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Abstract
This work shows that aqueous solutions of clofibric acid (2-(4-chlorophenoxy)-2-methylpropionic acid), the bioactive metabolite of various

lipid-regulating drugs, up to saturation at pH 3.0 are efficiently and completely degraded by electrochemical advanced oxidation processes such as

electro-Fenton and photoelectro-Fenton with Fe2+ and UVA light as catalysts using an undivided electrolytic cell with a boron-doped diamond

(BDD) anode and an O2-diffusion cathode able to electrogenerate H2O2. This is feasible in these environmentally friendly methods by the

production of oxidant hydroxyl radical at the BDD surface from water oxidation and in the medium from Fenton’s reaction between Fe2+ and

electrogenerated H2O2. The degradation process is accelerated in photoelectro-Fenton by additional photolysis of Fe3+ complexes under UVA

irradiation. Comparative treatments by anodic oxidation with electrogenerated H2O2, but without Fe2+, yield much slower decontamination.

Chloride ion is released and totally oxidized to chlorine at the BDD surface in all treatments. The decay kinetics of clofibric acid always follows a

pseudo-first-order reaction. 4-Chlorophenol, 4-chlorocatechol, hydroquinone, p-benzoquinone and 2-hydroxyisobutyric, tartronic, maleic,

fumaric, formic and oxalic acids, are detected as intermediates. The ultimate product is oxalic acid, which is slowly but progressively oxidized

on BDD in anodic oxidation. In electro-Fenton this acid forms Fe3+–oxalato complexes that can also be totally destroyed at the BDD anode,

whereas in photoelectro-Fenton the mineralization rate of these complexes is enhanced by its parallel photodecarboxylation with UVA light.

# 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The detection of a large variety of pharmaceutical drugs and

metabolites including analgesics, anti-inflammatories, anti-

microbials, antiepileptics, beta-blockers, estrogens and lipid

regulators as emerging pollutants in waters at concentrations

from nanograms to micrograms per litre has been recently

documented [1–10]. The main sources of this contamination

include emission from production sites, direct disposal of

overplus drugs in households, excretion after drug adminis-

tration to humans and animals, treatments throughout the water

in fish and other animal farms and inadequate treatment of
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manufacturing waste [8]. To avoid the potential adverse health

effects of these pollutants on living beings, research efforts are

underway to develop efficient oxidation techniques for

achieving their total mineralization, i.e. their complete

conversion into CO2.

Clofibric acid (2-(4-chlorophenoxy)-2-methylpropionic acid)

is the bioactive metabolite of drugs such as clofibrate, etofibrate

and etofyllineclofibrate, widely used as blood lipid regulators

because they decrease the plasmatic content of cholesterol and

triglycerides [9]. This compound has an estimated environmental

persistence of 21 days [10] and has been found up to 10 mg l�1 in

sewage treatment plant effluents, rivers, lakes, North Sea, ground

waters and drinking waters [1,2,6]. However, it is poorly

degraded by ozonation [5,11], H2O2/UV [11], sunlight and UV

photolysis [7] and TiO2/UV [12], as well as after application of

biological and physico-chemical methods in sewage treatment
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plants [9]. In previous work [13] we have explored the

electrochemical degradation of clofibric acid solutions in the

pH range 2.0–12.0 by means of the classical method of anodic

oxidation with a cell containing either a Pt or boron-doped

diamond (BDD) anode and a stainless steel cathode. Under these

conditions, the metabolite solutions were poorly decontaminated

with a Pt anode, whereas the alternative use of BDD yielded their

complete mineralization, but with very low degradation rate and

current efficiency. The greater oxidizing power of BDD

compared to Pt is ascribed to its higher O2-overpotential, which

allows the generation of more amount of the strong oxidant

hydroxyl radical (BDD(�OH)) adsorbed on its surface from water

oxidation [14–18]:

BDDðH2OÞ ! BDDð�OHÞ þ Hþ þ e� (1)

Under these conditions, other weaker oxidants such as perox-

odisulfate ion, H2O2 and O3 at the BDD anode are also

produced [18]. Anodic oxidation with a BDD anode seems a

viable technique to mineralize clofibric acid, but its very low

oxidation power prevents its possible application to the treat-

ment of industrial wastewaters containing this compound. This

makes necessary the search of other potent technologies with

higher ability to remove this pollutant from waters.

