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a b s t r a c t

The electrooxidation of aqueous solutions containing 5 mM of o-, m- and p-cresol at pH 4.0 has been
investigated using a flow filter-press reactor with a boron-doped diamond (BDD) under galvanostatic
electrolysis. All cresols are degraded at similar rate up to attaining overall mineralization. Comparable
treatment of the m-cresol effluent on PbO2 leads to partial electrochemical incineration. However, this
pollutant is more rapidly removed with PbO2 than with BDD. The decay kinetics of all cresols follows a
pseudo-first-order reaction. Aromatic intermediates such as 2-methylhydroquinone and 2-methyl-
p-benzoquinone and carboxylic acids such as maleic, fumaric, pyruvic, malonic, tartronic, glycolic, gly-
oxylic, acetic, oxalic and formic, have been identified and followed during the m-cresol treatment by
chromatographic techniques. From these oxidation by-products, a plausible reaction sequence for m-cre-
sol mineralization on both anodes is proposed. The energy consumption for the corresponding electro-
chemical process is also calculated.

1. Introduction

Phenol and its derivatives are the major constituents of indus-
trial wastewater produced by oil refineries, petrochemicals, poly-
meric resins, pharmaceuticals, coal conversion plants and
chemical industries (Rajkumar and Palanivelu, 2003; Ródenas-Tor-
ralva et al., 2005; Wu et al., 2006). Their high aqueous solubility
and weak adsorption to most soils result in a quick entry into
groundwater due to leaching (Rao and Asolekar, 2001). The con-
centration of these compounds in agro-industrial wastewaters
can vary from 0.05 to 10 g Lÿ1 depending on the type and origin
of the effluent. In a contaminated aquifer of Fredensborg (Den-
mark), for example, phenol, o-cresol and m-cresol contents of
2.00, 0.65 and 0.78 mg Lÿ1, respectively, were detected (Flyvbjerg
et al., 1993). For a low temperature coal carbonization wastewater,
about 2.5 g Lÿ1 phenol, 250 mg Lÿ1 resorcinol, 5.3 g Lÿ1 catechol,
480 mg Lÿ1 o-cresol, 200 mg Lÿ1 m-cresol, 470 mg Lÿ1 p-cresol,
2.0 g Lÿ1 pyrogallol and 400 mg Lÿ1 xylenol were found (Rajkumar
et al., 2005). High phenol, p-cresol and resorcinol concentrations
were also determined in wastewaters coming from the oil shale
treatment process.

At concentrations above some threshold levels, phenolic com-
pounds are toxic to microorganisms and refractory to biodegrada-
tion. Cresols are classified by the US EPA as persistent, priority and

toxic chemicals, showing chronic effects at 12 mg Lÿ1 of the quan-
titative structure–activity relationship (Kavitha and Palanivelu,
2005). Unfortunately, the high contamination of industrial waste-
waters of these compounds, their seasonal production and the
presence of other organic pollutants such as lipids usually render
these effluents inappropriate for direct biological treatment.
Alternative powerful oxidation technologies are then needed to
be developed for achieving total destruction of cresols from
wastewaters.

Advanced oxidation processes (AOPs) based on the in situ gen-
eration of hydroxyl radical (�OH) are promising environmentally
friendly techniques for water remediation. �OH is the second stron-
gest oxidant known after fluorine, with a high standard potential
(E° = 2.80 V vs. SHE) that makes feasible its fast non-selective reac-
tion with organics to give dehydrogenated or hydroxylated by-
products up to total mineralization, i.e., conversion into CO2 and
water.

Several papers have reported the rapid removal of o-, m- and/or
p-cresol from waters by photocatalysis with TiO2/UV. Hatipoğlu
et al. (2004) found that m-cresol undergoes a 74% decay after
160 min of treatment by this AOP following a pseudo-first-order
kinetics and proposed the initial generation of 3-methylcathecol
from quantum mechanical calculations. In contrast, mixtures of
hydroxylated and benzoquinone derivatives have been detected
by gas chromatography–mass spectrometry (GC–MS) from the
photocatalytic degradation of all cresols (Wang et al., 1998;
Sivalingam et al., 2004). The treatment of wastewaters of these
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compounds by other AOP such as Fenton’s reagent (H2O2/Fe2+) only
allows attaining 42% mineralization, because of the production of
acetic and oxalic acids as major by-products, which are difficulty
destroyed by �OH formed in the bulk (Kavitha and Palanivelu,
2005). In this scenario, we previously reported that total mineral-
ization of cresols is feasible using the solar photoelectro-Fenton
method in which complexes of Fe(III) with generated carboxylic
acids are efficiently photodecomposed by UV irradiation of sun-
light (Flox et al., 2007).

