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The high oxidative action of boron doped diamond (BDD) anodes on the biorefractory organic compounds has been attributed to
the low adsorption of the generated hydroxyl radicals on the BDD surface in respect to other anodic materials. In a previous paper,
the effect of low adsorption of BBD has been studied by proposing a continuum approach to represent the adsorption layer. The
oxidative action of the hydroxyl radicals is attributed to the values of their diffusivity into the adsorption and adjacent reactive layer
as well as to the value of kinetic constant in both layers. In this paper, more details on both layers are reported in order to justify
the proposed continuum approach as well as the assumptions concerning diffusivity and kinetic constant in both adsorption and
reactive layers, where the oxidative action of hydroxyl radicals occurs.

1. Introduction

The BDD anodes have particular electrocatalytic proper-
ties in respect to others, that are, oxygen is generated
on its surface, when the anodic overpotential achieves
higher values, biorefractory organic species are efficiently
eliminated, and peroxide cation are efficiently produced.
These specific electrocatalytic properties are attributed to
a specific property of the generated hydroxyl radicals HO•

on BDD electrodes in respect to other electrodes [1] that
is, these radicals are less adsorbed on the surface of BDD
anodes than on the surface of other anodes. In fact, the
experimentally detected increase of oxidative action of the
anodes RuO2-TiO2, IrO2-Ta2O5, Pt, PbO2, SnO2-Sb2O5, and
BDD was attributed to the decreasing electrode-hydroxyl
radical interaction resulting in a low electrochemical activity
for oxygen evolution reaction and to high chemical reactivity
for organics oxidation [2]. The effect of anode-hydroxyl
radicals interaction is the formation of a layer of radicals that
is defined as absorption layer, so the interactions that form
this layer requires further attention.

The term adsorption refers to the process by which spe-
cies are accumulated on the surface of anode and form a
layer adjacent to this surface. In the case of an anode, the
adsorbed species of the solution must be transported from

the bulk of the solution in the adsorption layer, while the
species that are produced on the anode are immediately
available. 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 and more specific interaction occurs between one
species and the electrode, it is assumed that a monolayer is
adsorbed and the process is defined as chemical adsorption.
The interaction which concerns the adsorbed species has
been considered by Gibbs [3] by assuming that this layer is
two dimensional, that is, a surface. Such treatment, that is
characteristic of Gibbs [4] makes easier measurement and
studies of energetic aspects of such interfaces. At the same
time, this two-dimensional approach is not suitable to study
the other aspects that depend on the geometry of this layer.

In the previous paper, it is assumed that the adsorbed
species form not a two-dimensional adsorption surface but a
three-dimensional thin layer adjacent to the external surface
of the anode [5]. In addition, a continuous approach is
proposed in this layer that allows to apply the balance equa-
tions of the reactive species. Thanks to the use of these
tools, the concentrations of reactive species in the adsorption
and reactive layer are related to the values of diffusivity and
kinetic constants of reactions. The value of the diffusivity
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into the adsorption layer was different in respect to the
adjacent reactive layer, while similar values of rate constants
were adopted. In this paper, more details on the adsorption
and reactive layers will be furnished in order to demonstrate
both the possibility to apply the continuum approach in
the thin adsorption layer and the validity of the proposed
different behaviors of diffusivity and kinetic constant into the
adsorption and reactive layers.

2. Adsorption Layer

The possibility of the adsorbed species to form a three-
dimensional adsorption layer and not an adsorption surface
has been demonstrated with the use of high-resolution
scanning tunnelling microscopy (STM). Thanks to this
technique, the adatoms interaction with each other is
quantitatively obtained [6]. Such interaction via mutual
perturbation of the surface is known as indirect electronic
and elastic weak oscillatory interaction [7, 8]. This is a
quantum size effect that induces oscillation in surface charge
density near the Fermi level and modulates the adatom
surface-binding energies [9]. The effect of the weak and
frequent interactions between the adsorbed species have a
temporal and spacial smoothing effect on the properties that
define this adsorption layer. This smoothing effect is clearly
expressed by considering the distribution functions of the
various properties that concern this layer. This method is not
jet applied in the adsorption field, but such method is not
new, and it has been applied in numerous fields [10].

