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Abstract

This paper presents the results of a numerical study of the kinetics of electrochemical oxidation of different organic
substances at boron doped diamond (BDD). It is well established that oxidation of organics at BDD anodes takes
place in the potential region of oxygen evolution, through reaction steps in which OH radicals are involved: these
radicals can react with organic compounds to give more oxidised substances, or with water to give oxygen. Because
of the high reactivity of OH radicals these reactions are confined to a thin film adjacent to the electrode surface. A
mathematical model was implemented, which accounts for chemical and electrochemical reactions, as well as for the
transport phenomena involved in the process: the parameters of the model were derived from experimental data.
The model allowed calculation of the trend with time of reactant concentration, reaction intermediates and oxi-
disable agents: their space profiles in the reactor were also obtained. The numerical predictions of the model were
compared with experimental results obtained from galvanostatic electrolyses of different organic compounds: (a)
2,4,6-trihydroxy-1,3,5 triazine also known as cyanuric acid (CA), which is well known to be refractory to oxidation
with OH; (b) atrazine (ATR) the most oxidisable precursor of CA, and (c) phenol which is considered as an OH
scavenger because of its high reactivity. The agreement between experimental and model predicted data was good in
all the examined conditions.

1. Introduction

Good results in organic removal were obtained using
boron doped diamond (BDD) electrodes at which it is
generally assumed that oxidation takes place in the
potential region of oxygen evolution through reaction
steps in which OH radicals are involved [1–3]. These
radicals react with organic compounds to give more

oxidised substances, but they can also react with each
other, with water or with inorganic compounds present in
the solution to give oxygen or long-life oxidising agents.
Because of the high reactivity of OH radicals, the volume
in which the reactions occur is a thin film adjacent to the
electrode surface. The OH-mediated mechanism allows
complete combustion of organics at high reaction rates.
Substances such as phenol are removed from aqueous

List of symbols

a Specific electrode area a ¼ A
V (m)1)

A Electrode area (m2)
Ci Concentration of the ith compound (mol m)3)
d Nozzle diameter (m)
Di Diffusivity of the ith compound (m2 s)1)
F Faraday number (C mol)1)
i Current density (A m)2)
ilim Limiting current density (A m)2)
ki OH-organic specific reaction rate

(dm3 mol)1 s)1)
km Mass transfer coefficient (m s)1)
kOH OH deactivation specific reaction rate (s)1)

Re Reynolds number Re ¼ vdq
l

Sc Schmidt number Sc ¼ l
qDi

Sh Sherwood number Sh ¼ kmd
Di

V Volume of solution (m3)

Greek symbols

d Diffusion layer thickness d ¼ Di

km
(m)

l Viscosity of electrolyte (kg m)1 s)1)
m Linear velocity in the nozzle (m s)1)
q Density of electrolyte (kg m3)
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solution through processes controlled by the mass trans-
fer of the reactant from the bulk of the solution to the
anodic surface [4]. High removal rates were also obtained
for substances which are well known to be refractory to
oxidation with OH, such as cyanuric acid (2,4,6-trihydr-
oxy-1,3,5 triazine): however, in this case the reaction rate
was affected both by mass transfer and current density at
relatively high values of applied current densities [5].
In any case mass transfer plays an important role in

the oxidation process and a suitable cell design is
required to achieve the high removal rates allowed by
the BDD anode. The reactor design also affects other
variables that are crucial for the performance of the
whole electrochemical plant, such as energy consump-
tion and pressure drop.
Despite work on mathematical modelling and optimi-