Electrochemical oxidation or electrooxidation is the most popu-
lar electrochemical treatment for wastewaters containing low con-
tents of organics. This AOP allows the electrochemical incineration
of pollutants from their mediated oxidation with hydroxyl radical
formed at a high O2-overvoltage anode (M) from water oxidation
(Panizza and Cerisola, 2005):

MðH2OÞ ! Mð�OHÞ þHþ þ eÿ ð1Þ

Recently, electrooxidation has received great attention due to the
use of non-active boron-doped diamond (BDD) thin film electrodes,
which possess so high O2-overvoltage that favors the production of
great quantity of reactive BDD(�OH) with ability to completely min-
eralize organics, as shown for several aromatics (Panizza et al.,
2001; Marselli et al., 2003; Polcaro et al., 2003; Brillas et al.,
2005; Flox et al., 2006; Nava et al., 2007; Zhao et al., in press) and
carboxylic acids (Martinez-Huitle et al., 2004; Weiss et al., 2007).
Thus, Nava et al. (2007) described the efficient electrochemical
incineration of 2 mM p-cresol and o-cresol in 1 M H2SO4 using a fil-
ter-press-type FM01-LC cell with a BDD anode and a Ti/Pt cathode,
both of 64 cm2 area. After 3 h of electrolysis at 10 mA cmÿ2, p-cresol
reached 90% mineralization, with 71% current efficiency and an en-
ergy consumption of 7.84 kW h mÿ3; whereas o-cresol was mineral-
ized to 84%, with 67% current efficiency and 6.56 kW h mÿ3 energy
cost. However, no intermediates were detected in these trials. These
results evidence the good performance of a BDD anode for treating
cresols wastewaters. In contrast, a poor electrochemical degrada-
tion for o-, m- and p-cresol in alkaline medium with generation of
hypochlorite ion as oxidant has been found by Rajkumar and Pala-
nivelu (2003) using an undivided cell with a Ti/TiO2–RuO2–IrO2 an-
ode and a graphite cathode. At pH 9 the optimum operating
conditions yielding maximum degradation, shorter electrolysis time
and less energy consumption were achieved with 2.5 g Lÿ1 chloride
as electrolyte and cresols concentration >300 mg Lÿ1 at 54 mA cmÿ2

(1.5 A). The chemical oxygen demand decreased in the sequence:
m-cresol > o-cresol > p-cresol, but total organic carbon (TOC) re-
moval values as low as 50–60% were obtained after the consump-
tion of high specific charges of 40–50 Ah Lÿ1. Adsorbable organic
halogens analysis of treated solutions revealed the production of
chloroderivatives as intermediates.

The good performance of other potent anodes such as PbO2 in
electrooxidation for the removal of phenol and other organics
has been confirmed previously and compared with the oxidation
power of BDD anodes (Belhadj Tahar and Savall, 1998; Belhadj Ta-
har et al., 2008; Martinez-Huitle et al., 2008; Sirés et al., 2008;
Weiss et al., 2008; Zhu et al., 2008). To gain a better knowledge
on the ability of these anodes to oxidize phenolic compounds, we
have undertaken the present study on the electrochemical inciner-
ation of cresols in acid medium using a flow filter-press reactor un-
der galvanostatic conditions. Our research was focused to
determine the degradation rate of o-, m- and p-cresol effluents
with BDD to be further compared with that of m-cresol with
PbO2. A concentrated (5 mM) solution of each pollutant was trea-
ted to clarify the role of aromatic intermediates and carboxylic
acids formed on the degradation process. The decay kinetics of
all cresols and the evolution of by-products for m-cresol were then
followed by chromatographic techniques, allowing the proposal of

a reaction pathway for m-cresol mineralization. The energy con-
sumption for the electrochemical treatment of this compound on
each anode was also calculated.