Recently, powerful indirect electrooxidation methods such

as electro-Fenton and photoelectro-Fenton are being developed

for water remediation [19–31]. These electrochemical

advanced oxidation processes (AEOPs) are environmentally

friendly technologies based on the continuous supply of H2O2

to an acidic contaminated solution from the two-electron

reduction of injected O2:

O2þ 2Hþ þ 2e� ! H2O2 (2)

Reticulated vitreous carbon [19,20], carbon-felt [21,22,

24,27,30], activated carbon fibre [28] and O2-diffusion

[23,25,26,29,31] cathodes are usually employed to reduce effi-

ciently O2 from reaction (2). In the electro-Fenton process the

oxidizing ability of electrogenerated H2O2 is strongly enhanced

by adding to the solution a small quantity of Fe2+ to produce

hydroxyl radical (�OH) and Fe3+ from the classical Fenton’s

reaction [32]:

Fe2þ þH2O2 ! Fe3þ þ �OH þ OH� (3)

An advantage of this method is that the Fe3+/Fe2+ system is

catalytic and reaction (3) is propagated from Fe2+ regeneration,

mainly by reduction of Fe3+ at the cathode [21]. However, a part

of generated �OH is wasted by non-oxidizing reactions, for

example, with Fe2+ and H2O2 or its direct recombination to

hydrogen peroxide [32,33]:

Fe2þ þ �OH ! Fe3þ þOH� (4)

H2O2þ �OH ! HO2
� þ H2O (5)

2�OH ! H2O2 (6)

In the photoelectro-Fenton process, the treated solution is

illuminated with UV light, which can also act as catalyst to

favor: (i) the photodecomposition of complexes of Fe3+ with
generated carboxylic acids [23,25,30,34] and/or (ii) the regen-

eration of more Fe2+ with additional production of �OH from

photoreduction of Fe(OH)2+, the predominant Fe3+ species in

acid medium [32]:

FeðOHÞ2þ þ hn ! Fe2þ þ �OH (7)

This paper reports a comparative study on the degradation of

clofibric acid by electro-Fenton and photoelectro-Fenton using

an undivided electrolytic cell with a BDD anode and an O2-

diffusion cathode to electrogenerate continuously H2O2 from

reaction (2). Both AEOPs were tested with metabolite solutions

containing a low content of 0.05 M Na2SO4 as background

electrolyte and 1.0 mM Fe2+ as catalyst at pH 3.0, near the

optimum pH of 2.8 for Fenton’s reaction (3) [32]. For these

methods, organic pollutants are expected to be mainly oxidized

by BDD(�OH) and �OH formed from reactions (1) and (3),

respectively, although parallel reactions with weaker oxidants

such as electrogenerated H2O2, as well as peroxodisulfate ion

[18], ozone [18] and ferrate ion [35] also produced at the BDD

anode, are possible in much less extent. Photoelectro-Fenton

was performed by irradiating the solution with UVA light.

Comparative treatments by anodic oxidation without and with

UVA irradiation were also made to assess the higher oxidation

power of electro-Fenton and photoelectro-Fenton. The influ-

ence of current density and metabolite concentration on the

degradation rate and mineralization current efficiency of these

AEOPs was investigated. The decay kinetics of clofibric acid in

each method was determined. The evolution of identified

aromatic products and carboxylic acids was followed by

chromatographic techniques to clarify their pathways in the

different oxidation processes.

2. Experimental

Clofibric acid, 4-chlorophenol, hydroquinone, p-benzoqui-

none, 2-hydroxyisobutyric acid, tartronic acid, maleic acid,

fumaric acid, formic acid and oxalic acid were either reagent or

analytical grade from Sigma–Aldrich, Merck, Panreac and

Avocado. 4-Chlorocatechol was synthesized by chlorination of

pyrocatechol with SO2Cl2 [23]. Anhydrous sodium sulfate and

heptahydrated ferrous sulfate were analytical grade from Fluka.

Solutions were prepared with high-purity water obtained from a

Millipore Milli-Q system (resistivity >18 MV cm at 25 8C)

and their pH was adjusted to 3.0 with analytical grade sulfuric

acid from Merck. Other chemicals and organic solvents were

either HPLC or analytical grade from Panreac.

The solution pH was determined with a Crison 2000 pH-

meter. Aliquots withdrawn from treated solutions were filtered

with Whatman 0.45 mm PTFE filters before analysis. The

degradation of clofibric acid solutions was monitored from the

removal of their total organic carbon (TOC), measured on a

Shimadzu VCSN TOC analyzer. Reproducible values were

obtained using the standard non-purgeable organic carbon

method. From these results, the mineralization current

efficiency (MCE) for each treated solution at a given



Fig. 1. TOC removal with specific charge for the degradation of 100 ml

solutions containing 179 mg l�1 clofibric acid and 0.05 M Na2SO4 of pH 3.0

at 100 mA cm�2 and at 35.0 8C using an undivided cell with a 3 cm2 BDD

anode and a 3 cm2 carbon-PTFE cathode fed with pure O2 at 12 ml min�1.

