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Abstract

Dihydroxybenzoic acid (2,4-DHBA) is used as an intermediate chemical reactant in industrial synthetic processes.
Disinfection of water contaminated by 2,4-DHBA, using chlorinating techniques, generates trihalomethane
compounds, so that alternative degradation techniques are of interest. The electrochemical oxidation of 2,4-
dihydroxybenzoic acid (2,4-DHBA) at a platinized titanium electrode was investigated. An electroanalytical study
by linear and cyclic voltammetry showed adsorption of the reagent at the electrode surface. Mathematical treatment
of cyclic voltammetry curves indicates Langmuir type adsorption. For electrolysis, working in the oxygen evolution
region causes an increase in electroactive electrode surface area and better mass transfer at the electrode. For
example, for an initial 2,4-DHBA concentration of 0.3 kg m)3 and a current density of 300 A m)2, almost complete
conversion of the pollutant is obtained after passing 4 A h, together with a TOC decrease of 30%. Byproducts of
electrodegradation include 2,3,4- and 2,4,5-trihydroxybenzoic acids (THBA), maleic acid, glyoxalic acid and oxalic
acid. The faradaic yield is less than 18%, due to oxygen evolution during electrolysis.

List of symbols

A electrode surface area (m2)
Ci concentration of species i (mol m)3)
Ea anodic potential (V vs SCE)
E0¢ normal apparent potential of the working

electrode (V vs SCE)
Epeak peak potential (V vs SCE)
F faradaic constant (96 487 C mol)1) (C mol)1)
I current (A)
i current density (A m)2)
Ipeak current peak (A)
I satpeak current peak for the saturated electrode sur-

face (A)
k� standard heterogeneous rate constant (m s)1)
kd mass transfer coefficient (m s)1)
n total number of electrons exchanged in the

electrochemical process
na number of electrons exchanged in the limiting

electron transfer step
Qi electricity amount necessary to form one mole

of compound i (C)
R gas molar constant (8.314 J mol)1 K)1)
Sel electrode active surface area (m2)
T temperature (�C)
t time (s)
v potential scan rate (V s)1)

V volume of solution (m3)
_VGVG gas flow rate (m3 s)1)

Greek symbols
a charge transfer coefficient (–)
h covering level (–)
G�
0 initial surface concentration (mol m)2)

Gi surface concentration of species i (mol m)2)
bi adsorption coefficient of species i (m3 mol)1)
mi stoichiometric coefficient of species i (–)
Gs saturation surface concentration (mol m)2)

1. Introduction

The elimination of toxic organic compounds in indus-
trial wastewater is a difficult problem, because each
pollutant requires a specific treatment. Biological treat-
ment is the most frequently used method for wastewater
clean-up because of its low cost. However, it is not
always an appropriate method in the presence of
recalcitrant biological organic pollutants. For example,
some organics, like phenols, inhibit bacterial growth
making biological effluent purification impossible. In
these cases, an alternative treatment is necessary. There
are several chemical oxidation processes for organic
pollutant destruction in liquid effluents. Wet air oxidation
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[1–4], incineration [5] or ozone processes [6, 7] are often
used. However, there is no universal method and
reductions in levels of water contaminants as deter-
mined by environmental laws requires new processes [5].
Electrochemical oxidation is a promising alternative for
organic pollutant removal in aqueous media.
Several papers show the possibility of eliminating

organic compounds such as phenol [8], bisphenol [9],
dyes [10], benzoic acid [11], chlorinated compounds [11],
by electrooxidation processes. The indirect electrooxi-
dation of phenol by electrogenerated hypochlorite at a
Ti/IrO2 anode proved to be particularly efficient since no
chlorinated phenols were detected after electrolysis [8].
For experiments described in this article, platinized

titanium was chosen as the anode material because the
aim of this work was to study the influence of
ultrasound irradiation on the electrochemical process
[12]. Using electrocatalytic electrodes would not have
allowed electrode and ultrasound activation effects to be
separated.
In aqueous solutions, electrooxidation of an organic

molecule proceeds through indirect electronic transfer
between the organic compound and the platinum (Pt)
anode. Oxygen atoms are transferred from the water
molecule discharge at one electron leading to the
formation of adsorbed hydroxyl radicals. The first step
in this transfer process consists in the formation of
adsorbed radical species such as O�, HOO�, HO�. Then,
these very reactive radicals oxidize organic molecules
[13–16]. According to Vitt and Johnson [17], the initial
step in such a mechanism is the oxidation of water
during the following reaction:

H2Oþ PtOx ! PtOx½HO�� þHþ þ 1e�

In the case of oxides having low oxygen evolution
overvoltage, like PtOx, Comninellis [18] suggests the
following mechanism for anodic oxidation of organic
molecules: physisorbed hydroxyl radicals react with the
oxygen of PtOx to form platinum at a higher oxidation
state PtOx+1. Finally, higher oxide sites PtOx+1 oxidize
adsorbed organic molecules PtOx[R], regenerating the
PtOx sites according to

PtOxþ1 þ PtOx½R� ���! 2 PtOx þRO

The suggested mechanism is shown in Figure 1.
The (mono-, di-, tri-, poly-) hydroxybenzoic acids

may be regarded as kinds of simple model compounds
for humic substances, because of their chemical struc-
tures. These acids, like humic substances, may form
trihalomethane compounds. This is particularly relevant
since hydroxybenzoic acids are used as intermediate
chemicals in industrial synthetic processes [19, 20].
The electrooxidation of 2,4-dihydroxybenzoic acid

(2,4-DHBA) was studied at a platinized titanium elec-
trode. An electroanalytical study was first carried out to
characterize the electrochemical behaviour of 2,4-
DHBA. Then electrolysis parameters such as electrode

potential or current density were investigated. Attention
was also paid to the degradation product distribution.
Finally, the faradaic yield was calculated.

2. Experimental methods

2.1. Materials and reagents

All chemicals were of highest purity (Fluka) and used as
received. Only 2,4,5-trihydroxybenzoic acid was synthe-
sized according to the procedure described elsewhere
[21]. A mixture of 2,4,5-trihydroxybenzoic acid (88%)
and 2,3,4-trihydroxybenzoic acid (12%) was then ob-
tained and later used for standardization.

2.2. Electrochemical analysis

Voltammetric measurements of 2,4-dihydroxybenzoic
acid (1 mol m)3) in aqueous sodium sulfate solution
(100 mol m)3) were performed in a 10)4 m3 thermosta-
ted electrochemical cell. The solution pH was adjusted
to 2.0 with sulphuric acid and remained constant during
electroanalysis. Water was treated by a Millipore
ultrafiltration system (Milli-Q) and its resistivity mea-
sured at 0.18 MW m. The working electrode (anode)
was a rotating platinum disc electrode with
3.14 · 10)6 m2 of exposed surface. The counter elec-
trode was a platinized titanium plate (5 · 10)4 m2) and
a saturated calomel electrode (SCE) was used as a
reference, connected to the electrolytic cell by an agar–
agar bridge. Solutions were degassed with argon for
20 min before each experiment. A Tacussel potentiostat/
galvanostat PJT 35-2 was used, driven by a pilot.
For classical I/E curve recording, electrode rotation

speed was fixed at 33.33 s)1, which is an average value,
satisfactory for obtaining a laminar flow hydrodynamic
behaviour. For cyclic voltammetry, the electrode was
stationary.

Fig. 1. Anodic oxidation mechanism. (1) Water electrooxidation; (2)

higher oxide formation; (3) oxidation of organic molecules; (4) oxygen

evolution.
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2.3. Electrolysis apparatus

The experimental set up used for electrooxidation of 2,4-
DHBA consisted of a cylindrical glass vessel (total
volume 5 · 10)4 m3), mechanically stirred and thermo-
stated by circulating a water/ethylene glycol mixture in
the reactor jacket. It was mechanically stirred and the
stirring rate was fixed at 8 s)1.
Anode and cathode consisted of two discs made of

expanded platinized titanium grids of microlink F
provided by MagnetoChemie, having a link coefficient
(active surface area/geometrical surface area) of 2.2.
Each electrode had a 52.2 · 10)4 m2 geometrical surface
area. The electrolysis cell was not divided. For poten-
tiostatic experiments, a saturated calomel electrode was
used as a reference, connected to the electrolytic cell by
an agar–agar bridge. All experiments were performed at
a temperature of 30 ± 3 �C. For galvanostatic electro-
lyses, constant current was supplied by the previously
mentioned potentiostat/galvanostat. The electrolytic
solution was the same as for the electroanalytical tests
(Na2SO4 100 mol m)3 and pH 2.0), but the 2,4-DHBA
concentrations employed were 0.1 or 0.3 kg m)3. The
value of pH 2 was arbitrarily chosen because the results
of this study were to be compared with those obtained
by sonooxidation alone [22]. For the latter case, pH
values of 2, 7, 12 were tested. It appeared that working
at pH 2 did not require monitoring of the pH during
sonooxidation experiments [22], which was not the case
for pH values of 7 or 12.