2. Experimental

2.1. Chemicals

o-Cresol (99% purity), m-cresol (99% purity) and p-cresol (97%
purity) were purchased from Sigma and used in the electrochemi-
cal trials as received. 2-Methylhydroquinone, 2-methyl-p-benzo-
quinone and maleic, fumaric, malic, malonic, tartronic, pyruvic,
glycolic, glyoxylic, acetic and oxalic acids were either reagent or
analytical grade from Sigma–Aldrich, Merck and Avocado. Solu-
tions were prepared with high-purity water obtained from a Milli-
pore Milli-Q system (resistivity > 18 MX cm at 25 °C). Analytical
grade sulfuric acid from Prolabo was used to adjust its initial pH
to 4.0. Anhydrous sodium sulfate employed as background electro-
lyte was analytical grade supplied by Prolabo. Other chemicals and
organic solvents were either HPLC or analytical grade from Sigma–
Aldrich, Merck and Prolabo.

2.2. Electrochemical reactor

Electrolyses were conducted in a one-compartment flow filter-
press reactor (Diacell) under galvanostatic conditions and in batch
operation mode. Electrodes were two discs of 63 cm2 of active sur-
face separated 10 mm. The anode was either a Si wafer coated with
a 1 lm BDD thin layer or a titanium disc covered with a PbO2 film
supplied by De Nora. The BDD electrode from Centre Suisse d’Élect-
ronique et de Microtechnique (Neuchâtel, Switzerland) was elabo-
rated by chemical vapour deposition on a conductive substrate of
polysilicium. The cathode was a 1 mm thick disc of zirconium.
The current was supplied by an ELC AL 924 power supply. Details
on the electrochemical system are reported elsewhere (Weiss
et al., 2007).

Comparative degradation of cresols was studied by electrolyz-
ing 1 L of solutions containing 5 mM of initial pollutant and
0.05 M Na2SO4 of pH 4.0. In all trials, a constant current density
of 40 mA cmÿ2 was applied. The solution temperature was main-
tained at 25 °C and the effluent was recirculated at a constant flow
rate of 126 L hÿ1.

2.3. Analysis procedures

The solution pH was determined with a Schott pH-meter CG
837. Samples withdrawn from original and treated solutions were
filtered with Whatman 0.45 lm PTFE filters before analysis. The
mineralization of cresols solutions was monitored from the decay
of their dissolved organic carbon (DOC), determined on a Shimadzu
5050A TOC analyzer with 2% accuracy.

The organic components of about 100 mL of the 5 mM m-cresol
solution treated with a BDD anode for 60 min were extracted three
times with 25 mL of CH2Cl2. The collected organic solution was
dried with anhydrous Na2SO4, filtered and rotavaporated up to ca
2 mL. The remaining aromatic intermediates were further identi-
fied by GC–MS using a Hewlett-Packard 5890 Series II gas chro-
matograph fitted with an Elite-5MS 0.25 lm, 30 m � 0.25 mm
(i.d.), column, and a Hewlett-Packard 5989A mass spectrophotom-
eter operating in electron impact mode at 70 eV. The temperature
ramp for this column was 70 °C for 1 min, 20 °C minÿ1 up to 250 °C
and hold time 1 min. The evolution of all cresols and aromatic
intermediates from m-cresol were followed by reversed-phase
HPLC chromatography using a Hewlett-Packard 1100 Series liquid
chromatograph, fitted with a Spherisorb ODS2 5 lm, 150 mm �



4.6 mm (i.d.), column at room temperature, equipped with an UV/
Vis detector selected at k = 276 nm and controlled with an Agilent
ChemStation software. These measurements were made by inject-
ing 20 lL aliquots and circulating a 50:45:5 (v/v/v) methanol/
phosphate buffer (pH 2.5)/pentanol mixture at 1.0 mL minÿ1 as
mobile phase. Carboxylic acids were detected by ion-exclusion
chromatography using the same HPLC system fitted with a Supe-
lcogel C-610H 9 lm, 300 mm � 7.8 mm (i.d.), column at 35 °C,
selecting the UV/Vis detector at 210 nm and under circulation of
0.018 M H3PO4 at 0.5 mL minÿ1 as mobile phase.