Method: (*) anodic oxidation with electrogenerated H2O2, (*) anodic oxida-

tion with electrogenerated H2O2 under a 6 W UVA irradiation with

lmax = 360 nm, (&) electro-Fenton with 1.0 mM Fe2+ and (~) photoelec-

tro-Fenton with 1.0 mM Fe2+ and UVA light.
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electrolysis time was calculated from the following equation:

MCE ¼
DðTOCÞexp

DðTOCÞtheor

� 100 (8)

where D(TOC)exp is the experimental TOC decay and

D(TOC)theor is the theoretically calculated TOC removal

assuming that the applied electrical charge (=current � time)

is only consumed in the mineralization process of clofibric acid.

The concentration of chloride ion in treated solutions was

determined by ion chromatography with a Shimadzu 10Avp

HPLC chromatograph fitted with a Shim-Pack IC-A1S,

100 mm � 4.6 mm (i.d.), anion column at 40 8C and coupled

with a Shimadzu CDD 10Avp conductivity detector. A mixture

of 2.5 mM phtalic acid and 2.4 mM tris(hydroxymethyl)ami-

nomethane of pH 4.0 at 1.5 ml min�1 was used as mobile phase

for this analysis. Aromatic products were identified by gas

chromatography–mass spectrometry (GC–MS) using a Hew-

lett-Packard 5890 Series II gas chromatograph fitted with a

HP-5 0.25 mm, 30 m � 0.25 mm (i.d.), column, and a Hewlett-

Packard 5989A mass spectrophotometer operating in EI mode

at 70 eV and 290 8C. The metabolite decay and the time-course

of its aromatic products were followed by reversed-phase

HPLC chromatography using a Waters 600 high-performance

liquid chromatograph fitted with a Spherisorb ODS2 5 mm,

150 mm � 4.6 mm (i.d.), column at room temperature, coupled

with a Waters 996 photodiode array detector, and circulating a

50:47:3 (v/v/v) methanol/phosphate buffer (pH 2.5)/pentanol

mixture at 1.0 ml min�1 as mobile phase. For each product,

this detector was selected at the maximum wavelength of its

UV-absorption band. Carboxylic acids were identified by ion-

exclusion chromatography using the above HPLC chromato-

graph fitted with a Bio-Rad Aminex HPX 87H,

300 mm � 7.8 mm (i.d.), column at 35 8C. For these measure-

ments, the photodiode detector was selected at 210 nm and the

mobile phase was 4 mM H2SO4 at 0.6 ml min�1.

All electrolyses were conducted in an open, cylindrical,

undivided and thermostated cell containing 100 ml of solution

vigorously stirred with a magnetic bar. The anode was a 3 cm2

BDD thin-film deposited on conductive single crystal p-type Si

(1 0 0) wafers from CSEM and the cathode was a 3 cm2 carbon-

PTFE electrode from E-TEK, which was fed with pure O2 at

12 ml min�1 to generate continuously H2O2 from reaction (2).

The setup of the electrolytic system and the characteristics of

the O2-diffusion cathode have been described elsewhere

[23,25]. Experiments were made at a constant current density

(j) of 33, 100 and 150 mA cm�2, supplied by an Amel 2053

potentiostat–galvanostat. Electro-Fenton and photoelectro-

Fenton treatments were carried out with solutions containing

0.05 M Na2SO4 as background electrolyte and 1.0 mM Fe2+ as

catalyst of pH 3.0 at 35.0 8C, which were found as optimum

conditions for the degradation of other aromatics in the cell

used [23,25]. The latter method became operative when the

solution was irradiated with UVA light of lmax = 360 nm

emitted by a Philips 6 W fluorescent black light blue tube,

yielding a photoionization energy input to the solution of

140 mW cm�2, as detected with a NRC 820 laser power meter
working at 514 nm. Comparative anodic oxidation treatments

without catalyst Fe2+ were performed in the absence and

presence of UVA irradiation at 100 mA cm�2.