The physical adsorption of species on the various elec-
trodes is due to the universal van der Waals interaction
between the electrode and these species. Such interaction
between a molecule of this species and the electrode,
expressed as potential energy wj(z), is given by [11]:

we, j z(z) = −πAe, jρe
6

1
z3

, (1)

where Ae, j is a specific constant that relate the considered
electrode e with species j, ρe is the number density of mol-
ecules in this anode, and z is the distance between electrode
and this molecule. It is interesting to note that the coefficient
Ae, j , of (1), concerns the interaction between the anode e and
the species j; that is, it expresses the specificity of the action
between the electrode and adsorbate.

It is considered the case of an electrolyte that shows the
following characteristic Ae, j > Ae,m; that is, the previously
reported attractive action is higher for the species j than for
the other species m. When an electrode is immersed in this
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 j
to reach the position that optimize the attractive van der
Waals interaction. The negative effect is that this motion
removes the species j as well as the species m that have just
achieved their optimum position. The forward growth rate
r f , j of the adsorption concerns the species j, and it is related
to the attractive effect, while its backward removal rate rb, j

is related to the chaotic motion effect. The stationary state

of adsorption is reached when the whole growth rate (r =
r f , j− rb, j) becomes zero, and this occurs when a quantity na, j

of molecules has been adsorbed and that adsorbate species
form a thin stationary adsorbed layer of constant thickness
δa, j .

3. Transition from the Adsorption to
the Adjacent Layer

The main property of the adsorption layer is its higher order
in respect to the rest of this solution, and such higher order
is attributed to the higher attractive action of the species j of
this layer and the electrode e. This order property has a high
effect on the quality of the transition of this adsorption layer
to the adjacent layer. In order to obtain more details on such
transition, the attractive potential concerning the thickness
δj = z1 − z0 of the adsorbed layer is considered [11]

We, j

(
δj
)
= −πAe, jρe

6

∫ z0+δj

z0

ρj(z)

z3
dz, (2)

where z0 is the minimum distance electrode-adsorbed
species j, while ρj(z) concerns the number of adsorbed mol-
ecules of species j, and z is the distance from the electrode.

As (2) shows, when the distance z reaches a specific
value z0 + δa, j , the van der Waals interaction that locates the
molecules in their optimum positions becomes lower than
the chaotic motion due to the temperature that removes
these species from the achieved optimum positions. The
consequence is a reduction of the density ρj(z0 + δa, j), and
as (2) points out, it introduces an additional reduction of
the van der Waals interaction. The synergism of two negative
effects (longer distance and lower density) suggests that when
the distance reaches this specific value (δa, j), a rather sharp
transition is observed; that is, the layer that is inside this
distance is ordered, while outside this layer, the species are
subject to a chaotic motion.

Such sharp variation of the properties of adsorption layer
assures a good definition of adsorbed layer, and by assuming
a constant mean value of density ρj(z), that is, ρj = ρj(z),
(2) can be integrated, and the attractive potential of the
adsorption layer is related to its thickness δa, j

We, j

(
δa, j

)
= −

πAe, jρeρ j

12

⎡
⎢⎣ 1(

z0 + δa, j

)2 −
1
z2

0

⎤
⎥⎦. (3)

Experimental results show that the adsorbed Cu on the
Cu(111) surface can reach a range of over 6 nm, and this
interaction decays as a function consistent with the inverse z2

dependence [12]. It is interesting to note that also the value
of the interaction obtained by (3) shows a similar decay.

4. Properties of the Adsorption Layer

As previously reported, the adsorption is represented as
a two-dimensional layer, and then, the kinetic theory of
particle-on-substrate diffusion is a two-dimensional diffu-
sion; that is, it is assumed that the adsorbate forms a single
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layer of adsorbate, and then the diffusion occurs along such
adsorbate surface. Such single layer assumption limits the
possibility to represent the diffusion process. The proposed
two-dimensional diffusion theory along such single layer
represents explicitly the molecule surface interaction as well
as accounting for intermolecular interaction. More specifi-
cally, the molecule-surface interaction has been represented
by assuming not a continuum but a discrete adsorption sites
approach characterized by the lattice spacing l, the intersite
potential barriers Vm, and the frequency of molecular
vibration in the sites ν [13].