3. Results and discussion

3.1. Comparative degradation of cresols

A series of comparative electrolyses for all cresols was per-
formed using the BDD anode to test if the relative position of –
CH3 and –OH groups has any effect on the oxidation rate of these
compounds. Solutions containing 415 mg Lÿ1 DOC of each cresol
of pH 4.0 were treated at 40 mA cmÿ2, 25 °C and liquid flow rate
of 126 L hÿ1 by prolonging the electrolysis time to attain almost
overall decontamination. In these trials the solution pH remained
practically constant and the starting colorless solutions changed
to a clear brown color after 1 h of electrolysis, becoming colorless
again at the end of treatment. This change in solution color can be
related to the formation of benzoquinone intermediates, as will be
discussed below.

The DOC abatement as function of the consumed specific charge
obtained for the above experiments is depicted in Fig. 1. A fast and
quite similar DOC decay can be observed for all solutions, yielding
more than 98% mineralization after consumption of 22 Ah Lÿ1 for
8 h. These findings evidence that all cresols undergo an analogous
degradation process on BDD since BDD(�OH) formed from water
oxidation by reaction (1) is able to completely mineralize these
compounds at similar rate.

In order to compare the oxidation ability of BDD and PbO2, a
commercially and more available material, we decided to investi-
gate the degradation of m-cresol using the latter anode. In this
case, the effluent acquired an intense dark brown color and a black
precipitate, probably composed of polymeric by-products, was
slowly formed during the first hour of electrolysis. As illustrated
in Fig. 1, the use of PbO2 leads to a slow DOC decay, only attaining
68% decontamination of the m-cresol effluent at 27 Ah Lÿ1 (10 h).

This behaviour clearly differs from that found for BDD, which has
much higher oxidation power to destroy all organics present in
the medium along the electrolysis. Since a similar performance is
expected for the other two cresol isomers using PbO2, without
achieving overall mineralization, only the oxidation process of
m-cresol and its intermediates was comparatively studied for both
anodes, as reported below.

3.2. Decay kinetics of cresols

The kinetics of the reaction of initial pollutants with BDD(�OH)
or PbO2(�OH) under the above operating conditions was followed
by reversed-phase HPLC, where o-, m- and p-cresol exhibited a
well-defined absorption peak at retention time (tr) of 3.7, 3.5 and
3.6 min, respectively. The change of concentration of these com-
pounds with electrolysis time is given in Fig. 2. As can be seen,
all cresols are removed at similar rate with BDD, disappearing from
the medium at the same time close to 480 min. It is worth noting
that the time required for total removal of o-, m- and p-cresol with
BDD is very similar to that needed for their overall mineralization,
indicating that cresols persist in solution up to the end of the com-
bustion process and they are degraded in parallel to their by-prod-
ucts by BDD(�OH). However, Fig. 2 shows that m-cresol appears to
be destroyed at slightly greater rate using a PbO2 anode and com-
pletely removed in a shorter time of 420 min, despite its much
slower DOC removal (see Fig. 1). It is well known that �OH formed
at BDD remains mainly free on its surface where it attacks non-
selectively and directly organics, whereas this radical is adsorbed
on the PbO2 surface, where it reacts selectively and more slowly
with adsorbed organics (Flezar and Plosyznska, 1985; Zhu et al.,
2008). According to this behaviour, several authors (Zhu et al.,
2008; Martinez-Huitle et al., 2008) recently reported that phenol,
p-substituted phenols and pesticide methamidophos are more rap-
idly destroyed with BDD than with PbO2 using small conventional
electrolytic cells. In contrast, results of Fig. 2 indicate a quite sim-
ilar destruction rate for m-cresol using both anodes, as also found
by us for phenol decay operating with the same flow cell under
analogous conditions (Weiss et al., 2008). The enhancement of
m-cresol removal using PbO2 in our system can then be explained
in the same way as previously justified for phenol, that is, by the
increase in the mass transfer coefficient of substrate owing to the
higher O2 evolution produced on PbO2 than on BDD.