2.4. Product analysis

Samples were analysed using an HPLC (Merck L-6200A
intelligent pump) equipped with an array diode detector
(Merck L-3000). Absorption u.v. spectra were registered
each 2.5 s elution time. The aromatic compound anal-
ysis was monitored using the following conditions: RP-
18 reversed phase Merck column, 0.25 m length,
5 · 10)6 m particle size; two mobile phases, A and B
(A, water/acetonitrile/THF: 90/5/5; B, water/acetonitri-
le/THF: 65/30/5), were used for an elution gradient
(gradient of solution A: 100% 0–300 s, variation of 100
to 90% 300–600 s, 90 to 0% 600–1200 s, and 0% 1200–
1800 s), at a flow rate of 1.17 · 10)8 m3 s)1. For
aromatic compounds, absorbance was measured at
260 nm.
Nonaromatic products were separated using a Poly-

spher� OA KC Merck column and a H2SO4 0.005 N

solution as mobile phase with a flow rate of
5 · 10)9 m3 s)1. External calibration was carried out
in order to estimate the concentrations of each aliphatic
product from peak area measurements at 210 nm, for
each series of experiments. To identify 2,4-DHBA
degradation byproducts, elution times and u.v. spectra
of peaks obtained for byproducts of 2,4-DHBA degra-
dation were compared to those of pure reagents.
The total organic carbon (TOC) was measured with a

Shimadzu TOC analyser. Samples were first acidified

and dissolved CO2 was eliminated by air bubbling
before injection. TOC was calculated from the stan-
dardization curve obtained with solutions of known
TOC.

3. Results and discussion

3.1. Electroanalytical study

3.1.1. Linear sweep voltammetry
For this study, the disc electrode was rotated so that 2,4-
DHBA was ‘pumped’ from the bulk solution to the
vicinity of the electrode surface and was continuously
regenerated. Under mechanical stirring, the current/
potential curve shows only one peak with E1/2 value
¼ 1.02 V vs SCE and a shape suggesting blocking
phenomena possibly due to polymer formation: the
current drops instead of remaining constant. The
polymerization of the organic pollutant is a side reaction
in 2,4-DHBA electrooxidation, and has been observed
for other electrooxidation reactions of aromatics, such
as phenol on a platinum electrode. Comninellis [19] has
studied the electrodegradation of phenol at a platinized
titanium electrode and has observed the appearance of a
dark yellow film, insoluble in acetone. The presence of
such a film is favoured by a basic pH, a current density
below 30 mA cm)2 and a temperature above 50 �C [8].
In this case, phenol is initially oxidized to a phenoxy
radical, which can in turn either be transformed into
quinone or dimerize [23]. The so formed dimers are
further oxidized into radicals at a lower potential than
phenol itself. The polymer chain can then be propagated
by addition of new phenol units.

3.1.2. Cyclic voltammetry
High potential scan rates were used and the electrolytic
cell was not stirred (fixed electrode) so that 2,4-DHBA
was transferred from the bulk solution to the electrode
only by diffusion. The potential scan rate was varied
between 0.1 and 1 V s)1. The potential was varied from
)0.3 to 1.5 V vs SCE.
A reference voltammogram was initially recorded

using a 100 mol m)3 Na2SO4 solution at pH 2 adjusted
with sulfuric acid. Oxygen evolution occurs at around
1.25 V vs SCE. Pt oxidation was not observed since it
occurs in the oxygen evolution zone. A cathodic peak
was observed at 0.27 V vs SCE, which corresponds to
the reduction of platinum oxides PtOx [23].
Figure 2 shows cyclic voltammograms recorded using

a 10 mol m)3 2,4-DHBA solution at different scan rates.
An oxidation peak is observed at 1.1 V vs SCE and no
cathodic reverse peak is associated, the single cathodic
peak corresponding to the reduction of PtOx. This
shows that the 2,4-DHBA electrooxidation process is
irreversible. Voltammograms were recorded at different
potential scan rates. No post- or prepeak is observed,
suggesting that only the adsorbed 2,4-DHBA is electro-
active. In the case of an irreversible electrochemical
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reaction of an adsorbed species, the oxidation current
peak can be expressed [24]:

Ipeak ¼ nanaF 2AvC�
0

2:718 RT
ð1Þ

where n is the total number of electrons exchanged in the
electrochemical process, a the charge transfer coefficient,
na, the number of electrons exchanged in the limiting
electron transfer step, A the electrode surface area, v the
potential scan rate and C�

0, the initial 2,4-DHBA surface
concentration.
The potential of the oxidation peak is given by [24]:

Epeak ¼ E�0 þ RT
anaF

ln
RT
anaF

� k�

v

� �
ð2Þ

where E�¢ is the normal apparent potential of the
working electrode and k� the standard heterogeneous
rate constant.
Increasing the potential scan rate results in a shift of

the oxidation potential peak towards more anodic
potentials. Figure 3 shows a linear variation of the peak
potential with ln v, confirming that the electrochemical
system is irreversible. Figure 4 shows that the oxidation
peak current varies linearly with the potential scan rate,
indicating adsorption of 2,4-DHBA at the electrode
surface [24].

3.1.3. Adsorption isotherm
Voltammograms of 2,4-DHBA at a concentration of
0.385 kg m)3 were first recorded for different electrode
immersion times (from 20 s to 10 min). All were
identical, showing that adsorption of 2,4-DHBA was a
fast process.

Gattrell and Kirk [23] have shown that phenol is
strongly adsorbed on platinum: the oxidation wave was

Fig. 2. Cyclic voltammograms of a 2,4-DHBA solution (10 mol m)3 2,4-DHBA, 100 mol m)3 Na2SO4 solution (pH 2 adjusted with H2SO4) at a

platinum disc electrode (dia. 2 · 10)3 m), recorded at different potential scan rates.

Fig. 3. Variation of the anodic peak potential against ln v for the

oxidation of 2,4-DHBA (10 mol m)3) on platinum.

Fig. 4. Variation of the anodic peak current against v for the oxidation
of 2,4-DHBA (10 mol m)3) on platinum.
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observed even after rinsing of the electrode and im-
mersion in supporting electrolyte for 300 s. This
phenomenon was not observed in the case of 2,4-
DHBA: no oxidation wave was detected after applying
the same treatment to the electrode, proof of rapid
desorption.
Cyclic voltammograms obtained for different concen-

trations of 2,4-DHBA can be used to establish a relation
between the 2,4-DHBA surface concentration G and
its bulk concentration C, the adsorption equilibrium
curve.
For a given potential scan rate and at a constant

temperature, Ipeak is proportional to C�
0 and assuming

that equilibrium of the electrode is rapidly attained, C�
0

is equal to G2,4-DHBA. In the same way, I satpeak corresponds
to saturation of the electrode surface. Voltammograms

obtained at 25 �C and for different 2,4-DHBA concen-
trations are shown in Figure 5. The shape of the
equilibrium curve indicates that the adsorption can be
described with a Langmuir isotherm, whose equation
can be expressed as [24]:

CDHBA ¼ CSbDHBA CDHBA

1þ bDHBA CDHBA
ð3Þ

where GS is the saturation surface concentration and
b2,4-DHBA, the adsorption coefficient of 2,4-DHBA.
Values of b2,4-DHBA and I satpeak were determined by
nonlinear regression of the experimental points Ipeak vs
C2,4-DHBA and are respectively equal to 1187 · 10)6 A
and 301.27 · 10)3 m3 mol)1. Figure 6 shows the agree-
ment between model and experimental results.

Fig. 5. Cyclic voltammograms obtained for different 2,4-DHBA concentrations (100 mol m)3 Na2SO4 solution, pH 2 adjusted with H2SO4) at a

platinum disc electrode (dia. 2 · 10)3 m), scan rate: 0.1 V s)1. Concentration: (�) 0, (u) 0.1, (m) 0.5, (·) 1.0, (�) 2.5, (d) 5.0, (+) 7.5, (�) 10, (j)

25 mol m)3.