4.1. Anisotropic Diffusivity into the Adsorption Layer. A pre-
liminary attention is required in order to consider the effect
of the morphology of the anode and in particular its external
surface on the adsorption. The deviation of such real surface
from the geometric plane is commonly defined as roughness.
A more exact definition of this surface can be obtained by
considering locally its tangent plane, and the deviation of
the anodic surface by this tangent plane is defined by the
two principal radii of curvature R1 and R2. Low values of
these radii indicate high deviation from the plane and then a
high local roughness. If the thickness of the previous defined
adsorption layer is lower than curvature radii (δa, j � R1 and
δa, j � R2), the normal and parallel directions of the surface
of electrode can be defined locally with respective axes (z, x),
and the validity of the previous equations (1)–(3) is assured.

If it is assumed that the adsorption layer has a thickness
δa, j , and the diffusivity of the species j, in the direction that
is parallel to the surface of electrode Da,p, j(z), can be defined,
and its value depends on z. The mean value of this parallel
diffusivity Da,p, j is estimated

Da,p, j =
∫ δa, j

0 Da,p, j(z)dz

δa, j
. (4)

The assumption that the adsorption of species j forms a
layer of thickness δa, j imposes to consider the diffusion of
this species in the direction that is normal to the surface of
the electrode. Even in this case, the value of the diffusivity
is Da,n, j(z); that is, it depends on the distance z, from the
anodic surface, and its mean value Da,n, j can be estimated
as in the case of diffusivity in the direction that is parallel to
the electrode of surface.

Da,n, j =
∫ δa, j

0 Da,n, j(z)dz

δa, j

. (5)

If the mean values of normal diffusivity is different from the
parallel diffusivity (Da,n, j /=Da,p, j), the diffusion process of
the species j into the adsorption layer is not isotropic.

4.1.1. Relationship between Surface Diffusivity and Parallel
Diffusivity. The proposed diffusivity in the parallel direction
has not yet been considered in this field, because the
adsorption layer has been so far represented as a surface
(δa, j → 0). The diffusivity in this last case is defined as

surface diffusivity Ds, j , and its value must be related to the
mean diffusivity in the parallel direction defined in this paper
Da,p, j . In order to obtain this relationship, it is considered
the diffusive flow of adsorbate Na,p, j in the adsorption layer
according to a direction x that is parallel to the surface of
electrode, whose value is

Na,p, j = −Da,p, j
dCa,V , j

dx
δa, jL. (6)

The flow obtained above is equal to the flow Na,s, j that is
estimated considering not a layer but a surface absorption,
and its value is

Na,s, j = −Da,s, j
dCa,S, j

dx
L, (7)

where Ca,V , j is the volume concentration used in the case
of adsorption layer, Ca,S, j is the surface concentration that is
used in the case of adsorption surface, and L is the unit length
of two- and three-dimensional layers. These concentrations
are not independent and their relationship is

Ca,S, j = δa, jCa,V , j . (8)

By combining (6), (7), and (8), it is obtained that the mean
value of the parallel diffusivity introduced in this paper is
egual to the value of the surface diffusivity that has been
measured experimentally

Da,p, j = Da,s, j . (9)

Consequently, the available experimental values as well as
the estimated values of the surface diffusivity can be used
to estimate the introduced in this paper mean parallel
diffusivity.

4.1.2. Comparison between Normal and Parallel Diffusivity.
Two different kinds of interactions occurs on the adsor-
bate j, the substrate-adsorbate and the adsorbate-adsorbate
interactions due to induced dipole-induced dipole action.
The substrate-adsorbate interaction acts principally at a
direction that is normal to the surface of the electrode,
while the adsorbate-adsorbate interaction acts principally at
a direction that is parallel to the anodic surface. The previous
consideration on the specificity of these interactions imposes
to assume that the substrate-adsorbate interaction is higher
in respect to the adsorbate-adsorbate interaction. In other
words, the binding action in the direction that is normal to
the electrode surface is higher in respect to the binding action
in the direction that is parallel to the same surface.