The above concentration decays were well-fitted to a pseudo-
first-order kinetic equation and the excellent straight lines thus ob-
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tained are depicted in the inset panel of Fig. 2. This suggests the
production of a constant �OH concentration at each anode during
electrolysis, which is much higher than that of the initial pollutant
reacting with it either on the PbO2 surface or in the vicinity of the
BDD electrode (Weiss et al., 2008). From this analysis, a similar
pseudo-first-order rate constant (k1) of 1.89 � 10ÿ4 sÿ1 (square
regression coefficient R2 = 0.9993) for o-cresol, 1.69 � 10ÿ4 sÿ1

(R2 = 0.9996) for m-cresol and 1.93 � 10ÿ4 sÿ1 (R2 = 0.9990) for p-
cresol was determined for BDD, whereas a slightly higher
k1 = 2.14 � 10ÿ4 sÿ1 (R2 = 0.9978) for m-cresol was found for
PbO2. The quite analogous k1-values obtained for all cresols using
a BDD anode evidence that they undergo the same kind of attack
by BDD(�OH), then leading to the production of similar primary
aromatic by-products. In literature, quite similar second-order
constant rate (k2) values of 1.1 � 1010 and 1.2 � 1010 Mÿ1 sÿ1 have
also been determined for the homogeneous reaction of hydroxyl
radical with o-cresol (Savel’eva et al., 1972) and p-cresol (Feitelson
and Hayon, 1973), respectively.

The above kinetic behaviour has also been described by Polcaro
et al. (2003) for the removal of phenol solutions with BDD under
galvanostatic electrolysis, reporting a k1-value of 1.94 � 10ÿ4 sÿ1.
In our previous studies on the comparative performance of the
same electrode materials on phenol degradation (Weiss et al.,
2008), it was found that this pollutant disappears at similar rate
using both anodes, although in terms of DOC removal, BDD be-
comes more effective. All these results suggest that phenol and cre-
sols are attacked by BDD(�OH) and PbO2(�OH) in the same way,
although the by-products formed are more easily destroyed by
the former.

On the other hand, it is well known (Panizza et al., 2001; Pani-
zza and Cerisola, 2005; Flox et al., 2006; Weiss et al., 2008) that
electrogenerated �OH dimerizes to H2O2 by reaction (2). This spe-
cies can then be oxidized to O2 via reaction (3) or can react with
�OH to give hydroperoxyl radical (HO�

2) from reaction (4). Apart
from the weak oxidants H2O2 and HO�

2 thus produced, the high oxi-
dation power of BDD favors the generation of other weaker oxidiz-
ing species than �OH, like peroxodisulfate ion (S2O

2ÿ
8 ) from the

oxidation of SO2ÿ
4 and HSOÿ

4 ions from the electrolyte by reactions
(5) and (6), respectively (Serrano et al., 2002), and ozone by reac-
tion (7).

2�OH ! H2O2 ð2Þ

H2O2 ! O2 þ 2 Hþ þ 2 eÿ ð3Þ
H2O2 þ

�OH ! HO�

2 þH2O ð4Þ

2SO2ÿ
4 ! S2O

2ÿ
8 þ 2eÿ ð5Þ

2HSOÿ
4 ! S2O

2ÿ
8 þ 2Hþ þ 2eÿ ð6Þ

3H2O ! O3ðgÞ þ 6Hþ þ 6eÿ ð7Þ

We have confirmed that cresols do not react directly with H2O2 and
S2O

2ÿ
8 , because no change of their concentrations in separated solu-

tions containing 20 mM of each oxidant has been observed by re-
versed-phase HPLC. Since ozone is a very weak oxidant in acid
medium, one can infer that electrogenerated BDD(�OH) and
PbO2(�OH) from reaction (1) are the main species producing the
degradation of cresols under our experimental conditions. The fact
that the solutions of these compounds can be completely mineral-
ized with BDD, but only partially decontaminated with PbO2, evi-
dence that waste reactions (2)–(4) are less important for
BDD(�OH) than for PbO2(�OH) (Weiss et al., 2008).

3.3. Identification and evolution of intermediates for m-cresol

degradation

To clarify the different ability of BDD and PbO2 anodes to min-
eralize cresols, we concentrated our efforts to identify and follow

the aromatic intermediates and carboxylic acids produced during
m-cresol degradation.