Fig. 6. Covering rate as a function of 2,4-DHBA concentration, experimental data and model.
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3.2. Electrolysis performance

3.2.1. Potentiostatic electrolysis
The working electrode potential is a key parameter since
it governs the product distribution of the degradation
process. The choice of the working potential was
determined by the rate of oxygen production: at 1.2 V
vs SCE, oxygen evolution does not occur, 1.5 V vs SCE
corresponds to weak oxygen evolution and at 2.0 V vs
SCE, oxygen evolution is high. Current curves during
potentiostatic operation are shown in Figure 7 while
Figure 8 shows the variation of 2,4-DHBA concentra-
tion during electrolysis for each potential.
For a 1.2 V vs SCE working electrode potential,

current decreases from around 3 to 1.5 · 10)3 A
(t ¼ 1200 s) and only 10% of 2,4-DHBA is converted
at t ¼ 10 800 s. Current drop, the ratio It=1200 s/It=0 s,
can be interpreted in terms of electrode passivation by a
polymer film and it corroborates the conclusions from
analysis. As the electrode is passivated, electrooxidation
of 2,4-DHBA slows, resulting in poor conversion. Final
conversion is much better when working at a 1.5 V vs

SCE (35% for t ¼ 10 800 s) and current drop is reduced
but is still equal to 50%. At this potential, current is due
to 2,4-DHBA electrooxidation but also to oxygen
evolution. Presumably, the latter partly destroys the
organic film which covers the electrode and accelerates
mass transfer by turbulence. Finally, working at a 2.0 V
vs SCE results in intense oxygen evolution. At the
potential used, oxygen evolution does not lead to the
formation of a bubble curtain. Moreover, the working
electrode is made of expanded metal and is placed above
the counter electrode, which means that oxygen bubbles
can easily escape from the electrode surface, avoiding
the formation of a curtain. The contribution of 2,4-
DHBA oxidation to the overall current becomes negli-
gible: current is almost entirely due to water oxidation
and remains constant. Rapid conversion of 2,4-DHBA
is obtained; total conversion is obtained after 3000 s.
Since dissolved oxygen does not oxidize 2,4-DHBA,
enhancement of the conversion rate with increasing
applied potential can only be attributed to greater
electrode activity.
It is well-known that the mass transfer coefficient

between electrolyte and electrode increases when gas
bubbles are electrogenerated at an electrode surface,
especially during the growth and the separation of
bubbles. The mass transfer coefficient can be expressed
as

kd ¼ a
_VGVG
Sel

� �b

ð4Þ

where Sel is the electrode active surface area, which may
be different from A in the case of passivation pheno-
mena, _VGVG is the oxygen flow rate, a depends on
experimental conditions and b is close to 0.5 [25]. For
a mass transfer limited electrochemical process, the
current of 2,4-DHBA electrooxidation can be expressed
as I ¼ n F Sel kd C2,4-DHBA.
Thus, the better conversion rate obtained at a higher

electrode potential, which causes a higher oxygen
evolution, is due either to mass transfer enhancement
or to electrode surface enhancement. In the specific case
of 2,4-DHBA electrooxidation, oxygen evolution helps
to depassivate the electrode. Thus, increasing oxygen
evolution, which means increasing E, results in an
increase in the electrode active surface area Sel. Accord-
ing to Equation 4, kd depends on the ratio _VGVG=Sel. As
both _VGVG and Sel increase with increasing E, it is difficult
to know if kd really increases. Presumably, when
increasing E, kd might increase slightly until the elec-
trode is entirely depassivated and then, it can be
expected that Sel remains almost constant and that kd
increases with _VGVG.

3.2.2. Constant current electrolysis
The influence of current density and other operating
conditions on galvanostatic electrolysis performance
were investigated. Current density is a parameter of

Fig. 7. Current variation for a potentiostatic electrolysis. Temperature

27 �C; initial 2,4-DHBA concentration 0.1 kg m)3; volume of the

solution 2 · 10)4 m3. Key: (n) 1.2, (�) 1.5 and (u) 2.0 V vs SCE.