At a higher binding, action corresponds a higher restric-
tion of motion that concern the adsorbed species j and then a
lower value of diffusivity [14]. Consequently, the diffusivity
of the species j into the adsorption layer is anisotropic and
specifically the value of the diffusivity in the normal direction
is lower of its value in the parallel direction respect to the
surface of electrode

Da,n, j < Da,p, j . (10)
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The diffusion according the parallel diffusion is also known
as intralayer or across a step transport, while the diffusion
according to the normal direction is known as interlayer
transport [15]. Experimental observations with field ion
microscope (FIM) confirms the above theoretical conclusion,
that is, diffusivity according to the normal direction assumes
low values [16]; that is, the diffusivity in the adsorption layer
is not a scalar but a vector.

The high contribution of surface diffusion in the whole
diffusion process into the porous materials [17] points out
that the value of surface diffusivity and then the mean value
of diffusivity parallel to electrode surface are relatively high.
The anisotropy of the diffusivity in the adsorption layer
assures that the concentration value of adsorbate species j
is practically constant in the direction that is parallel to the
anodic surface x, while its value change along the normal
direction [Ca, j(z)].

5. Electrolyte Absent of Hydroxyl
Radicals Trappers

When the anode is operating, the oxidative species j are gen-
erated on the anodic surface, and such species enter into the
adsorption layer. The escape of these species from the anodic
surface is assume instantaneous in this paper. If such species
are subjected to attractive action by the anode, its diffusivity
Da,n, j assumes a low value, and then, the generated species
remain for longer time into the adsorption layer. Normally,
these oxidative species react between them or oxidise other
species, and the consequence of longer permanence in the
adsorption layer is the higher consumption of these species.
The final effect is that a lower fraction of the generated
species escapes from the adsorption layer and achieves the
adjacent region. In the case of a BDD anode, the oxidative
species are the hydroxyl radicals HO• that are generated
according the following electrochemical reaction [18, 19]:

H2O −→ HO• + H+ + e− (11)

The flow of the generated hydroxyl radicals is related to the
value of the applied anodic current density iappl.

The electrolyte contains other species like biorefractory
organic species R in the case of the elimination of this
organic species or anions like SO4

2− and CO3
2− in the

case of the production of peroxide. The oxidation of these
species occurs thanks to the trapping of the freshly generated
hydroxyl radicals by these species. In order to point out the
principal characteristics of adsorption and adjacent layers, in
this paper, the absence of trapped species is assumed.

5.1. Reaction of Hyrdoxyl Radicals into the Adsorption Layer.
If the electrolyte is absent of hydroxyl radicals trappers,
the generated hydroxyl radicals that enter in the adsorption
layer react with each other to produce hydrogen peroxide
according to the following reaction:

HO• + HO• −→ H2O2 (12)

when the rate of the reaction (12) follows the second order
law

−ra,HO•(z) = ka,HO•C2
a,HO•(z), 0 ≤ z ≤ δa,HO• , (13)

where ka,HO• is the constant of the reaction rate (13) within
the adsorption layer and Ca,HO•(z) is the concentration of
hydroxyl radicals in the same layer.

5.2. Reaction of Hydroxyl Radicals into the Adjacent Reactive
Layer. If the generated radicals are not totally consumed
into the adsorption layer by the reaction (12), a portion of
the generated radicals escapes from the adsorption layer and
achieves the adjacent region when this reaction continues to
occur. It is assumed that the rate of the reaction (12) in this
layer assume a similar expression:

−ra,HO•(z) = kr,HO•C2
a,HO•(z), δa,HO• ≤ z ≤ δr,HO• ,

(14)

where kr,HO• is the constant of the reaction rate (13) into the
reactive layer and C2

a,HO•(z) is the concentration of hydroxyl
radicals into this layer.

5.2.1. Rate Constant into the Adsorption and Reactive Layers.
It is interesting to note that despite the occurring same reac-
tion (12), different values of reaction rate constant have been
assumed for the adsorption and reactive layers (ka,HO•) and
(kr,HO•). The different values have been assumed, because
the reaction into the adsorption layer concerns hydroxyl
radicals that are partially embedded by the attractive action
electrode-hydroxyl radicals, while the same reaction into
the reactive layer concerns hydroxyl radicals that are freely
moved into the electrolyte solution.