sation of cell configuration for the case of oxidation at
active electrodes, only recently has the problem been
examined for non active electrodes. Preliminary studies
were devoted to the optimisation of parallel plate reactors
[4, 6]; good performances were also obtained by using an
impinging-jet configuration [5, 7, 8]. A model was
developed to quantify the decrease in chemical oxygen
demand (COD) during electrochemical oxidation of
several substances in a parallel plate system [2, 4]. The
process was described for two cases: in the first the process
was controlled by the charge supplied and the oxidation
rate described by zero-order kinetics; in the second case
the reaction was controlled by mass transfer and an
exponential decrease inCODwith timewas describedby a
first order law in which the specific reaction rate was the
mass transfer coefficient.
The model proposed by Canizares et al. [9] repre-

sented the electrochemical reactor as a combination of
three interconnected stirred-tank reactors: two of these
reactors represented the cathodic and anodic reaction
zones, with a volume represented by the diffusion layer,
while the third reactor represented the mass transport
zone. The diffusion layer was assumed as reaction zone
for the oxidation of organics by oxidising radicals, and
the kinetics of organic oxidations was described by
pseudo-first order reactions.
In the present work, a different approach is followed:

the electrochemical reactor is considered as a combina-
tion of reactors in which only the bulk is represented by a
stirred-tank reactor.A diffusion-reactionmodel is used to
model the diffusion layer: the reaction rates are described
by second order kinetics with respect to organic and OH
radicals concentrations. The model has been validated
with respect to experimental results from electrochemical
oxidation of different organic compounds. Because of the
different behaviour they showed towards oxidation by
OH radicals [5, 8], phenol, atrazine (ATR) and cyanuric
acid (CA) were selected as model substances.

2. Mathematical model

Electrochemical oxidation of organic compounds at
BDD anodes is not a direct conversion to CO2 but

occurs through the generation of reaction intermediates.
Generation of aromatic and aliphatic compounds was
observed during oxidation of phenol and phenolic
compounds [7]; reaction pathways based on reaction in
series were also observed during electrolyses of aqueous
solution containing polyhydroxybenzenes [10], 4-nitro-
phenol [11], triazinic compounds [5], and dichloroaniline
[8]. The apparent direct mineralization observed during
electrochemical oxidation of phenol and other organic
compounds under specific experimental conditions [4–6,
8] can be attributed to the high value of the ratio
between the current density and the limiting current
density for the mineralization of the reactant adopted.
Under these experimental conditions, the flux of OH
radicals is always higher than that required for the first
oxidative steps. Thus, the excess OH radicals remain
available for the further steps which lead to complete
mineralization, and no reaction intermediates are
detected in the bulk of the solution [7].
Based on the considerations reported above, the kinetic

equation for the reaction of the generic ith compound
with OH radicals (Ci +OH=> Ci+1) can be written as:

dCi

dt
¼ ki�1Ci�1COH � kiCiCOH ð1Þ

The different processes involved in the electrochem-
ical removal of organic compounds from aqueous
solutions are accounted for by the model: in the bulk
of the solution (B) the mass balance of the ith compound
can be represented by a mass transfer equation:

dCi
B

dt
¼ akm Ci

S � Ci
B

� �
ð2Þ

In the diffusion layer (DL) diffusion and reaction of
organic compounds and OH radicals occur. The organic
compounds are generated and consumed by chemical
reactions mediated by OH radicals, and their mass
balance can be represented by a diffusion-reaction
equation:

dCi
DL

dt
¼ Di

@2Ci
DL

@x2
þ ki�1Ci�1

DLCOH � kiCi
DLCOH

ð3Þ

where the terms on the right side represent diffusion,
generation and consumption of the ith compound,
respectively.
The reaction of OH radicals with water to give

oxygen may occur through different pathways in which
different transients of water are involved. In this work
first order kinetics were adopted to describe these
reactions, and a lumped kinetic constant kOH was used.
The mass balance of the OH radicals is thus the

following:

dCOH
DL

dt
¼ DOH

@2COH
DL

@x2

�
X

i

kiCi
DLCOH � kOHCOH

ð4Þ
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In Equation (4), the reactions of OH radicals with
organic compounds are indicated, along with the deac-
tivation of the radicals. This reaction is represented by
first order kinetics in which the constant kOH is a lumped
parameter used to quantify the effect of the different
deactivation reactions.
Equations (1–4) were numerically solved with the

following initial conditions:

COH
DL ¼ 0

Ci
DL ¼ Ci

B ¼ Ci0 8x
ð5Þ

The boundary conditions for Equation (4) must be
written by considering that the flux of OH radicals at the
anode surface is a function of the current density
through Faraday’s law:

DOH
@COH

@x
¼ � I

AF
x ¼ 0 ð6Þ

The other boundary conditions are the following:

Di
@CDL

i

@x
¼ 0 x ¼ 0

CDL
i ¼ CB

i x ¼ d

COH ¼ 0 x)1

ð7Þ

The model equations were numerically solved by
finite element software: the numerical solution of the
equations allows us to predict the trend in time of the
different compounds in the bulk of solution, as well as
the evolution of the space profile of the species
considered.

3. Model validation

Phenol, CA and ATR were used as model compounds
because of their different behaviour with respect to
oxidation by OH radicals.
Electrochemical oxidation of phenol and phenolic

compounds at BDD anodes has been extensively studied
[12, 13]: the removal of phenol is a mass transfer
controlled process, and the global reaction path is the
following:

Phenol¼>cyclicintermediates¼>aliphaticacids¼>CO2

Distribution of intermediates only depends on the
ratio between the current density and the limiting
current density for the mineralization of the reactant
[2, 8]: at high current density, low concentration and low
mass transfer rate, phenol is directly converted to CO2

and H2O; at lower current density and higher phenol
concentration, conversion to benzoquinone, hydroqui-
none and catechol may be observed, and in this case the
concentration of phenol linearly decreases with the
specific charge [6].
Cyanuric acid is known to be refractory to most OH

based processes [14, 15], and the oxidation of CA by
photochemical processes is effective only at high OH
concentration [16, 17]. Electrochemical oxidation of CA

at BDD anodes was found to be under kinetic control
and strongly affected by the pH of the solution [5]. A
high reaction rate, near to that corresponding to a mass
transfer controlled process, was observed only at neutral
pH and high current density. Reaction intermediates
were not observed, and only inorganic nitrogen com-
pounds were detected, in stoichiometric amounts, as
final products of the reaction.
A different reaction path was observed for ATR

oxidation [8]:

ATR¼>CA¼>CO2þ inorganic nitrogen compounds

ðNO�3 andNHþ4 Þ:

In this case, different concentrations of CA were
always measured, although the ratio between current
density and limiting current density for the mineraliza-
tion of the reactant was high.
Experimental data obtained from galvanostatic elec-

trolyses of Phenol, CA and ATR carried out with an
impinging jet flow cell [7] were used to validate the
numerical predictions of the model.
The values of the parameters used in the model

equations are reported in Table 1, along with the
corresponding sources. Mass transfer coefficients (km)
used in the model were calculated by a dimensionless
relation obtained in previous work [7]:

Sh ¼ 0:02Re0:8Sc
1
3 ð8Þ

The nozzle diameter (d = 3 mm) is assumed as
characteristic length to calculate the dimensionless
Sherwood, Schmidt and Reynolds numbers in Equation
(8).
The diffusion coefficients of the organic compounds

were evaluated by the correlation proposed by Wilke
and Chang [18] and the diffusion coefficient for the self-
diffusion of water was adopted for the OH radicals [19].
The kinetic constants for the reaction of OH radicals