GC–MS analysis of the m-cresol solution treated for 1 h with
BDD revealed the formation of two aromatic intermediates, 2-
methylhydroquinone (m/z = 124 (100, M+)) at tr = 6.8 min and its
oxidation product 2-methyl-p-benzoquinone (m/z = 122 (100,
M+)) at tr = 4.7 min. These stable by-products were confirmed in
the reversed-phase HPLC chromatograms of the treated solutions,
which displayed two well-defined peaks related to 2-methylhydro-
quinone at tr = 1.8 min and 2-methyl-p-benzoquinone at
tr = 2.4 min, identified from comparison of their tr-values with
those of pure compounds. Note that these compounds have also
been reported for the oxidation of m-cresol with �OH produced
from TiO2/UV (Wang et al., 1998; Sivalingam et al., 2004) and
H2O2/Fe2+ (Flox et al., 2007).

Fig. 3 illustrates the change in concentration of 2-methylhydro-
quinone and 2-methyl-p-benzoquinone during the degradation of
the m-cresol solutions. Both compounds are accumulated to about
0.7 and 1.1 mg Lÿ1 as maximum, respectively, at 60 min of treat-
ment with BDD, further being slowly removed to disappear in
360–420 min, that is, a time similar to that needed for the total re-
moval of the initial pollutant (see Fig. 2). The same trend can be ob-
served for these by-products in Fig. 3 when PbO2 is used, although
in this case maximum contents of ca 2.5 and 92 mg Lÿ1 are accu-
mulated, respectively, indicating that 2-methyl-p-benzoquinone
is more hardly oxidized with PbO2(�OH) than with BDD(�OH).

Ion-exclusion HPLC chromatograms of the same treated solu-
tions exhibited peaks corresponding to oxalic (tr = 9.3 min), tar-
tronic (tr = 11.4 min), maleic (tr = 12.1 min), pyruvic
(tr = 13.3 min), glyoxylic (tr = 13.8 min), malonic (tr = 14.8 min),
glycolic (tr = 17.8 min), formic (tr = 19.8 min), acetic (tr = 21.1 min)
and fumaric (tr = 23.3 min) acids. While pyruvic, malonic, maleic,
fumaric and glycolic acids are formed from the degradation of
the aryl moiety of aromatic intermediates (Brillas et al., 2005; Flox
et al., 2006), acetic, tartronic and glyoxylic acids come from the
oxidation of pyruvic, malonic and glycolic acids, respectively (Boye
et al., 2002; Flox et al., 2006). These acids are independently con-
verted into oxalic and formic acids, which are directly mineralized
to CO2 as ultimate carboxylic acids.

The time-course of the concentration of relevant carboxylic
acids determined using BDD and PbO2 is presented in Fig. 4a and
b, respectively. As can be seen, most acids are more rapidly re-
moved with BDD(�OH) than with PbO2(�OH). For example, pyruvic
acid was only found along 480 min of electrolysis with PbO2 (see
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Fig. 4b), but it was undetected using a BDD anode. The same trend
was found for fumaric acid (not shown in Fig. 4), which attained a
maximum content of 0.6 mg Lÿ1 at 180 min in the former case. For-
mic acid was so rapidly destroyed on both anodes that it was only
detected at trace level during the first 60 min of electrolysis. A very
different behaviour can be seen in Fig. 4a and b for acetic and oxalic
acids. In the case of BDD the concentration of the first acid rises
rapidly to ca 30 mg Lÿ1 at 60 min and further slowly falls to near
5 mg Lÿ1 at 480 min, whereas oxalic acid is almost completely
removed at this time after attaining a maximum content of approx-
imately 23 mg Lÿ1 at 120 min. That means that the final electro-
lyzed solution with BDD is mainly composed of acetic acid with
less than 2% of the initial DOC (see Fig. 1). When a PbO2 anode is
used, however, acetic acid is continuously accumulated up to ca
155 mg Lÿ1 at 480 min, as expected if this acid is not destroyed
by PbO2(�OH). Under these conditions, Fig. 4b also shows the pres-
ence of a very low oxalic acid concentration (<2 mg Lÿ1), which can
be ascribed to its fast anodic oxidation owing to its strong interac-
tion with the PbO2 surface (Martinez-Huitle et al., 2004). Although
oxalic acid possesses a very weak reactivity with homogeneous hy-
droxyl radicals (Getoff et al., 1971), our results evidence that it can
then be converted into CO2 by BDD(�OH) and even much more
quickly by PbO2(�OH), where probably it is adsorbed. In the same
manner, Zhao et al. (in press) showed that the electrochemical
incineration of phenol leads to the formation of less variety of
intermediates using BDD than a Pt anode, which destroys much
more slowly all by-products owing to its much lower oxidation
ability. The use of ultrasound coupled with electrolysis enhanced
the degradation rate of phenol on BDD by 301%, but without
changing the amount of intermediates species formed.