3. Results and discussion

3.1. Comparative degradation of clofibric acid

Comparative treatments were made for solutions containing

179 mg l�1 clofibric acid (equivalent to 100 mg l�1 TOC) of pH

3.0 at 100 mA cm�2. In these trials the solution pH did not

practically vary, reaching final values of 2.8–2.9. The change in

solution TOC with applied specific charge (Q, in Ah l�1) for

anodic oxidation without and with UVA irradiation, electro-

Fenton and photoelectro-Fenton is depicted in Fig. 1. As can be

seen, total degradation (>97% TOC removal) is attained in all

cases, although the time required for overall mineralization

depends on the method tested. Both anodic oxidation methods

lead to a slow, but similar, TOC decay up to yield total

mineralization at Q = 18 Ah l�1, i.e., after 6 h of both

treatments. This behavior indicates that all organics are

destroyed by the oxidant BDD(�OH) formed at the anode

surface from reaction (1), without significant photodecomposi-

tion by UVA light, at least of final products. Fig. 1 evidences

that the degradation rate (the change of TOC with time) is

strongly enhanced using both AEOPs due to the catalytic action

of the Fe3+/Fe2+ system combined with UVA light when the

solution is simultaneously irradiated. The significant accelera-

tion of the destruction of organic pollutants in the early stages

of the electro-Fenton process can be explained by their quicker

reaction with the great amount of �OH formed from Fenton’s

reaction (3). For this AEOP, however, the rate in TOC decay

gradually falls at longer electrolysis time, probably due to the

formation of complexes of Fe3+ with final carboxylic acids that

are hardly oxidized, and the solution is decontaminated after
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about 6 h of electrolysis, that is, at similar time to that needed

for both anodic oxidation treatments. In contrast, TOC is much

more rapidly removed by photoelectro-Fenton, where total

mineralization is achieved at Q = 12 Ah l�1 (4 h). The increase

in mineralization rate in photoelectro-Fenton can be related to:

(i) the parallel photodegradation of complexes of Fe3+ with final

carboxylic acids and/or (ii) the enhanced generation of �OH due

to additional photoreduction of Fe(OH)2+ from reaction (7).

The above comparative study shows that photoelectro-

Fenton is the method with highest oxidation power due to large

enhancement of the destruction of final products by UVA light,

then being the best AEOP for the treatment of wastewaters

containing clofibric acid. Electro-Fenton also yields much

faster degradation than anodic oxidation, but its oxidation

power drops significantly at the end of electrolysis because final

products are difficultly oxidized by �OH.

The influence of current density and clofibric acid

concentration on the oxidizing ability of the above electro-

Fenton and photoelectro-Fenton processes was explored. It was

found that these experimental parameters showed the same

trends in both AEOPs, as expected if they mainly affect the

behavior of the electrolytic system. These effects are depicted
Fig. 2. Effect of experimental parameters on TOC abatement vs. specific charge

for the treatment of 100 ml of clofibric acid solutions of pH 3.0 at 35.0 8C by

electro-Fenton with a BDD anode and 1.0 mM Fe2+. In plot (a), metabolite

concentration: 179 mg l�1; current density: (^) 33, (&) 100 and (!)

150 mA cm�2. In plot (b), metabolite concentration: (&) 557 (close to satura-

tion), (^) 358, (&) 179 and (~) 89 mg l�1; current density: 100 mA cm�2.
in Fig. 2a and b for electro-Fenton in which they were more

clearly observed due to its lower oxidation power. Thus, Fig. 2a

shows that when j increases from 33 to 150 mA cm�2, the

specific charge for total decontamination of 179 mg l�1 of

clofibric acid rises from 12 to 22 Ah l�1, but the time needed for

overall mineralization drops from 12 to about 5 h since the

degradation rate is strongly enhanced. This latter tendency can

be accounted for by the faster destruction of all pollutants due to

the greater production of BDD(�OH) from reaction (1) and of
�OH from Fenton’s reaction (3) as j increases, because more

H2O2 is generated at the O2-diffusion cathode from reaction (2)

[25] and then, its reaction with Fe2+ becomes faster. However,

the increase in Q for total decontamination when j rises

suggests a lower amount of reactive BDD(�OH) and �OH. That

means that a higher proportion of both oxidants is progressively

wasted by their non-oxidizing reactions since they take place in

larger extent. These reactions involve, for example, the anodic

oxidation of BDD(�OH) to O2 and reactions (4)–(6) for �OH.

Moreover, increasing j can accelerate the formation of weaker

oxidants such as peroxodisulfate ion [18], ozone [18] and

chlorine (see Section 3.2) that also reduce the relative

proportion of BDD(�OH) adsorbed at the anode. On the other

hand, Fig. 2b shows that at 100 mA cm�2 overall mineraliza-

tion is achieved with decreasing consumption of 24 Ah l�1

(8 h), 21 Ah l�1 (7 h), 18 Ah l�1 (6 h) and 12 Ah l�1 (4 h)

starting from 557 (close to saturation), 358, 179 and 89 mg l�1

of the metabolite, respectively, as expected if lower relative

amount of organic matter is destroyed in solution. These results

also evidence the removal of more TOC at a given time with

rising initial pollutant content. As an example, at 2 h of

electrolysis (Q = 6 Ah l�1) the TOC of the above solutions is

reduced by 231, 150, 70 and 39 mg l�1. Since the same quantity

of BDD(�OH) and �OH is expected to be produced from

reactions (1) and (3) in these trials carried out at 100 mA cm�2,

it can be assumed that their parallel non-oxidizing reactions

occur in less proportion with rising metabolite concentration.