Other conditions being equal, an increase in diffusivity
follows an increase in the chaotic movement of species that
react with an increase in collisions between them, and thus
the increase of the reaction rate constant. As previously
reported, the diffusivity in the adsorption layer is anisotropic,
and then, the principal contribution on the reaction rate is
due to the high value of chaotic motion that is parallel to
the surface of electrode. In the adjacent reactive layer, the
diffusivity is isotropic, and its value is surely higher than
the normal diffusivity in the adsorption lower and probably
higher than the parallel diffusivity, and then, the comparison
of the collisions in the two layers is not an easy task.

6. Adsorption, Reaction, and Diffusion Layers

In the adsorption layer, two events characterize this layer,
the interactions in hydroxyl radicals electrode and the
reaction (12), while the adjacent layer is characterized by
the occurring of the reaction (12), and for this reason,
it is defined as reactive layer. The events that characterize
both adsorption and reaction layer concern the generated
hydroxyl radicals on the surface of the anode. Consequently,
the existence of the two layers depends on the rate of the
generated radicals, and when the anodic surface does not
generate hydroxyl radicals, both radicals are absent

δa,HO• = δr,HO• = 0. (15)
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Figure 1: Scheme of anode with the adjacent layers of the solution
(not in scale).

While when this generation rate is high, both adsorption and
reaction layers are present

0 ≤ δa,HO• ≤ δr,HO• . (16)

In fact, in the last case, a high number of hydroxyl radicals
are generated, and a fraction of these radicals are not
transformed to hydrogen peroxide in the adsorption layer
according to the reaction (12), and such fraction achieves
the adjacent reactive layer, where it reacts and form hydroxyl
peroxide.

The two adjacent layers adsorption and reaction are
schematically indicated in Figure 1, along with the diffusion
layer of thickness δd. In this case, through such layer, the
generated hydrogen peroxide is transported to the bulk of the
electrolyte.

The adopted continuum approach on the adsorption
and reactive layers allows to apply the differential balance of
hydroxyl radical, and the equation of this balance assumes
the following form in the adsorption layer [18]:

Da,n,HO•
d2Ca,HO•

dz2
= ka,HO•C2

a,HO• ; 0 ≤ z ≤ δa, (17)

while a similar equation is obtained for the subsequent
reactive layer

Dr,HO•
d2Cr,HO•

dz2
= kr,HO•C2

r,HO• ; δa ≤ z ≤ δr . (18)

The balance equation that concerns the adsorption layer
assumes the following dimensionless form:

d2ya
dξ2

a
= y2

a ; 0 ≤ ξa ≤ δa
λa

, (19)

while a formally similar equation is obtained for the
successive reactive layer

d2yr
dξ2

r
= y2

r ;
δa
λa
≤ ξr ≤ δr

λa
, (20)

where ya and yr are the dimensionless concentrations of
hydroxyl radicals into the adsorption and reactive layers

ya = CHO•,a

CHO•(0)
, yr = CHO•,r

CHO•(0)
, (21)

where CHO•(0) is the concentration of hydroxyl radical in
the region of the adsorption layer that is adjacent to the
electrode. Two characteristic parameters were introduced
having the dimension of length, the first concerning the
adsorption layer λa, and the second concerning the reactive
layer λr . Such parameters are obtained by combining the
various parameters of (17) and (18)

λa =
√√√√ Da,n,HO•

ka,HO•CHO•(0)
; λr =

√
Dr,HO•

kHO•CHO•(0)
. (22)

The above parameters are defined as characteristic lengths
of the adsorption λa, and reactive layer λr and these lengths
are used to define the two dimensionless distances: ξa =
z/λa and ξr = z/λr . The characteristic length of reactive
layer λr is related to parameters that are usually available,
and by considering a diffusion coefficient Dr,HO• = 2.2 ·
10−9 m2 s−1, a rate constant kHO• = 5.5 · 106 mol−1 s−1,
and a concentration CHO•(0) = 0.1 mol dm−3, the value
of the characteristic length of reactive layer is 32 nm [5],
while the estimation of characteristic length λa that concerns
the adsorption layer is more complicate. In this paper, it
is assumed that all the generated hydroxyl radicals on the
anodic surface achieve immediately the adjacent region of
adsorption layer. The value of λa is a measure of survival
distance of hydroxyl radicals while they moved into the
adsorption layer, while the value of λr is a measure of survival
distance in the reactive layer.