Fig. 5a and b present a comparison between the experimental
DOC values for m-cresol degradation and the calculated ones from

the remaining concentration of this compound and of its oxidation
by-products determined by HPLC for BDD and PbO2, respectively.
Both measured and calculated data are in good agreement for
BDD, being the 4DOC difference always lower than 16 mg Lÿ1, as
illustrated in Fig. 5c. Since the main contribution to DOC comes
from the remaining initial pollutant in the effluent (see Fig. 5a),
one can infer that the electrochemical combustion of m-cresol
takes place practically at the same rate as it is oxidized by
BDD(�OH). This radical is then able to destroy rapidly all intermedi-
ates, as shown in Figs. 3 and 4a for the main by-products detected.
In the case of PbO2, Fig. 5b shows that the experimental DOC can-
not be accounted for by the faster loss of m-cresol and the higher
content of accumulated carboxylic acids. A 4DOC difference as
high as 170 mg Lÿ1 is found at 180 min of electrolysis. These find-
ings evidence that a large amount of other undetected intermedi-
ates are produced under these conditions due to the low
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oxidation ability of PbO2(�OH), which can even evolve to form a
precipitate, as detected during this treatment. This behaviour is
not strange since oligomers formation from phenol electrooxida-
tion using a PbO2 anode has been previously reported by us (Bel-
hadj Tahar and Savall, 1998; Belhadj Tahar et al., 2008).
Similarly, Panizza et al. (2001) showed that polymeric compounds
are produced during the oxidation of 2-naphtol in the potential re-
gion of electrolyte stability leading to electrode fouling. However,
this process is completely inhibited by electrolyzing with a BDD
anode in the potential region of water discharge giving complete
incineration of 2-naphtol with electrogenerated BDD(�OH) radicals.

On the basis of the above results, a plausible reaction pathway
for m-cresol mineralization in acid medium is proposed in Fig. 6.
The sequence includes all oxidation by-products identified in the
present paper and considers that the main oxidant is the hydroxyl
radical generated at each anode. The process starts by direct

hydroxylation on the C(4) position of m-cresol to yield 2-methyl-
hydroquinone, which is subsequently oxidized to 2-methyl-p-
benzoquinone. Further degradation of this compounds leads to a
mixture of pyruvic, malonic, glycolic, maleic and fumaric acids.
The three first by-products are then converted into acetic, tartronic
and glyoxylic acids, respectively. Oxidation of these acids, as well
as maleic and fumaric, gives oxalic and formic acids, which are fi-
nally mineralized to CO2. Our results make in evidence that �OH is
the oxidant in all reactions using BDD that always lead to mineral-
ization. However, significant differences take place when a PbO2

anode is used, since a black precipitate is also formed and conver-
sion of acetic into oxalic acid with �OH at the anode surface be-
comes very hard (see Fig. 4b). The lower oxidation power of PbO2

then allows the formation of insoluble polymeric by-products from
chemical reaction of several undetected intermediates that are not
destroyed with the oxidant.
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Fig. 6. Proposed reaction pathway for the electrochemical incineration of m-cresol in acid medium.



3.4. Energy consumption

The aim of this subsection is to calculate the energy consump-
tion for the electrochemical treatment of the m-cresol solutions
using the two anodic materials in the present conditions. For an
electrochemical reactor operating in galvanostatic conditions at
current I (A) during a time t (h), the electrolysis energy E (Wh) is
given by the following equation:

E ¼

Z t

0
UðtÞ I dt ð8Þ

where the cell voltage U(t) (V) can be expressed as the following
sum of terms:

UðtÞ ¼ U0 þ gA þ gC þ R IR ð9Þ

where U0 is the potential at nil current, gA and gC are the corre-
sponding anodic and cathodic overvoltage and (R IR) represents
the ohmic drop through the solution of resistance R.