This favors the reaction of more amounts of both kinds of

hydroxyl radicals with organics, thus raising the degradation

rate of the process. All these findings allow establishing that the

oxidation power of AEOPs, corresponding to their degradation

rate, increases with increasing current density and initial

substrate concentration.

3.2. Mineralization current efficiency

It is well-known that reaction of chloroaromatics with

hydroxyl radical leads to the release of chloride ion [16,23,26].

This point was confirmed for clofibric acid by recording the ion

chromatograms of all treated solutions, which only displayed a

defined peak at a retention time (tr) of 2.3 min related to Cl�

ion. The formation of ClO3
� and ClO4

� ions was discarded

since they were not detected in these chromatograms. The

evolution of Cl� concentration during the degradation of

179 mg l�1 of metabolite by anodic oxidation with electro-

generated H2O2 and the two AEOPs at 100 mA cm�2 is

presented in Fig. 3. As can be seen, this ion is accumulated and

completely removed in 300–360 min in all cases, after reaching



Fig. 3. Concentration of chloride ion accumulated during the treatment of

100 ml of 179 mg l�1 clofibric acid solutions of pH 3.0 at 100 mA cm�2 and at

35.0 8C using a BDD anode and electrogenerated H2O2 by: (*) anodic

oxidation, (&) electro-Fenton and (~) photoelectro-Fenton.

Fig. 4. Mineralization current efficiency calculated from Eq. (8) vs. specific

charge. Plot (a) corresponds to the experiments shown in Fig. 1 and plot (b) to

those reported in Fig. 2a and b.
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a maximum concentration of about 8 mg l�1 at 180 min of

anodic oxidation, 23 mg l�1 at 20 min of electro-Fenton and

19 mg l�1 at 40 min of photoelectro-Fenton, corresponding to

27, 78 and 64% of the initial chlorine content in solution

(29.5 mg l�1). The slow accumulation of Cl� in the former

method confirms the slow reaction of chloro-organics with

BDD(�OH), whereas its much faster release at the early stages

of both AEOPs corroborates the quick destruction of these

pollutants with �OH. The gradual destruction of this ion when

electrolysis is prolonged can be explained by its slow oxidation

to Cl2 on BDD, as reported by Kraft et al. [16].

The above findings allow concluding that the mineralization

of clofibric acid involves its conversion into CO2 and Cl� as

primary ion. This reaction can be written as follows:

C10H11ClO3þ 17H2O ! 10CO2þCl� þ 45Hþ þ 44e� (9)

Reaction (9) was then used to calculate the value of D(TOC)theor

for each treated solution at chosen electrolysis times and from

these data, the corresponding efficiency by means of Eq. (8).

Fig. 4a presents the MCE values determined for the trials

reported in Fig. 1. An increase in efficiency with increasing the

oxidation power of the method can be observed. Thus, the two

less potent anodic oxidation processes possess a similar, small

and practically constant MCE value of about 7%, suggesting

that most organics are mineralized at the same rate by

BDD(�OH) along electrolysis without significant role of UVA

light. In contrast, this parameter attains a much higher value for

electro-Fenton and photoelectro-Fenton, although the latter

procedure with highest oxidation power is the most efficient

because of the parallel photodecomposition of some final

products. Note that 33 and 35% efficiencies are found after

20 min of these AEOPs, respectively, confirming that organics

are more quickly mineralized with �OH than with BDD(�OH).

At longer time, a dramatic drop in MCE takes place in both

cases due to the generation of final products such as complexes

of Fe3+ with carboxylic acids that are more difficultly destroyed

by both oxidants and/or UVA light.
Fig. 4b illustrates the effect of current density and clofibric

acid concentration reported in Fig. 2a and b on the efficiency of

AEOPs as a function of specific charge. A gradual drop in

MCE, at least up to 6 Ah l�1, can be observed when j increases

from 33 to 150 mA cm�2. This trend could seem contradictory

to the fact that rising j causes the increase in degradation rate

due to the production of more amounts of reactive BDD(�OH)

and �OH, as pointed out above. The concomitant loss in

efficiency under these conditions can be associated with the

larger waste of both oxidants in faster parallel non-oxidizing

reactions giving rise to lower amounts of them with ability to

destroy organics and hence, favoring the consumption of more

ineffective specific charge. Fig. 4b also evidences a gradual

increase in efficiency of AEOPs with rising metabolite

concentration, in agreement with the higher degradation rate

found in these trials. This confirms the removal of greater

amounts of pollutants with BDD(�OH) and �OH, because their

competitive non-oxidizing reactions become less significant.

