which correspond a
generic value of ¢, while as final values are zero for both
variables. In fact when £— oo both variables assumes as
value zero:

0 0

/ pd = / yidy (25)

¢ y

And from the solution of this integral the following
equation is obtained:

2
¢* =3y (26)
3
The new variable ¢ is substituted by dy/d¢:
dy \/5
— =44 /=y 27
dc 3\/y_ (27)

And the following integral equation is obtained by
considering the initial point (0, 1) and a generic point (&, y):

%: i\@jdf (28)

The solution of this integral is:

1 8
W=$\/;5+1. (29)

And the obtained equation relates the dimensionless
concentration y, to dimensionless distance &:

y
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S (30)

($\/§é+1)2.

The obtained concentration versus
distance must be constantly decreasing with the
dimensionless distance and then the sign plus can be
accepted.

At the end of adsorption layer ¢& = J,/4,, this
dimensionless concentration assumes the following value:

1) P——— (32)

89,
(Viz+1)

The derivative of this concentration that is proportional
to the hydroxyl radical flow is given by the following
relationship:

dimensionless

(31)

dg

ViR (33)

“ (e

The ratio of hydroxyl radical flow that reaches the
diffusion layer respect to the produced radicals is indicated
as efficiency of the considered anode to produce free
hydroxyl radicals layer and its value is given by the
following relationship:

1

80 3
(Vit+1)

T

Na = (34)
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