The cell voltage was directly measured during the electrolyses
of m-cresol. A fall of this parameter in the course of the electro-
chemical process was always observed. However, the decay in
U(t) did not exceed 10% in every case, being less important with
a BDD electrode. This tendency can be mainly related to the drop
of the ohmic drop of the solution, as a consequence of the variation
of its composition. At 40 mA cmÿ2, initial U(t) values of 9.0 and
7.3 V for BDD and PbO2 anodes, respectively, were determined.

The energy consumption was calculated for the treatment of
1 m3of solution consideringaplant having the same surface/volume
(S/V) ratio for the reactor as that of the laboratory cell (0.0636 cmÿ1).
The electrode surface for such a plant would be 6.36 m2, obtained,
for example, by associating several electrodes in series. While it is
currently feasible to dispose PbO2 electrodes (deposited on tita-
nium) of the order of 1 m2, the commercially available Si/BDD ele-
ments are still much smaller. Keeping the same S/V ratio for the
reactor and using the same current density, solution composition
and interelectrode gap, the experimentally obtained cell voltage in
the laboratory cell can be extrapolated to such upper scale.

The criterion chosen to compare various experiments was based
on the toxicity removal. Toxicity is essentially relevant in the pres-
ence of aromatic compounds. Indeed, phenol and derivatives are
toxic compounds, but quinones stemming from its oxidation are
even more (Pulgarin et al., 1994). In our experiments, the solutions
were considered as detoxified when the total concentration of aro-
matics intermediates was less than 1% of the initial m-cresol con-
centration. The removal of aromatics using a BDD anode takes
place at the same rate asm-cresol disappears. Fig. 2 shows that this
situation is reached in about 440 min (corresponding to
18.3 Ah Lÿ1), leading to an energy consumption of 165 kW h mÿ3.
On the other hand, from data of Fig. 3, one can estimate a time
of 458 min (corresponding to 19 Ah Lÿ1) as required for 99% aro-
matic intermediates removal, giving an energy cost of
139 kW hmÿ3 for PbO2. Although toxicity diminished in the same
extent in both cases, it should be noted that DOC removal is much
lower using a PbO2 electrode (190 mg Lÿ1 at 19 Ah Lÿ1) compared
to a BDD anode (20 mg Lÿ1 at 18.3 Ah Lÿ1), where almost complete
mineralization is attained. Since similar specific charge is con-
sumed, the greater energy cost using BDD can then be explained
by the higher voltage supplied to its electrochemical flow cell.

4. Conclusions

Cresols are degraded at the same rate with a BDD anode what-
ever the relative position of their –CH3 and –OH groups. Overall
electrochemical incineration is attained practically at the same
time as the initial pollutant is removed, since BDD(�OH) destroys

simultaneously all oxidation by-products formed. The mineraliza-
tion process of the m-cresol effluent on PbO2 under comparable
conditions is much less efficient due to the lower oxidation ability
of PbO2(�OH). Despite this fact, a shorter electrolysis time is needed
for the total disappearance of m-cresol with PbO2 than with BDD.
The decay kinetics of all cresols on both anodes follows a pseu-
do-first-order reaction. For m-cresol degradation, 2-methylhydro-
quinone and 2-methyl-p-benzoquinone are detected as aromatic
intermediates, whereas a mixture of short linear carboxylic acids
evolving to oxalic and formic acids as ultimate products are iden-
tified and quantified. Acetic acid is very persistent using a BDD an-
ode, but it is largely accumulated with PbO2, because it cannot be
attacked by PbO2(�OH). Under our experimental conditions, an en-
ergy consumption of 165 kW hmÿ3 is needed for achieving the to-
tal disappearance of aromatic intermediates, along with almost
total mineralization of the m-cresol solution, with BDD, which is
slightly higher than 139 kW hmÿ3 required for the removal of this
pollutant and its aromatic intermediates with PbO2 giving an efflu-
ent with a highly detoxified organic load that may be treated by a
post biological treatment.
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