3.3. Kinetics of clofibric acid decay

The decay of the metabolite in the different electrochemical

methods was followed by reversed-phase HPLC chromato-

graphy, where it exhibited a well-defined peak at tr = 7.9 min. A
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previous experiment carried out by adding 20 mM H2O2 to a

179 mg l�1 clofibric acid solution of pH 3.0 showed that the

content of this compound remained unchanged, indicating that

it cannot react directly with electrogenerated H2O2 in the

electrolytic systems.

The comparative kinetics of the removal of clofibric acid

with generated strong oxidizing agents (mainly BDD(�OH)

and/or �OH) was determined from the treatment of 179 mg l�1

metabolite solutions at 100 mA cm�2. Fig. 5a shows that

clofibric acid concentration undergoes a similar fall by anodic

oxidation without and with UVA illumination, disappearing in

360 min in both cases, a time similar to that needed for its total

mineralization (see Fig. 1). This confirms that this compound is

mainly oxidized by BDD(�OH) from reaction (1), without

direct photolysis by UVA light. The above concentration decays

were well-fitted to a pseudo-first-order equation, as can be seen

in the inset panel of Fig. 5a. From this kinetic analysis, a

pseudo-first-order rate constant (k) of 1.58 � 10�4 s�1 (square

regression coefficient (R2) = 0.992) and 1.85 � 10�4 s�1

(R2 = 0.993) is found for anodic oxidation in the absence

and presence of UVA light, respectively. This behavior suggests
Fig. 5. Time-course of clofibric acid concentration during the degradation of

100 ml of 179 mg l�1 metabolite solutions of pH 3.0 at 35.0 8C with a BDD

anode and electrogenerated H2O2. Plot (a): (*) anodic oxidation and (*)

anodic oxidation with UVA light at 100 mA cm�2. Plot (b): electro-Fenton at

(^) 33, (&) 100 and (!) 150 mA cm�2 and (~) photoelectro-Fenton at

100 mA cm�2. The inset panels show the corresponding kinetic analysis

assuming a pseudo-first-order reaction for clofibric acid.
that a steady BDD(�OH) concentration reacts with the

metabolite along electrolysis.

On the other hand, Fig. 5b evidences a much quicker and

similar abatement of the metabolite under comparable electro-

Fenton and photoelectro-Fenton treatments, being completely

removed in 7 min, as expected if it reacts with a much greater

amount of oxidant �OH formed from Fenton’s reaction (3). The

inset panel of Fig. 5b shows that the kinetic analysis of these

data also agrees with a pseudo-first-order reaction, giving the

same k-value of 1.35 � 10�2 s�1 (R2 = 0.993). This allows

concluding that �OH is produced in insignificant quantity by

reaction (7) under UVA irradiation and hence, the higher TOC

removal found for photoelectro-Fenton in comparison to

electro-Fenton (see Fig. 1) can be ascribed to the fast parallel

photodecomposition of complexes of Fe3+ with final carboxylic

acids, as will be discussed below.

The effect of current density on the decay kinetics of this

compound was further explored for the electro-Fenton

treatment. As can be seen in Fig. 5b, increasing k-values of

5.10 � 10�3 s�1 (R2 = 0.991), 1.35 � 10�2 s�1 (R2 = 0.993)

and 2.04 � 10�2 s�1 (R2 = 0.992) are found for j values of 33,

100 and 150 mA cm�2, respectively. This trend confirms a

higher �OH production in the medium from Fenton’s reaction

(3) when j rises, due to the concomitant accumulation of more

electrogenerated H2O2 from reaction (2) [25].