Fig. 8. Variation of the 2,4-DHBA concentration with time for

constant potential electrolyses. Temperature 27 �C; initial 2,4-DHBA

concentration 0.1 kg m)3; volume of the solution 2 · 10)4 m3. Key:

(n) 1.2, (�) 1.5 and (u) 2.0 V vs SCE.
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great importance for the oxidation of organic com-
pounds [26, 27]. In the case of phenol electrooxidation,
low current densities lead to surface passivation by
polymer films. Using a larger current density leads to
oxygen evolution, which can favour depassivation of the
electrode but is detrimental to faradaic yield.
Two different anodic current densities were tested: 100

and 300 A m)2. Results are shown in Figure 9. The
amount of electricity necessary for a given conversion of
2,4-DHBA is reduced at the lower current density. For
example, for a 90% conversion of 2,4-DHBA, it
increases from 1 Ah for 100 A m)2 to 2 for
300 A m)2. However, the time necessary for the oper-
ation is extended.
The effect of the initial 2,4-DHBA concentration was

also investigated, using a 300 A m)2 current density.

Initial concentrations of 0.1 and 0.3 kg m)3 were tested.
After passing 0.69 Ah, a 2,4-DHBA conversion of
58.6% was obtained in the first case, compared to
31.5% in the second, corresponding to 21 and
34 · 10)6 kg (Ah))1 of degraded 2,4-DHBA, respective-
ly. The percentage conversion of 2,4-DHBA is lower at
the higher initial concentration but the total amount of
degraded 2,4-DHBA is increased. For example, a 84%
conversion is obtained in 45 min for an initial concen-
tration of 0.3 kg m)3 and a 300 A m)2 current density.
It can be linked to results obtained by cyclic voltamme-
try which showed that the proportion of the electrode
surface covered increases with 2,4-DHBA concentration
thus accelerating the conversion rate. According to
Figure 6, the initial covering level is 10% for 0.1 kg m)3

and 20% for 0.3 kg m)3 2,4-DHBA initial concentra-
tion.
(a) Product distribution. Initially, the major degrada-

tion products were separated and identified by HPLC.
Aromatic compounds produced during 2,4-DHBA elec-
trodegradation were 2,3,4- and 2,4,5-trihydroxybenzoic
acids (THBA), both hydroxylated derivatives of the 2,4-
DHBA. The short chain aliphatic acids identified were
maleic acid, glyoxalic acid and oxalic acid. Other
products were detected by HPLC but could not be
identified. A decrease in the total organic carbon (TOC)
value was also observed and attributed to CO2 forma-
tion.
Figures 10 and 11 show the concentration profiles of

2,4-DHBA and byproducts. CO2 was estimated by
difference: % CO2 ¼ 100 · (initial TOCt ¼ 0 ) TOCt)/
TOCt ¼ 0. There is a significant loss in the TOC balance
(around 20%), which can be attributed to the formation
of unidentified compounds. The current density was
300 A m)2 in all cases. Only a small amount of
hydroxylated products is formed by electrooxidation,

Fig. 9. Variation of the 2,4-DHBA concentration with the amount of

consumed electricity for constant current electrolyses. Temperature

27 �C; initial 2,4-DHBA concentration 0.1 kg m)3; volume of the

solution 2 · 10)4 m3. Key: ( ) 100 and (n) 300 A m)2.

Fig. 10. Variation of the concentrations (expressed as a percentage of the total carbon) of 2,4-DHBA and of the main byproducts formed during

2,4-DHBA electrooxidation. Temperature 30 �C; initial 2,4-DHBA concentration 0.3 kg m)3; volume of the solution 2 · 10)4 m3; current

density 300 A m)2. Key: (j) 2,4-DHBA; (�) glyoxylic acid; (�) oxalic acid; (þ) CO2.

699



compared with [22]. Studies of the electrooxidation of
other aromatic molecules, such as phenol, have shown
that the reaction path leads to the formation of non-
negligible amounts of intermediate hydroxylated species
such as hydroquinone and catechol [10, 23, 28]. Two
hypotheses can be formulated to explain the lower
amount of hydroxylated products formed during the
electrooxidation of 2,4-DHBA: either hydroxylated
products are formed but undergo consecutive rapid
oxidation steps before desorption from the electrode
surface or the reaction path is different from that
observed for phenol electrooxidation and would lead to
early breakage of the cycle.
Marquier [29] has studied the degradation of 2,4-