6.1. Adsorption Layer and Adsorption Parameter. The thick-
ness of the adsorption layer δa is a parameter that define
the geometry of this layer, but this value is not enough
to relate adsorption state of hydroxyl radicals with the
reaction and diffusion. An ulterior parameter is required
that is obtained by considering the ratio of the previously
introduced characteristic adsorption and reactive layers

β = λa
λr
=
√√√√Da,n,HO•

Dr,HO•

kr,HO•

ka,HO•
. (23)

This ratio is also a dimensionless number that compares the
known constants of the two mechanisms in the reactive layer
to the responding unknown constants into the adsorption
layer.

In this paper, it is assumed that the values of rate con-
stants in the two layers are approximately equal (ka,HO• ≈
kr,HO•), while the value of the normal diffusivity in the
adsorption layer is smaller than the diffusivity value in
the reactive layer (Da,n,HO• < Dr,HO•). The values of β is,
therefore, between zero and one (0 < β < 1), and when
β → 1, the effect of the adsorption is very weak, while this
effect becomes strong when β → 0.

The analytic solution of (19) has been obtained in the
previous paper [5], and such solution in the adsorption layer
assumes the following form:

ya = 1(√
8/3ξa + 1

)2 ; 0 ≤ ξa ≤ δa
λa
. (24)
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Figure 2: Dimensionless concentration ya versus dimensionless
number β (δ = 6 nm and λr = 32 nm).

Equation (24), that represents the dimensionless concentra-
tion of hydroxyl radical, is calculated at the outside of the
adsorption layer when δa = 6 nm and λr = 32 nm and
various values of β.

Figure 2 reports the obtained concentration outside the
adsorption layer (ξa = δa/λa). These results indicates that
when the adsorbing property of this layer becomes strong
(β → 0), all the generated hydrogen radicals on the
anodic surface are eliminated on the adsorption layer, and
the hydroxyl radical cannot be detected. In the opposite
condition, that is, when the value of β → 1, as in the case
of BDD anodes, the adsorbing property is very weak, a high
portion of the generated radicals escape from the adsorption
layer, and these radicals can be detected by using suitable
trappers of these radicals, as N,N-dimethyl-p-nitrosoaniline
[20]. It is evident that also the organic compounds as well as
anions like sulfate and carbonate trap the hydroxyl radicals.

7. Conclusions

The high oxidative action of BBD anodes has been attributed
to its property to adsorb loosely the generated hydroxyl
radicals on its surface. This paper contains more elements
of the continuum approach theory of hydroxyl radicals
adsorption proposed in a previous paper. Such continuum
approach allows to obtain many details on the occurring
mechanisms into the adsorption layer unobtainable by other
approaches. The critical point of such continuum approach
is its apparent contradiction with the continuity condition of
the properties of this thin layer.

Recent scanning tunnelling microscopy results allow to
determine the thickness of this adsorption layer as well as
its dynamic state that has quantum size properties (weak
oscillating interactions). For an absorbing film, with a such
dynamic state, the perturbation theory suggests to represent
its particles and its properties in terms of distribution
functions. These distribution functions are continuous, and

then, the previously reported contradiction has been avoided
thanks to the use of such functions.

In the previous paper, it is assumed that the diffusivity
in the adsorption layer is lower than in the adjacent reactive
layer. The attractive interaction electrode-hydroxyl radical
and mobility of these radicals has been considered in this
paper, and such interaction between attraction and mobility
points out the validity of the previous assumption on
the diffusivity. Moreover, this interaction suggests that the
diffusivity in the adsorption layer has a anisotropic property,
and more precisely, it is a vector.

In this paper, the adsorption layer has been characterized
by its thickness and parameters of diffusivity and rate
constants in respect to the adjacent reactive layer.

The fraction of generated hydroxyl radicals that escapes
from the adsorption layer and achieves the adjacent reactive
layer has been estimated at different values of adsorbing pa-
rameter. The obtained results points clearly out the capacity
of BBD to generate hydroxyl radicals that are not consumed
in the adsorption layer, and then, they are available to oxidize
other organic or inorganic species.
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