3.4. Identification and evolution of intermediates

A 179 mg l�1 clofibric acid solution of pH 3.0 was treated by

electro-Fenton at 100 mA cm�2 for 2 min and its organic

components were extracted with 45 ml of CH2Cl2 in three

times. The collected organic solution was dried with Na2SO4,

filtered and its volume reduced to 2 ml to concentrate the

remaining aromatics to be analyzed by GC–MS. The MS

spectrum showed peaks related to stable aromatics such as 4-

chlorophenol (m/z = 128 (100, M+), 130 (33, (M + 2)+)) at

tr = 17.0 min, hydroquinone (m/z = 108 (100, M+)) at

tr = 21.5 min, 4-chlorocatechol (m/z = 144 (100, M+), 146

(33, (M + 2)+)) at tr = 18.2 min and p-benzoquinone (m/z = 110

(53, M+)) at tr = 4.1 min. These products were confirmed in the

reversed-phase HPLC chromatograms of electrolyzed solu-

tions, which exhibited well-defined peaks corresponding to 4-

chlorophenol at tr = 5.0 min, 4-chlorocatecol at tr = 3.1 min and

p-benzoquinone at tr = 2.0 min. These peaks were unequi-

vocally identified by comparing their tr-values and UV–vis

spectra, measured on the photodiode detector, with those of

pure compounds. However, only traces of hydroquinone were

detected by this technique in all cases, as expected if it is very

quickly converted into p-benzoquinone by all oxidizing agents.

The evolution of aromatic intermediates during the different

treatments of 179 mg l�1 metabolite solutions at 100 mA cm�2

is presented in Fig. 6. As can be seen in Fig. 6a, 4-chlorophenol

is largely produced in all cases and persists long time, up to

360 min, in both anodic oxidation processes, but it is removed

very rapidly, for 7–8 min, in electro-Fenton and photoelectro-

Fenton (see the inset panel of Fig. 6a). Comparison of results of

Figs. 6a and 5 evidences that in each method this primary



Fig. 6. Evolution of the concentration of selected intermediates during the mineralization of 100 ml of 179 mg l�1 clofibric acid solutions of pH 3.0 at 100 mA cm�2

and at 35.0 8C with a BDD anode and electrogenerated H2O2. Plots correspond to: (a) 4-chlorophenol, (b) 4-chlorocatechol, (c) p-benzoquinone and (d) oxalic acid.

Method: (*) anodic oxidation, (*) anodic oxidation with UVA light, (&) electro-Fenton and (~) photoelectro-Fenton.
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product disappears at the same time as the initial pollutant. In

contrast, Fig. 6b shows that 4-chlorocatechol is accumulated in

much smaller extent in the two latter AEOPs, disappearing in

7 min. The same removal time is found for p-benzoquinone in

electro-Fenton and photoelectro-Fenton, although it persists for

60 and 360 min in anodic oxidation with and without UVA

irradiation, respectively (see Fig. 6c). These findings suggest

the parallel quick photolysis of p-benzoquinone by UVA light,

which it is not observed in photoelectro-Fenton because it

reacts much more quickly with �OH.

From the above results, a general reaction sequence for the

initial degradation of clofibric acid is proposed in Fig. 7, where

pollutants can react with BDD(�OH) formed at the anode

surface from reaction (1) and/or with �OH produced from

Fenton’s reaction (3) in the medium. The process is initiated by

the breaking of the C(1)–O bond of clofibric acid by both

oxidants to yield 4-chlorophenol and 2-hydroxyisobutyric acid

as primary products. Further attack of BDD(�OH) and �OH on

the C(4)-position of 4-chlorophenol gives hydroquinone, with

loss of Cl� ion, which is then oxidized to p-benzoquinone.

Parallel hydroxylation of 4-chlorophenol only by attack of �OH

on its C(2)-position leads to 4-chlorocatechol. The subsequent

oxidation of the latter product, with release of Cl�, and p-

benzoquinone (not shown in Fig. 7) can cause the opening of
their benzenic rings to yield different carboxylic acids. The

formation of such products was confirmed from analysis of

degraded solutions by ion-exclusion HPLC chromatography.

Ion-exclusion chromatograms of solutions treated by the two

anodic oxidation methods displayed peaks ascribed to small

contents of generated carboxylic acids such as 2-hydroxyiso-

butyric at tr = 12.6 min, tartronic at tr = 7.7 min, maleic at

tr = 8.1 min, fumaric at tr = 16.1 min, formic at tr = 14.0 min

and oxalic at tr = 6.6 min. Tartronic, maleic, fumaric and formic

acids come from the oxidation of the aryl moiety of aromatics

[26,29,31], whereas 2-hydroxyisobutyric acid is expected to

be released in the early stages of the degradation process when

4-chlorophenol is formed (see Fig. 7). All these acids, except

oxalic acid, were undetected or detected as traces for short time

in electro-Fenton and photoelectro-Fenton. Oxalic acid was

accumulated in large extent and persisted up to the end of the

mineralization in both processes. This ultimate acid formed

from the independent oxidation of the precedent longer-chain

carboxylic acids, as well as formic acid, are directly converted

into CO2 [17,29,31].