DHBA by photocatalysis on titanium oxide. He has
shown that no aromatic intermediate product was
formed, the only byproducts identified being glyoxalic
and oxalic acids. It seems that 2,4-DHBA reacts directly
with holes, hþ, at the TiO2 surface and the authors
propose a reaction path involving the opening of the
ring at an early stage of the reaction. According to
Figure 10, 2,4-DHBA electrodegradation obeys a con-
secutive-competitive scheme. The main pathway consists
in the degradation of 2,4-DHBA into glyoxylic acid and
this intermediate product is further oxidized into CO2

and oxalic acid, suggesting the early opening of the ring.
(b) Faradaic yield. The overall faradaic yield for the

electrooxidation of 2,4-DHBA was calculated from
concentrations of intermediate products and TOC, both
monitored during the reaction. Calculations were made
according to the following balanced equations:

C7H6O4
ð2;4-DHBAÞ

þH2O ! C7H6O5
ð2;3;4- or 2;4;5-THBAÞ

þ2 Hþþ2 e�

C7H6O4 þ 6 H2O!C4H4O4
maleic acid

þ3 CO2 þ 14 Hþ þ 14 e�

C7H6O4 þ 7 H2O! 3 C2H2O3
glyoxalic acid

þCO2 þ 14 Hþ þ 14 e�

C7H6O4þ10H2O! 3C2H2O4
oxalic acid

þCO2þ20Hþþ20 e�

C7H6O4 þ 10 H2O ! 7 CO2 þ 26 Hþ þ 26 e�

The charge Qi, necessary to produce one mole of
compound i from 2,4-DHBA can be calculated from
the following equation:

Qi ¼ niF
Ci

mi
V ð5Þ

The overall CO2 concentration (CO2)t was calculated
from TOC data, by difference, then the concentration
of CO2 which was not produced together with maleic
acid, glyoxylic acid or oxalic acid, (CO2), was calculated
by

ðCO2Þ ¼ ðCO2Þt � 3 ðC4H4O4Þ � 1=3 ðC2H2O3Þ
� 1=3 ðC2H2O4Þ ð6Þ

and QCO2
obtained from

QCO2
¼ 26F ðCO2ÞV

7
ð7Þ

The overall charge Qtotal used for 2,4-DHBA degrada-
tion is given by

Qtotal ¼
X
i

Qi ¼ FV
X
i

ni
Ci

mi
ð8Þ

Finally, the overall faradaic yield is given by

Fig. 11. Variation of the concentrations (expressed as a percentage of the total carbon) of minor byproducts formed during 2,4-DHBA

electrooxidation. Temperature 30 �C; initial 2,4-DHBA concentration 0.3 kg m)3; volume of the solution 2 · 10)4 m3; current density

300 A m)2. Key: (m) 2,3,4-THBA; (n) 2,4,5-THBA; (�) maleic acid.
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Rf% ¼ Qtotal

It
ð9Þ

Figure 12 shows the variation in the faradaic yield
during the electrooxidation at 300 A m)2. Faradaic
yield remains below 7%, because of the high rate of
the oxygen evolution. The faradaic yield seems to
slightly increase during the electrooxidation and then
diminish. This small decrease in the faradaic yield could
be attributed to the poor electrochemical activity of
glyoxalic and oxalic acids, which are formed at the end
of the reaction.

4. Conclusions

Electroanalytical study has shown that 2,4-DHBA is an
irreversible electroactive system involving adsorption
phenomena and is therefore a good vehicle for investi-
gating the efficiency of the electrochemical degradation
technique. Working in the oxygen evolution zone
enables the electrodes to be depassivated and the
conversion rate to be increased. Moreover, intermediary
products are mainly non-aromatic and can be further
degraded to carbon dioxide as final product. Thus, the
electrochemical technique proved to be an efficient and
nonpolluting technique for the degradation of 2,4-
DHBA. For example, a 84% conversion was obtained
in 2700 s for an initial concentration of 0.3 kg m)3 and
300 A m)2.
Among the modern techniques used in wastewater

treatment, electrochemistry is promising because it only
uses electrons as reactant and no recycling of chemical

reagents is needed. It has been shown that it can be
successfully applied to 2,4-DHBA degradation, where
the electrochemical process is limited by electrode
passivation and low pollutant concentrations.
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2), Montpellier (France) in Récents progress en genie des procédés

13 (1999) 17.

23. M. Gattrell and D.W. Kirk, J. Electrochem. Soc. 140 (1993) 903.

24. A.L. Bard and L.R. Faulkner, ‘Electrochimie: Principes, Méthodes
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