with phenol to give aromatic intermediates and with

Table 1. Values of the parameters adopted in the model

Kinetic

constants/dm3 mol)1 s)1
Phenol 1.4� 1010b

Aromatic intermediates 9� 108

Aliphatic acids 0.7� 108b

ATR 8� 109

CA (pH = 1) 0.6� 109

CA (pH = 1.8) 0.28� 108

CA (pH = 3) 0.44� 108

CA (pH = 7) 9� 109

CA (pH = 8) 2.1� 108

CA (pH = 12) 0.17� 108

OH deactivation

kinetic constant/s)1
0.9� 1010

Diffusivity coefficients/m2 s)1 Organic compounds 9� 10)10

OH radicals 2.3� 10)10a

aKicuchi et al. 1997 [19].
bRoss and Ross 1977 [20].
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aliphatic acids to give CO2 were taken from the
literature [20]. The constants related to the oxidation
of aromatic compounds ATR and CA were adjustable
parameters of the model. The values of these parameters
were calculated through sensitivity analysis from the
trend with time of the reactants, experimentally mea-
sured: each constant was obtained by a single set of
experimental data.
The value of the parameter kOH was obtained from

data of phenol oxidation at high values of current
density (I= 50 mA cm)2) and low mass transfer rate
(km =1� 10)5 m s)1).
Figure 1(A) and (B) show the comparison between

experimental and model predicted data for electrochem-
ical oxidation of phenol under different experimental
conditions.
Data in Figure 1(A) were obtained at low current

density and high mass transfer rate, while those in
Figure 1(B) were related to oxidation of phenol at high
current density and low mass transfer rate: the behaviour
of the system is correctly predicted by the model. The
oxidation reactions are in parallel with respect to OH

radicals and the amount of radicals available for the
oxidation of each compound in the reaction layer depends
on the values of the specific reaction rates. As can be seen
fromTable 1, the values of the kinetic constant for phenol
and its oxidation intermediates are very different and in
the order kPhenol>> karomatics >> kaliphatics.
The space profile of OH radicals is also predicted by

the model. It is worth observing that in all the experi-
mental conditions modelled the profiles calculated show
that OH radicals are present only in a thin layer near the
electrode surface. Examples of the numerical prediction
of OH radical profiles are depicted in Figure 2.
The profile of OH radicals depends on the imposed

current density: an increase from 10 mA cm)2 to
50 mA cm)2 leads to an increase in OH concentration
of an order of magnitude. It can also be observed that at
high current density the profile rapidly reaches a
pseudo-steady state. The thickness of the reaction layer
predicted by the model is in agreement with the
literature: a thickness of 100 Å is reported for reaction
zones in which OH radicals generated by photocatalytic
processes are involved [21].
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The model predictions for electrochemical removal of
(CA) at BDD anodes are reported in Figure 3 and are
compared with the relevant experimental data. The
proposed model allows quantitative interpretation of the
strong effect of the solution pH on the process,
experimentally evinced in terms of kinetic constant
values: the curves in Figure 3 were obtained using the
values of kCA reported in Table 1.
The experimental data and the curves calculated by

the model for ATR oxidation at BDD anodes are
depicted in Figure 4, and in this case also the solid lines
calculated by the model show good agreement with the
experimental values: the trend in time of NO3

) ions,
which were detected as final products of ATR degrada-
tion, is also well interpreted.

4. Conclusions

A physically consistent mathematical model was devel-
oped to numerically predict the electrochemical oxida-
tion of organics at BDD anodes. The proposed model
accounts for the different phenomena involved in the
process, such as diffusion and reaction near the elec-
trode surface and OH radical generation at the anode
surface. The model was used to interpret experimental
data deriving from electrolyses of several organic
compounds, characterised by different reactivity with
OH radicals. Good agreement was obtained between
calculated values and experimental data in a wide range
of experimental conditions, indicating that the proposed
model is a good representation of the physical system.
Through the approach adopted in this work it was
possible to separately quantify the effects of the main
parameters of the process, the hydrodynamics of the
cell, current density and the chemistry of system. The
effect of chemical parameters can be effectively quan-
tified by the values of the kinetic constants, which can be
easily obtained from experimental data or from the
literature. The proposed model can also be used to give

information about the OH radical profiles in the
reaction zone. The extent of this zone was calculated
and the value obtained is in agreement with the
literature.
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