Fig. 6d presents the time-course of oxalic acid concentration

during all treatments. In both anodic oxidation methods this

acid is formed and destroyed at similar rate, reaching

5–6 mg l�1 as maximum at 180 min and disappearing in



Fig. 7. Proposed reaction sequence for the initial degradation of clofibric acid with a BDD anode and electrogenerated H2O2 by anodic oxidation, electro-Fenton with

Fe2+ and photoelectro-Fenton with Fe2+ and UVA light. The oxidant hydroxyl radical is denoted as BDD(�OH) or �OH when it is formed at the BDD anode surface or

from Fenton’s reaction, respectively.
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360 min, just when the initial substrate is completely removed

(see Fig. 5a) and the solution is totally decontaminated (see

Fig. 1). This confirms the simultaneous destruction of clofibric

acid and most of its products with BDD(�OH) in these

processes, in agreement with the constant efficiency found

during degradation (see Fig. 4a). In contrast, oxalic acid reaches

high contents of 68 and 59 mg l�1 after 40 min of electro-

Fenton and photoelectro-Fenton, respectively, due to the very

quick oxidation of precedent organics with �OH formed from

Fenton’s reaction (3). Nevertheless, it is completely removed in

240 min by photoelectro-Fenton, just when the solution is

totally decontaminated (see Fig. 1), still remaining about

6 mg l�1 (less than 1.5 mg l�1 of TOC) in solution after

360 min of electro-Fenton. Since in these AEOPs a large

amount of Fe3+ is formed in the medium from reactions (3) and

(4), oxalic acid is really expected to be present in the form of

Fe3+–oxalato complexes, which cannot be oxidized by �OH in

the medium [23,29,33]. Our results indicate that these

complexes are slowly mineralized in electro-Fenton with a

BDD anode and even more quickly photodecomposed by UVA

irradiation in photoelectro-Fenton.

According to these considerations, Fig. 8 shows a proposed

degradation pathway for oxalic acid under the present
Fig. 8. Proposed reaction pathways for oxalic acid mineralization with a BDD

anode and electrogenerated H2O2 by anodic oxidation, electro-Fenton with Fe2+

and photoelectro-Fenton with Fe2+ and UVA light.
experimental conditions. This acid is oxidized to CO2 with

BDD(�OH) at the anode surface either directly in both anodic

oxidation treatments or as Fe3+–oxalato complexes in electro-

Fenton. The latter complexes also undergo a parallel quick

photodecarboxylation under the action of UVA light in

photoelectro-Fenton, with regeneration of Fe2+ as proposed

by Zuo and Hoigné [34]. This photolytic reaction explains the

fastest degradation rate and highest efficiency of photoelectro-

Fenton. The fact that oxalic acid is still detected after 6 h of

electro-Fenton, while it is removed at the same time for anodic

oxidation, suggests a slower reaction of BDD(�OH) with its

Fe3+ complexes that causes the decay in oxidation power of this

AEOP at long electrolysis time.

4. Conclusions

It is demonstrated that AEOPs such as electro-Fenton with

Fe2+ and photoelectro-Fenton with Fe2+ and UVA light, both with

a BDD anode, yield an efficient and complete degradation of

aqueous solutions of clofibric acid up to saturation at pH 3.0. The

efficiency of both methods increases with rising metabolite

concentration and with decreasing current density. Comparative

treatments by anodic oxidation are much slower, confirming the

high production of �OH from Fenton’s reaction (3) in the above

AEOPs. In all methods Cl� is released and totally oxidized to Cl2
on BDD. The clofibric acid decay always follows a pseudo-first-

order kinetics. This compound is hydroxylated to yield 4-

chlorophenol, which is further oxidized either to p-benzoquinone

via hydroquinone or to 4-chlorocatechol. These products are

subsequently degraded to tartronic, maleic and fumaric acids,

which are quickly converted into oxalic acid. The latter acid is

also obtained from the oxidation of 2-hydroxyisobutyric acid,

initially generated when 4-chlorophenol is formed. Formic acid

also generated in the degradation path is rapidly converted into

CO2. The ultimate product oxalic acid is then transformed into
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CO2 on BDD either directly in anodic oxidation or as Fe3+–

oxalato complexes in electro-Fenton. The parallel quick

photolysis of these complexes by UVA light in photoelectro-

Fenton explains the fastest degradation rate and highest

efficiency of this method, which appears to be the best AEOP

for the treatment of wastewaters containing clofibric acid.
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de Catalunya) to do this work are acknowledged.

References

[1] T. Heberer, H.J. Stan, Int. J. Environ. Anal. Chem. 67 (1997) 113–124.

[2] H.R. Buser, M.D. Muller, N. Theobald, Environ. Sci. Technol. 32 (1998)

188–192.
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